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Dear colleagues,
Welcome to our annual research update of AposTherapy. As you know, the global
disease burden of osteoarthritis continues to grow. We believe that AposTherapy is
bringing a transformational solution.
Central to our growth plan is the clinical credibility of AposTherapy, and we continue
to invest heavily in research and development, and to work closely with external
partners to advance our scholarship. We have recently had the pleasure of
welcoming Dr. Jonathan Yovell to our team to lead our R&D and clinical informatics,
and as you will see have published a total of 15 internal and 28 external articles in
peer reviewed journals.
As always, we appreciate your continuing interest in AposTherapy. Please feel free
to contact us directly for any questions on this review, or if you are interested in
pursuing research with us, or independently.
Yours sincerely,

Avi Elbaz, M.D.
Chairman and Chief R&D Officer

Amit Mor, M.D.
Vice Chairman and Chief Medical Officer
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Biomechanical aspects of knee osteoarthritis
and AposTherapy - Review
A. Elbaz (MD), A. Mor (MD), G.Segal
AposTherapy Research Group

Abstract
Over the past few decades, there has been growing evidence on the importance of
biomechanical factors in the pathogenesis of knee osteoarthritis (OA). Knee OA is characterized
by decreased neuromuscular control, instability of the knee joint and weakness of the knee
musculature, all of which lead to abnormal bracing of the knee in order to maintain stability.
This bracing results in an increase in the knee adduction moment and knee flexion moment that
together bring the knee joint toward a greater varus alignment than it was originally. As a result,
all weight of the body is localized on the posterior medial aspect of the knee. The increase in
knee joint loading causes further deterioration of the joint cartilage and worsens the symptoms
of OA. These changes place the patient in a vicious cycle in which further deterioration of
clinical symptoms, such as pain and function, is inevitable.
Many resources and efforts have been invested toward developing a solution that will stop and
even reverse this cycle. Most of them focus on reducing loads from the medial aspect of the
affected joint and returning the musculoskeletal properties of the knee back to healthy patterns.
Orthotics, braces and walking aids are some examples of biomechanical devices under
examination today. Physical exercises and neuromuscular training, such as training with
unstable surfaces, are also being examined. All these interventions, however, have had limited
success from a clinical point of view and have yet to show evidence of stopping/changing the
biomechanical deterioration of the knee.
Over the last several years, the Orthopedic Departments of HaEmek Medical Center, Sourasky
Medical Center and Assaf Harofeh Medical Center as well as The Biorobotics and Biomechanics
Laboratory of the Technion Israel Institute of Technology have examined a new biomechanical
therapy for the management of knee OA called AposTherapy. Through a series of studies it
has been shown that patients with knee OA who were treated with AposTherapy reported a
significant reduction in pain and an improvement in function, quality of life and gait patterns. In
addition, for the first time, a reversal of the biomechanical abnormalities was shown following
AposTherapy.
AposTherapy is a non-invasive, biomechanical therapy that is intended to rehabilitate the
pathological gait patterns of patients with knee OA. AposTherapy is carried out in the patient’s
own environment and during daily activities. The therapy is based on a unique technology
that enables manipulation of the center of pressure under the foot which thereby modifies the
moments acting on the joints of the lower extremity, pelvis and spine. Throughout therapy the
patients are carefully monitored for changes in gait, pain and function.
This review summarizes the biomechanical aspects of knee OA and describes the mechanism
of AposTherapy and its clinical application.
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Introduction
Over the past few years, there has been growing evidence on the importance of biomechanics
in the development and progression of knee osteoarthritis (OA). Biomechanical factors, such as
abnormal posture and mal-alignment of the joints, lead to changes in the kinetics and kinematics
that cause greater loads on the affected joint. Other factors, such as muscle weakness and
neuromuscular deficits, lead to pathological compensatory mechanisms such as co-contraction
and bracing that further harm the joint. Pain, which is a primary symptom in knee OA, arises in
response to increased loads on the affected joint. High levels of pain lead to exercise avoidance
and, when severe, even an avoidance of daily life activity such as walking and climbing stairs.
Knee OA is not just a joint disease but a disease of the soft tissue surrounding the joint as well.
OA can also affect adjacent joints such as the ankle and hip. Adjacent muscles may also be
weakened by knee OA, especially the Gluteus Maximus, Gluteus Medius and external rotators.
Inflammation at the insertion point of tendons surrounding the knee joint (i.e. Pes Anserinus) or
the hip (i.e. Trochanteric Bursitis) is also a common finding in knee OA. There is also cartilage
degeneration in the patellofemoral joint as well as changes in the soft tissue flexibility (such as in
the posterior capsule). All these additional changes also contribute to the pain felt by a patient
with knee OA.

Biomechanical changes at the knee joint
Knee OA affects the kinetics and kinematics of the knee joint. Loads are also transferred
from the knee joint to the hip joint causing biomechanical changes there as well [1]. These
biomechanical changes are the primary source for pain and functional limitation and therefore
preventing their progression is critical in the management of knee OA.
The medial compartment of a normal knee joint bears approximately 70% of body weight
whereas the lateral compartment bears the remaining weight. This is a result of the trajectory
of the ground reaction force (GRF) vector at the knee joint. The GRF trajectory passes medially
and posterior to the knee joint. The moment created by this force at the knee is made up of an
adduction and flexion moment. Patients with knee OA can be characterized by a significant
increase in the knee adduction moment [2] (Figure 1). The magnitude of the knee adduction
moment directly correlates with joint space narrowing, medial joint capsule loosening and
levels of pain and functional limitation [3]. The phenomenon of joint capsule loosening is also
known as “pseudo-laxity” [4]. In order to overcome the sensation of joint instability, the muscles
surrounding the medial aspect of the knee adopt a bracing mechanism by which they contract
as a whole to stabilize the medial aspect of the knee joint. This bracing also increases the loads
at the medial compartment and accelerates the degenerative changes at the knee joint.
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Figure 1. Knee adduction moment

The knee adduction moment is a result of the magnitude of the ground reaction force (GRF)
times the distance (i.e. moment arm) from the center of rotation (GRF*LA). The graph of the knee
adduction moment during a gait cycle in a patient with knee OA is characterized by an increase
in the peak and impulse (the area under the curve) of the moment (presented by Mali M., 2007).
Previous studies have examined the correlation between muscle performance and knee OA
[5-9]. A weak correlation was found between muscle weakness, especially in the quadriceps,
and radiographic changes of knee OA. This weak correlation was found in patients who did
not report any knee pain or functional limitation [10]. In fact, it has been shown that even in a
supposedly healthy population, evidence of radiographic changes can be found in the presence
of muscle weakness even before the appearance of knee OA symptoms. Furthermore, it has
been shown that the muscles surrounding the knee joint function abnormally. For example,
muscles are active for longer periods of time and at higher magnitudes but produce less efficient
and defective patterns such as co-contractions [11-12]. Lawek et al. reported that the muscles
at the medial compartment of the knee (vastus medialis, medial gastrocnemius and medial
hamstrings) present with pathological protective patterns. These pathologic muscle patterns
increase the compressive forces and moments acting on the affected compartment [13].
Alongside the changes in muscle activation, changes are observed in the sensory system as well.
In and surrounding the knee joint are thousands of sensory receptors that are responsible for
detecting changes in joint positioning (proprioception) and transmitting the afferent information
to the central nervous system. Efferent information is transferred from the central nervous system
to the peripheral system to create a motor response. This reflexive system prevents falls and
injuries.
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In the event of damage to the proprioceptive system, a person is at a high risk for injury. In
knee OA, almost 50% of patients report a sense of instability in their symptomatic knee, such
as a feeling of “giving way”, an inability to trust the knee while carrying out daily activities and
a feeling that the leg is “not cooperating” [4]. This sensation of knee joint instability highly
correlates with dysfunction and immobility [14].

Treating the biomechanical factors of knee OA
Due to the well-established evidence on the effect of biomechanical factors on knee OA, there
is a growing experimental and developmental effort in finding an adequate biomechanical
intervention for knee OA. The overall goal is to find a solution that will stop the deterioration of
the disease and hopefully even reverse its pathogenesis. Current research focuses on finding
biomechanical methods by which to reduce loads from the affected joint and rehabilitate muscle
activity. Clinicians have attempted to reduce knee joint loads through biomechanical devices
such as orthotics and knee braces [15-18]. These interventions aim at reducing the knee
adduction moment. The principle for muscle rehabilitation is based on training and improving
neuromuscular control [19]. To date, biomechanical therapies have had limited clinical success
and have yet to show evidence of reversing the abnormal biomechanical patterns of knee OA.
Furthermore, none of the therapies integrate both load reduction and muscle rehabilitation.

Current biomechanical therapies
Knee braces, orthotics, walking aids and similar interventions are the primary biomechanical
therapies being investigated today. Exercises on unstable surfaces are also being examined
as therapies for improving neuromuscular control. These therapies have all had limited clinical
success and not shown evidence of reversing the abnormal biomechanical patterns of knee OA.
Some researchers hypothesize that using orthotics and knee braces cause a decrease in
the knee adduction moment. Researchers believe, however, that these cause only static
changes at the knee joint and as such, do not create new motor learning or improvements
in the neuromuscular system. In addition, the decrease in the knee adduction moment is not
accompanied by a relief in symptoms such as reduction in pain or improvement in function.
Neuromuscular exercises on unstable surfaces are limited to date and mostly include exercises
on a stationary wobble board. Such exercises do not allow for control of the biomechanical
alignment in the knee and as such, may cause pain during exercise. Exercising while in pain
affects proper motor learning and may even cause implementation of abnormal compensatory
motor patterns. There may also be poor compliance. Another limitation of stationary exercises
is that they cannot be carried out during daily activity, as is required for motor learning.
Neuromuscular training exercises should instead be carried out under proper biomechanical
alignment in which the patient reports reduced or no pain. Exercise should be carried while
performing daily activities. An added plus would be exercises in closed kinematic movements
that include weight bearing activities and high numbers of repetitions [20].
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AposTherapy
AposTherapy is a biomechanical therapy that was developed in Israel and has the ability to
combine the two biomechanical treatments for knee OA: reducing loads from the affected
joint [21-22] and training of the neuromuscular system [23-24]. The Apos system is calibrated
individually to each patient in order to obtain a healthier biomechanical alignment in which
less pain is reported and gait patterns are more symmetrical. The patient is then instructed to
exercise with the system while performing his or her daily activities at home or at work. This
exercise regiment enables the patient to adopt and implement proper gait patterns without pain.
In addition, AposTherapy has been shown to strengthen the muscles of the knee and improve
the timing of muscle activation [25]. In addition, patients report an increased sense of joint
stability.
The Apos system is comprised of convex adjustable biomechanical elements placed under the
hind-foot and fore-foot regions of each foot. The elements are attached via a platform in the
form of a shoe. This platform enables the clinician to calibrate the biomechanical elements to a
customized location for each patient. The ideal location for each patient centers the pressure in
the foot to a position that properly aligns the lower limb (Figure 2).

Figure 2. Apos System

Haim et al. showed that changing the location of the center of pressure (COP) through
positioning of the biomechanical elements causes changes in the moments acting on the
lower extremity joints. For example, shifting the biomechanical elements to the lateral aspect
of the foot causes a lateral shift of the COP and a decrease in knee adduction moment [23]. In
addition to proper alignment of the lower limb and a reduction in the knee adduction moment,
the convex nature of the elements promotes controlled perturbation. Since the system can be
used during walking throughout the day, the alignment and controlled perturbation are applied
repetitively and dynamically throughout all phases of the step-cycle.
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Bar ziv et al. [23] examined the effect of AposTherapy on the clinical symptoms of patients
with knee OA. This was a prospective, controlled, double-blind study. The study examined
the changes in self-evaluation questionnaires (WOMAC, SF-36, Knee society score) and in
functional tests (Aggregated locomotor function) in two comparative groups over two months.
The first group received AposTherapy and the second group received a sham control device
(i.e. the shoe platform without the biomechanical elements and calibration). The patients in
the first group reported a significant improvement in their levels of pain and function as well as
improvement in their quality of life. No significant changes were found in the patients from the
control group. Recently, preliminary results of a two year follow-up study on these patients were
presented. Patients from the research group maintained the positive improvement seen after
just two months of therapy and patients from the control group again showed no significant
improvement. Similar findings were presented by Elbaz et al. in a study that examined the effect
of three months of AposTherapy on the gait patterns and clinical measurements of patients
with knee OA. In addition to the improvement in their levels of pain and function, the patients
reported a significant improvement in gait velocity, step length and single limb support (a phase
in the gait cycle where the body weight is entirely supported by one limb while the contralateral
limb swings forward).
In order to fully understand the effect of AposTherapy on the biomechanics of knee OA and on
the symptoms of patients with knee OA, a collaborative multicenter study (Technion Institution,
HaEmek Medical Center and Sourasky Medical Center) was conducted. The first stage of the
study included a full analysis of the kinetics, kinematics and muscle activity at different positions
of the biomechanical elements in a healthy population [21-22, 25]. Two papers present the effect
of the Apos system on the knee adduction moment [21] and knee flexion moment [22] while
walking. These studies show that by changing the location of the center of pressure by shifting
the biomechanical elements, the moments acting on the lower extremity, pelvis and spine can
be controlled. Similarly, it was shown that the muscle activation patterns also change when the
biomechanical elements are shifted [25].
The second stage of the study examined the changes in kinetic, kinematic and muscle
activation patterns of patients with knee OA treated with AposTherapy. Results supported
previous findings and showed that shifting the biomechanical elements can change the COP. A
change in the location of the COP caused a reduction in the knee adduction moment of these
patients by shifting the GRF vector trajectory and reducing the lever arm from the center of the
knee joint to the GRF vector. A medial shift of the biomechanical element led to a 16% decrease
in the magnitude of the knee adduction moment. Furthermore, the kinetics, kinematics,
muscle activity and clinical symptoms of these patients were examined after nine months of
AposTherapy. As in the studies by Bar-Ziv et al. [23] and Elbaz et al., [24] a significant decrease
in pain and improvement in function was observed after nine months of therapy. Furthermore,
AposTherapy led to a significant reduction in the peak value and the impulse value (area under
the curve) of the knee adduction moment. These results illustrate that, for the first time, a
reversal of the pathological biomechanics of knee OA is achievable.
To the best of our knowledge, this is the first time that a therapy has lead to a significant
improvement in the gait patterns of patients with knee OA in combination with significant
improvements in clinical symptoms. In other words, this is the first time a therapy was shown to
stop the vicious cycle and reverse it.
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In conclusion, AposTherapy can improve the pain, function and quality of life of patients
with knee OA. Furthermore, AposTherapy has been shown to improve the gait patterns and
biomechanical characteristics of knee OA that correlate with disease severity, and thus may
be able to prevent further deterioration of the disease and instead promote a reversal of the
pathology.

References
1.

Hortobagyi T, Westerkamp L, Beam S, Moody J, Garry J, Holbert D, DeVita P.
Altered hamstrings- quadriceps muscle balance in patients with knee osteoarthritis.
Clinical Biomechanics. 2005; 20: 97-104.

2.

Baliunas A, Ryals AR, Hurwitz DE, Kerrar A, Andriacchi TP. Gait adaptations associated
with early radiographic tibiofemoral knee osteoarthritis. In: 46th Annual Meeting Orthopedic
Research Society. 2000; p. 260.

3.

Hurwitz DE, Ryals AB, Case JP, Block JA, Andriacchi TP. The knee adduction moment
during gait in subjects with knee osteoarthritis is more closely correlated with static
alignment then radiographic disease severity, toe out angle and pain. J Orthopedic
Research. 2002; 20: 101-107.

4.

Lewek M, Rudolph K, Snyder- Mackler L. Control of frontal plane knee laxity during gait
in patients with medial compartment knee osteoarthritis. Osteoarthritis& Cartilage 2004;
12: 745-751.

5.

Hinman RS, Bennell K, Metcalf BR, Crossley K, Delayed onset of quadriceps activity and
altered knee joint kinematics during stair stepping in individuals with knee osteoarthritis.
Arch. Phys. Med. Rehabil. 2002; 83: 1080-1086.

6.

Hurly M, The role of muscle weakness in the pathogenesis of osteoarthritis.
Rheum.Dis.Clin. North. Am. 1999; 25 (2): 283- 298.

7.

Hurly M. Muscle dysfunction and effective rehabilitation of knee osteoarthritis: What we
know and what we need to find out. Arthritis& rheumatism. 2003; 49 (3): 444-452.

8.

O’reilly S, Jones A’ Doherty M. Muscle weakness in osteoarthritis. Curr. Opin. Rheum.
1997; 9: 259- 262.

9.

Robertson S, Frost H, Doll H, O’Connor J. Leg extensor power and quadriceps strength: an
assessment of repeatability in patients with osteoarthritis. Clin. Rehab. 1998; 12: 120-126.

10. Slemenda C, Brandt KD, Heilman DK, Mazzuca S, Braunstein EM, Wolinsky FD.
Quadriceps weakness and osteoarthritis of the knee. Ann. Int. Med. 1997; 127 (2) 97-104.
11. Hortobagyi T, Garry J, Holbert D, Devita P. Aberrations in the control of quadriceps muscle
force in patients with knee osteoarthritis. Arthritis. Rheum. 2004; 51 (4) 526-529.
12. Childs JD, Sparto PJ, Fitzgerald K, Bizzini M, Irrgang J. Alternation in lower extremity
movement and muscle activation patterns in individuals with knee osteoarthritis.
Clin. Biomechanics. 2004; 19: 44-49.
13. Lewek MD, Ramsey DK, Snyder- Mackler L, Rudolph KS. Knee stabilization in patients with
medial compartment knee osteoarthritis. Arthritis& Rheumatism 2005; 52 (9) 2845-2853.

11

14. Fitzgerald GK, Piva SR, Irrgang J. Reports of joint instability in knee osteoarthritis: It’s
prevalence and relationship to physical function. Arthritis & Rheumatology 2004; 51 (6):
941-946.
15. Maly MR, Culham EG, Costigan PA. Static and dynamic biomechanics of foot orthoses
in people with medial compartment knee osteoarthritis. Clinical Biomechanics (Bristol, Avon)
2002;17:603-10.
16. Horlick S, Loomer R. Valgus bracing for medial gonarthrosis. Clinical Journal of Sport
Medicine 1993;3:251-5.
17. Brouwer RW, Jakma TS, Verhagen AP, Verhaar JA, Bierma-Zeinstra SM. Braces and
orthoses for treating osteoarthritis of the knee. Cochrane Database of Systematic Reviews
2005;(1):CD004020.
18. Pollo F. Bracing and heel wedging for unicompartmental osteoarthritis of the knee.
American Journal of Surgery 1998;11:47-50.
19. Fitzgerald GK. Therapeutic exercise for knee osteoarthritis: considering factors that may
influence outcome. Europa Medicophysica 2005;41:163-71.
20. Schmidt RA. Motor learning practice: from principles to practice. Champaign (III) Human
Kinetics 1991:199-225
21. Haim A, Rozen N, Dekel S, et al. Control of knee coronal plane moment via modulation of
center of pressure: a prospective gait analysis study. J Biomech. 2008 20;41(14):3010-6.
22. Haim A, Rozen N, Wolf A. The influence of sagittal center of pressure offset on gait
kinematics and kinetics. J Biomech. 2010 22;43(5):969-77.
23. Bar-Ziv Y, Beer Y, Ran Y, et al. A treatment applying a biomechanical device to the feet
of patients with knee osteoarthritis results in reduced pain and improved function: a
prospective controlled study. BMC Musculoskelet Disord. 2010;11:179.
24. Elbaz A, Mor A, Segal G, et al. APOS therapy improves clinical measurements and gait in
patients with knee osteoarthritis. Clin Biomech. 2010;25(9):920-5.
25. Goryachev Y, Debbi E.M., Haim A, Wolf A. The effect of manipulation of the center of
pressure of the foot during gait on the activation patterns of the lower limb musculature.
J elctro. Kines. 2011, 21:333–339.

12

2. Clinical Outcomes
Knee Conditions
“Noninvasive biomechanical therapy improves objective and subjective measurements of pain and
function in patients with knee osteoarthritis: a retrospective analysis”
“Effects of a customized biomechanical therapy on patients with medial compartment knee
osteoarthritis”
“Long-Term Effects of AposTherapy in Patients with Osteoarthritis of the Knee: A Two-Year Followup
“Reduction in knee adduction moment via non-invasive biomechanical training: A longitudinal gait
analysis study”
”A treatment applying a biomechanical device to the feet of patients with knee osteoarthritis results in
reduced pain and improved function: a prospective controlled study”
“Patients with knee osteoarthritis demonstrate improved gait pattern and reduced pain following a
non-invasive biomechanical therapy: a prospective multi-center study on Singaporean population”
“Alterations in sagital plane knee kinetics in knee osteoarthritis using a biomechanical therapy device”
“A novel self-care biomechanical treatment for obese patients with knee osteoarthritis”
“APOS therapy improves clinical measurements and gait in patients with knee osteoarthritis”
“The outcome of a novel biomechanical therapy for patients suffering from anterior knee pain”
“A unique foot-worn device for patients with degenerative meniscal tear”
“A noninvasive biomechanical treatment as an additional tool in the rehabilitation of an acute anterior
cruciate ligament tear: A case report”
“New approach for the rehabilitation of patients following total knee arthroplasty”
“A novel non-invasive adjuvant biomechanical treatment for patients with altered rehabilitation after Total
Knee Arthroplasty: Results of a pilot investigation”

Hip Conditions
“A non-invasive biomechanical device and treatment for patients following total hip arthroplasty: results
of a 6-month pilot investigation”
“A non-invasive foot-worn biomechanical device for patients with hip osteoarthritis”

Lower Back Conditions
“A novel biomechanical device improves gait pattern in patients with chronic nonspecific low back pain”
“Patients with chronic non-specific low back pain who reported reduction in pain and improvement in
function also demonstrated an improvement in gait pattern”
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Noninvasive biomechanical therapy improves objective
and subjective measurements of pain and function
in patients with knee osteoarthritis:
a retrospective analysis
Ran Ladora, Ganit Segalb, Yona Kosashvilic, Michael Drexlera, Ofir Chechika,
Amir Haima, Moshe Salaia, Avi Elbazb and Ronen Debid

ABSTRACT
Background:
Biomechanical interventions for the management of knee
osteoarthritis (OA) are emerging. AposTherapy is one type of
biomechanical therapy that has been shown to reduce knee
adduction moment and improve gait patterns and clinical
symptoms. The purpose of the current study was to further
investigate the changes in gait patterns after this biomechanical
therapy and to define its possible clinical benefits for patients
with knee OA.
Methods:
Four hundred and twelve patients with knee OA were evaluated
using a computerized gait test, as well as the Western Ontario
and McMaster Osteoarthritis Index (WOMAC) and the SF-36
Health Survey self-evaluation questionnaires. After these measurements, the Apos system was individually calibrated to each
patient according to his or her gait patterns and clinical
evaluation. All patients received exercise guidelines and underwent 3 months of therapy. A second evaluation of gait and
clinical symptoms was conducted after 3 months of therapy.
Results:
After 3 months of therapy, a significant improvement was found
in all gait parameters (all P < 0.01), as well as in the level of pain,
function, and quality of life (all P < 0.01). High correlations were
found between the improvement in gait parameters and the
improvement in self-evaluation questionnaires.
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Conclusions:
The examined biomechanical therapy led to a significant
reduction in pain and improvement in function, quality of life,
and gait patterns. These findings support previous findings and
deepen the understanding of this new noninvasive biomechanical therapy in patients with knee OA.
Key Words
knee, osteoarthritis, gait, pain, biomechanical therapy

INTRODUCTION

O

steoarthritis (OA) is the most prevalent form
of arthritis.1,2 More than one third of elderly
Americans over the age of 70 years have some
degree of radiographic findings indicating knee OA,1,2 and
approximately 10-12% of adults have symptomatic OA.3
Rates of knee OA are 1.7 times higher in women than in
men4 and positively correlate with obesity.5 Common
symptoms include pain, joint stiffness, tenderness, deformity, and muscle weakness. These symptoms may considerably alter a patients’ function and quality of life.4,6 It is
estimated that by the year 2020, the number of people with
OA will have doubled because of the exploding prevalence
of obesity and the aging of the baby boomer generation.7
One of the main goals of nonsurgical management of knee
OA focuses on reducing knee pain and minimizing the
accompanying functional limitation.
Patients with knee OA demonstrate pathologic gait
patterns compared with healthy age-matched controls.8,9
Patients with knee OA tend to have a slower walking speed,
shorter step length, and shorter single-limb support
(SLS).8,10 In addition, patients with knee OA demonstrate
elevated knee adduction moment (KAM) values compared
with matched controls.11,12 The KAM is a primary biomechanical factor in knee OA. It tends to adduct the
tibiofemoral joint, providing a major contribution to the
elevated medial compartment loads. Subsequently, KAM was
found to correlate with the progression of knee OA.13 One of
the reasons for the altered gait patterns of these patients is
impaired neuromuscular control.14,15 This impaired neuromuscular control affects the coordinated activity of the
muscles surrounding the knee and its dynamic joint
Volume 24 � Number 6 � November/December 2013

15

Current Orthopaedic Practice

stability.16 Consequently, some of these patients are at risk
for functional instability that can ultimately result in further
microtrauma and reinjury.17 Several studies have shown
that neuromuscular control deterioration leads the patient
to adopt a less coordinative strategy of joint stabilization,
such as global simultaneous concentric contraction of
agonist and antagonist muscles to create a bracing effect
for the unstable damaged compartment (coactivation/cocontraction), which may lead to further cartilage destruction and exacerbation of joint pain.18,19
Several noninvasive interventions exist for knee OA and
among them are biomechanical interventions. Previous
studies have shown varying results of the effect of
biomechanical interventions focused on foot center of
pressure (COP) manipulation, agility, and perturbation
training in patients with knee OA.20--26 Haim et al.27,28
recently investigated a novel foot-worn biomechanical
device and therapy. The therapy includes daily exercise
with the device, according to an individually set training
program. The therapy is aimed at reducing the magnitude of
external moments acting on the knee joint, such as the knee
adduction moment,8 through changing the patient’s center
of pressure during walking and enhances stimulation of the
neuromuscular control of the knee joint.29 A recent study
looking at 46 patients treated with this device and exercise
protocol reported an overall improvement in the gait
patterns, level of pain, and level of function in patients
with knee OA after 3 months of treatment.20 The sample size
of this study was relatively small, therefore there is a need to
examine the effect of this therapy on a larger population.
The present study was conducted on a larger cohort of
patients after this new therapy, comparing the objective
measurements with the subjective scores commonly used,
and defining the possible clinical benefits of its use for
patients with knee OA.

MATERIALS AND METHODS
This was a retrospective study on the database of one
AposTherapy center, which is thought to represent real-life
behavior of patients. Patients are referred to this treatment
by general practice and orthopaedic doctors from the
general community medical care. As such, not all patients
had data at the follow-up time of this analysis (4 months of
therapy) for several reasons, including early visit to the
therapy center (6 weeks), postponing follow-up date because
of time problems, patients did not feel they needed to come
since they were feeling well etc. In a small number of
patients, a lack of follow-up examination was because of
worsening symptoms. The study protocol was approved by
the Institutional Helsinki Committee Registry (Helsinki
registration number 141/08 and NIH clinical trial registration number NCT00767780). Inclusion criteria were patients
suffering from symptomatic bilateral knee OA at the medial
compartment for at least 6 months, fulfilling the American
College of Rheumatology clinical criteria for OA of the
knee.30 Exclusion criteria were: (1) acute septic arthritis; (2)
inflammatory arthritis; (3) corticosteroid injection within 3
months of the study; (4) avascular necrosis of the knee; (5)
history of knee buckling or recent knee injury; (6) joint
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replacement; (7) neuropathic arthropathy; (8) history of
pathological osteoporotic fracture; (9) symptomatic degenerative arthritis in lower limb joints other than the knees;
and (12) patients with an overall Western Ontario and
McMaster Universities (WOMAC) arthritis index score less
than 20 at baseline. The head researcher used these criteria
to determine the inclusion or exclusion of patients from the
existing database.
A biomechanical device composed of four modular
elements attached to foot-worn platforms was used in the
study as a treatment device (Apos system, Apos -- Medical
and Sports Technologies Ltd. Herzliya, Israel). The modules
are convex shaped biomechanical elements attached to each
foot. One is located under the hindfoot region and the other
is located under the forefoot region. The elements are
attached to the subject’s foot through a platform in the form
of a shoe. The platform is equipped with a specially designed
sole that consists of two mounting rails that enable flexible
positioning of each element under each region. Each
element can be individually calibrated to induce specific
biomechanical challenges in multiple planes (Figure 1).
The GaitMat system (E.Q., Inc. Chalfont, PA) was used to
measure spatiotemporal parameters.31 During the gait test,
all patients walked barefoot at a self-selected speed. Patients
walked 3 meters before and after the walkway mat to allow
sufficient acceleration and deceleration time outside the
measurement area. Each gait test included four walks, and
the mean value of the four walks was calculated for each
parameter. The following gait parameters were recorded and
calculated: velocity (cm/s), step length (cm), cadence (steps/
min), base of support (cm), stance phase (% gait cycle, GC),
and single-limb support (SLS) phase (% GC). An improvement in any of these parameters was considered an
improvement in gait. A change was considered to be
clinically significant if it was accompanied by an improvement in the WOMAC index that qualified under the
Outcome Measures in Rheumatology Clinical Trials (OMERACT) OARSI guidelines for clinical improvement.32 The
WOMAC questionnaire and Short Form (SF)-36 Health
Survey were used to evaluate changes in pain, function,
and quality of life perception. The WOMAC questionnaire
contains 24 visual analogue scale (VAS) questions. Results
range from 0-100 mm, in which 0 mm indicates no pain or
limitation in function, and 100 mm indicates the most
severe pain or limitation in function. The SF-36 contains 36
Likert scale questions, scored between 0-100, with 0
indicating the worst quality of life and 100 indicating the
best quality of life.
Before their baseline and 4-month examinations, patients
were instructed not to consume pain medication for at least
72 h to eliminate the effect of these medications on the
patient’s pain levels and gait patterns. Anthropometric
measurements were drawn from the medical records of each
patient. All patients underwent a gait test on the computerized mat and completed the WOMAC questionnaire and
the SF-36 health survey during their first visit to the therapy
center. After the completion of the baseline measurements,
the biomechanical device was individually calibrated to
each patient by a physiotherapist certified in AposTherapy
methodology. The principle of calibration is to bring each
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improvement after 4 months of treatment, for all parameters,
the paired t-tests were performed followed by 95% confidence
interval for the differences between the repeated measures.
We further used the Pearson correlation to demonstrate linear
relationship between gait parameters, self-evaluation questionnaires and body mass index (BMI). To measure the change
in self-evaluation questionnaires by quintiles of SLS improvement we used the analysis of variance (ANOVA) test. Repeated
measure analysis with one nested variable was calculated to
demonstrate possible interaction between gender and level of
improvement in the SF-36 physical and mental scale.

RESULTS

FIGURE 1. The Apos system and mobile elements.

patient’s knee joint to a position that allows diminished pain
while walking. A previous study indicated that shifting the
hindfoot element of the Apos system laterally from the
neutral position together with shifting the forefoot element
medially from the neutral position will reduce knee adduction
moment.27 These forces often are seen in patients with knee
OA and may be a major cause of pain and disability.8
Calibration of the device was done as follows: each patient
was asked to walk away from and then back towards the
therapist. A visual gait evaluation was carried out by the
therapist, and the device was calibrated. First, the biomechanical elements were calibrated to create minimal inversion/
eversion torques on the foot (assessed visually by the
therapist), defined as the neutral position. Second, the
element under the hindfoot was shifted laterally from the
neutral position, and the forefoot element was shifted
medially. Third, appropriate calibration was defined as bringing the damaged joint to a biomechanical alignment that
minimizes or eliminates pain as reported by the patient;
hence the patient’s feedback also is considered. This methodology was applied to all patients. All patients received exercise
instructions and began the therapy the day after their first
visit to the therapy center. Treatment was then initiated and
continued on a daily basis. Patients were instructed to wear
the Apos system and go about their activities of daily living for
10 min once a day during the first week and gradually increase
it to 30 min once a day at the fourth week and for the rest of
the treatment period. After four months of treatment, patients
underwent a second gait test and completed the WOMAC
questionnaire as well as the SF-36 Health Survey.

One thousand four hundred and ten patients came to
AposTherapy center. Nine hundred and eighty-eight patients had a follow-up examination after an average of 4
months (range, 12-24 weeks) of therapy. One hundred and
twenty-three patients did not have one or more of the
following: gait test, questionnaires, follow-up examination.
One hundred and seventy-three patients were excluded
based on the exclusion criteria list below, and 126 patients
had an overall WOMAC score less than 20 mm (Table 1).
A significant improvement in gait measurements was
found in all clinical and investigational parameters of the
988 patients. The gait spatiotemporal measurements at
baseline and after 4 months of therapy are summarized
in Table 2. WOMAC-pain and WOMAC-function subscales
were significantly lower after 4 months of therapy (Table 3).
Pain decreased by 31% (P ¼ 0.001) and function improved
by 28% (P < 0.001). The improvement in WOMAC pain and
WOMAC function met with the OMERACT OARSI clinical
response to treatment.32 All eight categories of the SF-36
health survey, significantly improved after 4 months of
therapy. The largest improvement was observed in limitation because of physical health (50.5% increase) (P < 0.001)
and pain (37.2% increase) (P < 0.001) (Table 3).
The association between improvement in SLS gait parameter and both subjective questionnaires (WOMAC and SF36) was further examined using a correlation analysis. The
overall range of improvements in SLS from baseline to 4
months was divided into five equal groups (quintiles). The
changes in self-evaluation questionnaire parameters after 4
months were calculated for each of these five SLS groups. A
significant trend was found between the improvement in
SLS and the improvement in self-reported questionnaires
(Figure 2).
A gender analysis was carried out on the SF-36 questionnaire results. In the physical scale, male patients improved

Statistical analysis

TABLE 1. Patients characteristics. Results are
presented as mean (sd)

Data were analyzed with SPSS software version 19.0. The
significance levels were set at two-sided Pr0.05. Data were
presented as mean and standard deviation for gait spatiotemporal parameters and self-evaluation questionnaires. The
distributions of continuous parameters were examined using
the Kolmogorov-Smirnov noparametric test. To evaluate the

Frequency
Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)

All

Female

Male

988
65.5 (8.8)
162.7 (8.8)
81.8 (15.8)
30.8 (5.1)

652
64.7 (8.4)
159.2 (6.7)
78.6 (15.3)
30.9 (5.4)

336
67.1 (9.3)
170.0 (7.9)
88.3 (14.8)
30.5 (4.4)
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TABLE 2. Changes in gait spatiotemporal parameters after 4 months of AposTherapy. Results are presented as
mean (sd)

Velocity (cm/sec)
Cadence (steps/min)
Step length more affected
knee (cm)
Step length less affected
knee (cm)
Base of support (cm)
Stance phase more affected
knee (% GC)
Stance phase less affected
knee (% GC)
SLS phase more affected
knee (% GC)
SLS phase less affected
knee (% GC)

Mean
difference

95% CI of the
differencelower bound

95% CI of the
differenceupper bound



Baseline

4 months

P

88.1 (18.7)
67.9 (7.1)
51.5 (8.1)

96.8 (18.6)
71.4 (6.4)
53.9 (8.1)

8.7 (15.0)
3.5 (6.2)
2.4 (4.9)

9.8
3.1
2.1

9.6
3.9
2.7

P < 0.001
P < 0.001
P < 0.001

51.8 (8.1)

54.2 (7.9)

2.4 (4.9)

2.2

2.8

P < 0.001

6.8 (3.1)
62.7 (2.6)

6.5 (3.1)
62.1 (2.3)

� 0.3 (2.2)
� 0.6 (1.9)

� 0.4
� 0.8

� 0.2
� 0.5

0.002
P < 0.001

62.9 (2.6)

62.3 (2.4)

� 0.6 (2.0)

� 0.8

� 0.5

P < 0.001

37.2 (2.5)

37.9 (2.3)

0.7 (1.7)

0.6

0.8

P < 0.001

37.4 (2.5)

38.0 (2.3)

0.6 (1.7)

0.5

0.7

P < 0.001


Significance level was set to P < 0.05.
CI indicates confidence interval; GC, gait cycle; SLS, single-limb support.

from 46.7 to 54.8 (17.3%) and female patients improved
from 41.0 to 50.6 (23.4%). With regard to the mental scale,
male patients improved from 60.8 to 66.6 (9.5%) and female
patients improved from 55.2 to 62.6 (13.4%).
A correlation analysis was carried out between patients’
BMI and the results of the gait analysis, SF-36, and WOMAC
at baseline and after 4 months of therapy. Significant
moderate correlations were found between BMI and most
of the spatiotemporal parameters (range 0.41-0.50). Specifically, a moderate negative correlation between BMI and SLS
was observed at both time measurements (� 0.43 and
� 0.44, respectively). Low correlation was found between

BMI and the level of pain, function, and quality of
life (range 0.008-0.26). The measured correlations in all
parameters did not change significantly after 4 months of
treatment.

DISCUSSION
The present study evaluated the clinical effect of the
examined therapy using objective gait measurements (spatiotemporal parameters) and subjective measurements (WOMAC
and SF-36 questionnaires) on a large population of patients
with knee OA. After 4 months of therapy, a statistically

TABLE 3. Changes in self-evaluation questionnaires after months of AposTherapy. Results are presented as mean (sd)

WOMAC Indexw
Pain
Function
SF-36 Health Surveyz
Physical function
Pain
Role limitation due to
physical health
Energy/fatigue
Emotional well being
Role limitation due to
emotional health
Social functioning
General health
SF-36 physical scale
SF-36 mental scale

Mean
difference

95% CI of the
differencelower bound

95% CI of the
differenceupper bound



Baseline

4 months

51.4 (20.2)
49.9 (19.7)

35.4 (22.1)
36.0 (22.3)

� 16.0 (22.2)
� 13.9 (20.2)

� 17.3
� 15.1

� 14.6
� 12.6

P < 0.001
P < 0.001

42.4 (18.8)
37.1 (19.4)
29.1 (33.5)

48.7 (20.3)
50.9 (21.7)
43.8 (38.9)

6.3 (17.8)
13.8 (23.9)
14.7 (40.2)

5.2
12.3
12.2

7.4
15.3
17.2

P < 0.001
P < 0.001
P < 0.001

50.9 (19.4)
66.3 (18.8)
47.4 (42.5)

55.8 (18.0)
70.7 (17.0)
58.6 (42.3)

4.9 (17.2)
4.4 (16.5)
11.2 (47.0)

3.7
3.4
8.3

5.9
5.4
14.2

P < 0.001
P < 0.001
P < 0.001

65.6
55.4
43.0
57.1

73.9
61.1
52.1
64.0

6.7
4.8
8.1
5.9

9.9
6.7
10.0
7.9

P < 0.001
P < 0.001
P < 0.001
P < 0.001

(26.9)
(17.5)
(15.4)
(18.9)

(23.5)
(17.7)
(17.9)
(18.5)

8.3
5.7
9.1
6.9

(25.8)
(15.4)
(15.3)
(16.4)

P


Significance level was set to P < 0.05.
wWOMAC Index-Western Ontario and McMaster Universities Index. The WOMAC questionnaire includes 24 questions in a VAS format (0 ¼ no pain/stiffness/difficulty,
100 ¼ severe pain/stiffness/difficulty).
zSF-36 Health Survey includes 36 questions. Results range between 0-100 (0 ¼ poor quality of life, 100 ¼ high quality of life).
CI indicates Confidence interval.
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FIGURE 2. Changes in WOMAC-Pain, WOMAC-Function, SF-36 Physical scale and SF-36 Mental scale within the quintiles of SLS improvement. P-values
represent ‘‘P for trend’’. Q1-Q5 represents quintiles of SLS improvement. The difference between the first and second test was calculated and the range of
results were divided into quintiles. A negative value represents a decrease in SLS, whereas a positive value represents an increase in SLS. For example,
Q1 ¼ fifth of the study population had a decrease of 0.63 or more in their more affected SLS after 3 months of therapy; Q5 ¼ fifth of the study population
had an increase of 1.74 or more in their more affected SLS after 3 months of therapy. A decrease in the mean score of the WOMAC domains is considered
as improvement, and an increase in the mean score of the SF-36 domains is considered as improvement. WOMAC, Western Ontarior and McMaster
University Score, SF-36, short form-36, SLS, shorter single-limb support.

significant improvement in all objective gait parameters was
recorded. The results of the current study support the results
of Elbaz et al.20 who examined the effect of AposTherapy on
the same parameters (i.e. spatiotemporal gait parameters, pain
function, and quality of life) but on a small sample size.
Specifically, patients increased their SLS phase, indicating that
they improved their ability to maintain single-limb loads on
the affected limb. In addition, patients demonstrated a
significantly higher walking speed, cadence, and step length.
These gait improvements suggest an overall improvement in
the patients’ function. Alongside the improvement in gait
there was a significant improvement in both pain and
function in patients after therapy. After 4 months of therapy,
the WOMAC and SF-36 results showed that patients reported
significant improvement in their levels of pain, function, and
quality of life. These reported improvements in patients’
symptoms met with the OMERACT OARSI guidelines for a
clinical response to treatment.32 In addition, the improvement in gait correlated with the improvement in selfevaluation assessment of pain, function, and quality of life.
We could not find validated criteria that quantify the amount
of improvement in spatiotemporal gait parameters that may
be considered clinically relevant. It may be assumed that since
the improvement in gait was accompanied by improvement
in symptoms meeting the OMERACT OARSI criteria, a
clinically relevant improvement in gait had occurred. This
supports the findings of an overall improvement in patients
treated with this biomechanical therapy.
Previous studies examined the correlation between objective gait parameters and self-evaluation questionnaires in
patients with knee OA.33,34 Specifically, one study showed
that SLS can be a good and objective indicator of the
symptomatic severity in patients with knee OA.34 These
studies, however, were cross-sectional and did not investigate
these correlations over time. In the current study, we

examined the correlation between the improvement in SLS
and the improvement in self-evaluation questionnaires after
treatment with the biomechanical device. To fully understand
the type of correlation (linear, exponential, etc) and its
strength and to clearly present this correlation, we divided
the results to five equal groups. A high correlation was found
between the improvement in the objective SLS and the
subjective pain and function. These results further demonstrate that SLS can serve as an objective measure to evaluate
changes in the functional condition of patients with knee OA.
Investigating and understanding differences between men
and women in the knee OA population is of great interest
for researchers. Several studies have reported differences
between the sexes in patients with OA, both in gait patterns
and in symptoms.9,35--40 Although the differences between
men and women in regards to pain sensation have been
previously examined, results remain unclear. Some studies
indicate that women report more severe pain than men,
while other studies did not find differences in pain levels
between the sexes.36,37 Significant differences between men
and women also were found in the patient’s quality of life
perception, in which women with knee OA reported poorer
quality of life compared with men.40 The results of this
study support the findings of previous studies and show that
women have a poorer quality of life compared with men at
the beginning of the study. Although both sexes reported an
improvement in the physical scale and the mental scale,
women reported a greater improvement after 4 months of
treatment compared with men (23.4% compared with
17.3% improvement in the physical scale score for women
and men, respectively and 13.4% compared with 9.5% in
the mental scale score for women and men, respectively).
These results indicate that women have a different clinical
response compared with men after therapy with this
biomechanical device. A possible explanation for the greater
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improvement seen in women compared with men could be
attributed to a different compliance in therapy. However,
previous studies did not find gender to affect compliance to
therapy in patients with knee OA41 or in patients with low
back pain.42 Moreover, all patients in the current study
reported full compliance with the exercise guidelines.
BMI correlates strongly with symptomatic knee OA and is
considered to be one of the greatest risk factors for knee
OA.5,43,44 The results of the current study do not completely
support the findings of these previous studies. In the current
study, BMI was shown to moderately correlate with most of
the spatiotemporal parameters at baseline and after 4
months. However, there was only a weak correlation
between BMI and WOMAC pain and function scores and
the SF-36 physical and mental scores. The correlations
between all measured variables and BMI were similar at
baseline and after 4 months of therapy. This suggests that
BMI had only a minor effect on the response of patients to
the biomechanical therapy and should not be regarded as a
significant contraindication to this mode of therapy. A
possible explanation for the discrepancies between this
study and former studies can be related to differences in
demographics. In the United States the prevalence of
overweight adults is 65.7% of the population and the
prevalence of obese adults is 30.6% of the population.45
The prevalence of overweight adults in this study population is 39.3% of the population and the prevalence of obese
adults is 22.9% of the population.46 A clear difference exists
in the prevalence of overweight and obese adults between
the US and the examined population of this study, whereas
the prevelance of knee OA is similar.
This study has some limitations. First, the study is limited
by the fact that there was no control group to compare to
the research group. To the best of our knowledge, a validated
sham (placebo) device for noninvasive knee OA mechanical
treatment does not exist. As the need for level I studies to
validate this treatment arises, such a device is essential.
Nevertheless, the primary measurements of this study were
objective gait parameters of these patients. These measurements were found to correlate with the patient’s subjective
assessments, thus validating, to a certain extent, the success
of this suggested therapy. Last, this study was a retrospective
analysis of knee OA patients whose data were drawn from
the therapy center’s database. Future studies should further
examine the gait patterns and clinical effect of the
biomechanical device and treatment methodology in a
prospective, randomized, controlled study design that
incorporates a control group. Ideally, such a control group
should be given a sham device; however, a control group
also can be patients who receive standard care or supervised
exercise. Future studies also should include long-term
follow-up of a large cohort that includes both objective
and subjective measurements.

CONCLUSION
In conclusion, nonoperative treatments for knee OA have
evolved in the past years. The current study examined the
effect of a new noninvasive biomechanical therapy on the
gait patterns and clinical symptoms of a large cohort of
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patients with knee OA. Overall, a significant improvement
and clinical response was reported in both objective and
subjective parameters. These findings are of great clinical
significance as they validate the success of the treatment in a
large cohort.
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Abstract
Objective. – Previous studies have shown that a customized biomechanical therapy can improve symptoms of knee osteoarthritis. These studies
were small and did not compare the improvements across gender, age, BMI or initial severity of knee osteoarthritis. The purpose of this study was to
evaluate the effect of new biomechanical therapy on the pain, function and quality of life of patients with medial compartment knee osteoarthritis.
Methods. – Six hundred and fifty-four patients with medial compartment knee osteoarthritis were examined before and after 12 weeks of a
personalized biomechanical therapy (AposTherapy). Patients were evaluated using the Western Ontario and McMaster Osteoarthritis (WOMAC)
Index and SF-36 Health Survey.
Results. – After 12 weeks of treatment, the WOMAC-pain and WOMAC-function subscales were significantly lower compared to baseline (both
P  0.001). All eight categories of the SF-36 health survey significantly improved after treatment (all P  0.001). Females and younger patients
showed greater improvements with therapy.
Conclusions. – Twelve weeks of a customized biomechanical therapy (AposTherapy) improved symptoms of patients with medial compartment
knee osteoarthritis. We recommend that this therapy will be integrated in the management of knee osteoarthritis.
# 2012 Elsevier Masson SAS. All rights reserved.
Keywords: Knee; Osteoarthritis; Gait; Pain; AposTherapy

Résumé
Objectifs. – Des études ont montré qu’une thérapie biomécanique adaptée pouvait améliorer les symptômes de gonarthrose. À ce jour, toutes les
études publiées sur cette nouvelle thérapeutique concernaient des petits échantillons de patients et ne comparaient pas les améliorations en fonction
de l’âge, sexe, IMC ou la sévérité initiale de la gonarthrose. Le but de cette étude était d’évaluer l’impact de cette nouvelle thérapie biomécanique
sur la douleur, capacité fonctionnelle et qualité de vie des patients avec une gonarthrose du compartiment fémorotibial interne.
Méthodes. – Six cent cinquante-quatre patients avec une gonarthrose du compartiment fémorotibial interne étaient suivis avant et après
12 semaines d’un programme thérapeutique biomécanique spécifique (AposTherapy). Les patients étaient évalués avec l’index Western Ontario
and McMaster Osteoarthritis (WOMAC) et le questionnaire généraliste de santé SF-36.
Résultats. – Après 12 semaines de traitement, les scores du WOMAC-douleur et du WOMAC-capacité avaient diminué de façon significative en
comparaison avec les données initiales (les deux p  0,001). Les huit catégories du SF-36 étaient considérablement améliorées après traitement
(toutes p  0,001). Les femmes et les patients jeunes ont montré un niveau d’amélioration plus important après le traitement.
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E-mail address: researchdept10@gmail.com (R. Debi).
1877-0657/$ – see front matter # 2012 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.rehab.2012.01.002
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Conclusion. – Les patients avec une gonarthrose du compartiment fémorotibial interne montrent une amélioration de leurs symptômes après
12 semaines de thérapie spécifique AposTherapy. Nous recommandons que cette thérapeutique soit intégrée dans la prise en charge de la gonarthrose.
# 2012 Elsevier Masson SAS. Tous droits réservés.
Mots clés : Genoux ; Gonarthrose ; Marche ; Douleur ; AposTherapy

1. English version
1.1. Introduction
Knee osteoarthritis (OA) is associated with symptoms of
pain and functional disability. Physical disability arising from
pain and loss of functional capacity reduces quality of life and
increases the risk of further morbidity. Current treatments aim
at alleviating these symptoms, and some of them address
biomechanical factors as well.
Several biomechanical interventions for the treatment of
knee OA have been presented. The aims of these interventions
are to reduce pain and improve function in patients with knee
OA. These interventions attempt to unload the diseased
articular surface and in some cases also promote controlled
perturbation to train neuromuscular control, usually by means
of wedge insoles, foot orthoses and valgus braces
[4,13,18,20,21,27,29,35]. One such biomechanical intervention
(AposTherapy) has been presented. In recent studies, Elbaz
et al. and Bar-ziv et al. [3,10] found that patients with knee OA
who completed an 8-week biomechanical exercise program
reported significant improvements in the level of pain and
function, as well as improvement in spatiotemporal gait
parameters. The effect of this device on knee adduction
moment (KAM), which is highly associated with knee OA, and
muscle activation pattern, has also been reported in several
studies [14,17]. To date, all published papers regarding this new
therapy were carried out on a relatively small sample size.
Furthermore, there is yet to be published a randomized clinical
trial regarding the effect of this therapy.
Knee OA is twice as common in women as in men, and usually
occurs bilaterally [5,12,22]. In end stage knee OA, women
undergo almost twice as many knee joint replacement surgeries
as men [22]. The fact that men and women have similar rates of
occurrence of OA at the hip [25,26], argues somewhat against a
systemic factor such as estrogen, and in favor of local
biomechanical factors as the root cause of knee OA. Although
certain gender differences in knee joint anatomy and in
biomechanical characteristics have been described [1,6,19],
there is a lack of information comparing the effect of knee OA
treatments in males and females, especially in the case of
biomechanical treatments.
Knee OA is also much more prevalent in the elderly,
specifically individuals 60 years of age and older [8,26]. A
couple of studies have shown that knee OA prevalence is even
greater in patients 85 years of age and older [6,37]. A study by
Elbaz et al. showed that mainly functional symptoms of knee OA
worsen with age [9]. Fewer studies, however, have examined if
and how biomechanical therapies for knee OA work in different
age groups.
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The current study was conducted on a large cohort of patients
with medial compartment knee OA and was designed to examine
the effect of therapy on gender, age and Body Mass Index (BMI)
groups, as well as across the initial symptomatic severity of
patients.
1.2. Patients and methods
1.2.1. Participants
This was a retrospective study. A search for eligible data was
performed on the research database of AposTherapy Center. Five
thousand six hundred and eighty-two people began AposTherapy
between April 2009 and September 2010. Three thousand five
hundred and twenty-nine patients did not have primary bilateral
knee OA. One thousand one hundred and forty-eight patients did
not have questionnaires at either baseline or following 3 months
of therapy. Three hundred and fifty-one patients were excluded
based on the exclusion criteria. Six hundred and fifty-four
patients, 446 females (68.2%) and 208 males (31.8%), diagnosed
with symptomatic bilateral medial compartment knee OA
participated in this study. Two hundred and eighty-nine (44%)
patients reported both legs to be equally symptomatic, 209 (32%)
patients reported their right leg to be more symptomatic and 156
(24%) patients reported their left leg to be more symptomatic.
Mean age (mean  SD) was 64.7  8.9 years, mean height was
162.3  9.1 cm and mean weight was 84.4  31.3 kg.
Inclusion criteria included:
 patients who were examined by their personal physician in
the community with bilateral medial compartment knee OA
for at least 6 months and who fulfilled the American College
of Rheumatology (ACR) clinical criteria for OA of the knee
[2], and were referred to the therapy center. All patients, each
of whose charts were reviewed in the present study, were
referred to our clinic (AposTherapy center) by their personal
physician after being diagnosed with knee OA. This
diagnosis was established via a thorough evaluation of the
patients by the physician and included a clinical examination
and radiographic assessment. When arriving to the therapy
center, patients are already diagnosed with radiological knee
OA (i.e. radiographs presented signs of OA and no signs of
conditions which can mimic OA were present);
 patients who completed the Western Ontario and McMaster
Osteoarthritis Index (WOMAC) questionnaire [32] and Short
Form Health Survey (SF-36) [24] at the start of therapy (study
baseline) and after 12 weeks of therapy.
Exclusion criteria included:
 neurological and rheumatic inflammatory diseases;
 corticosteroid injection within 3 months of the study;
 earlier knee surgery excluding arthroscopy;
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 joint replacement of the hip or knee;
 instability of the knee due to traumatic ligament injury;
 significant OA in other lower extremity joints.
The protocol was approved by the Institutional Helsinki
Committee Registry of Assaf Harofeh Medical Center, Zerifin,
Israel (Helsinki registration number 141/08 and NIH clinical
trial registration number NCT00767780).
1.2.2. Treatment device
A novel biomechanical device (Apos System, APOS—
Medical and Sports Technologies Ltd. Herzliya, Israel) comprised of convex adjustable pods placed under the hind-foot and
fore-foot regions of each foot was used. This device enables
customize calibration of the pods (i.e. biomechanical elements)
which allow for control of body alignment and promotion of
perturbation throughout all phases of the step-cycle (Fig. 1).
1.2.3. Pain, function and quality of life analysis
Changes in pain, function and quality of life perception were
evaluated using the WOMAC questionnaire and SF-36 Health
Survey. The WOMAC questionnaire is a visual analogue scale
(VAS) ranging from 0 to 100 mm, with 0 mm indicating no pain
or limitation in function and 100 mm indicating the most severe
pain or limitation in function. The SF-36 is scored between 0
and 100, with 0 indicating the worst quality of life and 100
indicating the best quality of life.
1.2.4. Study protocol
Prior to their first and second examinations, patients were
instructed not to consume pain medication for at least 72 hours

Fig. 1. Biomechanical platform and mobile elements. A unique biomechanical
device comprising of two individually calibrated biomechanical elements that
are attached to a specially designed sole with two mounting rails and a
positioning matrix that enable flexible positioning of each biomechanical
element. One element is attached under the hindfoot and the second element
is attached under the forefoot. The biomechanical elements are available in
different degrees of convexity and resilience.
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in order to eliminate the effect of these medications on the
patient’s pain levels. Anthropometric measurements were
drawn from the medical file of the patients. All patients
completed the WOMAC questionnaire and the SF-36 health
survey during their first visit to the therapy center. Patients were
guided to complete the WOMAC questionnaire based on the
overall condition of their knees. Patients were also guided to
complete the SF-36 questionnaire based on their overall health
condition. After the completion of the baseline measurements,
the biomechanical device was individually calibrated to each
patient by a physiotherapist certified in AposTherapy
methodology. The principle of calibration is to bring each
patient’s joint to a position that allows for diminished pain
while walking. In medial compartment knee OA, as was the
case for all our patients, the element under the hind-foot is
shifted laterally from the baseline position. This is done until
the patient reports minimal pain during initial contact. The
element under the forefoot is shifted medially from the baseline
position until the patient reports minimal pain during midstance to toe-off. Biomechanically, by shifting the elements in
the coronal plain, the device changes the foot’s COP during
gait, thus altering the orientation of the ground reaction force
(GRF) vector and reducing the knee adduction forces during
gait as well. This decreases the pressure load from the affected
area (medial compartment) in the joint during gait [15,16].
Once the desired alignment is achieved, the patient usually
reports immediate pain relief while walking. All patients
received exercise instructions and began the therapy the day
after the first visit to the therapy center. Treatment was then
initiated and continued on a daily basis for a period of
12 weeks. Patients were instructed to put on the biomechanical
device and go about their activities of daily living (ADL) for
10 min once a day during the first week, and gradually increase
to 30 min once a day at the fourth week and for the rest of the
treatment period. Patients returned for a follow-up examination
after 3–4 weeks from initial consultation. If necessary, the Apos
system was recalibrated. The patient then continued with the
therapy in his or her own personal environment according to the
physiotherapist’s instructions. After 12 weeks of treatment,
patients underwent a second WOMAC questionnaire and SF-36
Health Survey.
1.2.5. Statistical analysis
With a sample size of 250, the study will have power of 80%
to yield a statistically significant result. This computation
assumes that the mean difference is at least 5.0 and the common
within-group standard deviation is 20.0. This effect (difference
of 5 points in each scale) was selected as the smallest effect that
would be important to detect, in the sense that any smaller
effect would not be of clinical or substantive significance. Mean
and standard deviation for all the continuous variables and the
mean differences with 95% confidence intervals (CI) were
presented for all the continuous variables. The distributions of
the questionnaire scales were examined using the KolmogorovSmirnov non-parametric test. Paired t-tests were calculated to
assess the differences between the repeated measures of the
questionnaire scales during follow-up. Tests were also
25
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conducted for sub-group analysis. The relationships between
the baseline measurements and the improvements level during
follow-up were assessed by the Spearman correlation. Data
were analyzed with SPSS software version 19.0. The
significance levels were set at 0.05.
1.3. Results
Baseline levels of pain, function, stiffness and quality of life
are presented in Table 1. There were no reports of any adverse
events including imbalance, tripping or other physical problems
during the study period. All patients complied completely with
the treatment protocol. Compliance was verified via a telephone
call at several points during the study.
After 12 weeks of treatment, the WOMAC-pain and
WOMAC-function subscales were significantly lower compared to baseline (Table 1). Pain decreased by 30% (P  0.001)
and function improved by 29% (P  0.001). All eight
categories of the SF-36 health survey significantly improved
after 12 weeks of treatment (Table 1).
To find the specific effect of the treatment in sub-groups, a
further analysis on the WOMAC and SF-36 overall score was
carried out. Significant differences between genders were found
at baseline in the WOMAC-pain, WOMAC-stiffness and
WOMAC-function categories. Females reported higher levels
of pain (11.6%), stiffness (15.3%) and functional limitation
(7.1%). No significant gender differences were seen in the eight
categories of the SF-36 at baseline. Both males and females
showed significant improvement in all WOMAC and SF-36

subcategories following 12 weeks of therapy. Results are
summarized in Table 2.
Age was divided based on the median age (66 years). There
were significant differences in the baseline values between the
two age groups in WOMAC-pain and WOMAC-stiffness. The
younger group (< 66 years) reported higher levels of pain
(10%) and functional limitation (15.8%) compared to the older
group (> 66 years). The WOMAC-function and all SF-36
categories were not significantly different between the two
groups at baseline. Both age groups showed significant
improvement in all WOMAC and SF-36 categories following
12 weeks of therapy. Results are summarized in Table 3.
Another examination was carried out according to the
patients’ BMI. Two groups of patients were defined: patients
with a BMI less or equal to 28.0 kg/m2 and patients with a BMI
greater than 28.0 kg/m2. There were significant differences in
the baseline values between the two groups in WOMAC-pain,
WOMAC-stiffness and WOMAC-function. The lighter weight
group (BMI  28.0 kg/m2) reported lower levels of pain
(9.3%), stiffness (12.4%) and functional limitation (15.0%)
compared to the heavier weight group (BMI > 28.0 kg/m2). All
SF-36 categories were not significantly different between the
two groups at baseline. After 3 months of therapy there were
significant differences between groups in WOMAC-function.
Both BMI groups showed significant improvement in all
WOMAC and SF-36 categories following 12 weeks of therapy,
except for the SF-36 energy subscale in which the lighter BMI
group did not improve significantly. Results are summarized in
Table 4.

Table 1
WOMAC index and SF-36 Health Survey changes following 3 months of AposTherapy.
Baseline

3 months

Mean
difference

95% CI of the
difference-Lower bound

95% CI of the
difference-Upper bound

P*

WOMAC Indexa
Pain
Stiffness
Function

50.1 (20.0)
51.0 (27.2)
48.7 (19.2)

35.0 (21.1)
36.7 (26.2)
34.6 (20.3)

15.0 (21.0)
14.4 (17.8)
14.1 (17.8)

13.4
12.4
12.7

16.7
16.5
15.5

< 0.001
< 0.001
< 0.001

SF-36 Health Surveyb
Physical function
Pain
Role limitation due to physical health
Energy/Fatigue
Emotional well-being
Role limitation due to emotional health
Social functioning
General health

46.5
41.6
36.4
53.7
67.8
53.8
68.7
58.6

51.2
53.8
49.1
57.0
72.0
65.8
75.5
61.9

4.7
12.2
12.7
3.3
4.2
12.0
6.8
3.3

(18.4)
(23.7)
(40.2)
(17.2)
(16.3)
(46.5)
(25.7)
(15.2)

6.1
14.0
15.8
4.6
5.4
15.6
8.8
4.4

3.3
10.3
9.7
1.9
2.9
8.5
4.8
2.1

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

SF-36 physical scale
SF-36 mental scale

47.4 (17.2)
60.5 (18.9)

13.2 (11.5)
11.9 (10.7)

14.1
12.7

12.3
11.0

< 0.001
< 0.001

(20.7)
(21.6)
(36.9)
(19.5)
(18.3)
(43.2)
(25.9)
(17.0)

(22.1)
(22.2)
(39.1)
(17.6)
(16.5)
(40.6)
(23.3)
(17.3)

54.6 (18.2)
66.4 (17.9)

Results represented as mean values (SD) and mean difference (mean [SD]) + 95% confidence interval (CI).
*P-value was set to P < 0.05.
a
Western Ontario and McMaster Universities Index (WOMAC Index). The WOMAC questionnaire includes 24 questions in a Visual Analogue Scale (VAS) format
(0 = no pain/stiffness/difficulty, 100 = severe pain/stiffness/difficulty). The criteria for clinical response to a treatment had been defined by the Outcome Measures in
Rheumatology Clinical Trials (OMERACT) and Osteoarthritis Research Society International (OARSI). They are either an improvement in pain or in function of at
least 50% with a decrease of 2.0 cm on the VAS for pain or function, or an improvement in both pain and function of at least 20% with a decrease of 1.0 cm on the
VAS. The average improvements in the WOMAC pain and function scales meet the OMERACT-OARSI criteria. Furthermore, individually, 56% of the patients met
the OMERACT-OARSI criteria (improved) whereas 18% of the patients improved but did not meet these criteria.
b
SF-36 Health Survey includes 36 questions. Results range between 0–100 (0 = poor quality of life, 100 = high quality of life).
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Table 2
WOMAC index and SF-36 Health Survey changes in females and males following 3 months of AposTherapy.
Males

Females

Py

Pyy

Pyyy

Pyyyy

Baseline

3 months

Baseline

3 months

51.9 (20.0)
53.5 (26.8)
49.8 (19.5)

36.1 (21.3)
37.8 (26.2)
35.5 (20.0)

46.2 (19.6)
45.9 (27.3)
46.4 (18.3)

32.9 (20.5)
34.2 (26.1)
32.8 (20.8)

0.001
0.001
0.03

NS
NS
NS

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

SF-36 Health Surveyb
Physical function
Pain
Role limitation due to physical health
Energy/Fatigue
Emotional well-being
Role limitation due to emotional health
Social functioning
General health

47.2
41.6
38.0
53.3
67.8
55.5
69.1
58.8

52.1
54.3
49.9
57.0
72.1
66.6
75.8
61.9

45.0
41.7
32.9
54.6
68.0
50.1
67.9
58.2

49.4
52.6
47.3
56.8
71.9
64.3
74.8
62.0

(21.6)
(22.8)
(39.1)
(15.4)
(16.6)
(40.5)
(22.8)
(16.6)

NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

0.002
< 0.001
< 0.001
NS
0.003
< 0.001
< 0.001
< 0.001

SF-36 physical scale
SF-36 mental scale

47.8 (17.4)
60.9 (19.3)

53.6 (17.5)
65.9 (16.9)

NS
NS

NS
NS

< 0.001
< 0.001

< 0.001
< 0.001

WOMAC Index
Pain
Stiffness
Function

a

(20.9)
(21.1)
(37.6)
(19.7)
(18.8)
(42.8)
(25.7)
(17.6)

(22.4)
(22.0)
(39.1)
(18.5)
(16.5)
(40.7)
(23.5)
(17.7)

55.0 (18.5)
66.7 (18.4)

(20.3)
(22.7)
(35.2)
(19.0)
(17.1)
(44.0)
(26.3)
(15.8)

46.5 (16.8)
59.8 (18.0)

Results presented as mean (SD).
y P-value was set to P < 0.05. Represents the differences between genders at baseline; yy P-value was set to P < 0.05. Represents the differences between genders at
the 3 months time point; yyy P-value was set to P < 0.05. Represents the differences between baseline and 3 months in females; yyyy P-value was set to P < 0.05.
Represents the differences between baseline and 3 months in males.
a
Western Ontario and McMaster Universities Index (WOMAC Index). The WOMAC questionnaire includes 24 questions in a VAS format (0 = no pain/stiffness/
difficulty, 100 = severe pain/stiffness/difficulty).
b
SF-36 Health Survey includes 36 questions. Results range between 0–100 (0 = poor quality of life, 100 = high quality of life).

In order to determine the relationship between the
magnitude of the effect of therapy and the severity of
symptoms before therapy, a correlation between the baseline
values and the level of improvement (the difference between the
tests at the endpoint and baseline) was calculated. A significant

moderate positive correlation was found for all WOMAC and
SF-36 domains (Fig. 2). A moderate correlation means that at
least part of the observed improvement in a specific scale is a
result of its level at baseline. Furthermore, the success rate of
the therapy in all WOMAC and SF-36 subcategories was

Table 3
WOMAC index and SF-36 Health Survey changes between two age groups (median distribution) following 3 months of AposTherapy.
66

< 66

Py

Pyy

Pyyy

Pyyyy

Baseline

3 months

Baseline

3 months

52.6 (20.2)
53.8 (27.5)
49.9 (20.0)

34.5 (21.5)
37.0 (25.6)
34.2 (21.3)

47.4 (19.3)
45.9 (27.3)
47.6 (18.3)

35.0 (20.6)
34.2 (26.1)
35.0 (20.2)

0.002
0.02
NS

NS
NS
NS

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

SF-36 Health Surveyb
Physical function
Pain
Role limitation due to physical health
Energy/Fatigue
Emotional well-being
Role limitation due to emotional health
Social functioning
General health

46.5
41.5
35.4
54.3
67.7
53.2
67.9
58.5

52.1
52.3
47.5
57.3
72.1
66.4
74.7
61.5

46.0
42.4
38.2
53.6
68.4
54.3
70.3
58.9

49.8
55.2
50.6
57.2
72.7
65.4
76.9
62.4

(21.9)
(22.6)
(39.5)
(16.4)
(16.9)
(41.9)
(23.1)
(17.4)

NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS

< 0.001
< 0.001
< 0.001
0.004
< 0.001
< 0.001
< 0.001
0.002

< 0.001
< 0.001
< 0.001
0.001
< 0.001
< 0.001
< 0.001
< 0.001

SF-36 physical scale
SF-36 mental scale

47.2 (17.6)
60.3 (18.9)

55.0 (18.1)
66.9 (18.4)

NS
NS

NS
NS

< 0.001
< 0.001

< 0.001
< 0.001

WOMAC Index
Pain
Stiffness
Function

a

(21.0)
(20.5)
(36.9)
(19.4)
(17.9)
(42.1)
(25.8)
(17.8)

(22.2)
(22.2)
(38.8)
(18.3)
(16.2)
(39.9)
(23.9)
(18.0)

54.1 (18.3)
66.4 (17.9)

(20.6)
(22.2)
(36.7)
(19.3)
(18.9)
(44.1)
(26.3)
(16.5)

47.8 (16.7)
61.1 (19.1)

Results presented as mean (SD).
y P-value was set to P < 0.05. Represents the differences between the two age groups at baseline; yy P-value was set to P < 0.05. Represents the differences between
the two age groups at the 3 months time point; yyy P-value was set to P < 0.05. Represents the differences between baseline and 3 months in patient under the age of
65; yyyy P-value was set to P < 0.05. Represents the differences between baseline and 3 months in above the age of 66.
a
Western Ontario and McMaster Universities Index (WOMAC Index). The WOMAC questionnaire includes 24 questions in a VAS format (0 = no pain/stiffness/
difficulty, 100 = severe pain/stiffness/difficulty).
b
SF-36 Health Survey includes 36 questions. Results range between 0–100 (0 = poor quality of life, 100 = high quality of life).
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Table 4
WOMAC index and SF-36 Health Survey changes between two BMI groups following 3 months of AposTherapy.
BMI  28.0

BMI > 28.0

Py

Pyy

Pyyy

Pyyyy

Baseline

3 months

Baseline

3 months

46.9 (19.5)
46.9 (27.2)
43.8 (18.8)

32.8 (22.1)
35.3 (28.0)
30.8 (20.5)

51.5 (20.1)
53.1 (27.0)
50.9 (18.9)

35.6 (20.4)
37.4 (25.2)
36.3 (20.3)

0.012
0.012
< 0.001

NS
NS
0.004

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

SF-36 Health Surveyb
Physical function
Pain
Role limitation due to physical health
Energy/Fatigue
Emotional well-being
Role limitation due to emotional health
Social functioning
General health

47.1
42.4
38.8
53.1
67.8
57.8
69.6
60.4

50.4
53.1
49.3
55.4
71.6
67.6
74.6
63.1

45.9
41.9
36.1
54.6
68.3
52.5
68.8
57.9

51.4
53.9
48.4
57.9
73.0
65.5
76.5
61.4

(22.0)
(21.7)
(39.0)
(17.0)
(16.3)
(40.3)
(22.2)
(17.3)

NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS

0.024
< 0.001
0.002
NS
0.003
0.007
0.023
0.03

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

SF-36 physical scale
SF-36 mental scale

48.4 (17.3)
61.7 (18.5)

54.6 (18.5)
66.9 (17.6)

NS
NS

NS
NS

< 0.001
< 0.001

< 0.001
< 0.001

WOMAC Index
Pain
Stiffness
Function

a

(22.0)
(21.0)
(36.8)
(19.4)
(18.6)
(42.8)
(25.8)
(17.1)

(22.3)
(23.6)
(40.1)
(18.0)
(16.2)
(41.1)
(25.5)
(18.4)

54.3 (19.7)
66.5 (18.9)

(20.5)
(21.4)
(36.9)
(19.2)
(18.1)
(43.1)
(26.1)
(17.1)

47.3 (17.2)
60.4 (19.1)

Results presented as mean (SD).
y P-value was set to P < 0.05. Represents the differences between the two BMI groups at baseline; yy P-value was set to P < 0.05. Represents the differences between
the BMI age groups at the 3 months time point; yyy P-value was set to P < 0.05. Represents the differences between baseline and 3 months in patient with
BMI  28.0; yyyy P-value was set to P < 0.05. Represents the differences between baseline and 3 months in patients with BMI > 28.0.
a
Western Ontario and McMaster Universities Index (WOMAC Index). The WOMAC questionnaire includes 24 questions in a VAS format (0 = no pain/stiffness/
difficulty, 100 = severe pain/stiffness/difficulty).
b
SF-36 Health Survey includes 36 questions. Results range between 0–100 (0 = poor quality of life, 100 = high quality of life).

calculated. The therapy was considered successful if the patient
reported a reduction in pain, an improvement in function and an
improvement in quality of life. The percent of patients reporting
an improvement in symptoms was calculated. Overall, the
success rate of this therapy was approximately 75% based on
the patient’s pain, function and quality of life report.
1.4. Discussion
The current study examined the effect of a 3-month
biomechanical therapy program in a cohort of patients with

medial compartment knee OA. The aim of the study was to
evaluate changes in pain, function and quality of life using the
WOMAC and SF-36 questionnaires.
The results of this study suggest that there was a significant
improvement in pain and function. After 12 weeks of therapy
with the biomechanical device, the WOMAC and SF-36 results
showed that patients reported significant improvements in the
level of pain, function and quality of life. This was consistent in
younger patients, older patients, males and females. The
improvements also met the OMERAC-OARSI guidelines for
the minimum improvement threshold that would have a true

Fig. 2. Correlation between the severity of symptoms at baseline and the level of improvement. Correlation strength was as follows: 0–0.2: weak; 0.2–0.8: moderate;
0.8–1: high.
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positive impact on the patient [28]. The results of the present
study are support by previous works. Bar-Ziv et al. examined
the effect of this therapy in a double-blind study conducted on
fifty-seven patients with bilateral knee OA [3]. They reported a
significant improvement in function and reduction in pain
following 8 weeks of therapy in the experimental group and no
changes in the level of pain and function of the control group.
The current study supports their findings with a larger number
of patients and over a longer study period.
KAM reflects the compressive forces acting on the medial
aspect of the knee and is widely considered as a maker for the
severity of knee OA [34]. Previous studies have found a
correlation between KAM and the levels of pain in knee OA
population [22,23,31]. Reeves et al. conducted an extensive
review on the effect of conservative biomechanical intervention
strategies aimed at reducing KAM and found several noninvasive biomechanical interventions that reduce KAM,
including lateral wedge insoles (4–14% reduction in KAM),
variable-stiffness shoes (6% reduction in KAM), cane or
walking sticks (10% reduction in KAM) and valgus knee braces
(8–17% reduction in KAM) [30]. Haim et al. found that
9 months of AposTherapy led to a reduction of 18% in KAM
while walking barefoot [17]. It may be postulated that the
reduction in KAM was accompanied with a reduction in pain,
and since KAM and pain are associated, a higher reduction in
KAM will be accompanied with a higher reduction in pain.
The present study also examined knee OA gender
differences in pain, function and quality of life both before
and after 12 weeks of therapy. At baseline, females showed
significantly worse symptoms in all WOMAC categories at
baseline, while no significant gender differences were found in
the SF-36 categories. After 12 weeks of AposTherapy, no
significant differences were found in any of the categories.
Previous studies have also examined gender difference in knee
OA. Debi et al. also reported gender differences in the
perception of pain and function in patients with knee OA [6].
Specifically they showed that females report higher levels of
pain and functional disability than males. Additionally, Tsai
et al. reported gender differences in pain sensation and
functional performance showing that females reported higher
levels of pain intensity compared to males [36]. These studies
support the findings of baseline gender differences in the
present study. In combination with the results of previous
studies, these findings suggest that females may experience
worse symptoms of knee OA compared to males. After therapy
both genders showed improvements in all categories; however,
the gender differences observed at baseline were no longer
discernable. This suggests that females may improve with
therapy to a greater extent than male patients. Future studies
should further examine knee OA gender differences regarding
responsiveness to therapy in general, and to this biomechanical
therapy specifically. That is to say, future studies should
examine if males and females improve in the same amount in
other biomechanical measurements such as gait patterns,
muscle force, muscle activation, etc.
The present study also examined the differences between
younger and older knee OA patients (divided at the median age
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of 66 years) in pain, function and quality of life both before and
after 12 weeks of therapy. As opposed to gender, the association
between age and the severity of knee OA symptoms was not
well determined. At baseline younger patients showed
significantly worse symptoms in WOMAC pain and stiffness
categories but not in the WOMAC function category or any of
the SF-36 categories. This finding was in contradiction with
previous studies. Elbaz et al. observed that an increase in age
was associated with a significant deterioration of function on
the WOMAC function category and SF-36 physical functioning
category [9]. They found no such association in the WOMAC
pain, WOMAC stiffness or any other SF-36 category. This
contradicts the present study which showed younger patients to
have worse symptoms, and that those symptoms are mainly
found in the pain categories. A possible explanation for the pain
difference between young (under 66) and old (above 66)
patients with knee OA may be the fact the younger population is
more active than the older population. According to Sharma
et al., one of the factors that place patients with knee OA at
greater risk of a poor function is age [33]. Since being more
active means bearing more loads on the knees, it may be
assumed that higher pain levels may occur. After 12 weeks of
biomechanical therapy, the present study showed that the age
difference in knee OA severity were no longer discernable in
any of the WOMAC or SF-36 categories. This suggests that
younger patients may improve with therapy to a greater extent
than older patients. Future studies should evaluate the age
difference in knee OA severity in greater depth. In regard to
BMI, it seems that patients with a BMI greater than 28 kg/m2
benefitted slightly more compared to the lighter BMI group.
Although both groups improved significantly, the heavier group
improved to a greater extent.
When evaluating the effect of a new therapy for knee OA it is
important to understand its effect on patients suffering from
different levels of severity of the disease. For this reason, a
correlation was calculated between the baseline levels of pain
and function and the magnitude of improvement in pain and
function with therapy. Moderate correlations were found
between the magnitude of improvement with therapy and the
symptomatic severity of the patients at baseline, meaning that
the initial level of symptoms only partially affected the
magnitude of the outcomes. Initially it was expected that the
greater the level of symptoms the more of an effect the therapy
would have. One explanation for this may be that questionnaires are subjective and depend on the patient’s perceptions. The results may be influenced by numerous behavioral,
psychological, emotional factors and others and may not reflect
the true effect of therapy. Ideally, the subjective results should
be accompanied with a validated objective measure that can
evaluate the functional severity. A recent study has suggested
gait parameters to help objectively quantify functional severity
of patients with knee OA [11]. Another explanation may be that
there was less of a reduction in pain because of the increase in
function.
Overall, it seems as though patients with worse symptoms
may improve more with therapy than patients with moderate or
low levels of symptoms. These findings shed further light on the
29
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results of the age and gender analyses. Those analyses suggested
that younger patients and female patients improved to a greater
extent than older patients and male patients. The younger patients
and female patients, however, were those with worse symptoms.
In light of this, the present correlation findings give a possible
explanation: younger patients and females patients improved to a
greater extent because they began with worse symptoms and not
necessarily because they were younger or were females. It may
be postulated that patients with severe symptoms of pain and
functional limitation will experience higher improvement
compared to patients with less severe symptoms. However, a
more extensive evaluation of this assumption is needed in a
prospective study that will examine the efficacy of the treatment
at different pain and functional levels followed by an objective
evaluation such as a gait analysis.
The success rate of this therapy was measured based on the
changes in the self-reported questionnaires and showed an overall
80% of improvement in pain and function after 3 months of
AposTherapy. This value, however, cannot be fully determined
by this study and should be further examined in future studies.
This study had some limitations. First, the study lacked a
control group. A previous study, however, by Bar-Ziv et al. [3]
already showed the positive effect of this therapy compared to a
control group in a double blind study. Second, the study had a
short follow-up duration and as such can only stand as evidence
to the short-term effects of this therapy. The results of this study
support the findings of previous examinations of this therapy
[3,10,14,17] so it may be assumed that this therapy has a true
impact on the patients rather than a placebo effect or simply part
of the natural evolution of the disease. Nevertheless, future
studies should examine the long-term effects of this therapy.
Third, this study did not include radiographic assessment of the
patients’ knees. Radiographic evaluation of structural changes in
the knee joint is an integral process in knee OA assessment. The
correlation, however, between structural severity and knee OA
symptoms is poor [7]. The purpose of this study was to examine
the clinical effect of this therapy in patients with knee OA and
therefore we did not find it relevant to incorporate radiographic
evaluation. Future studies should examine the effect of this
therapy on structural changes at the knee joint. Fourth, the study
only examined the effects of AposTherapy on patients with
medial compartment knee OA. Further work is necessary to
elucidate how this therapy affects patients with other types of
knee OA.
In conclusion, patients with medial compartment knee OA
treated by AposTherapy for 12 weeks showed statistically and
clinically significant improvements in pain, function and quality
of life. In light of this evidence, AposTherapy may be a useful
tool for treating patients with medial compartment knee OA.
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2. Version française
2.1. Introduction
La gonarthrose est associée à des symptômes douloureux et
une incapacité fonctionnelle. Cette incapacité liée à la douleur
et la perte fonctionnelle réduit la qualité de vie et augmente le
risque de co-morbidités. Les traitements actuels visent à
soulager les symptômes, et certains s’intéressent plus
spécialement aux facteurs biomécaniques.
Plusieurs solutions biomécaniques dans l’approche thérapeutique de la gonarthroses ont été proposées. Le but de ces
interventions étant de réduire la douleur et d’améliorer les
capacités fonctionnelles des patients atteints de gonarthrose. Ces
interventions visent à soulager les surfaces articulaires atteintes
et dans certains cas permettre de contrôler les perturbations
neuromusculaires, habituellement avec des semelles et des
orthèses de hallux valgus [4,13,18,20,21,27,29,35]. Une de ces
thérapeutiques biomécaniques (AposTherapy) a été récemment
présentée. Dans des études récentes par Elbaz et al. et Bar-ziv
et al. [3,10], des patients avec une gonarthrose ayant suivi un
programme d’exercices biomécaniques sur une période de huit
semaines rapportaient une amélioration significative de leur
douleur et capacité fonctionnelle, ainsi qu’un effet positif sur les
paramètres spatiotemporels de la marche. Les effets de ce
système sur le moment d’adduction du genou, qui comme nous le
savons est fortement associé à la gonarthrose, et sur le schéma
d’activation musculaire ont été rapportés dans plusieurs études
[14,17]. À ce jour, toutes les études publiées sur cette nouvelle
thérapeutique concernaient des petits échantillons de patients.
De plus, aucune étude clinique randomisée n’a encore été publiée
sur l’impact de cette thérapie. La gonarthrose est deux fois plus
fréquente chez les femmes que chez les hommes et concerne
habituellement les deux genoux [5,12,22]. Dans la phase finale
de la gonarthrose, les femmes sont deux fois plus nombreuses à
recourir à la chirurgie que les hommes [22]. Le fait que les
hommes et les femmes aient le même taux de survenue de
coxarthrose [25,26] écarte un facteur de causalité systémique
comme les estrogènes en faveur de facteurs biomécaniques
locaux à la source de la gonarthrose. Bien que certaines
différences entre hommes et femmes dans l’anatomie articulaire
du genou et les caractéristiques biomécaniques ont été rapportées
[1,6,19], il y a peu de données disponibles comparant les effets
des traitements de la gonarthrose chez l’homme et chez la
femme, tout spécialement dans le cas de thérapeutiques
biomécaniques.
La prévalence de la gonarthrose est plus élevée chez la
personne âgée, tout spécialement chez les adultes de plus de
60 ans [8,26]. Quelques études montrent que la prévalence de la
gonarthrose est encore plus importante chez les adultes de plus
de 85 ans [6,37]. Une étude par Elbaz et al. montre que ce sont
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particulièrement les symptômes fonctionnels de la gonarthrose
qui s’aggravent avec l’âge [9]. Très peu d’études cependant ont
étudié les effets et mécanismes sous-jacents des thérapeutiques
biomécaniques dans les différents groupes d’âge. L’étude
actuelle concerne une large cohorte de patients souffrant de
gonarthrose du compartiment fémorotibial interne, elle a été
conçue pour évaluer les effets de cette thérapeutique sur plusieurs
groupes de patients différenciés par âge, sexe, indice de masse
corporelle (IMC) et sévérité de la symptomatique initiale.
2.2. Patients et méthodes
2.2.1. Participants
Pour cette étude rétrospective, une recherche de données a été
conduite au sein de la base de données du centre thérapeutique
Apos sur une période allant d’avril 2009 à septembre 2010, avec
un total de 5682 personnes ayant bénéficié de cette thérapeutique.
Sur ces patients, 3529 n’avaient pas de gonarthrose primaire
bilatérale, 1148 patients n’ont pas rempli de questionnaires à la
visite initiale ou après les trois mois de thérapie et 351 patients ne
remplissaient pas les critères d’inclusion. Au final 654 patients,
446 femmes (68,2 %) et 208 hommes (31,8 %), diagnostiqués
avec une gonarthrose symptomatique bilatérale du compartiment
fémorotibial interne ont été inclus dans l’étude. Pour 289 patients
(44 %), les symptômes étaient intensité égale pour les deux
jambes, pour 209 patients (32 %) la jambe droite était plus
symptomatique et enfin pour 156 patients (24 %) leur jambe
gauche était la plus symptomatique. L’âge moyen (moyenne  écart-type) était de 64,7  8,9 ans, la taille moyenne était
de 162,3  9,1 cm et le poids moyen était de 84,4  31,3 kg.
Les critères d’inclusion étaient les suivants :
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antécédent de chirurgie du genou excluant l’arthroscopie ;
prothèse de hanche ou du genou ;
instabilité du genou suite à un traumatisme des ligaments ;
présence significative d’arthrose dans d’autres articulations
des membres inférieurs.

Le protocole a été approuvé par le registre du comité
institutionnel d’Helsinki du centre médical d’Assaf Harofeh,
Zerifin, Israël (numéro d’agrément du registre d’Helsinki 141/
08 et numéro d’agrément NIH pour les essais cliniques
NCT00767780).
2.2.2. Matériel thérapeutique
Cet équipement novateur biomécanique (Apos System,
APOS—Medical and Sports Technologies Ltd, Herzliya,
Israël) est composé d’éléments biomécaniques convexes
ajustables placés sous le talon et la plante de chaque pied.
Ce système permet d’ajuster la calibration de ces éléments
biomécaniques afin de contrôler l’alignement du corps et
promouvoir les perturbations durant toutes les phases du
passage du pas (Fig. 1).
2.2.3. Évaluation de la douleur, de la capacité
fonctionnelle et de la qualité de vie
Les changements au niveau de la douleur, capacité
fonctionnelle et perception de la qualité de vie ont été évalués
à l’aide du questionnaire WOMAC et du questionnaire
généraliste SF-36 sur la qualité de vie. Le questionnaire
WOMAC est une échelle visuelle analogique (EVA) allant de
0 à 100 mm, 0 correspondant à l’absence de douleur ou de
limitation fonctionnelle et 100 mm indiquant une douleur

 patients suivis au minimum ces six derniers mois par leur
médecin traitant pour une gonarthrose du compartiment
fémorotibial interne et remplissant les critères cliniques ACR
(Collège américain de rhumatologie – American College of
Rheumatology) de la gonarthrose [2]. Ces patients étaient
ensuite dirigés vers des centres thérapeutiques. Tous les
patients de cette étude ont été envoyés dans notre clinique
(AposTherapy center) par leur médecin traitant après
diagnostic confirmé de gonarthrose. Ce diagnostic se basait
sur un examen clinique minutieux et les images radiographiques. En arrivant dans notre centre, les patients étaient
déjà diagnostiqués avec une gonarthrose validée par imagerie
(les radios montraient des signes de gonarthrose et aucune
évidence d’autres conditions présentant une symptomatique
similaire) ;
 les patients devaient remplir le questionnaire Western Ontario
and McMaster Osteoarthritis Index (WOMAC) [32] et le
Short Form Health Survey (SF-36) [24] au début de l’étude
(visite d’inclusion) et après 12 semaines de thérapie.
Les critères d’exclusion étaient :
 maladies inflammatoires neurologiques et rhumatologiques ;
 injection de corticostéroı̈des à moins de trois mois du début
de l’étude ;

Fig. 1. Plateforme biomécanique et éléments mobiles. Un système biomécanique unique comprenant deux éléments biomécaniques calibrés individuellement rattachés à une semelle spéciale avec deux rails installés et une matrice de
positionnement pour permettre un positionnement flexible de chaque élément
biomécanique. Un élément est attaché sous le talon et le second sous le devant
du pied. Les éléments biomécaniques sont disponibles avec plusieurs degrés de
convexité et de résistance.
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extrême ou limitation fonctionnelle maximale. Le questionnaire SF-36 va de 0 à 100, 0 correspond à la qualité de vie la
plus mauvaise et 100 à la qualité de vie la meilleure.
2.2.4. Protocole de l’étude
Avant chacun des deux examens cliniques, il était recommandé aux patients de ne prendre aucun antalgique dans les
72 heures précédant l’évaluation afin d’éliminer les effets de ces
médicaments sur l’intensité de la douleur. Les données
anthropométriques étaient issues des dossiers médicaux des
patients. Tous les patients ont complété les questionnaires
WOMAC et SF-36 qualité de vie pendant leur première visite au
centre. Les patients étaient guidés pour compléter le questionnaire WOMAC en fonction de la condition générale de leurs
genoux et le SF-36 en fonction de l’appréciation globale de leur
état de santé. Après prise des mesures nécessaires à la visite
d’inclusion, l’appareil biomécanique était calibré individuellement en fonction de chaque patient par un kinésithérapeute formé
à la méthodologie de la thérapie Apos. Le principe de cette
calibration était de positionner l’articulation de chaque patient de
telle sorte que la douleur soit diminuée pendant la marche. Dans
le cas d’une gonarthrose du compartiment fémorotibial interne,
pathologie commune à tous nos patients, l’élément convexe sous
le talon était poussé latéralement à partir de la position initiale
jusqu’à ce que le patient ressente le moins de douleur possible au
contact initial du talon avec le sol. L’élément situé sous l’avant du
pied était glissé horizontalement jusqu’à ce que le patient
rapporte le moins de douleur possible à la pose de l’avant du pied
sur le sol. Au niveau biomécanique, lorsqu’on glisse ces éléments
sur le plan coronal, le système change le centre de pression du
pied au cours de la marche, altérant ainsi le vecteur des forces de
réaction au sol et réduisant également le moment d’adduction du
genou pendant la marche.
Cela diminue la pression d’appui de la partie atteinte
(compartiment fémorotibial interne) sur l’articulation pendant
la marche [15,16].
Une fois l’alignement désiré obtenu, le patient rapportait
normalement une diminution immédiate de la douleur pendant la
marche. Tous les patients ont reçu des instructions sur la façon de
faire les exercices avant de commencer la thérapie le jour après
leur première visite au centre. Le traitement a été poursuivi
pendant une période de 12 semaines. Les patients devaient mettre
le système biomécanique et ensuite vaquer à leurs activités
quotidiennes pendant dix minutes chaque jour au cours de la
première semaine, et augmenter graduellement le temps de port
du système jusqu’à 30 minutes chaque jour à la quatrième
semaine et pour le reste du traitement. Les patients revenaient
pour un examen de suivi trois à quatre semaines après la première
visite. Si nécessaire, le système Apos était recalibré. Le patient
continuait ensuite la thérapie dans son propre environnement
suivant les instructions du kinésithérapeute. Après 12 semaines
de traitement, les patients remplissaient une seconde fois les
questionnaires WOMAC et SF-36.
2.2.5. Analyse statistique
Avec sa cohorte de 250 patients, l’étude atteint un pouvoir
statistique de 80 % permettant de produire des résultats
32

statistiquement significatifs. Ces calculs se basent sur une
différence moyenne d’au moins 5,0 et une déviation standard du
groupe témoin de 20,0. Cette différence de cinq points dans
chacune des échelles est considérée comme la différence
minimale à détecter pour avoir de l’importance, c’est-à-dire que
toute différence inférieure à 5,0 ne serait pas significative sur un
plan clinique.
Les moyennes et écarts-types pour toutes les variables ainsi
que les différences moyennes avec un intervalle de confiance de
95 % (confidence interval = CI) étaient notés pour toutes les
variables continues. Les distributions des échelles des
questionnaires étaient évaluées à l’aide du test non-paramétrique de Kolmogorov-Smirnov. Les t-tests appariés ont été
utilisés pour calculer les différences entres les mesures répétées
des questionnaires au cours des examens de suivi. Des tests ont
été également menés pour analyser les sous-groupes. Les
relations entre les mesures initiales et les niveaux d’amélioration rapportés lors du suivi ont été évaluées par le test de
corrélation de Spearman. Les données ont été analysées avec le
logiciel SPSS version 19.0. Les niveaux de différence
significatifs étaient estimés à 0,05.
2.3. Résultats
Les mesures de la douleur, capacité fonctionnelle, raideur et
qualité de vie sont présentées dans le Tableau 1. Aucun effet
secondaire n’a été rapporté, pas de perte d’équilibre, chute ou
autres problèmes physiques durant la durée de l’étude. Les
patients ont adhéré totalement au protocole de l’étude.
L’observance était vérifiée par téléphone plusieurs fois au
cours de l’étude. Après 12 semaines de traitement on notait une
diminution significative des sous-échelles WOMAC-douleur et
WOMAC-capacité fonctionnelle en comparant les données
post-traitement aux données obtenues lors de la visite initiale
(Tableau 1). Les huit catégories du questionnaire généraliste
SF-36 montraient une amélioration significative après
12 semaines de traitement (Tableau 1). Afin de mesurer
l’impact spécifique du traitement dans chaque sous-groupe, une
analyse complémentaire a été effectuée sur les scores globaux
du WOMAC et du SF-36. Des différences significatives entre
les sexes ont été notées durant la visite initiale dans les
catégories WOMAC : douleur, raideur et fonction. Les femmes
rapportaient un niveau plus élevé sur les items douleur
(11,6 %), raideur (15,3 %) et limitation fonctionnelle (7,1 %).
Aucune différence significative n’a été trouvée pour les huit
catégories du SF-36 à la visite d’inclusion. Les hommes et les
femmes montraient des améliorations significatives dans les
sous-catégories du WOMAC et du SF-36 après 12 semaines de
traitement. Les résultats sont listés dans le Tableau 2. Les
groupes d’âge ont été définis suivant l’âge moyen (66 ans). Des
différentes significatives ont été rapportées dans les valeurs
obtenues à la visite initiale entre les deux groupes d’âge pour les
catégories WOMAC-douleur et WOMAC-raideur. Le groupe le
plus jeune (< 66 ans) a rapporté des niveaux plus élevés pour la
douleur (10 %) et la limitation fonctionnelle (15,8 %)
comparée au groupe plus âgé (> 66 ans). Aucune différence
significative n’a été rapportée entres les deux groupes à la visite
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Tableau 1
Index WOMAC et questionnaire généraliste SF-36 avec les changements entre les hommes et les femmes après trois mois d’AposTherapy.
Visite
initiale

Visite des
3 mois

Différence
moyenne

95 % IC de la
différence vers le bas

95 % IC de la
différence vers le haut

p*

Index WOMACa
Douleur
Raideur
Capacité fonctionnelle

50,1 (20,0)
51,0 (27,2)
48,7 (19,2)

35,0 (21,1)
36,7 (26,2)
34,6 (20,3)

15,0 (21,0)
14,4 (17,8)
14,1 (17,8)

13,4
12,4
12,7

16,7
16,5
15,5

< 0,001
< 0,001
< 0,001

Questionnaire généraliste SF-36b
Fonction physique
Douleur
Limitation des activités liée à l’état de santé
Énergie/Fatigue
Bien-être émotionnel
Limitation liée à la santé émotionnelle
Fonctionnement social
État de santé général

46,5
41,6
36,4
53,7
67,8
53,8
68,7
58,6

51,2
53,8
49,1
57,0
72,0
65,8
75,5
61,9

4,7
12,2
12,7
3,3
4,2
12,0
6,8
3,3

6,1
14,0
15,8
4,6
5,4
15,6
8,8
4,4

3,3
10,3
9,7
1,9
2,9
8,5
4,8
2,1

< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001

SF-36 échelle de santé physique
SF-36 échelle de santé mentale

47,4 (17,2)
60,5 (18,9)

14,1
12,7

12,3
11,0

< 0,001
< 0,001

(20,7)
(21,6)
(36,9)
(19,5)
(18,3)
(43,2)
(25,9)
(17,0)

(22,1)
(22,2)
(39,1)
(17,6)
(16,5)
(40,6)
(23,3)
(17,3)

54,6 (18,2)
66,4 (17,9)

(18,4)
(23,7)
(40,2)
(17,2)
(16,3)
(46,5)
(25,7)
(15,2)

13,2 (11,5)
11,9 (10,07)

Les résultats sont présentés en moyennes (écart-type) et différence moyenne (moyenne [écart-type]) + 95 % intervalle de confiance (IC).
* : valeur p fixée à p < 0,05.
a
Western Ontario and McMaster Universities Index (WOMAC Index). Le questionnaire WOMAC comprend 24 questions sous le format d’une EVA (0 = pas de
douleur/raideur/difficulté, 100 = douleur/raideur/difficulté sévère). Les critères pour une réponse clinique à un traitement ont été définis selon l’Outcome Measures in
Rheumatology Clinical Trials (OMERACT) et l’Osteoarthritis Research Society International (OARSI). Ces critères se doivent d’être une amélioration d’au moins
50 % de la douleur ou de la capacité fonctionnelle avec une diminution de 2 cm sur l’EVA pour la douleur ou la capacité fonctionnelle ou bien une amélioration d’au
moins 20 % pour la douleur et la capacité fonctionnelle avec une diminution de 1 cm sur l’EVA. Les améliorations moyennes pour l’index WOMAC et ses souséchelles douleur et capacité fonctionnelle remplissent les critères OMERACT-OARSI. De plus, individuellement, 56 % des patients remplissaient les critères
OMERACT-OARSI (amélioration) alors que 18 % des patients rapportaient une amélioration mais ne remplissaient pas ces critères.
b
SF-36 questionnaire généraliste qui comprend 36 questions. Les résultats varient de 0 à 100 (0 = mauvaise qualité de vie, 100 = excellente qualité de vie).

Tableau 2
Index WOMAC et questionnaire généraliste SF-36 avec les changements entre les hommes et les femmes après trois mois d’AposTherapy.
Femmes

Hommes

py

pyy

pyyy

pyyyy

Visite initiale

Visite des 3 mois

Visite initiale

Visite des 3 mois

Index WOMAC
Douleur
Raideur
Capacité fonctionnelle

51,9 (20,0)
53,5 (26,8)
49,8 (19,5)

36,1 (21,3)
37,8 (26,2)
35,5 (20,0)

46,2 (19,6)
45,9 (27,3)
46,4 (18,3)

32,9 (20,5)
34,2 (26,1)
32,8 (20,8)

0,001
0,001
0,03

NS
NS
NS

< 0,001
< 0,001
< 0,001

< 0,001
< 0,001
< 0,001

Questionnaire généraliste SF-36b
Fonction physique
Douleur
Limitation des activités liée à l’état de santé
Énergie/Fatigue
Bien-être émotionnel
Limitation liée à la santé émotionnelle
Fonctionnement social
État de santé général

47,2
41,6
38,0
53,3
67,8
55,5
69,1
58,8

52,1
54,3
49,9
57,0
72,1
66,6
75,8
61,9

45,0
41,7
32,9
54,6
68,0
50,1
67,9
58,2

49,4
52,6
47,3
56,8
71,9
64,3
74,8
62,0

(21,6)
(22,8)
(39,1)
(15,4)
(16,6)
(40,5)
(22,8)
(16,6)

NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS

< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001

0,002
< 0,001
< 0,001
NS
0,003
< 0,001
< 0,001
< 0,001

SF-36 échelle de santé physique
SF-36 échelle de santé mentale

47,8 (17,4)
60,9 (19,3)

53,6 (17,5)
65,9 (16,9)

NS
NS

NS
NS

< 0,001
< 0,001

< 0,001
< 0,001

a

(20,9)
(21,1)
(37,6)
(19,7)
(18,8)
(42,8)
(25,7)
(17,6)

(22,4)
(22,0)
(39,1)
(18,5)
(16,5)
(40,7)
(23,5)
(17,7)

55,0 (18,5)
66,7 (18,4)

(20,3)
(22,7)
(35,2)
(19,0)
(17,1)
(44,0)
(26,3)
(15,8)

46,5 (16,8)
59,8 (18,0)

Les résultats sont présentés en moyenne et (écart-type).
y valeur p fixée à p < 0,05. Représente les différences entre les deux sexes lors des mesures initiales ; yy valeur p fixée à p < 0,05. Représente les différences entre les
deux sexes à la visite de contrôle des trois mois ; yyy valeur p fixée à p < 0,05. Représente les différences entre les valeurs initiales et à trois mois chez les femmes ;
yyyy valeur p fixée à p < 0,05. Représente les différences entre les valeurs initiales et à trois mois chez les hommes.
a
Western Ontario and McMaster Universities Index (WOMAC Index). Le questionnaire WOMAC comprend 24 questions sous le format d’une EVA (0 = pas de
douleur/raideur/difficulté, 100 = douleur/raideur/difficulté sévère).
b
SF-36 questionnaire généraliste qui comprend 36 questions. Les résultats varient de 0 à 100 (0 = mauvaise qualité de vie, 100 = excellente qualité de vie).
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Tableau 3
Index WOMAC et questionnaire généraliste SF-36 avec les changements entre les deux groupes d’âge (distribution médiane) après trois mois d’AposTherapy.
 66

< 66

py

pyy

pyyy

pyyyy

Visite initiale

Visite des 3 mois

Visite initiale

Visite des 3 mois

Index WOMAC
Douleur
Raideur
Capacité fonctionnelle

52,6 (20,2)
53,8 (27,5)
49,9 (20,0)

34,5 (21,5)
37 (25,6)
34,2 (21,3)

47,4 (19,3)
45,9 (27,3)
47,6 (18,3)

35,0 (20,6)
34,2 (26,1)
35,0 (20,2)

0,002
0,02
NS

NS
NS
NS

< 0,001
< 0,001
< 0,001

< 0,001
< 0,001
< 0,001

Questionnaire generaliste SF-36b
Fonction physique
Douleur
Limitation des activités liée à l’état de santé
Énergie/Fatigue
Bien-être émotionnel
Limitation liée à la santé émotionnelle
Fonctionnement social
État de santé général

46,5
41,5
35,4
54,3
67,7
53,2
67,9
58,5

52,1
52,3
47,5
57,3
72,1
66,4
74,7
61,5

46,0
42,4
38,2
53,6
68,4
54,3
70,3
58,9

49,8
55,2
50,6
57,2
72,7
65,4
76,9
62,4

(21,9)
(22,6)
(39,5)
(16,4)
(16,9)
(41,9)
(23,1)
(17,4)

NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS

< 0,001
< 0,001
< 0,001
0,004
< 0,001
< 0,001
< 0,001
0,002

< 0,001
< 0,001
< 0,001
0,001
< 0,001
< 0,001
< 0,001
< 0,001

SF-36 échelle de santé physique
SF-36 échelle de santé mentale

47,2 (17,6)
60,3 (18,9)

55,0 (18,1)
66,9 (18,4)

NS
NS

NS
NS

< 0,001
< 0,001

< 0,001
< 0,001

a

(21,0)
(20,5)
(36,9)
(19,4)
(17,9)
(42,1)
(25,8)
(17,8)

(22,2)
(22,2)
(38,8)
(18,3)
(16,2)
(39,9)
(23,9)
(18,0)

54,1 (18,3)
66,4 (17,9)

(20,6)
(22,2)
(36,7)
(19,3)
(18,9)
(44,1)
(26,3)
(16,5)

47,8 (16,7)
61,1 (19,1)

Les résultats sont présentés en moyenne et (écart-type).
y valeur p fixée à p < 0,05. Représente les différences entre les deux groupes d’âge lors des mesures initiales ; yy valeur p fixée à p < 0,05. Représente les différences
entre les deux groupes d’âge à la visite de contrôle à trois mois ; yyy valeur p fixée à p < 0,05. Représente les différences entre les valeurs initiales et à trois mois chez
les patients âgés de moins de 65 ans ; yyyy valeur p fixée à p < 0,05. Représente les différences entre les valeurs initiales et à trois mois chez les patients de plus de
66 ans.
a
Western Ontario and McMaster Universities Index (WOMAC Index). Le questionnaire WOMAC comprend 24 questions sous le format d’une EVA (0 = pas de
douleur/raideur/difficulté, 100 = douleur/raideur/difficulté sévère).
b
SF-36 questionnaire généraliste qui comprend 36 questions. Les résultats varient de 0 à 100 (0 = mauvaise qualité de vie, 100 = excellente qualité de vie).

initiale pour le sous-groupe WOMAC-capacité fonctionnelle et
toutes les catégories SF-36. Les deux groupes d’âge montraient
des améliorations significatives pour toutes les catégories du
WOMAC et du SF-36 après 12 semaines de traitement. Les
résultats sont rapportés dans le Tableau 3. Une analyse
approfondie a également était conduite suivant l’IMC des
patients. Deux groupes de patients ont été définis : groupe
1 avec des patients ayant un IMC inférieur ou égal à 28,0 kg/
m2 et le groupe 2 avec des patients ayant un IMC supérieur à
28,0 kg/m2. On notait des différences significatives entre les
deux groupes pour les sous-catégories WOMAC-douleur,
WOMAC-raideur et WOMAC-capacité fonctionnelle à la
visite initiale. Le groupe 1 (IMC  28,0 kg/m2) avait des
niveaux moins élevés de douleur (9,3 %), raideur (12,4 %) et
limitation fonctionnelle (15,0 %) comparé au groupe 2
(IMC > 28,0 kg/m2). Aucune différence significative n’a été
rapportée entre les deux groupes concernant toutes les
catégories du SF-36. Après trois mois de traitement, des
différences significatives étaient notées entre les deux groupes
pour la catégorie WOMAC-capacité fonctionnelle. Les deux
groupes d’IMC rapportaient une amélioration significative pour
toutes les catégories WOMAC et SF-36 après 12 semaines de
traitement, à part pour la sous-catégorie énergie pour laquelle le
groupe 1 IMC ne montrait pas d’amélioration significative. Les
résultats sont listés dans le Tableau 4. Pour déterminer la
relation entre l’importance des effets de cette thérapie et la
sévérité des symptômes avant le traitement, nous avons calculé
la corrélation entre les valeurs initiales et le niveau
d’amélioration (la différence entre les tests à la fin du
traitement et la première visite d’inclusion). Une corrélation
34

positive modérée est rapportée pour toutes les catégories du
WOMAC et du SF-36 (Fig. 2). Une corrélation modérée montre
qu’au moins une partie de l’amélioration observée dans une
échelle spécifique est le résultat de son niveau à la visite
d’inclusion. De plus, le taux de succès de la thérapie a été
calculé pour toutes les sous-catégories du WOMAC et SF-36.
Le traitement était réussi si le patient rapportait une diminution
de la douleur, une amélioration de la capacité fonctionnelle et
de la qualité de vie. Nous avons également évalué le
pourcentage des patients rapportant une amélioration des
symptômes. Globalement le taux de succès de cette thérapeutique biomécanique était de 75 %, avec des patients rapportant
une amélioration significative de leur douleur, capacité
fonctionnelle et qualité de vie.
2.4. Discussion
Cette étude examine les effets d’un programme thérapeutique biomécanique de trois mois chez une population de
patients souffrant d’une gonarthrose du compartiment fémorotibial interne. L’objectif de cette étude était d’évaluer les
changements sur la douleur, capacité fonctionnelle et qualité de
vie à l’aide des questionnaires WOMAC et SF-36. Les résultats
de cette étude suggèrent une amélioration significative de la
douleur et de la capacité fonctionnelle. Après 12 semaines de
traitement avec ce système biomécanique, les patients
rapportent des améliorations significatives de leur niveau de
douleur, capacité fonctionnelle et qualité de vie sur le WOMAC
et SF-36. Ces résultats sont consistants chez les patients plus
jeunes, plus âgés ainsi que pour les hommes et les femmes. Ces
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Tableau 4
Index WOMAC et questionnaire généraliste SF-36 avec les changements entre les deux groupes IMC après trois mois d’AposTherapy.
IMC  28,0

IMC > 28,0

py

pyy

pyyy

pyyyy

Visite initiale

Visite des 3 mois

Visite initiale

Visite des 3 mois

Index WOMAC
Douleur
Raideur
Capacité fonctionnelle

46,9 (19,5)
46,9 (27,2)
43,8 (18,8)

32,8 (22,1)
35,3 (28,0)
30,8 (20,5)

51,5 (20,1)
53,1 (27,0)
50,9 (18,9)

35,6 (20,4)
37,4 (25,2)
36,3 (20,3)

0,012
0,012
< 0,001

NS
NS
0,004

< 0,001
< 0,001
< 0,001

< 0,001
< 0,001
< 0,001

Questionnaire generaliste SF-36b
Fonction physique
Douleur
Limitation des activités liée à l’état de santé
Énergie/Fatigue
Bien-être émotionnel
Limitation liée à la santé émotionnelle
Fonctionnement social
État de santé général

47,1
42,4
38,8
53,1
67,8
57,8
69,6
60,4

50,4
53,1
49,3
55,4
71,6
67,6
74,6
63,1

45,9
41,9
36,1
54,6
68,3
52,5
68,8
57,9

51,4
53,9
48,4
57,9
73,0
65,5
76,5
61,4

(22,0)
(21,7)
(39,0)
(17,0)
(16,3)
(40,3)
(22,2)
(17,3)

NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS

0,024
< 0,001
0,002
NS
0,003
0,007
0,023
0,03

< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001
< 0,001

SF-36 échelle de santé physique
SF-36 échelle de santé mentale

48,4 (17,3)
61,7 (18,5)

54,6 (18,5)
66,9 (17,6)

NS
NS

NS
NS

< 0,001
< 0,001

< 0,001
< 0,001

a

(22,0)
(21,0)
(36,8)
(19,4)
(18,6)
(42,8)
(25,8)
(17,1)

(22,3)
(23,6)
(40,1)
(18,0)
(16,2)
(41,1)
(25,5)
(18,4)

54,3 (19,7)
66,5 (18,9)

(20,5)
(21,4)
(36,9)
(19,2)
(18,1)
(43,1)
(26,1)
(17,1)

47,3 (17,2)
60,4 (19,1)

Les résultats sont présentés en moyenne et (écart-type).
y valeur p fixée à p < 0,05. Représente les différences entre les deux groupes IMC lors des mesures initiales ; yy valeur p fixée à p < 0,05. Représente les différences
entre les deux groups IMC à la visite de contrôle à trois mois ; yyy valeur p fixée à p < 0,05. Représente les différences entre les valeurs initiales et à trois mois chez les
patients avec un IMC inférieur ou égal à 28,0 ; yyyy valeur p fixée à p < 0,05. Représente les différences entre les valeurs initiales et à trois mois chez les patients avec
un IMC supérieur à 28,0.
a
Western Ontario and McMaster Universities Index (WOMAC Index). Le questionnaire WOMAC comprend 24 questions sous le format d’une EVA (0 = pas de
douleur/raideur/difficulté, 100 = douleur/raideur/difficulté sévère).
b
SF-36 questionnaire généraliste qui comprend 36 questions. Les résultats varient de 0 à 100 (0 = mauvaise qualité de vie, 100 = excellente qualité de vie).

améliorations sont conformes aux recommandations
OMERAC-OARSI pour le niveau d’amélioration minimum
ayant un impact positif sur le patient [28]. Les résultats de cette
étude rejoignent ceux décrits précédemment dans la littérature.
Bar-Ziv et al., dans une étude en double insu, sur 57 patients
avec gonarthrose bilatérale, rapportaient une amélioration
significative sur la capacité fonctionnelle et une réduction
significative de la douleur après huit semaines dans le groupe
expérimental et aucun changement sur la douleur et la capacité
fonctionnelle dans le groupe témoin [3]. Cette étude soutient
donc leurs conclusions avec un plus grand nombre de patients et

sur une période plus longue. Le moment d’adduction du genou
(MAG) reflète les forces compressives agissant sur le
compartiment fémorotibial interne du genou et est généralement considéré comme un marqueur de la sévérité de la
gonarthrose [34]. Des études précédentes montraient une
corrélation entre le moment d’adduction du genou et l’intensité
de la douleur chez le patient souffrant de gonarthrose
[22,23,31]. Reeves et al. ont mené une revue compréhensive
de la littérature visant à montrer l’effet des stratégies
biomécaniques sur la réduction du moment d’adduction du
genou et ont retrouvé plusieurs stratégies biomécaniques non

Fig. 2. Corrélation entre la sévérité des symptômes à la visite initiale et le niveau d’amélioration. La puissance de la corrélation était définie comme : 0–0,2 : faible ;
0,2–0,8 : modérée ; 0,8–1 : importante. Légende verticale : corrélation ; Womac : douleur, raideur, fonction ; SF-36 : capacité fonctionnelle, douleur, limitation des
activités due à l’état de santé, énergie/fatigue, bien-être émotionnel, limitation des activités due à l’état émotionnel, fonctions sociales, état général de la santé.
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invasives réduisant le moment d’adduction du genou, notamment les semelles avec renfort latéral (4–14 % de réduction du
MAG), des chaussures à raideur variable (6 % de réduction du
MAG), cane anglaise ou béquilles (10 % de réduction du MAG)
et des orthèses de valgus du genou (8–17 % de réduction du
MAG) [30]. Haim et al., dans leur étude, montraient que neuf
mois de thérapie Apos permettaient une réduction de 18 % du
MAG en marchant pieds nus. [17]. On peut supposer que la
réduction du moment d’adduction s’accompagne forcément
d’une diminution de la douleur, et que comme le MAG et la
douleur sont associés, en réduisant encore plus le MAG la
douleur diminuera d’autant plus également. Cette étude
s’attache également à évaluer les différences entre les hommes
et les femmes souffrant de gonarthrose au niveau des douleurs,
capacité fonctionnelle et qualité de vie avant et après les
12 semaines de traitement. À la visite d’inclusion, les femmes
rapportaient des symptômes plus sévères pour toutes les
catégories du WOMAC, alors qu’aucune différence significative n’était notée pour les catégories du SF-36. Après
12 semaines d’AposTherapy, aucune différence significative
n’a été retrouvée pour toutes les catégories. Des études
précédentes ont également examiné les différences entre
hommes et femmes au niveau de la perception de la douleur
et de la capacité fonctionnelle chez des patients atteints de
gonarthrose [6]. Ces études montraient tout spécialement que
les femmes rapportent en général un niveau plus élevé de
douleur et limitation fonctionnelle que les hommes. De plus,
dans leur étude Tsai et al. ont noté des différences entre
hommes et femmes pour la sensation de la douleur et
performances fonctionnelles, estimant que les femmes rapportent une douleur plus sévère que les hommes [36]. Ces études
soutiennent les différences entre hommes et femmes retrouvés
dans notre étude à la visite initiale. Ajoutées aux résultats
d’études précédentes, les conclusions de notre étude suggèrent
que les femmes pourraient éprouver des symptômes plus
sévères que les hommes. Après le traitement, hommes et
femmes montrent des améliorations dans toutes les catégories,
de plus les différences observées entre hommes et femmes au
début de l’étude n’étaient plus discernables à la fin du
traitement. Cela suggère que les femmes pourraient montrer
une amélioration plus importante après traitement que les
hommes. Des études complémentaires devraient s’attacher à
examiner les différences entre hommes et femmes atteints de
gonarthrose et leurs réponses au traitement en général, et à cette
thérapeutique biomécanique tout spécifiquement. C’est-à-dire
que évaluer si les hommes et les femmes s’améliorent de façon
similaire dans d’autres mesures biomécaniques comme les
attitudes de marche, force musculaire, activation musculaire,
etc. Notre étude examine également les différences entre les
patients avec gonarthrose suivant leur âge (patients divisés en
deux groupes suivant l’âge médian de 66 ans) pour la douleur,
capacité fonctionnelle et qualité de vie avant et après les
12 semaines de traitement. Contrairement au sexe, l’association
entre âge et sévérité des symptômes de la gonarthrose n’a pu
être réellement déterminée. À la visite initiale, les patients plus
jeunes montraient des symptômes plus sévères pour les
catégories douleur et raideur articulaire du WOMAC mais
36

pas pour la catégorie capacité fonctionnelle du WOMAC et
dans aucune des catégories du SF-36. Ce résultat est en
contradiction avec les études précédentes. Elbaz et al.
montraient un lien entre augmentation de l’âge et une
détérioration significative de la capacité fonctionnelle pour
cette catégorie du WOMAC et la catégorie capacité physique
fonctionnelle du SF-36 [9]. A contrario, ils n’ont pas retrouvé
cette association pour les catégories douleur et raideur du
WOMAC et pour aucune des autres catégories du SF-36. Cela
est donc en contradiction avec notre étude qui montre que les
patients plus jeunes ont des symptômes plus sévères que les
patients plus âgés et que ces symptômes concernent
particulièrement les sous-échelles de la douleur. Une explication possible pour ses différences d’expression de la douleur
entre les patients jeunes (moins de 66 ans) et âgés (66 ans et
plus) souffrant de gonarthrose pourrait être le fait que les
patients plus jeunes sont plus actifs que la population plus âgée.
Selon Sharma et al., l’âge est un facteur de risque d’une
limitation fonctionnelle chez les patients souffrant de
gonarthrose [33]. Le fait d’être plus actif entraı̂nant une
charge plus importante sur les genoux, on peut donc assumer
que le niveau de la douleur puisse être plus élevé. Après
12 semaines de thérapie biomécanique, notre étude montre que
le lien entre l’âge et la sévérité de la gonarthrose n’était plus
identifiable dans aucune des catégories du WOMAC ou du SF36. Cela tendrait à démontrer que les patients plus jeunes
s’améliorent plus avec le traitement que les patients plus âgés.
De prochaines études devront évaluer plus précisément la
différence d’âge dans la sévérité de la gonarthrose. Concernant
l’IMC, il semble que les patients ayant un IMC supérieur à
28 kg/m2 montreraient une amélioration plus importante que
les patients ayant un IMC inférieur à 28 kg/m2. Bien que les
deux groupes se soient améliorés, cette amélioration est plus
grande dans le groupe avec un IMC supérieur à 28 kg/m2. En
évaluant les effets d’une nouvelle thérapeutique sur la
gonarthrose, il est important d’évaluer l’impact sur des patients
ayant différents niveaux de sévérité de cette maladie. Pour cette
raison, une corrélation a été calculée entre les niveaux de la
douleur et de la limitation fonctionnelle obtenus à la visite
initiale et l’importance de l’amélioration sur la douleur et la
limitation fonctionnelle avec le traitement. Des corrélations
modérées ont été retrouvées entre l’importance de l’amélioration après traitement et la sévérité des symptômes à la visite
initiale, montrant que la sévérité des symptômes initiaux
n’affecte que partiellement l’importance des résultats après le
traitement. Au début, nous pensions que plus les symptômes
seraient importants plus les effets de la thérapie seraient
visibles. Une des explications possibles pourrait être que les
questionnaires sont subjectifs et dépendent de la perception du
patient. Les résultats peuvent donc être influencés par plusieurs
facteurs comportementaux, psychologiques, émotionnels et
autres, et ne sont peut-être pas le reflet réel de la thérapie.
Idéalement, les résultats subjectifs devraient être accompagnés
d’une mesure objective et validée dans l’évaluation de la
sévérité fonctionnelle. Une étude récente suggère que les
paramètres de marche peuvent aider à quantifier objectivement
la sévérité fonctionnelle des patients atteints de gonarthrose
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[11]. Une autre explication possible pourrait être que la douleur
était moins diminuée parce que justement la capacité
fonctionnelle était nettement améliorée. Globalement, il
semble que les patients ayant des symptômes sévères
s’améliorent plus avec traitement que les patients ayant des
symptômes modérés à faibles. Ces résultats contribuent à
éclaircir les résultats des analyses suivant la différence d’âge et
de sexe. Ces analyses suggèrent que les patients plus jeunes et
les femmes rapportent une amélioration plus importante que les
patients plus âgés et les hommes. Cependant les patients les
plus jeunes et les femmes étaient ceux ayant les symptômes les
plus sévères, donc la corrélation trouvée dans les résultats
donne une explication possible : les patients jeunes et les
femmes rapportent une amélioration plus grande parce que
leurs symptômes étaient plus sévères au début et pas
nécessairement parce qu’ils sont plus jeunes ou que ce sont
des femmes. On peut envisager que les patients rapportant une
douleur et une limitation fonctionnelle plus sévère s’amélioreront plus que les patients avec des symptômes plus modérés.
Cependant, une évaluation plus précise de cette hypothèse
devra faire l’objet d’une future étude prospective pour examiner
l’efficacité du traitement sur différents niveaux de douleur et de
limitation fonctionnelle et l’associer à une évaluation objective
telle qu’une analyse de la marche.
Le taux de succès de ce traitement a été mesuré en fonction
des changements auto-rapportés dans les questionnaires et
montre une amélioration globale de 80 % pour la douleur et la
capacité fonctionnelle après trois mois d’AposTherapy.
Cependant, cette valeur ne peut pas être complètement validée
par cette étude et doit faire l’objet d’autres travaux futurs. Cette
étude montre également certaines limites. Premièrement,
l’absence de groupe témoin. Cependant, une étude précédente
en double insu par Bar-Ziv et al. [3] montrait déjà l’effet positif
de ce traitement comparé avec un groupe témoin. Deuxièmement, notre étude avait un suivi trop court et donc ne peut
souligner que les effets à court terme de ce traitement. Les
résultats de cette étude rejoignent ceux des précédentes études
sur cette thérapie [3,10,14,17], nous pouvons donc conclure que
ce traitement a un impact réel sur les patients et n’est pas dû à
un effet placebo ou une évolution naturelle de la maladie.
Troisièmement, cette étude n’incluait pas les comptes rendus
d’imagerie des genoux de nos patients. Un examen radiographique des changements structurels dans l’articulation du
genou fait partie du processus d’évaluation de la gonarthrose.
Toutefois, la corrélation entre la sévérité de l’atteinte
structurelle et les symptômes de la gonarthrose reste très
faible [7]. Le but de cette étude était d’examiner les effets
cliniques de ce traitement sur les patients souffrant de
gonarthrose et nous n’avons donc pas vu l’intérêt d’inclure
des évaluations radiographiques. Dans le futur, des études
devraient rechercher les effets de cette thérapeutique sur les
changements structurels au niveau de l’articulation du genou.
Quatrièmement, nous avons seulement étudié les effets de
l’AposTherapy sur les patients ayant une gonarthrose du
compartiment fémorotibial interne. Des travaux complémentaires sont nécessaires pour vérifier les effets de ce traitement
sur d’autres types de gonarthrose.
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Pour conclure, les patients avec une gonarthrose du
compartiment fémorotibial interne montrent des améliorations
significatives du point de vue statistique et clinique sur la douleur,
capacité fonctionnelle et qualité de vie après 12 semaines de
traitement par AposTherapy. Cette thérapeutique peut donc se
révéler un outil pertinent dans le traitement des patients souffrant
de gonarthrose du compartiment fémorotibial interne.
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R.D., A.E. et A.M. détiennent des parts dans l’entreprise
AposTherapy.
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Several biomechanics treatments for knee osteoarthritis (OA) have emerged with the goal of reducing pain and improving function.
Through this, researchers have hoped to achieve a transition from the pathological gait patterns to coordinated motor responses.
The purpose of the study was to determine the long-term effects of a therapy using a biomechanical device in patients with knee
OA. Patients with knee OA were enrolled to active and control groups. The biomechanical device used in therapy (AposTherapy)
was individually calibrated to each patient in the active group. Patients in the control group received standard treatment. Outcomes
were the Western Ontario and McMaster Osteoarthritis Index (WOMAC), Aggregated Locomotor Function (ALF), Short Form
36 (SF-36), and Knee Society Score assessments. The active and control groups were similar at the baseline (group difference in
all scores 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃). The active group showed a larger improvement over time between groups in all three WOMAC categories
(𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹, 21.7, and 18.1 for pain, stiffness, and function; all 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃), SF-36 Physical Scale (𝐹𝐹 𝐹 𝐹𝐹𝐹; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃), Knee Society
Knee Score (𝐹𝐹 𝐹 𝐹𝐹𝐹; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃 ), and Knee Society Function Score (𝐹𝐹 𝐹 𝐹𝐹𝐹; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃 ). At the two-year endpoint, the active
group showed significantly better results (all 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃). The groups showed a difference of 4.9, 5.6, and 4.7 for the WOMAC pain,
stiffness, and function scores, respectively, 10.8 s in ALF score, 30.5 in SF-36 Physical Scale, 16.9 in SF-36 Mental Scale, 17.8 in Knee
Society Knee Score, and 25.2 in Knee Society Function Score. The biomechanical therapy examined was shown to significantly
reduce pain and improve function and quality of life of patients with knee OA over the long term.

1. Introduction
Knee osteoarthritis (OA) is one of the leading causes of disability in the elderly [1]. Currently, there is no cure for knee
OA, and therefore, the primary goal of treatment is to reduce
pain and improve function [2]. In recent years, there has been
growing evidence on the importance of biomechanical factors
in knee OA. Several biomechanical treatments for knee OA
have emerged with the goal of reducing pain and improving function. These treatments aim to unload the diseased
articular surface by using wedged insoles, foot orthoses, or
valgus braces [3–5]. Other treatments have instead aimed
to modify neuromuscular patterns, with a specific goal of
improving gait patterns.
The knee adduction moment (KAM) is an important
parameter of gait that has been examined in recent years. A

varus alignment of the femur and tibia compresses the medial
compartment of the knee [6]. KAM results from the medially
directed vector of the ground reaction force (GRF) relative to
the knee during the stance phase of gait, which creates greater
compressive loads on the medial compartment relative to
the lateral compartment [7, 8]. Patients with knee OA have
a higher KAM relative to the normal population, which is
believed to drive the rapid progression of the disease [9, 10].
By improving gait patterns, such as KAM, researchers
have hoped to achieve a transition from the pathological gait
patterns that characterize knee OA gait to coordinated motor
responses [11]. This would require patients to undergo a process of motor learning. In order to meet the requirements for
motor learning, these methods must incorporate challenges
for the motor system in a graded and controlled fashion,
with multiple repetitions within a functional context [12]. For
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Figure 1: Biomechanical device used in therapy. The biomechanical
device is comprised of four biomechanical elastic convex elements,
with two attached under each foot using a foot-worn platform. The
elements are attached under the hindfoot and forefoot regions using
two mounting rails that allow for flexible positioning of each element
under each region.

example, a study by Barrios et al. [13] was able to improve
gait patterns and reduce KAM in individuals with valgus
knees through repetitive training on a treadmill [13]. In
addition, research has also shown that motor learning can be
accomplished under perturbation in closed kinematic chain
movement in which the whole limb, rather than just a single
joint, is regarded as a kinetic functional unit [11].
One biomechanical therapy (AposTherapy) that has
received attention in recent years is thought to both unload
the diseased articular surface as well as improve neuromuscular control. This therapy utilizes a unique biomechanical
system (Apos system, Figure 1) that consists of two convexshaped rubber elements attached to each of the patient’s feet.
One element is located under the hindfoot region, and one is
located under the forefoot region of each foot. The elements
are attached to the patient’s foot on mounting rails embedded
within the sole of a foot-worn device. The mounting rails
enable flexible positioning of each element under each region.
The elements are calibrated to the individual patient according to the pathology and motion characteristics.
Several studies by Haim et al. have examined the mechanism of the AposTherapy device and have shown that
modifying the position of the biomechanical elements will
precisely shift the center of pressure (COP) of each foot to
a new location during gait [14, 15]. The COP can be shifted
such that there are less external moments acting on the
diseased articular surface. In addition, the convex shape of
the elements puts the subject in a state of perturbation [16]. By
having the subject walk with device everyday, the therapy is
thereby thought to induce motor learning towards the desired
neuromuscular gait pattern. Other studies have examined
the effects of therapy on gait patterns and have shown that,
over time, the therapy can be used to improve gait patterns,
including KAM, in healthy individuals and in patients with
knee OA [15, 17, 18]. Additional studies have shown that the
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biomechanical therapy is also able to modify the activation
of lower limb muscles in healthy individuals and patients
with knee OA as measured by electromyography [19, 20]. This
signifies that the lower limb musculature of the subjects also
adapts in a unique way to training.
In a previous controlled study [21], we examined the ability of this therapy to improve clinical symptoms of patients
with knee OA after 8 weeks of therapy. Our results showed
a significant improvement over time in pain, function, and
quality of life in the active group compared to the control
group after 8 weeks of therapy. The former study was limited
by the short-term follow-up period. The purpose of the
present study was to examine the effect of this biomechanical
therapy on the level of pain, function, and quality of life in
patients with knee OA over the course of 2 years.

2. Methods
2.1. Participants. The protocol was approved by the Institutional Helsinki Committee Registry of Assaf Harofeh Medical
Center (Helsinki registration number 44/05 and NIH clinical
trial registration number NCT00457132). All patients gave
written informed consent prior to entering the study. Patients
were recruited from the Department of Orthopedics of Assaf
Harofeh Medical Center, Zerifin, Israel. Inclusion criteria
were (1) symptomatic bilateral knee OA of the medial knee
compartment for at least six months; (2) qualification of OA
of the knee according to the American College of Rheumatology clinical criteria for OA of the knee, which include knee
pain with at least 3 of the following: age > 50 years, stiffness
< 30 minutes, crepitus, bony tenderness, bony enlargement,
no palpable warmth [22]; (3) radiographically assessed OA of
the knee according to the Kellgren & Lawrence (K&L) scale
[23]. The K&L scale grades the knee according to one of four
grades of severity, with I being the least severe and IV being
the most severe OA. Only patients of grade II or above were
included in the study.
All patients had a varus knee alignment. Exclusion criteria were acute septic arthritis, inflammatory arthritis, patients
with a history of increased tendency to fall, patients with a
history of knee buckling, lack of physical or mental ability
to perform or comply with the treatment procedure, diabetes
mellitus, patients with a history of pathological osteoporotic
fractures, symptomatic degenerative arthritis in lower limbs
joints other than the knees (spine, hip, and ankle), severe back
pain, and a history of lower limb orthopedic surgery other
than knee arthroscopy.
Patients were recruited to the study by the senior orthopedic surgeon (N.H.) according to the inclusion and exclusion
criteria. Patients in the active group received the biomechanical therapy, whereas patients in the control group received the
same shoe, but without the biomechanical elements (walking
on flat shoes like any other shoe). The active group was asked
to return for a follow-up exam at six months, one year, and
two years. The control group was only asked to return at two
years for a followup. Some patients were lost to followup in
both groups, and three patients did not arrive for the sixmonth follow-up in the active group (Figure 2).
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Recruited to study (𝑛𝑛 𝑛 𝑛𝑛)

Enrollment

Allocation

Control group (𝑛𝑛 𝑛 𝑛𝑛)

Active group (𝑛𝑛 𝑛 𝑛𝑛)

Allocated to new active group (𝑛𝑛 𝑛 𝑛𝑛)
∙ Received allocated intervention (𝑛𝑛 𝑛 𝑛𝑛)
∙ Did not receive allocated intervention (𝑛𝑛 𝑛 𝑛)

Allocated to new control group (𝑛𝑛 𝑛 𝑛𝑛)
∙ Received allocated intervention (𝑛𝑛 𝑛 𝑛𝑛)
∙ Did not receive allocated intervention (𝑛𝑛 𝑛 𝑛)

Followup

Lost to followup (𝑛𝑛 𝑛 𝑛): 1 total knee replacement,
1 declined to participate

Lost to followup (𝑛𝑛 𝑛 𝑛𝑛): 1 deceased,
1 declined to participate, 5 total knee replacements

Analysis
Analysed at 1 year and 2 years (𝑛𝑛 𝑛 𝑛𝑛)
Analysed at 6 months (𝑛𝑛 𝑛 𝑛𝑛)
∙ Excluded from analysis (𝑛𝑛 𝑛 𝑛)

Analysed at 2 years (𝑛𝑛 𝑛 𝑛)
∙ Excluded from analysis (𝑛𝑛 𝑛 𝑛)

Figure 2: Flow chart of assessment, enrollment and followup.

2.2. Intervention. The biomechanical therapy used for the
present study is designed to combine COP manipulation
in the foot with perturbation during walking. The therapy
combines a biomechanical system with a specific treatment
methodology (AposTherapy, Apos-Medical and Sports Technologies Ltd. Herzliya, Israel; Figure 2). The system consists
of two convex-shaped biomechanical elements attached to
each of the patient’s feet (i.e., 4 elements total). One is located
under the hindfoot region, and one is located under the
forefoot region of each foot. The elements are attached to the
patient’s foot on mounting rails embedded within the sole of
a shoe. The mounting rails enable flexible positioning of each
element under each region.
The device can be calibrated to the individual patient
according to the pathology and motion characteristics.
Specifically in the case of medial compartment knee OA, the
element under the hindfoot is shifted laterally from the baseline position. This shifts the COP in the foot laterally, thereby
reducing the magnitude of the KAM acting on the knee
joint [14, 24]. The element under the forefoot is shifted medially from the baseline. Both elements are moved until the
patient reports minimal pain during walking. In addition, the
convex nature of the elements puts the patient under constant
perturbation. The device is calibrated by a physical therapist
certified in the AposTherapy methodology. In the second
phase of the therapy, the patient walks with the device for a
prescribed amount of time, allowing for the biomechanical
perturbations to be applied throughout all phases of gait in
repetition. Perturbation is achieved through the controlled
instability created when walking on two convex-shaped elements.

2.3. Active Group. At the start of the study, the biomechanical
device was calibrated to all patients in the active group.
The device was recalibrated, as necessary, at each followup
and between followups. Once the device was calibrated, the
patient was sent home with the device and was requested
to train with the device by walking with it during his daily
routine for a specified amount of time each day. The patient
was told to begin with ten minutes of indoor walking each
day and gradually build up to thirty minutes of daily outdoor
walking by three months. Compliance to the therapy was
maintained with a log as well as with follow-up phone calls.
Individuals allocated to the control and research group were
allowed to consume other treatment modalities as they saw
necessary to treat their knee. Patients were monitored for any
invasive treatments applied during this period. Furthermore,
patients were instructed not to participate in other studies.
2.4. Control Group. The patients in the control group received
the same walking shoe, but without the biomechanical
elements. The patients were told to begin with ten minutes
of indoor walking each day and gradually build up to thirty
minutes of daily outdoor walking by three months. Compliance to the therapy was maintained with a log as well as
with follow-up phone calls. Patients returned at two years for
reevaluation. Individuals in the control group were allowed
to undergo any other medical or physical therapy, as well
as use pain medication, as they saw necessary to treat their
knee.
2.5. Outcome Measures. The primary outcomes of the study
included the Western Ontario and McMaster Osteoarthritis
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Table 1: Baseline patient characteristics.

Characteristic
Age (mean age ± SD)
Females (%)
Kellgren and Lawrence (K&L)

Active
(𝑁𝑁 𝑁 𝑁𝑁)

Control
(𝑁𝑁 𝑁 𝑁𝑁)

64.1 ± 7.5
75

67.4 ± 8.6
69

K&L Grade 2 (%)

17.5

18.8

K&L Grade 3 (%)
K&L Grade 4 (%)

25.0
57.5

31.2
50.0

𝑃𝑃 value∗
0.53
0.17

0.77

K&L: Kellgren and Lawrence radiographic grading scale for knee osteoarthritis.
∗
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 was considered statistically significant.
Groups showed no significant differences at the baseline.

Index (WOMAC) [25] and the Aggregated Locomotor Function (ALF) test [26]. The WOMAC contains 24 visual analogue scale (VAS) questions and is divided into three categories of pain, stiffness, and function. These scales are
scored from 0 cm to 10 cm, with 0 = no symptoms and 10
= worst symptoms. Since the study population was made up
of patients with bilateral knee OA, patients were requested
to score the WOMAC for their most painful knee. The ALF
score is a sum of the mean time (seconds) taken to complete
three locomotor tasks while barefoot: walking eight meters,
ascending and descending seven stairs, and transferring from
a sitting to standing position. Each task was carried out separately with a break in between. The sum score was added up
for all tasks.
The secondary outcomes included the Short Form 36 (SF36) health survey [27] and the Knee Society Score (KSS)
[28]. The SF-36 is divided into eight categories: physical
functioning, role limitation due to physical health, role
limitation due to emotional health, energy/fatigue, emotional
well-being, social functioning, pain, and general health. The
physical component summary (PCS) and mental component
summary (MCS) are summary scales of the eight categories.
These scales are scored from 0–100, with higher scores
indicating better states of health and quality of life. The KSS
is measured by the clinician and is divided into a knee score
(KSS-K) and function score (KSS-F). The KSS-K evaluates
the function of the knee alone, while the KSS-F evaluated the
function of the knee during physical activity.
2.6. Statistical Analysis. The analysis was performed using
SPSS software version 19.0 (SPSS, Chicago). Data were presented by frequencies and percentages for categorical variables and by means and standard deviations for continuous
variables. Mean differences between the groups were presented with 95% confidence intervals (CIs).
The criterion for significance (alpha) was set at 0.050, and
the test was two tailed. With the proposed sample size of 38
pairs of cases, the study had a power exceeding 99.9% to yield
a statistically significant result. This computation assumed
that the population from which the sample would be drawn
would have a mean difference of 3.0 with a standard deviation
of 2.0. The observed value was tested against a theoretical
value (constant) of 0.00. With the same assumption, a sample
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size of 9 pairs of cases would have had power of 97.5% to yield
a statistically significant result.
Kolmogorov-Smirnov tests of the study outcome distribution showed that all the results were normally distributed.
An independent 𝑡𝑡-test (two tailed) was used to compare the
patient characteristics of age at the baseline, as well as all
the outcome measures at the baseline and after two years.
The patient characteristics of sex and Kellgren and Lawrence
radiographic knee OA (K&L) score between groups were
compared at the baseline using a chi-square test. Changes
within the groups and differences between the groups in all
outcomes over time (time by treatment interaction) were
measured using a repeated measures analysis of variance
(ANOVA) test. The significant level was set to 0.05.

3. Results
A total of 56 patients (15 males, 41 females, age 65.1 (SD
7.9) years) were enrolled to the study. The active group was
comprised of 40 patients (10 males, 30 females, age 64.1 (SD
7.5) years), and the control group was comprised of 16 patients
(5 males, 11 females, age 67.4 (SD 8.6) years). At the twoyear endpoint, 38 patients and 9 patients remained in each
group, respectively (Figure 1). At the baseline, the groups
were comparable in patient characteristics (Table 1), primary
outcomes (Table 2), and secondary outcomes (Table 3).
A significant difference was found between the active
and control groups in all three WOMAC categories (pain,
stiffness, and function) at the two-year endpoint (all
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃; Table 2). There was also a significant difference in
improvement over time between groups in all three categories
(𝐹𝐹 for interaction =16.8, 21.7 and 18.1 for pain, stiffness, and
function, resp.; all 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃). Figures 3(a) and 3(b) show
the time by treatment interaction for WOMAC pain and
WOMAC function, respectively. An analysis for the active
group over time showed that the improvement in all three
categories was maintained throughout the study (Figure
4(a)).
The improvements in pain and function in the WOMAC
questionnaires qualified as a clinical response to treatment according to the Outcome Measures in Rheumatology
Clinical Trials (OMERACT)-Osteoarthritis Research Society
International (OARSI) set of responder criteria. These are an
improvement in either pain or function of at least fifty percent
with a decrease of 2.0 cm on a VAS or an improvement in both
pain and function of at least twenty percent with a decrease
of 1.0 cm on a VAS [29]. The results of pain and function in
the WOMAC questionnaires in the present study meet both
these clinical improvement criteria since the changes in pain
and function were greater than 50% and greater than 2.0 cm
on the VAS.
A significant difference between the active and control
groups was also found in ALF score at the two-year endpoint
(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃; Table 2). The two groups did not differ significantly in their improvement over time (𝐹𝐹 for interaction
=0.67; 𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃; Figure 3(c)). The analysis of the active
group over time showed that the improvement in ALF score
in the active group was maintained throughout the study
(Figure 4(b)).
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Table 2: Primary outcomes.

Outcome

Baseline

WOMAC pain
Active
Control
WOMAC stiffness
Active
Control
WOMAC function
Active
Control
ALF score
Active
Control

5.0 ± 2.8

Mean difference
± SE (95% CI)
−0.5 ± 1.0

𝑃𝑃 value

1.9 ± 1.6

0.7

5.5 ± 3.3

(−2.6, 1.6)

5.5 ± 3.1

5.6 ± 3.3

−0.1 ± 1.2

(−2.4, 2.3)

0.9

4.9 ± 2.6
5.9 ± 2.5

−0.9 ± 0.9
(−2.8, 1.0)

0.3

35.5 ± 10.3

(−2.8, 0.9)

−5.8 ± 5.0

0.3

41.9 ± 22.3

2 years

Mean difference
± SE (95% CI)
−4.9 ± 0.6

6.8 ± 2.0

(−6.2, −3.7)

7.7 ± 1.5

(−6.8, −4.3)

6.6 ± 1.7

(−5.7, −3.6)

33.9 ± 7.3

(−15.8, −5.8)

2.1 ± 1.7

1.9 ± 1.3

23.1 ± 6.4

−5.6 ± 0.6
−4.7 ± 0.5

−10.8 ± 2.5

𝑃𝑃 value

Time by treatment
interaction (𝐹𝐹; significance)

<0.001∗

𝐹𝐹 = 16.8; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃

<0.001∗

𝐹𝐹 = 21.7; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃

<0.001∗

𝐹𝐹 = 18.1; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃

<0.001∗

𝐹𝐹 = 0.67; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃

WOMAC: Western Ontario and McMaster Osteoarthritis Index; ALF: Aggregated Locomotor Function.
∗
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 was considered statistically significant. Groups showed no significant differences at the baseline. Groups showed significant difference in all outcomes
after two years. There was a significant difference in improvement over time between groups in all outcomes except for the ALF.

Table 3: Secondary outcomes.
Outcome

Baseline

SF-36 PCS
Active
Control
SF-36 MCS

51.9 ± 19.2

Mean difference
± SE (95% CI)
11.8 ± 7.0

39.7 ± 17.8

(−2.2, 25.8)

Control
50.3 ± 19.7
Knee Society Knee Score

64.7 ± 19.6

(−0.5, 28.6)

Control
54.1 ± 16.3
Knee Society Function Score

58.1 ± 18.8

(−10.3, 17.2)

57.1 ± 16.0

Active

Active

Active

Control

47.2 ± 16.4

𝑃𝑃 value
0.1

14.1 ± 7.2

0.1

3.4 ± 6.8

0.6

8.5 ± 6.5

0.2

(−4.6, 21.7)

2 years
67.6 ± 16.3

Mean difference
± SE (95% CI)
30.5 ± 5.6

37.1 ± 14.9

(18.5, 42.6)

56.8 ± 12.5

73.7 ± 13.1

(7.2, 26.6)

60.0 ± 14.9

77.8 ± 12.1

(8.3, 27.3)

74.6 ± 18.3

25.2 ± 6.9

49.4 ± 19.3

16.9 ± 4.8
17.8 ± 4.7

(11.2, 39.0)

𝑃𝑃 value

Time by treatment
interaction (𝐹𝐹; significance)

<0.001∗

𝐹𝐹 = 5.8; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃

<0.001∗

𝐹𝐹 = 0.032; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃

<0.001∗

𝐹𝐹 = 4.3; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃

<0.001∗

𝐹𝐹 = 6.5; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃

SF-36: Short Form 36 (SF-36).
∗
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 was considered statistically significant. Groups showed no significant differences at the baseline. Groups showed significant differences in all
outcomes after two years. There was a significant difference in improvement over time between groups in all outcomes except for the SF-36 mental component
summary (MCS).

At the two-year endpoint, a significant difference was
found between groups in all categories of the SF-36 except for
the category of emotional well-being. This is reflected in the
two summary indices of the SF-36: the SF-36 PCS and SF36 MCS (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃, resp.; Table 3). There was
a significant difference in improvement over time between
groups in the SF-36 PCS (𝐹𝐹 for interaction =5.8; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃;
Figure 3(c)) but not in the SF-36 MCS (𝐹𝐹 for interaction
=0.032; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃).
At the two-year endpoint, a significant difference was
found between groups in the KSS-K and the KSS-F (𝑃𝑃 𝑃
0.001, 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃, resp.; Table 3). The two groups also differed
significantly in their improvement over time in the KSS-K

(𝐹𝐹 for interaction =4.3; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) and the KSS-F (𝐹𝐹 for
interaction =6.5; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃; Figure 3(d)). The analysis of the
active group over time showed that the improvement in both
outcomes was maintained for the rest of the study period.

4. Discussion
Patients treated with the biomechanical therapy showed
greater improvements at the study endpoint in all the study
outcomes, as well as greater improvement over time in most
of the study outcomes. Interestingly, the results of the ALF test
showed that the groups did not show a significant difference
in improvement over time. This suggests that the control
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Figure 3: Time by treatment interaction graphs between groups over two years. There was a significant difference in improvement over time
between groups in the Western Ontario and McMaster Osteoarthritis Index (WOMAC) for pain and function, the Short Form 36 (SF-36)
physical component summary, and in the Knee Society Score (KSS) Function Scale.

group may have improved in function over the two years, but
not to the extent of the active group. The changes in function
in the control group may be due to other therapies that
this group used during the study period. Since the control
group was not examined as often as the active group, another
explanation may be that the control group did not improve
in function, but rather that the study was not strong enough
at finding the difference in improvement over time between
groups.
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The groups also differed in the number of total knee
replacements (TKRs) performed after two years in each
group. One patient from the active group required a TKR
during the study period (2.6%), while 5 patients (31%) of
the control group required a TKR during the two-year study
period. The TKR was documented through our follow-up
phone calls to the patients over time. The procedures were
performed at various medical centers throughout the country
where the individual was referred to surgery. The type of
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Figure 4: WOMAC and ALF scores over time in the experimental
group. The analysis over time shows that the improvements in all
three categories of the Western Ontario and McMaster Osteoarthritis Index (WOMAC) and in the Aggregated Locomotor Function
Score (ALF) are maintained throughout the study.

prosthetic was not documented for the purposes of the
present study.
The previous study showed that the improvements in
the active group were still rising at the eight-week endpoint.
The results of the present study at six months were only
slightly higher than the results after eight weeks that were
seen in the previous study. From six months to the end of
the study, the improvements remained stable. This suggests
that the majority of improvements with the biomechanical
therapy are achieved within the first eight weeks of therapy.
Furthermore, these improvements remain stable as long as
treatment is maintained.

The present study also supports the results of a previous
study by Elbaz et al. [17] that also evaluated this biomechanical therapy. Their study showed that patients with knee
OA treated with the therapy reported improvements in pain,
function and quality of life as demonstrated by self-evaluation
questionnaires [17]. Their study, however, evaluated patients
over only twelve weeks of therapy and did not incorporate a
control group.
Researchers have presented several theories explaining
how this therapy may reduce pain and improve function in
patients with OA of the knee. Several studies by Haim et
al. showed that the device used in this therapy can unload
the diseased articular surface of the joint with knee OA
and thereby reduce pain. This was witnessed in the current
study in that immediately after calibration patients reported
diminished pain or no pain while using the biomechanical
device. By reducing pain, the therapy gives the patients the
ability to train without pain. Over time the therapy may allow
the patient to regain strength, function, and lower pain levels.
The therapy may also reduce pain and improve function
by educating the neuromuscular system of these patients to
walk in a less pathological manner [17]. Motor learning in the
human body is a complicated task and must be incorporated
in a graded and controlled fashion, with multiple repetitions
within a functional context [12]. Fitzgerald et al. [11] showed
that this could be accomplished through perturbation during
repetitive actions [11]. The therapy used in the present
study uses COP manipulation to realign the limb towards
a normal biomechanical alignment while minimizing any
preexisting pain. By combining the changes in alignment
with perturbation and repetition over time, the therapy may
educate the neuromuscular system to acquire the ability to
walk in the new alignment, which in turn allows the patient
to walk in the new gait pattern even when the biomechanical
device is removed.
As a therapy, the biomechanical intervention also showed
high compliance over the course of two years. This may be
due to the fact that the actual therapy was very easy to apply
to patients. The patients also reported ease in using the device
since they only had to wear the device while walking in their
regular environment or while carrying out simple chores.
There were several limitations to the present study. Firstly,
in contrast to our previous study, the present study was
unblended, and the two groups were not randomized. Nevertheless, the two groups were equal at the baseline in terms
of patient characteristics and clinical outcomes. Secondly, due
to the study logistics, the control group could only be asked
to arrive for a follow-up exam at two year without evaluations
before then. This limits our knowledge of how this group
faired over time.
There are several ways in which the study could have been
improved. The study could have attempted to discontinue
treatment with the device to see if the improvements are
maintained without therapy. This addition to the study could
allow researchers to determine if and when the therapy can
be terminated. This may test whether the patients acquired a
new action that they will maintain on their own or whether
the patients need continuous training to maintain their new
gait patterns. The present study could also benefits from
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spatiotemporal, kinetic, and kinematic gait analyses of the
patients over time when the treatment device is removed.
This could help determine which, if any, changes in gait the
body’s motor learning system is able to acquire from therapy.

5. Conclusions
The present study shows that patients with knee OA treated
with AposTherapy over time demonstrate a significant reduction in pain and a significant improvement in function and
quality of life. These improvements peak after eight weeks of
therapy and remain stable for two years as long as treatment
is maintained.
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Biomechanical non-invasive interventions have been previously reported to reduce pain and facilitate
superior levels of function in patients with medial knee osteoarthritis [OA]. One such treatment is the
AposTherapy, a customized program utilizing a foot-worn biomechanical device allowing center of
pressure modiﬁcation and continuous perturbation during gait. The inﬂuence of this intervention on
objective gait metrics has yet to be determined. The aim of the current study was to prospectively
examine changes in kinetic and kinematic parameters in patients enrolled in this treatment program.
Twenty-ﬁve females with symptomatic bilateral medial compartment knee OA were enrolled in the
customized daily treatment program. All patients underwent barefoot gait analysis testing and
completed subjective questionnaires prior to treatment initiation and on two follow-up visits.
Signiﬁcantly reduced knee adduction moment (KAM) magnitude was noted during barefoot walking
after three and nine months of treatment. On average, the knee adduction impulse and the 1st and 2nd
KAM peaks were reduced by 13%, 8.4%, and 12.7%, respectively. Furthermore, moment reduction was
accompanied by elevated walking velocity, signiﬁcant pain reduction, and increased functional activity.
In addition to symptomatic improvement, our results suggest that this treatment program can alter
kinetic gait parameters in this population. We speculate that these adaptations account for the
symptomatic and functional improvement reported for this intervention.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Osteoarthritis (OA) is a complex disorder of the hyaline joints,
characterized by wear, softening, and thinning of the articular
cartilage and diminished compliance of the sub-chondral bone
(Bijlsma et al., 2011; Felson and Zhang, 1998; Iannone and
Lapadula, 2003). The knee is the most prevalent weight-bearing
joint prone to the development of this destructive process, with
the medial compartment affected nearly 10 times more often
than the lateral compartment (Oliveria et al., 1995). Vast evidence
supports the role of biomechanical factors in the pathophysiology
of this disease (Radin et al., 1991). Abnormal joint loads have
been related to the development and progression of the arthritic
process (Radin et al., 1991; Roemhildt et al., 2010).
Abnormally high knee adduction moments (KAM) have been
described in association with medial knee OA (Andriacchi, 1994;
Sharma et al., 1998). Elevated KAM has been linked with the
n
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Mechanical Engineering, Technion-Israel Institute of Technology, Haifa 32000,
Israel. Tel.: þ972 52 4262129.
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progression of knee OA (Miyazaki et al., 2002), and has been
recognized as a marker of disease severity (Hurwitz et al., 2002;
Sharma et al., 1998).
Gait deviations have been reported in individuals suffering from
knee OA (Baliunas et al., 2002; Debi et al., 2009; Elbaz et al., 2010;
Gok et al., 2002; Hurwitz et al., 2000) and are thought to represent a
compensatory protective mechanism intended to reduce stress and
range of motion about the injured joint (Debi et al., 2009). With
disease progression, altered morphological joint properties diminish
the effectiveness of these mechanisms. Moreover, substantial
evidence suggests that impairment of the neuromuscular control
system and proprioceptive deﬁcits are present in subjects suffering
from knee OA and contribute to the load burden by altering joint
biomechanics (Hortobagyi et al., 2005; Hurley, 2003; Johansson
et al., 2000, Lewek et al., 2005). Several authors stressed the role of
these contributions to the pathogenesis of the disease, suggesting
that they convey elevated joint stress with higher impact loads and
facilitate the development of cartilage degeneration (Sharma et al.,
2003; Slemenda et al., 1998).
Biomechanical interventions focusing on foot center of pressure
(COP) manipulation, agility, and perturbation training have been
suggested for the treatment of knee OA (Bar-Ziv et al., 2010;
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Elbaz et al., 2010; Fitzgerald et al., 2002; Hurley and Scott, 1998;
Thorstensson et al., 2007). Such interventions were reported to
facilitate superior levels of functional activity, to reduce pain, and to
inﬂuence spatiotemporal parameters during gait (Bar-Ziv et al.,
2010; Elbaz et al., 2010; Erhart et al., 2010; Fitzgerald et al., 2002;
Roddy et al., 2005; Thorstensson et al., 2007). One such treatment
modality is the AposTherapy, a customized program utilizing daily
treatment with a novel foot-worn biomechanical device capable of
modifying the foot’s COP and thus altering the KAM. In addition,
the device is designed to generate perturbations as the patient
walks, challenging the neuromuscular control system. In the recent
studies (Bar-Ziv et al., 2010; Elbaz et al., 2010) knee OA patients who
completed treatment, reported reduction in pain and improvement
in functioning levels. However, a longitudinal gait evaluation of this
treatment approach has yet to be performed.
The current study was devised to examine the outcome of a
cohort of medial knee OA patients who were enrolled in a customized biomechanical training program. Our aim was to evaluate
alterations of gait metrics in a prospective longitudinal study, in
order to determine whether the favorable subjective self-reported
data previously reported are accompanied by a modiﬁcation in gait
patterns. We hypothesized that patients undergoing this biomechanical treatment program would demonstrate alteration of kinetic and
kinematic parameters, in particular the magnitude of the KAM, and
that their subjective self-reported evaluation would demonstrate a
favorable outcome.

2. Methods
Participants. The study group was comprised of 25 female patients with
symptomatic bilateral medial compartment knee OA. Patients were allocated to
the study by a senior orthopedic surgeon. Inclusion criteria: symptomatic
physician-diagnosed medial knee OA for at least six months, fulﬁllment of the
ACR (American College of Rheumatology) criteria for OA of the knee. Participants’
mean age was 62 7 7 years; height was 1590 7 56.54 mm; weight was

77.27 9.99 kg; KL grade was 3 7 0.9; WOMAC score was 4.09 7 2.29 cm; and
coronal knee alignment was 1.527 5.281 (positive values corresponded to varus
knee alignment).
Radiographs were taken at the beginning of the study to conﬁrm the presence
of deﬁnite radiographic signs of OA in the medial compartment of the knee
according to the KL scale, with no signs of notable lateral compartment joint space
narrowing or KL grade 2, or greater involvement in the lateral tibiofemoral and
patellofemoral compartments.
Patients were assigned to moderate (KL 2) and severe (KL 3–4) knee OA
subgroups based on the KL grade of the more symptomatic knee. Pain was
assessed by means of the self-reported Western Ontario and McMaster Osteoarthritis Index (WOMAC). In addition, participants completed the SF-36 health
survey. Exclusion criteria included any other orthopedic musculoskeletal or
neurological pathology, prior knee surgery (excluding arthroscopy), signiﬁcant
co-morbidities affecting back, hip or foot, other major systemic diseases, and
inability to ambulate without the use of a walking aid.
All subjects enrolled in the study were asked to refrain from using any
analgesic medication for a 5-day washout period prior to gait analysis testing and
clinical evaluations. Moreover, patients were prohibited from participating in any
other treatment programs throughout the study period. Approval of the Ethics
Sub-Committee was obtained and informed consent was given by all participants.
The study was registered in the NIH clinical trial registration system (no.
NCT00724139). The purpose and methods of the study were explained to the
subjects.
Lower limb alignment. The knee alignment was measured on double-limb
anteroposterior radiographs, with subjects standing barefoot with knees in full
extension. The mechanical axis was formulated by the angle formed between an
axis from the center of the femoral head to the center of the knee femoral
intercondylar notch and an axis from the center of the tip of the tibial spine to the
ankle talus (Moreland et al., 1987). Mean and SD coronal knee alignment were
1.527 5.281 (positive values corresponded to varus knee alignment). Thirteen
patients had varus alignment of the knee and 12 had neutral or mild valgus
alignment. All radiographs were assessed by a single trained investigator.
Biomechanical intervention. The biomechanical device (Apos System, Apos
Medical and Sports Technologies Ltd., Herzliya, Israel) utilized in the study has
been described previously by our group (Haim et al., 2008). In brief, the device
consists of two convex-shaped biomechanical elements attached to each foot
using a platform in the form of a shoe, allowing customized calibration of the
apparatus (Fig. 1). By shifting the biomechanical elements in the coronal and the
sagittal planes, the device can be individually calibrated to shift the trajectory of
the foot’s center of pressure (COP) during gait, thereby altering the orientation of
the ground reaction force (GRF) vector. This enables decreasing the pressure load
from the affected area in the joint during gait (Haim et al., 2008). The convex form

Fig. 1. Biomechanical platform and mobile elements.
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of the biomechanical elements generates perturbations applied throughout the
stance phase of the gait cycle, enabling dynamic, functional, and repetitive
training intended to improve neuromuscular control.
Experimental protocol. Baseline evaluation performed prior to treatment
initiation included functional assessment and physical examination, barefoot threedimensional gait analysis, and subjective evaluation by means of the self-reported
questionnaire. The device was calibrated for each patient after baseline assessment
by a single certiﬁed physiotherapist. Calibration was carried out in accordance with
our previous ﬁndings (Haim et al., 2008). These ﬁndings showed that shifting the
hindfoot element of the Apos device laterally from the neutral position and shifting
the forefoot element medially from the neutral position will reduce knee adduction
forces. The ﬁrst position of the elements for the ‘‘functional neutral sagittal axis’’ was
determined and documented. The functional neutral axis was deﬁned as the position
in which the apparatus caused the least valgus or varus torque at the ankle of the
individual being examined. Next, the biomechanical elements were shifted (posterior
laterally, anterior medially) from the neutral sagittal axis. The magnitude of the parasagittal offset was determined by the patient feedback regarding pain reduction and
stability. Re-calibration was performed as necessary at the follow-up visit. Patients
were instructed to follow a treatment protocol based on walking during activities of
daily living, starting with 10 min of indoor walking each day during the ﬁrst week
and gradually increasing to 30 min of daily outdoor walking at the fourth week and
for the rest of the treatment period. Consecutive gait analysis testing and subjective
evaluation was carried out twice more during the study period: at the 3-month and
the 9-month endpoints.
Data acquisition and processing. Three-dimensional motion analysis was
performed using an 8-camera Vicon motion analysis system (Oxford Metrics Ltd.,
Oxford, UK) for kinematic data capture. The GRF were recorded by two AMTI
OR6-7-1000 force plates. Kinematic and kinetic data were collected simultaneously while the subjects were asked to walk barefoot at a self-selected velocity
over a 10 m walkway. Passive reﬂective markers were ﬁxed with adhesive tape to
anatomical landmarks identiﬁed by an experienced physician. A standard marker
set was used to deﬁne joint centers and axes of rotation (Kadaba et al., 1990).
A knee alignment device (KAD; Motion Lab Systems Inc., Baton Rouge LA) was
utilized to estimate the three-dimensional alignment of the knee ﬂexion axis
during the static trial. Knee joint moments in the coronal plane were calculated
using inverse dynamic analyses from the kinematic data and force platform
measures using ‘PlugInGait’ (Oxford Metrics, Oxford, UK). All the analyses were
performed for the more symptomatic knee, as selected by the patient. Joint
moments were normalized for body mass and reported in SI units (N-m/kg).
A program purposely written in the MATLAB software was used to examine the
outcome measures. Six trials were collected per subject, values were calculated
from each trial, and the average was determined across the trials for each subject.
Outcome measures. Outcome measures included KAM magnitude (knee
adduction impulse, loading response (1st) peak and terminal stance (2nd) peak),
knee and hip sagittal kinematics, spatiotemporal parameters (cadence, stride time,
stride length, step length, walking speed, and step width ), self-reported pain via
the WOMAC index, and the SF-36 health survey.
Statistical analysis. All statistical analysis was carried out by an independent
biostatistician. Mean values and standard deviation were present for all continuous measurements. Non-parametric Friedman tests were used for the comparison of self-reported pain and functional subjective data, spatiotemporal (cadence,
step length, step width, gait velocity), kinetic (1st and 2nd acceleration peaks and
the knee adduction impulse values), and kinematic (knee and hip range of motion)
parameters in the baseline and the two follow-up evaluations. A probability of less
than 0.05 was considered as statistically signiﬁcant. All analyses were performed
using SPSS (version 17.0).

Post-treatment testing demonstrated a reduction of the KAM
magnitude during the stance phase. At the 3-month post-treatment
evaluation, group values for the magnitude of the 1st and the 2nd
peaks of the KAM and the magnitude of the knee adduction impulse
were signiﬁcantly lower relative to pre-treatment testing (p¼0.002,
o0.001, o0.001, respectively). An additional decline of the KAM
magnitude values was noted at the end-point evaluation. On
average at the end point testing, the knee adduction impulse and
the 1st and the 2nd KAM peaks were reduced by 0.54 N-m/kgnsec,
0.06 N-m/kg, and 0.07 N-m/kg, respectively, a reduction of 13%,
8.4%, and 12.7%, respectively, from the pre-training values (Table 1).
Reduction of the knee impulse was similar for both the subgroups. Reduction of the 1st peak was more profound for the
moderate OA subgroup while reduction of the 2nd peak was more
profound for the severe subgroup (Table 2); however, this trend
was not signiﬁcant.
Group averaged sagittal knee and hip joint kinetics during
stance phase did not differ signiﬁcantly post-treatment from that
of baseline testing (Table 3).
Patient self-reported WOMAC pain scores and function scores
revealed a signiﬁcantly favorable outcome at the 3-month followup and the 9-month end-point (p o0.001). Subjects reported
signiﬁcant pain relief after three months of treatment with a
mean difference of 2.36 cm and an additional minor relief at the
9-month end point (Table 4). On the WOMAC function scale, the
subjects reported signiﬁcant improvement with a mean decrease
of 2.5 cm after three months and 2.9 cm after nine months. The
SF-36 health survey showed signiﬁcant favorable changes after
three months and after nine months of treatment (Table 4).

Table 1
Comparison of KAM values (N ¼ 25).
Loading
response (1st)
peak [N-m/kg]
Group values
Pretraining
Post training
(3 months)
Post training
(9 months)
P

Terminal
stance (2nd)
peak [N-m/kg]

Knee adduction
impulse [N-m/
kgnsec]

0.717 0.18
0.657 0.15

0.557 0.15
0.487 0.15

3.92 7 1.16
3.38 7 1.23

0.607 0.16

0.457 0.15

3.25 7 1.20

0.002

o 0.001

o 0.001

Note: Values represent mean values and standard deviation.

Table 2
Comparison of KAM values—subgroup analysis.

3. Results
All 25 patients enrolled in the study completed the treatment
program with satisfactory compliance (i.e. adherence of 475% to the
proposed treatment protocol). Two patients had brief (3–4 weeks)
treatment intermissions, one due to plantar fasciitis and the other due
to trochanteric bursitis, both of which resolved spontaneously.
At mid-treatment evaluation (3 months post treatment initiation), a signiﬁcant albeit small increase in walking velocity was
found. On average, walking velocity increased by 0.07 m/s relative to
pretreatment testing (from 1.0070.13 to 1.0770.14 m/s, p¼0.017).
The cadence increased by 5 steps/min (from 105.5479.54 to
110.0877.59 steps/min); however this change did not reach statistical signiﬁcance (p¼0.058). End-point evaluation did not signiﬁcantly differ from that of mid-treatment. Mean values of the
additional spatiotemporal parameters tested did not signiﬁcantly
differ during the testing period.

KL 3-4 subgroups
Pretraining
Post training
(3 months)
Post training
(9 months)
P
KL 2 subgroup
Pretraining
Post training
(3 months)
Post training
(9 months)
P

Loading
response (1st)
peak
[N-m/kg]

Terminal
stance (2nd)
peak
[N-m/kg]

Knee
adduction
impulse
[N-m/kgnsec]

0.72 70.18
0.63 70.14

0.59 70.15
0.48 70.14

4.04 71.06
3.34 71.11

0.59 70.15

0.46 70.15

3.33 71.18

0.005

0.001

0.002

0.71 70.20
0.67 70.17

0.48 70.13
0.47 70.16

3.74 71.34
3.44 71.46

0.60 70.19

0.44 70.15

3.14 71.27

0.150

0.020

0.045

Note: Values represent mean values and standard deviation.
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Table 3
Comparison of mean knee and hip sagittal kinematics values (n ¼25).
Knee ﬂexion angle

Initial contact

Peak knee extension (terminal stance)

Total range of motion

Pretraining
Post training (3 months)
Post training (9 months)
P

9.13 7 4.99
10.25 7 4.16
9.38 7 4.82
0.61

7.857 3.54
6.137 2.57
6.317 2.08
0.2

52.59 77.03
53.11 76.69
55.39 76.43
0.06

Hip ﬂexion angle
Pretraining
Post training (3 months)
Post training (9 months)
P

Peak hip ﬂexion (loading response)
1.78 7 7.62
0.137 5.89
0.797 7.41
0.33

Peak hip extension (terminal stance)
48.52 7 9.07
46.097 7.10
47.57 8.82
0.53

Total range of motion
46.73 77.47
45.97 75.20
46.71 76.34
0.88

Note: All values represent degree of knee ﬂexion angle; values represent the mean values and standard deviation.

Table 4
Clinical outcome via self-reported subjective questionnaires.
Baseline
WOMAC
Pain
Stiffness
Function
SF-36
Physical functioning
Limitation due to physical health
Limitation due to emotional problem
Energy/fatigue
Emotional well-being
Social functioning
Pain
General health

Follow-up (3 months)

4.1 7 2.3
5.2 7 3.2
4.6 7 2.2

1.77 1.3
2.57 2.1
2.17 1.6

48.1 7 22.2
41.7 7 42.1
55.6 7 45.7
54.4 7 17. 9
67.2 7 13.5
64.1 7 28.6
39.7 7 17.2
62.5 7 15.2

67.97 18.8
72.97 31.2
69.47 36.7
62.97 17.4
76.57 8.5
877 17.1
67.47 20.9
66.77 13.5

Final (9 months)

1.67 1.5
1.67 1.5
1.77 1.2
68.17 15
70.87 35.9
80.67 30.9
68.37 15
74.57 8.3
93.27 11.6
63.65 7 18.3
72.67 12

P value

o0.001
o0.001
o0.001
o0.001
0.005
0.09
0.004
0.25
o0.001
o0.001
0.001

Notes: Outcome measures: The WOMAC questionnaire includes 24 questions in a VAS format (0–10 cm scale), where each value represents the average score for the pain/
stiffness/function sub-categories.
SF-36 Health survey (0–100 scale).
Mean values are presented as mean 7 SD.
The p-value represents the group differences in the three examination points.

4. Discussion
The current longitudinal study examined the outcome of
continuous biomechanical treatment (AposTherapy) incorporating load reduction and repetitive perturbation stimuli for medial
knee OA patients. Similar to the previous studies (Bar-Ziv et al.,
2010; Elbaz et al., 2010), functional and subjective self-reported
measurements were signiﬁcantly inﬂuenced by this biomechanical intervention. The data presented in this report indicate that
signiﬁcant alterations in the kinetic gait parameters are accompanied by these changes.
Motion gait analyses demonstrated a signiﬁcant reduction in the
magnitude of the knee adduction impulse and of the 1st and the 2nd
peaks of KAM after three and nine months of treatment. The KAM
has been acknowledged as a marker for disease severity, and is
increasingly utilized as an outcome measure in intervention studies.
Several authors have reported KAM reduction with biomechanical
training; Thorstensson et al. (2007) reported that, following an
8-week supervised exercise program for knee OA patients, peak
adduction moment during one-leg rise was reduced, yet KAM during
gait did not signiﬁcantly differ. Erhart et al. (2010) reported a 6.6%
reduction of KAM for subjects with knee OA wearing variablestiffness shoes for six months. In the previous studies (Haim et al.,
2008; Haim et al., 2010), we demonstrated that the tested apparatus
can alter the foot center of pressure in the sagittal and the coronal
planes, thereby conveying modulation of joint loads, reducing pain,
and enabling exposure to repetitive perturbation stimuli during gait.
We speculate that this vigorous intervention (AposTherapy) and the
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longer follow-up in the current study led to enhanced proprioceptive capabilities and muscle activation patterns, thereby decreasing
KAM values during gait.
Pre-training gait analysis testing revealed that the 2nd peak of
the KAM was higher for the KL 3–4 subgroup than for the KL
2 subgroup. This ﬁnding is in agreement with the report by
Mundermann et al. (2005) that examined KAM in patients with
knee OA and matched healthy controls. In patients with severe
knee OA, Mundermann et al. (2005) reported that both the 1st
and the 2nd peaks of the KAM were elevated, while the 2nd peak
was lower in patients early in the course of the disease.
The data presented here offers signiﬁcant clinical implications
for subjects with medial compartment knee OA. Elevated KAM
has been identiﬁed as a key component responsible for excessive
medial compartment loads in this population, contributing to
disease progression. Previous studies have described inadequate
neuromuscular control and elevated co-contractions in this
population and have suggested that they convey elevated KAM
magnitude (Fisher and Pendergast, 1997; Sharma et al., 1999).
The present study concurs with the paradigm that sub-optimal
muscle activation contributes to abnormal KAM magnitude in this
population. Furthermore, the results presented here demonstrate
that the KAM can be effectively inﬂuenced by continuous biomechanical perturbation training coupled with load redistribution
via modiﬁcation in COP, in various stages of the disease. Reduction of KAM could account for the improved function and pain
reduction seen here. Moreover, since elevated KAM is a dominant
factor in continued joint destruction, these ﬁndings may alter the

A. Haim et al. / Journal of Biomechanics 45 (2012) 41–45

natural history of this pathology and suggest that such training
could possibly halt disease progression.
Several limitations arising from the current study should be
noted. Firstly, the study cohort was relatively small, although
statistical signiﬁcance was reached for all primary outcome
measurements. Another limitation of this study was the lack of
a control group. Ideally, this control group would be comprised of
knee OA patients instructed to carry out the same treatment
procedure without using the biomechanical device. Nevertheless,
the primary outcome measurements of this study were objective
gait parameters that are not frequently used in longitudinal knee
OA studies. Moreover, a prospective controlled study implementing the same interventional methodology reported similar functional outcomes, supporting the validity of the current study
(Bar-Ziv et al., 2010). Finally, the current study focused on a
unique group (i.e., females with medial compartment knee OA).
These results are therefore applicable only for subjects with
characteristics similar to those of the study cohort.
In conclusion, these results demonstrate that the KAM, a key
component of the pathomechanic process of medial compartment
knee OA, can be successfully altered via non-invasive biomechanical
intervention. In addition to functional and symptomatic improvement, such an outcome may lead to delay in disease development
and progression.
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A treatment applying a biomechanical device to
the feet of patients with knee osteoarthritis
results in reduced pain and improved function:
a prospective controlled study
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Abstract
Background: This study examined the effect of treatment with a novel biomechanical device on the level of pain
and function in patients with knee OA.
Methods: Patients with bilateral knee OA were enrolled to active and control groups. Patients were evaluated at
baseline, at 4 weeks and at the 8-week endpoint. A novel biomechanical device was individually calibrated to
patients from the active group. Patients from the control group received an identical foot-worn platform without
the biomechanical elements. Primary outcomes were the WOMAC Index and ALF assessments.
Results: There were no baseline differences between the groups. At 8 weeks, the active group showed a mean
improvement of 64.8% on the WOMAC pain scale, a mean improvement of 62.7% on the WOMAC function scale,
and a mean improvement of 31.4% on the ALF scale. The control group demonstrated no improvement in the
above parameters. Significant differences were found between the active and control groups in all the parameters
of assessment.
Conclusions: The biomechanical device and treatment methodology is effective in significantly reducing pain and
improving function in knee OA patients.
The study is registered at clinicaltrials.gov, identifier NCT00457132, http://www.clinicaltrials.gov/ct/show/
NCT00457132?order=1

Background
Osteoarthritis (OA) is a major cause of disability in the
older population [1], affecting nearly 21 million individuals in the United States alone [2]. Currently there is
no cure for OA and treatment is focused on reducing
pain and improving function [3].
There is a growing awareness of the importance of
biomechanical factors in the pathogenesis and progression of knee osteoarthritis [4-6]. Studies have demonstrated a clinical association between loads, such as
lifelong physical work [7], competitive sports [8,9], and
obesity [10], and the formation and progression of
* Correspondence: debyroay@012.net.il
† Contributed equally
Department of Orthopedic Surgery, Assaf Harofeh Medical Center, Zerifin,
Israel

osteoarthritis [11]. These factors, together with the morphological changes in the musculoskeletal system that
occur with age, affect the osteochondral structures
[12-15] and neuromuscular control [16]. Neuromuscular
control plays a significant part in determining the function and stability of the synovial joint [17] and in mediating the biomechanical structure of articular cartilage
[18]. Impairment of the neuromuscular control system
contributes to the pathogenesis of osteoarthritis by altering joint biomechanics and causing increased cartilage
damage [19,20].
Two main types of non-surgical biomechanical interventions are available for reducing pain and improving
function in patients with knee osteoarthritis. The logic
behind the first type of intervention is unloading the
diseased articular surface by means of wedge insoles,

© 2010 Bar-Ziv et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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foot orthoses and, more recently, by valgus braces
[21-25]. The logic behind the second type of intervention is to improve neuromuscular control for the
affected limb, thereby achieving transition from coactivation to coordinated motor response [26]. The key
element in this intervention, as in any motor learning, is
repetitive exposure of the individual to the desired
movement experience [27]. The focus is on training
under perturbation in closed kinematic chain movements in which the whole limb, rather than just a single
joint, is regarded as a kinetic functional unit. This
approach, however, showed encouraging results only in
case studies [28]. Recently, a novel foot-worn biomechanical device that incorporates the logic of both types of
non-invasive interventions was examined by Haim et al.
using a three-dimensional gait analysis [29]. This device
has the capability to change the location of the center of
pressure (COP) during walking, hence it can shift the
external forces acting on the body. Furthermore, the
device generates perturbation during movement that
challenges neuromuscular control.
The purpose of the current study is to examine the
effectiveness of an individually calibrated biomechanical
device and treatment methodology that combines the
logic of both interventions for reducing pain and
improving function in knee osteoarthritis patients.

Methods
Study Design and Participants

All patients gave written informed consent before entering the study. The protocol was approved by the Institutional Helsinki Committee Registry of Assaf Harofeh
Medical Center (Helsinki registration number 44/05 and
NIH clinical trial registration number NCT00457132).
The study was conducted at the Department of Orthopedics. Eligibility was defined as symptomatic bilateral
knee OA of the medial compartment for at least
6 months. All patients fulfilled the American College of
Rheumatology clinical criteria for OA of the knee [30]
and had radiographically assessed osteoarthritis of the
knee according to the Kellgren & Lawrence (K&L) scale
[31]. All patients had a varus knee alignment. Exclusion
criteria were acute septic arthritis, inflammatory arthritis, patients with a history of increased tendency to fall,
patients with a history of knee buckling, lack of physical
or mental ability to perform or comply with the treatment procedure, diabetes mellitus, and patients with a
history of pathological osteoporotic fracture.
The study was conducted between December 2005
and February 2006. In December 2005, a total of 57
patients were allocated to the study by the senior orthopedic surgeon (N.H.) according to the inclusion and
exclusion criteria (Figure 1). Patients that were found
eligible were referred to the administrative secretary of
56
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the clinic. Patients were then asked to choose one of the
two days of the week that were scheduled for the study,
according to their own convenience. One of the days
was designated for the active group treatment and the
other day was designated for the control group treatment. The patients from both groups, the senior orthopedic surgeon, the investigators and the administrative
secretary did not know to which group the patients
were assigned. Only the therapist applying and calibrating the device knew to which group a patient belonged.
Throughout the course of the study patients from one
group had no knowledge of the patients from other
group. At the first session patients underwent a medical
examination conducted by two orthopedic surgeons
(Y.R. and S.B) who did not know to which of the two
groups the patients were assigned. Following the physical examination patients were referred to the treatment
room that was located at a separate facility. The physical
therapist who applied the intervention was not aware of
the patients’ medical condition and clinical examinations
results throughout the study.

Interventions
The biomechanical system (Apos system, AposTherapy Sports and Medical Technologies Ltd. Herzliya, Israel) is
a device combined with a treatment methodology. The
device is calibrated to the individual patient according
to pathology and motion characteristics. Each patient is
asked to walk away from and then back towards the
therapist. A visual gait evaluation is carried out by the
therapist and the device is appropriately calibrated.
Appropriate calibration is defined as bringing the
damaged joint to a biomechanical alignment that minimizes/eliminates pain by shifting and/or changing the
applied forces and, consequently, altering the pressure
distribution within the joint [26,29]. Together with the
biomechanical perturbations applied through all phases
of the step-cycle (i.e., initial contact, mid-stance and
toe-off), this device enables home-based, dynamic, functional and repetitive training intended to improve neuromuscular control.
The device consists of two convex shaped biomechanical elements attached to each of the patient’s feet
(Figure 2). One is located under the hindfoot region and
the other is located under the forefoot region. The elements are attached to the patient’s foot using a platform
in the form of a shoe. The platform is equipped with a
specially designed sole that consists of two mounting
rails that enable flexible positioning of each element
under each region.
The methodology consists of two phases, the first
brings the joint to diminished pain alignment and the
second applies perturbations while walking. In medial
compartment deformity the element under the hindfoot
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the shoe is left with a regular rubber sole. We assumed
that once the elements were removed, the shoe acts like
any other walking shoe. They were instructed to follow
the same treatment protocol as the active group and to
not ingest any medication or food supplements apart
from the unmarked rescue medication that had been
given to them. Therefore, for all intents and purposes,
the foot worn platform alone was not intended as a type
of intervention. It was a complete control aside from
the walking routine of the patients. Both the active
group and the control group had exactly the same number of visits. During the visits in the first, third and
sixth weeks, patients from both groups walked back and
forth along a 12 m line while the physiotherapist technician monitored them walking and noted observations.
Figure 1 Patient flow-chart.

is shifted laterally from the baseline position. This shifts
the COP in the foot laterally, thereby reducing the magnitude of the adduction moment acting on the knee
joint [29]. This is done until the patient reports minimal
pain during initial contact. The element under the forefoot is shifted medially from the baseline position until
the patient reports minimal pain during mid-stance.
Once the desired alignment is achieved, the patient
should report immediate pain relief while walking. Perturbation is achieved by walking on two convex shaped
elements that create controlled instability in gait.
Treatment Protocol
Active group

The device was calibrated to each patient after baseline
assessment. Treatment was then initiated and continued
daily for a period of eight weeks, during which the
device was again recalibrated, as necessary, after the
first, third and sixth week. Patients were instructed to
follow a treatment protocol based on walking during
activities of daily living, starting with 10 minutes of
indoor walking each day during the first week and gradually increasing to 30 minutes of daily outdoor walking
by the last week. The patients were told to continue
their daily activities wearing their regular footwear.
Patients were also instructed not to ingest any pain
relief medication, non-steroidal anti-inflammatory drug
or food supplements starting from 10 days before the
study (drug wash-out) except for unmarked acetaminophen tablets that had been given to them at the start of
the study as a rescue medication.
Control Group

Patients in the control group were fitted with an identical foot worn platform that did not include the biomechanical elements or the movement rails. Without these,

Outcome Measures

We tested the clinical efficacy of a device designed to
reduce pain and improve function in knee osteoarthritis
patients using the Western Ontario and McMaster
Osteoarthritis Index (WOMAC) [32] and the Aggregated Locomotor Function (ALF) [33]. Patients were
told to score the questionnaires according to the pain
and function of their worse knee according to them.
The ALF scale is a sum of mean timed scores (seconds)
of three locomotor functions: time taken to walk
8 meters, time taken to ascend and descend 7 stairs and
time taken to transfer from sitting to standing. The
patients were evaluated three times during the study: at
baseline, at 4 weeks and at the 8-week endpoint. Measurements of the ALF test were made with the patients
barefoot as required by the outcome protocol.
Secondary outcome measures were the SF-36 [34]
health survey and the Knee Society Score [35], the latter
of which includes a physical examination subscale.
Statistical Analysis

The criteria for clinical response to a treatment had
been defined by the Outcome Measures in Rheumatology Clinical Trials (OMERACT) and Osteoarthritis
Research Society International (OARSI). They are either
an improvement in pain or in function of at least
50 percent with a decrease of 2.0 cm on the visualanalogue-scale (VAS) for pain or function, or an
improvement in both pain and function of at least
20 percent with a decrease of 1.0 cm on the VAS [36].
The trial was designed to have 80% power with a twosided p = 0.05 level to detect a mean difference of
2.0 cm (corresponding to means of 2.0 cm versus
4.0 cm and the common within-group standard deviation of 2.5 cm) on the WOMAC VAS scale (0-10 cm),
and a difference of -10.0 sec (corresponding to means of
30.0 sec versus 40.0 sec and the common within-group
standard deviation of 10.0 sec) on the ALF scale.
57
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Figure 2 The biomechanical device. (a) Bio-mechanical device comprising of two individually calibrated elements and a foot-worn platform
which they are attached to under the hindfoot and forefoot regions. (b) Bio-mechanical elements are available in different degrees of convexity
and resilience; (c) Height versatile base with 0.25 mm increments; (d) Specially designed sole includes two mounting rails and positioning matrix
to enable flexible positioning of each bio-mechanical element.

Assuming a small number of dropouts during follow-up,
we recruited 57 patients to accommodate the needed
sample size for each of the two groups. The sample size
was defined according to a power calculation that tested
(2-tailed) the null hypothesis that the two population
means were equal (i.e., that the study will have power of
86.1% and 96.8% for WOMAC and ALF, respectively, to
yield a statistically significant result).
To avoid various misleading artifacts we checked our
hypotheses based on the intention to treat (ITT) analysis. In order to reject baseline differences between the
groups we examine the hypothesis that the two groups
were comparable at baseline by using an independent
(2-tailed) t-test on patient age, sex, Kellgren & Lawrence
grade and the baseline scores of all four outcomes.
Changes within the groups and differences between the
groups in primary and secondary outcomes were calculated by repeated measures ANOVA, which produced
three tests of significance: difference in changes over
time between groups, total changes over time and difference between groups in general. These three tests are
appropriate for examining our hypothesis that assumes:
a) clinically significant improvement in scale for the
58

active group; b) no clinically significantly improvement
in scale for the control group; c) no advantage in scale
at baseline for the active group compared to the control
group. The analysis was performed by an external statistician using SPSS software (SPSS, Chicago).

Results
Participants

Of the 57 patients participating in the study, 31
(8 males, 23 females, aged 64 ± 8.1 years) were assigned
to the active group and 26 (7 males, 19 females, aged
66.03 ± 7.8 years) to the control group. Three patients
were lost to follow-up, leaving 29 patients in the active
group and 25 patients in the control group available for
analysis (Figure 1). The patient characteristics and baseline results for measured variables were similar between
both groups. The study population characteristics are
presented in Table 1.
Clinical Outcomes

At the 8-week endpoint the WOMAC pain score and
function score revealed significant differences between
the groups over time (Time by treatment interaction,
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Table 1 Patients Characteristics of the Two Study
Groups*

Table 2 Mean values and time by treatment interaction
results of primary outcome measures*

Characteristic

Active
(N = 31)

Control
(N = 26)

P Value†

Age

64.0 ± 8.1

66.0 ± 7.8

0.31

23 (74)

19 (73)

3 (10)
11 (36)

7 (27)
5 (19)

Female - no. (%)
Kellgren and Lawrence (K&L)
K&L 2 - no. (%)
K&L 3 - no. (%)
K&L 4 - no. (%)
Body Mass Index (BMI)

17 (55)

14 (54)

30.3 ± 4.30

29.7 ± 3.79

0.155

0.56

* Mean values are presented as mean ± SD
† P values for the difference between the groups’ baseline characteristics.
There were no significant differences between the groups at baseline

p < 0.001). The active group reported significant pain
relief after 8 weeks of treatment with a mean difference
of 3.5 cm (64.8%) and a 95% confidence interval ranging
between 2.7-4.4. In contrast, the control group reported
no pain relief, having a mean increase of 0.4 cm (8%)
with a 95% confidence interval ranging between -1.7-0.8.
On the WOMAC function scale, the active group
reported significant improvement with a mean decrease
of 3.2 cm (62.7%) after 8 weeks and a 95% confidence
interval ranging between 2.5-4.1. The control group
reported no function improvement, having a mean
increase of 0.5 cm (9.8%) with a 95% confidence interval
ranging between -1.4-0.5. The extent of improvement in
the level of pain and function corresponds with the
OMERACT criteria for clinical response to treatment.
Furthermore, the ALF final mean score values demonstrated significant differences between the groups over
time (p < 0.001). The active group showed significant
improvement in function with a mean decrease of 11.6
sec. (31.4%) and 95% confidence interval ranging
between 8.7-14.5 on the ALF scale after 8 weeks. No
improvement was shown by the control group, having a
mean decrease of 0.7 sec (1.8%) and 95% confidence
interval ranging between -0.9-2.1 after 8 weeks. Table 2
summarises the results.
The two secondary outcomes, SF-36 health survey and
the Knee Society Score, showed significant time by
treatment interaction. That is to say, significant changes
were found within the active group after 4 weeks and
after 8 weeks and significant differences were found
between the groups at 4 weeks and at 8 weeks. Table 3
summarises the results. In addition, no side effects were
reported by any of the patients.
We further investigated the changes in the primary
outcomes and secondary outcomes for both groups in
distribution of age and gender. Time by treatment interaction was significant for the active group in the three
measured parameters for gender and age: 1) WOMAC
overall score - males p = 0.009, females p < 0.001,

Outcome

Baseline

Follow-up
(4 weeks)

Final
(8 weeks)

P Value†

Active

5.4 ± 2.7

3.1 ± 2.2

1.9 ± 1.6

<0.001

Control

5.0 ± 2.7

5.1 ± 2.2

5.4 ± 2.7

0.002

<0.001

WOMAC - Pain

P Value
0.50
WOMAC - Stiffness
Active

5.7 ± 3.0

3.7 ± 2.5

1.9 ± 2.3

Control

5.4 ± 3.3

5.4 ± 3.0

5.2 ± 3.2

P Value

0.67

0.02

<0.001

Active

5.1 ± 2.6

3.1 ± 1.9

1.9 ± 1.5

Control

5.2 ± 2.3

5.5 ± 2.2

5.7 ± 2.6

<0.001

<0.001

<0.001

WOMAC - Function

P Value
0.91
WOMAC - Total Score
Active

5.4 ± 2.6

3.3 ± 2.0

1.9 ± 1.7

Control

5.2 ± 2.6

5.3 ± 2.3

5.4 ± 2.6

P value

0.71

0.001

<0.001

<0.001

<0.001

ALF Score
Active

36.9 ± 11.5

29.2 ± 8.8

25.3 ± 6.6

Control

39.2 ± 16.7

37.7 ± 15.5

38.5 ± 16.3

P value

0.56

0.01

<0.001

<0.001

* Primary outcome measures: Western Ontario and McMaster Osteoarthritis
Index (WOMAC) questionnaire (0-10 cm Scale) and Aggregated locomotor
function (ALF) (sec.). Mean values are presented as mean ± SD.
† The vertical p-value represent the time by treatment interaction results. This
represents the difference between the groups at different points in time. The
horizontal p-value represents group differences in the three examination
points. This represents the differences in the active group across the three
follow-ups. No significant differences were found in the control group.

under the age of 64 p < 0.001, above the age of 64 p <
0.001; 2) ALF overall score - males p < 0.001, females p
< 0.001, under the age of 64 p < 0.001, above the age of
64 p < 0.001; 3) SF-36 overall score - males p = 0.04,
females p = 0.001, under the age of 64 p < 0.001, above
the age of 64 p < 0.001. There was no time by treatment
effect in the control group. Figure 3 illustrate the effect
of the treatment between genders and between ages in
the WOMAC results.
Patients from the control group use more of the rescue
medication given to them at the start of the study than
did the active group. After 4 weeks, the active group as a
whole consumed 145 rescue pills whereas the control
group consumed 281 pills. After 8 weeks, the active
group consumed 128 pills and the control group consumed 366 pills. Overall the active group consumed 273
pills and the control group consumed 647 pills.

Discussion
The results of the current study demonstrate the clinical
efficacy of the individually fitted biomechanical device
and treatment methodology in reducing pain and
59
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Table 3 Mean values and time by treatment interaction
results of secondary outcome measures*
Outcome

Baseline

Follow-up
(4 weeks)

Final
(8 weeks)

P Value†

P < 0.001

SF-36 Physical Functioning subscale
Active

46.0 ± 18.6

61.8 ± 19.2

69.2 ± 21.0

Control

43.7 ± 21.1

36.7 ± 20.9

38.7 ± 22.1

<0.001

<0.001

P Value
0.66
SF-36 Mental Health subscale
Active

57.5 ± 45.3

73.6 ± 38.2

90.8 ± 23.4

Control

56.0 ± 39.3

42.7 ± 40.3

44.0 ± 39.3

P value

0.90

0.006

<0.001

Active

56.0 ± 21.1

68.1 ± 17.7

77.1 ± 15.1

Control

53.5 ± 18.9

51.1 ± 19.5

48.5 ± 22.1

0.001

<0.001

0.004

SF-36 Score Results

P value
0.65
Knee Society Score

<0.001

Knee Score
Active

54.1 ± 17.9

67.0 ± 14.3

78.6 ± 11.6

Control

60.3 ± 17.9

62.1 ± 17.8

50.8 ± 17.8

P value

0.44

0.25

<0.001

<0.001

Knee Function Score
Active

52.6 ± 17.6

61.8 ± 16.8

71 ± 16.8

Control
P value

56.0 ± 14.8
0.20

56.4 ± 17.0
0.23

51.4 ± 16.9
<0.001

<0.001

* Secondary outcome measures: SF-36 Health Survey (0-100 scale) and knee
society score (0-100 scale). Mean values are presented as mean ± SD.
† The vertical p-value represent the time by treatment interaction results. This
represents the difference between the groups at different points in time. The
horizontal p-value represents group differences in the three examination
points. This represents the differences in the active group across the three
follow-ups. No significant differences were found in the control group.

improving function in knee osteoarthritis patients. The
device we describe combines “unloading” [21-23] the
damaged compartment and “perturbation” [27,28] (stimulation) of neuromuscular control, two types of interventions that are recommended for patients with knee
OA. The interpretation of our results can therefore be
based on earlier works.
Past studies showed and stressed the importance and
efficacy of unloading the diseased articular surface in
patients with knee OA [21-23]. A recent study showed
that the biomechanical device used in this study can not
only accomplish this but can also reduce the external
adduction moment loads acting on the knee joint in
healthy population [29]. Furthermore, Fitzgerald et al.
demonstrated the importance of “perturbation” intervention [26,28]. The purpose of the “perturbation” intervention is to stimulate neuromuscular control of the
affected limb. Lewek et al. explained that the aim is to
shift from global concentric contraction muscle patterns
to a coordinative motor response [4]. This should be
done by repetitive exposure to perturbation in closed
kinematic chain movements.
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The key feature of the new device in this study is
repetitive perturbations with diminished pain in the
patient’s own environment and during ADL. The structure of the biomechanical elements and the treatment
methodology promotes perturbations throughout all
phases of step cycle. The perturbations are repeated
thousands of times during walking and activities of daily
living, influencing the whole kinetic and kinematic
chain. In our study we equipped the device with low
convexity biomechanical elements in order to promote
only mild perturbations and enable the patients to walk
in a controlled manner.
Usually, patients who exercise while they are in pain
adopt pathological patterns and also fail to comply [37].
In the current study, the patients reported diminished
pain or no pain while using the device immediately after
calibration. This relief in pain enabled them to walk
painlessly with the device and presumably reacquire
proper neuromuscular control skills [21-23] and appropriate motor patterns that they can maintain when not
using the device. In addition, unlike stationary devices,
the new device enables rehabilitation during the
patient’s daily life activities and in the patient’s environment, where compliance can be expected to be higher.
The study was designed to be a prospective, double
blind, sham controlled study. Maintaining a sham group
of patients with advanced knee OA for a period longer
than two months is problematic for several reasons.
First, from an ethical aspect, the control group patients
were in pain and without treatment. Second, control
group compliance was expected to lessen after a period
of two months due to pain. As shown and explained
above, the intervention group experienced a significant
reduction in pain and improvement in function. In contrast, the control group showed no reduction in pain
and a slight deterioration in function. The lack of
improvement in pain and the deterioration in function
in the control group can be explained when considering
the patient population, exercise extent and their clinical
situation. Our patients had moderate-to-severe knee
osteoarthritis, were not allowed to use NSAIDS and
food supplements, and were asked to follow a treatment
program based on dynamic joint loading without biomechanical intervention.
This study lacked randomization in the assignment of
the patients to control and active groups. Although both
the active and the control group were similar in their
characteristics and in the measured variables at baseline,
future studies should implement a randomization procedure in assigning patients to control and active groups.
Patients in our study were told not to consume any
medications aside from the rescue pills given to them at
the start of the study. This was done in order to evaluate the effectiveness of the device as a stand-alone
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Figure 3 Western Ontario and McMaster Osteoarthritis Index (WOMAC) over score mean values - distribution by age and gender. Time
by treatment effect was significant in the active group in all 4 conditions. There was no significant time by treatment effect in the control group.
P < 0.05

treatment without the use of any other interventions or
medications. Since we cannot ask patients to refrain
from taking medications for a long period of time, we
made our study only 8 weeks.
The control group in our study did not demonstrate
any placebo effect. This may be explained in two ways.
First, because according to the protocol the control
group was told to walk with the device even while in
pain, we assumed that this worsened their symptoms
and balanced out any placebo effect. Second, it may be
that any placebo effect only occurred in the first two
weeks and as a result our first evaluation at four weeks
did not capture the placebo effect.
The results of this study introduce a device that
resulted in significant reduction of pain and function,
which is the focus of knee OA treatment. As such, this
device and methodology may be a possible treatment for

patients with knee OA. Future studies should examine
the long term effect of the device on patients with medial compartment knee OA and patients with other musculoskeletal pathologies.

Conclusion
Our data show that using the AposTherapy system and
treatment methodology is an effective non-pharmacological
therapy that improves both pain and function in patients
with knee OA.
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Patients with knee osteoarthritis demonstrate
improved gait pattern and reduced pain
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Abstract
Background: Previous studies have shown the effect of a unique therapy with a non-invasive biomechanical foot-worn
device (AposTherapy) on Caucasian western population suffering from knee osteoarthritis. The purpose of the current
study was to evaluate the effect of this therapy on the level of symptoms and gait patterns in a multi-ethnic
Singaporean population suffering from knee osteoarthritis.
Methods: Fifty-eight patients with bilateral medial compartment knee osteoarthritis participated in the study.
All patients underwent a computerized gait test and completed two self-assessment questionnaires (WOMAC
and SF-36). The biomechanical device was calibrated to each patient, and therapy commenced. Changes in
gait patterns and self-assessment questionnaires were reassessed after 3 and 6 months of therapy.
Results: A significant improvement was seen in all of the gait parameters following 6 months of therapy.
Specifically, gait velocity increased by 15.9%, step length increased by 10.3%, stance phase decreased by 5.9%
and single limb support phase increased by 2.7%. In addition, pain, stiffness and functional limitation
significantly decreased by 68.3%, 66.7% and 75.6%, respectively. SF-36 physical score and mental score also
increased significantly following 6 months of therapy (46.1% and 22.4%, respectively) (P < 0.05 for all parameters).
Conclusions: Singaporean population with medial compartment knee osteoarthritis demonstrated improved gait
patterns, reported alleviation in symptoms and improved function and quality of life following 6 months of therapy
with a unique biomechanical device.
Trial registration: Registration number NCT01562652.
Keywords: Knee, Osteoarthritis, Gait, Pain, Biomechanical device
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Background
Osteoarthritis (OA) is the most prevalent form of arthritis [1]. About 6% of Asian males and 12% of Asian females suffer from knee OA [2]. The prevalence of OA
increases with age and generally affects women more
frequently than men. The population of many Asian
countries are ageing rapidly, and it is estimated that between 2008 and 2040, the proportion of the Singaporean
population aged 65 years old and over will increase by
316% [3]. Hence, the prevalence of knee OA is expected
to rise.
Knee OA is associated with symptoms of pain, functional disability and deteriorated quality of life that
might lead to further morbidity; 10% of Asian males and
13% of Asian females report knee pain [2]. From a social
perspective, OA is costly, having high direct costs in the
form of increased utilization of hospital and medical services and also high indirect costs through lost productivity
of individuals [4,5]. Therefore, researchers are constantly
trying to find effective treatments that will help to halt the
disease progression and even reverse it.
Patients with knee OA demonstrate pathological gait
patterns compared to age-matched controls [6,7]. Specifically, patients with knee OA demonstrate a deterioration in
spatio-temporal gait parameters including slower walking
velocity, shorter step length and shorter single-limb support (SLS) compared to matched controls [6,8]. Recent
studies have reported an association between the level of
symptoms (i.e. pain and functional limitation) of knee
OA patients and their gait pattern [9]. Elbaz et al.
have published a new objective functional classification of patients with knee OA which is based on the
patient’s ability to bear single loads on one knee while
the contralateral leg swings forward (i.e. single limb
support) [10]. This new classification is thought to give a
clearer description of the patient’s functional condition
than radiographic findings, considering the knowledge
that the correlation between symptoms and radiographic
changes is poor [9,11].
Several non-invasive interventions exist for knee OA;
amongst them are biomechanical interventions. Previous
studies have shown the effect of several biomechanical
interventions focused on foot centre of pressure manipulation and agility and perturbation training in patients
with knee OA [12-17]. A relatively new biomechanical
intervention for patients with knee OA was introduced.
This intervention incorporates a personalized foot-worn
biomechanical device and treatment methodology for patients with knee OA (AposTherapy). Recent studies have
found that patients with knee OA who underwent this
intervention reported significant improvements in the
levels of pain and function [12,13]. Furthermore, improvements were also found in the gait patterns of these patients, muscle activation patterns [18] and knee adduction
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moment, which is highly associated with disease severity
[14]. All of the abovementioned articles were conducted
on a Caucasian western population, and information regarding the effect of this therapy on the Asian population
is missing. The purpose of this study was to evaluate the
effect of this special intervention on the level of symptoms
and gait patterns in a multi-ethnic Singaporean population
suffering from knee OA.

Methods
Participants

Sixty-eight patients were assessed at baseline. Ten patients were excluded as they did not meet the inclusion
criteria. Overall, 58 patients (39 females and 19 males)
diagnosed with primary medial compartment knee OA
participated in this study, and 54 patients completed it
(Figure 1). Ninety-five percent of the patients (49 patients) had bilateral knee OA. The mean (standard deviation (SD)) age was 59.7 (6.1) years and mean (SD) body
mass index (BMI) was 30.7 (14.6) kg/m2. Forty-four patients (82%) were Chinese, five patients (9%) were Indian
and five patients (9%) were Malay. Patients’ structural OA
severity was determined by the Kellgren and Lawrence
(KL) score [19]. Twenty patients (37.0%) were graded 2,
21 patients (38.9%) were graded 3 and 13 patients (24.1%)
were graded 4.
Patients were referred to the therapy centre by their
physician after being diagnosed with primary medial
compartment knee OA. The study protocol was approved by Parkway Independent Ethic Committee and
is registered in clinicaltrial.gov website (registration
number NCT01562652). All patients signed their informed consent after understanding the study’s objectives and protocol. Inclusion criteria were (1) patients
suffering from symptomatic bilateral knee OA at the
medial compartment for at least 6 months, fulfilling
the American College of Rheumatology clinical criteria
for OA of the knee [20], and having radiographically
assessed OA of the knee classified according to Kellgren
and Lawrence score [19]; (2) males and females above
50 years old.
Exclusion criteria were (1) patients suffering from
acute septic arthritis, (2) patients suffering from inflammatory arthritis, (3) patients who received a corticosteroid
injection within 3 months of the study, (4) patients suffering from avascular necrosis of the knee, (5) patients with a
history of knee buckling or recent knee injury, (6) patients
who have had a joint replacement, (7) patients suffering
from neuropathic arthropathy, (8) patients with an increased tendency to fall (more than three falls in the last
year), (9) patients with a history of pathological osteoporotic fracture and (10) patients suffering from severe symptomatic degenerative arthritis in lower limb joints other
than the knees.
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68 patients were assessed for eligibility
10 patients were excluded:
Severe back pain – 3 patients
Age – 2 patients
Lack of symptoms – 2 patients
Not interested - 2 patients
Gout – 1 patient
58 patients completed baseline measurements
and commenced treatment
4 patients dropped:
No compliance – 2 patients
Relocation – 1 patient
Total knee replacement – 1 patient

54 patients were assessed at 1st follow-up
(3 months)

54 patients were assessed at the end of study
(6 months)

Figure 1 Flow chart of assessment, enrolment and follow-up.

A computerized mat was used to measure spatiotemporal gait parameters (GaitMat™ II system, E.Q., Inc.
Chalfont, PA, USA). The validity and reliability of the
electronic gait mat was reported previously [21]. During
the gait test, all patients walked barefoot at a selfselected speed. Patients walked 3 m before and after
the walkway mat to allow sufficient acceleration and
deceleration time outside the measurement area. Each
gait test included six walks, and the mean value of
the six walks was calculated for each parameter. The
following spatio-temporal parameters were evaluated:
velocity (cm/s), step length (cm), stance phase (% gait
cycle) and SLS phase (% gait cycle).

with 0 cm indicating no pain or limitation in function and
10 cm indicating the most severe pain or limitation in
function. The questionnaire contains 24 questions of
which 5 evaluate pain, 2 evaluate joint stiffness and 17
evaluate function. The SF-36 is scored between 0 and 100,
with 0 indicating the worst quality of life and 100 indicating the best quality of life. The questionnaire contains 36
questions of which two subscales are calculated to give a
physical and mental score. The physical score is composed
of questions regarding physical health, role limitation due
to physical problems, pain, general health and vitality. The
mental score is composed of questions in the fields of general health, vitality, social functioning, role limitation due
to emotional problems and emotional well-being.

Self-reported questionnaires

Intervention

To examine changes in pain, function and quality of life
perception, the translated Singaporean version of the
Western Ontario and McMaster Universities Arthritis
Index (WOMAC) questionnaire [22,23] and SF-36 Health
Survey [24,25] were evaluated. The WOMAC questionnaire
is a visual analogue scale (VAS) ranging from 0 to 10 cm,

A novel foot-worn biomechanical device (Apos System,
APOS—Medical and Sports Technologies Ltd. Herzliya,
Israel) comprising convex adjustable pods placed under
the hindfoot and forefoot regions of each foot was used.
This device enables customized calibration of the pods
(i.e. biomechanical elements) which allows manipulation

Gait analysis
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of the centre of pressure passing through the knee joint,
hence enabling control of the external forces (i.e. coronal
and sagittal moments) acting on the knee joint [26-28].
Furthermore, the convexity of the biomechanical elements promotes minor perturbation throughout all
phases of the step cycle (Figure 2) and trains neuromuscular control [29].

gradually increasing to 60 min once a day (accumulating between 25- and 30-min walks) for the rest of
the treatment period. Patients were re-evaluated after
3 and 6 months of treatment. Patients were instructed
not to consume any other treatment modalities during the study period including physical therapy, injections and NSAIDs.

Study protocol

Statistical analysis

Prior to each assessment, patients were instructed not to
consume pain medication for at least 72 h in order to
eliminate the effect of these medications on the patient’s
pain levels and gait patterns. Anthropometric measurements were taken at baseline. All patients underwent a
gait test on the computerized mat and completed the
WOMAC questionnaires and the SF-36 Health Survey
during each visit to the therapy centre. After the completion of the baseline measurements, the biomechanical
device was individually calibrated to each patient by a
physiotherapist certified in the AposTherapy methodology. Patients received exercise guidelines from the
therapist. They were instructed to put on the device and
go about their daily activities for 10 min once a day
(accumulating 5-min walks) during the first week and

All spatio-temporal gait parameters and self-evaluation
questionnaire scores were presented as mean (SD),
followed by 95% confidence interval for all time periods.
Non-parametric one-sample Kolmogorov-Smirnov tests
were calculated to compare the observed cumulative distribution function for the continuous variables with the
normal theoretical distribution. The general linear model
repeated measures procedure was used to provide analysis of variance for gait parameters and self-evaluation
questionnaires when the same measurement was made
three times on each subject. Repeated measures ANOVA
were conducted by subgroups to demonstrate the sensitivity of the results. Data were analyzed with IBM SPSS
software version 19.0, and the significance level was set
at 0.05.

Figure 2 Apos System. (a) Biomechanical device comprising two individually calibrated elements and a foot-worn platform. The elements are
attached to a platform under the hindfoot and forefoot regions. (b) The biomechanical elements are available in different degrees of convexity
and resilience. (c) The specially designed sole of the platform includes two mounting rails and a positioning matrix to enable flexible positioning
of each biomechanical element.
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Results
Fifty-four patients out of fifty-eight recruited patients
completed the study (93.1%). Four patients did not
complete the study: two patients did not comply with
the treatment, one patient relocated and could not continue with therapy and one patient chose to undergo a
total knee replacement. All remaining patients complied
with the treatment, and there were no reports of any adverse events during the treatment period.
All spatio-temporal gait parameters significantly improved following 3 months of therapy except for SLS
phase of the less symptomatic knee. After 6 months of
therapy, all parameters improved significantly compared
to baseline. Specifically, gait velocity improved by 15.9%,
step length of the more symptomatic knee improved by
10.3%, the stance phase of the more symptomatic knee
decreased by 5.9% and the SLS phase of the more symptomatic knee increased by 2.7%. The changes in gait parameters throughout the treatment are summarized in
Table 1.
The results of the self-evaluation questionnaires improved significantly over time. The following are the results of all subcategories of the WOMAC questionnaires:
WOMAC pain decreased by 68.3%, WOMAC stiffness
decreased by 66.7% and WOMAC functional limitation decreased by 75.6% following 6 months of therapy
(P < 0.001 for all). Figure 3 illustrates the changes over
time in the three WOMAC subcategories.
All of the SF-36 subscales improved significantly following 3 months of therapy except for emotional wellbeing. The SF-36 physical score (average of five physical
subscales) and the SF-36 mental score (average of five
mental subscales) increased significantly over time. After
6 months of therapy, all subscales improved significantly
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Figure 3 Changes in WOMAC pain, stiffness and function following
6 months of therapy. The WOMAC questionnaire includes 24 questions
in a VAS format (0 = no pain/stiffness/difficulty, 10 = severe pain/stiffness/
difficulty).

except for emotional well-being. Summarized results are
presented in Table 2.
A further analysis was conducted on the SLS phase
changes. We evaluated the changes in SLS based on
Elbaz et al.’s functional severity classification of knee OA
[10]. According to this classification, SLS is divided into
five groups, each indicating a different functional severity level. Patients who fall into Q1 are characterized with
poor walking abilities and high levels of pain and functional limitation, and patients who fall into Q5 are characterized with normal walking abilities and low levels of
pain and functional limitation. At baseline, 11.1% of the
patients fell into Q1, 7.5% fell into Q2, 25.9% fell into
Q3, 22.2% fell into Q4 and 33.3% of the patients fell into
Q5. After 6 months of therapy, a considerable shift was
noticed: 5.5% of the patient fell into Q1, 5.5% fell into
Q2, 11.1% fell into Q3, 25.9% fell into Q4 and 52.0% of
the patients fell into Q5.

Table 1 Changes in spatio-temporal gait parameters following 6 months of therapy
Parameter

Baseline

3 months

6 months

P value

Velocity (cm/s)

86.9 (16.4)

98.8 (16.1)

100.7 (16.5)

<0.001

[82.4–91.3]

[94.4–103.2]

[96.2–105.2]

Step length MS (cm)
Step length LS (cm)
Stance MS (% GC)
Stance LS (% GC)
Single-limb support MS (% GC)
Single-limb support LS (% GC)

49.4 (7.9)

53.7 (7.3)

54.5 (7.5)

[47.3–51.6]

[51.7–55.7]

[52.5–56.6]

50.0 (7.5)

54.0 (7.2)

54.7 (7.8)

[48.0–52.1]

[52.0–56.0]

[52.6–56.8]

71.4 (7.3)

67.3 (6.9)

67.2 (7.4)

[69.4–73.3]

[65.4–69.2]

[65.2–69.2]

72.8 (7.4)

67.2 (8.1)

67.4 (6.5)

[70.7–74.8]

[65.0–69.5]

[65.6–69.2]

37.2 (2.6)

37.2 (2.5)

38.1 (2.5)

[36.5–37.9]

[37.5–38.8]

[37.4–38.8]

38.7 (2.3)

39.0 (1.9)

39.2 (1.9)

[38.1–39.4]

[38.5–39.5]

[38.7–39.7]

<0.001
<0.001
<0.001
<0.001
0.001
0.027

Results are presented as mean (SD) [95% CI]. MS more symptomatic, LS less symptomatic, GC gait cycle. Set P < 0.05.
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Table 2 Changes in SF-36 quality of life following 6 months of therapy
Parameter

Baseline

3 months

6 months

P value

Physical function

45.2 (20.1)

56.9 (19.7)

61.9 (21.5)

<0.001

[39.7–50.7]

[51.6–62.3]

[56.0–67.7]

29.8 (34.0)

55.3 (42.4)

75.0 (33.6)

[20.4–39.3]

[43.5–67.1]

[65.7–84.3]

59.8 (44.5)

71.8 (39.8)

84.6 (28.4)

[47.4–72.2]

[60.7–82.9]

[76.7–92.5]

52.5 (17.2)

58.9 (17.0)

60.3 (17.8)

[47.8–57.2]

[54.2–63.5]

[55.4–65.1]

68.0 (10.9)

69.9 (11.7)

71.0 (9.5)

[65.1–71.0]

[66.7–73.0]

[68.5–73.6]

65.6 (22.9)

73.8 (21.9)

75.7 (19.9)

[59.3–71.8]

[67.9–79.8]

[70.3–81.2]

48.3 (20.0)

63.4 (20.7)

62.3 (21.3)

[42.8–53.8]

[57.7–69.0]

[56.4–68.1]

50.5 (19.1)

60.1 (19.1)

66.3 (17.1)

[44.3–55.7]

[54.9–65.3]

[61.6–70.9]

44.7 (14.5)

59.0 (18.0)

65.3 (17.7)

[40.8–48.7]

[54.1–64.0]

[60.5–70.1]

58.5 (16.0)

67.0 (16.3)

71.7 (13.4)

[54.2–62.9]

[62.5–71.4]

[68.0–75.3]

Limitation due to physical health
Limitations due to emotional problems
Vitality
Emotional well being
Social functioning
Pain
General health
Physical Score
Mental Score

<0.001
<0.001
0.004
0.061
0.004
0.001
<0.001
<0.001
<0.001

SF-36 Health Survey includes 36 questions. Results range between 0 and 100 (0 = poor quality of life, 100 = high quality of life). Set P < 0.05.

We also examined the effect of BMI and KL grading
on the level of improvement following treatment. A sensitivity analysis divided the cohort into two groups based
on their BMI values (below/above 26.4 which represents
the median). A second analysis divided the cohort into
two groups based on their KL grade (KL 1–2 and KL 3–4).
We examined the changes in the measured variables in
each subgroup. In the BMI subgroup analysis, most of
the variables maintained the trend and improved significantly, except for SLS of the less symptomatic leg
in both BMI subgroups. Furthermore, the following
SF-36 subcategories of the heavier BMI group became
non-significant: vitality, social functioning and pain.
In the KL grade subgroup analysis, most of the variables maintained the trend and improved significantly,
except for the SLS of the more and less symptomatic
leg and the vitality subcategory of the SF-36 in the
more severe KL group. Furthermore, the social functioning subscale of SF-36 in the less severe KL group
also became non-significant.

Discussion
The purpose of the present study was to evaluate the effect of a non-invasive foot-worn biomechanical device
on the spatio-temporal gait patterns, level of pain, function and quality of life of Singaporean patients suffering
from medial compartment knee OA. Following 3 months
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of therapy, patients demonstrated an improvement in gait
patterns and alleviation in symptoms. Patients maintained
these improvements after 6 months of therapy. The improvement in gait pattern was accompanied by a reduction in pain and joint stiffness and with an increase in
function and quality of life. All of the SF-36 quality of
life subcategories improved significantly except for emotional well-being (P = 0.06). A possible explanation might
be the relatively high pre-treatment value of the study
population. These results support previous prospective
studies that examined this therapy on a western Caucasian
population. Bar-Ziv et al. reported a 65% reduction in pain
and a 63% reduction in functional disability following 2
months of AposTherapy [13]. Haim et al. reported a
61% reduction in pain and a 63% reduction in functional disability following 9 months of AposTherapy
[14]. Patients in the current study reported a mean
reduction of 68% in pain and a mean reduction of
76% in functional disability following 6 months of
therapy. In addition, the reduction in pain and functional disability and the improvement in quality of life
in the current study met with the OMERACT-OARSI
criteria and that of Angst et al. for the amount of improvement needed to assure clinical significance to
the patient [30,31]. Based on this, it may be assumed
that the examined therapy in the current study might
have a positive effect on the level of pain and functional
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performance of the Singaporean population suffering from
knee OA.
Currently, the management of knee OA focuses on alleviating the patient’s symptoms, which is usually monitored
using self-reported questionnaires. Since questionnaires
are subjective, there is a need for an objective evaluation
tool to help assess symptoms. Recently, it has been suggested that computerized gait analysis might serve as a
good indicator for functional severity. Elbaz et al. presented an objective functional severity classification which
is based on the patient’s ability to bear loads on the painful
knee (SLS) [10]. It is assumed that the ability of a patient
to bear loads on the painful knee will decrease as pain
level increases, which will also compromise the patient’s
functional abilities. In the current study, we examined the
changes in SLS following therapy based on the abovementioned classification. At baseline, only 35% of the patients
were placed at the fifth quintile, which corresponds with
low levels of pain and functional disability. After 6 months
of therapy, 52% of the patients were placed at the fifth
quintile. These results objectively support the patient’s
perception and strengthen the notion of reduced pain and
improved function.
The presentation of spatio-temporal gait parameters
can be either in absolute values (s) or as percentage of
gait cycle time (% GC) [32]. A reduction in the absolute
stance phase time is considered to reflect an antalgic
gait. However, an increase in the relative stance phase
represents an abnormal gait pattern that usually characterizes knee OA in patients [33]. It is important to
stress that in the current study, patient’s had abovenormal stance phase values (% GC) before commencing
treatment. Following treatment, a reduction in stance
was noted. The reduction in stance phase was accompanied with an increase in gait velocity bringing the
patient closer to normal values and maintaining symmetry [33,34]. We therefore considered the reduction
in stance phase a positive outcome.
We examined the effect of BMI and KL grade on the
examined gait parameters and questionnaires. BMI and
KL grade had a minor effect on the results following a
sensitivity analysis and did not affect the significant improvement in pain and function. In the BMI sensitivity
analysis, P values were close to significant; therefore, we
believe that this trend was not due to BMI difference between patients. Similar to the BMI sensitivity analysis,
the results in the KL sensitivity analysis are also probably
due to a small sample size and not directly because of
the KL grade. This corresponds with other publication
that reported poor correlation between knee symptoms
and radiographic grading [9]. In order to better understand the effect of BMI and KL grading on the outcomes
of this treatment, we recommend that a larger cohort
should be examined.
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This study has some limitations. Firstly, the study
lacked a control group. A previous study, however, by
Bar-Ziv et al. [13] had already demonstrated the positive
effect of this therapy compared to a control group in a
double-blind study. Secondly, this study did not include
radiographic assessment of the patients’ knees. Radiographic evaluation of structural changes in the knee joint
is an integral process in knee OA assessment. The correlation, however, between structural severity and knee
OA symptoms is poor [9]. Thirdly, the study examined
patients with medial compartment knee OA; hence, the
results are applicable for this type of knee OA. Furthermore, this study included patients with severe degenerative changes to the knee joint which may bias the results
as other compartments of the knee are also involved. Future studies should examine the effect of this therapy on
structural changes at the knee joint and should also
examine the effect of this therapy in patients with lateral/anterior knee OA and in patients with different
knee alignment (varus/valgus). Lastly, follow-up period
was relatively short. A recent long-term follow-up study
by Bar-Ziv et al. demonstrated maintenance of improved
symptoms in patients with medial knee OA [35]; however, this should be applied on the Singaporean population and include gait assessment.

Conclusions
Singaporean population with medial compartment knee
OA demonstrated improved gait patterns, reported alleviation in symptoms and improved function and quality
of life following 6 months of AposTherapy. The results
of this study support previous works that examined the
effect of this therapy on western population. Based on the
results of this study, it may be assumed that this therapy
might have a positive effect on patients with knee OA and
should be considered as an additional treatment modality
in the management of knee OA.
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Abstract—Knee frontal (adduction/abduction) and sagittal
(ﬂexion/extension) moments have been implicated in the
pathomechanics of knee osteoarthritis (OA). The aim of this
study was to evaluate the change in the knee sagittal moment
in a cohort of patients with knee OA undergoing a
biomechanical training program. Twenty-ﬁve female
patients with symptomatic medial compartment knee OA
were enrolled in a customized biomechanical intervention
program. All patients underwent consecutive gait analyses
prior to treatment initiation, and after 3 months and
9 months of therapy. Self-evaluative questionnaires, spatiotemporal gait parameters, peak knee sagittal moments, knee
sagittal impulses, and duration of knee moments were
compared throughout the duration of therapy. Differences
between baseline and follow-up values were examined using
nonparametric tests. Peak knee ﬂexion moment (KFM) at
loading response decreased signiﬁcantly with therapy
(p = 0.001). Duration of KFM and impulse of knee ﬂexion
also decreased signiﬁcantly (p = 0.024 and p = 0.029, respectively). These changes were accompanied by increased
walking velocity, signiﬁcant pain reduction, and increased
functional activity. Post-training kinetic evaluation demonstrated profound alterations of knee sagittal moments at the
loading response KFM. We speculate that knee sagittal
moments can potentially be improved in patients with knee
OA over time with a biomechanical training program.
Keywords—Kinetics, Moment, Flexion, Extension, Gait,
Pain, Stiffness, Function.

INTRODUCTION
The role of biomechanics in the pathogenesis of
knee osteoarthritis (OA) has been examined exten-

Address correspondence to Alon Wolf, Biorobotics and Biomechanics Laboratory, Faculty of Mechanical Engineering, TechnionIsrael Institute of Technology, Haifa 32000, Israel. Electronic mail:
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sively.1,19 Multiple studies have suggested that abnormal gait patterns may contribute to the disease
progression.1,19 Knee OA patients walk with a slower
velocity, greater double-limb support, reduced stride
length, and decreased range of motion in all the lower
limb joints.1,2,11 Bejek et al.4 analyzed the effect of gait
speed on gait parameters in patients with OA and set a
standard walking speed for gait analysis. They
reported that 15 gait parameters (cadence, step length,
walking base, time of swing phase and double support
phase, motion of hip joint, motion of pelvis rotation,
motion range of pelvis obliquity, maximal value and
motion range of pelvis ﬂexion) were signiﬁcantly
inﬂuenced by walking speed in patients with knee OA,
and that the gait speed of 2.00 km/h was the highest
gait speed suitable for all patients without pain and
loss of coordination. In addition, they compared the
gait patterns of patients with OA to healthy individuals. In comparison to healthy individuals, lower limb
joint OA was compensated for in part by the pelvis and
other joints in the lower limb.4,5
With the advent of complex gait motion-analysis
systems, researchers also examined the kinematic and
kinetic gait changes in knee OA. Locomotion is generated through a balance of internal and external forces and moments acting on the lower limbs. Internal
forces are comprised of both structural elements
(bones, ligaments, cartilage, and more) and of muscles
and tendons that are attached to the structural elements. The external forces result mostly from the
ground reaction force (GRF). These internal and
external forces create moments acting on the joint.
Each magnitude of each moment is determined by the
magnitude of the force and its sagittal distance from
the center of rotation of the knee joint.31 The external
moments are generated by the displacement of the
 2014 Biomedical Engineering Society
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GRF from the joint center, due to the location of the
body’s center of mass compared to location of the
center of pressure (COP) of the foot.
During the stance phase of gait, the GRF creates
moments acting on the knee joint in all three planes in
space (coronal, sagittal and transverse). This force, as
well as the generated moment, can be measured with a
three-dimensional gait analysis with force plates. When
there is no movement, the net forces and moments
(internal and external) must add up to zero. In order
for movement and gait to occur, the net value of one
moment must be larger than the counteractive moment
that balances it. Often counteractive muscle pairs create internal moments which, combined with the
external moments, act in synchronous to allow for slow
and coordinated movements of the joint. This critical
imbalance is what enables controlled human locomotion.
In the Gait Lab, only the GRF vector is measured
using force plates in synchronous with a three-dimensional reconstruction of the joints of the lower limb in
space and time. Through a process of inverse dynamic
analysis, the external moments acting on the knee are
calculated. It is assumed that each data point represents a quasi-static state in which the magnitude of
internal and external moments acting on the knee joint
are equal and the net moment is zero. This methodology, however, is only an approximation of the true
moments acting on the knee. In reality, there are several forces and moments acting on the knee that also
contribute to gait which are not measured accurately,
such as gravitational forces on the diﬀerent parts of the
lower limb, inertial contributions and passive moments. Nevertheless, in analyzing human gait in the
lab, we act on the assumption that external moments
of the GRF are a close enough approximation to the
true external moment acting on the knee. The
assumption is widely used in the ﬁeld of gait analysis
and in many studies employing these techniques.
The external moment acting on the knee in the
coronal plane, the knee adduction moment (KAM),
was shown to be abnormally elevated in medial compartment knee OA23,28 and an excellent marker for
disease severity.17,28 In addition to KAM, there are
external moments, knee ﬂexion moments (KFM) and
knee extension moments (KEM), acting on the knee in
the sagittal plane. The knee sagittal moment, created
by the net moment of the GRF in the sagittal plane, is
balanced by the moments created by the muscles acting
on the knee joint in the sagittal plane.
During the loading response phase of gait, the GRF
creates a ﬂexion moment due to its upward-posterior
direction relative to the knee. This is balanced by the
quadriceps muscle, which creates an extension moment
acting to extend the knee. Normally, the quadriceps
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moment is lower than the ﬂexion moment created by
the GRF and the quadriceps contacts eccentrically,
thus the knee undergoes ﬂexion in a gradual manner in
order to brace for the impact of the foot on the ground.
As the gait cycle progresses into the midstance phase,
the quadriceps moment predominates and contracts
concentrically, thus extending the knee.26,31
From the midstance to terminal stance phases of
gait, the GRF creates an extension moment due to its
upward-anterior direction. This is balanced by the
knee ligaments, as well as the gastrocnemius and
hamstrings muscles in faster walking, which create a
ﬂexion moment attempting to ﬂex the knee. The sum
of these moments usually results in a KEM which
allows the leg to remain straight and stable during the
second rocker of rotation at the ankle joint, when the
body’s center of mass shifts forward, and during the
push-oﬀ action of the triceps surae. The KEM is
eventually reduced by a posterior shift in the GRF
vector relative to the knee joint and the contraction of
the triceps surae in push-oﬀ. While the total GRF
vector is advanced forward, the gastrocnemius helps
ﬂex the knee and bring the GRF vector posterior to the
knee. This changes the KEM to a second KFM as the
leg leaves the ground, eventually balanced and reversed
in the swing phase of gait by the quadriceps.26,31 The
direction of the GRF vector during the gait cycle is
illustrated in Fig. 1.
Studies have shown that individuals with knee OA
have a greater KFM at loading response and a reduced
KEM at terminal stance.1,27 This may be due to elevated co-contractions of knee muscles,16 due to joint
instability9 or excessive frontal plane ‘‘pseudo-laxity’’.22,29 In these cases, the knee joint remains in
ﬂexion during most of the gait cycle and the direction
of the GRF is further posterior from the joint center of
rotation, increasing and lengthening the KFM and
reducing or eliminating the KEM. The quadriceps
muscle may be weak or functioning poorly and thus
compensates poorly for the shift in GRF.1 A weak
quadriceps will have difﬁculty sustaining prolonged
walking with higher ﬂexion moments and is one of the
reasons patients with knee OA become easily fatigued.
By adapting a gait pattern of greater external KFM,
patients may be able to increase the compressive forces
on the knee in order to avoid lateral instability and
opening of the knee joint.27 Nevertheless, without
accurate measures of the true forces across the joint, it
is difﬁcult to conﬁrm the true pathological effects of
higher KFM.
Several biomechanical interventions (i.e., wedgedinsoles) developed for knee OA have been shown to be
beneﬁcial in reducing KAM via COP manipulations at
the foot.7,30,32,33 We systematically examined one biomechanical device used in a therapy program that
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FIGURE 1. Ground reaction force acting on lower limb in the sagittal plane during gait. (a) Loading response phase of the gait
cycle. (b) Midstance phase of the gait cycle. (c) Terminal stance phase of the gait cycle.

allows for patient-speciﬁc calibration of the COP. We
documented and modeled the changes in foot COP and
GRF in both the coronal and sagittal planes, and
showed that the device can directly affect knee coronal
moments (i.e., KAM) as well as sagittal moments (i.e.,
KFM and KEM) in healthy individuals.13,14 We also
reported muscle activation changes that complemented
these ﬁndings.12
Furthermore, we modeled the eﬀects of the device
when used as therapy in knee OA patients. In a recent
prospective study, we tested the 1-year outcome of this
biomechanical intervention in a group of 25 knee OA
patients and reported that patients showed signiﬁcant
improvements over time in KAM when not wearing
the device.15 This suggested imprinting of the changes
to KAM in healthy individuals. In the present study,
we focused on and analyzed the alterations in knee
sagittal moments in these individuals. We hypothesized
that, in addition to the reduction in the coronal
moment, these patients would also show changes in the
parameters of the sagittal moment over time.

tology criteria for OA of the knee. Exclusion criteria
included any other orthopedic musculoskeletal or neurological pathology, prior knee surgery (excluding
arthroscopy), signiﬁcant co-morbidities aﬀecting the
back, hip or foot, other major systemic diseases, and the
need for walking aids to assist in ambulation. The study
was limited to one gender in order to limit biases in the
study group. Females were chosen over males because
of the higher prevalence of knee OA in females as
compared to males.
The purpose and methods of the study were explained to the subjects. All subjects gave informed
consent prior to entering the study. Subjects were asked
to refrain from using any analgesic medication for a
5-day washout period prior to the ﬁrst examination and
prior to each follow-up. Additionally, patients were
prohibited from participating in any other treatment
programs throughout the study period. The study
received IRB approval and was registered in the NIH
clinical trial registry (No. NCT00724139).
Biomechanical Intervention

METHODS
Participants
The study cohort was comprised of 25 female
patients with symptomatic bilateral medial compartment knee OA. Participants’ mean age was
62 ± 7 years; height was 1590 ± 56.54 mm; weight
was 77.27 ± 9.99 kg; KL grade was 3 ± 0.9; WOMAC
score was 4.09 ± 2.29 cm; and coronal knee alignment
was 1.52 ± 5.28 (positive values corresponded to varus
knee alignment).
Patients were allocated to the study by a senior
orthopedic surgeon. Inclusion criteria included physician-diagnosed medial knee OA for at least 6 months
and fulﬁllment of the American College of Rheuma-

The biomechanical device consists of two convexshaped rubber biomechanical elements attached to
each foot using a foot-worn platform (Fig. 2).12,15 The
elements can be shifted along the plane of the sole in
any direction. By shifting the biomechanical elements,
the device can be individually calibrated for each patient. The device is calibrated to shift the trajectory of
the foot’s COP and, thereby, the direction of the GRF
vector. The convex form of the biomechanical elements
generates perturbations applied throughout the stance
phase of the gait cycle, enabling dynamic, functional,
and repetitive training intended to improve neuromuscular control.8 During the study, the device was
applied to each foot so that two separate devices were
used in total, one on each foot, during walking.
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daily outdoor walking at the fourth week and for the
rest of the treatment period. Follow-up appointments
were scheduled after 3 months and 9 months of therapy. On arrival, a barefoot gait analysis was carried
out and the questionnaires were completed. Once
completed, patients met again with the trained physiotherapist who examined the device and recalibrated
it, where necessary. Recalibration is sometimes necessary after walking with the device over time. Patients
completed a treatment log to ensure compliance with
the training protocol.
Data Acquisition, Processing and Analysis

FIGURE 2. Biomechanical system used for motor re-education therapy. The biomechanical device (AposTherapy System) is a foot-worn platform with a specially designed sole to
which two rubber convex elements are attached. The elements can be moved in all directions along the plane of the
sole. The convex form of the biomechanical elements generates perturbations applied throughout the stance phase of the
gait cycle enabling dynamic, functional and repetitive training
intended to reeducate the neuromuscular system.

Experimental Protocol
Following enrollment to the study, patients completed a full barefoot gait analysis. In addition, participants completed the Western Ontario and
McMaster Osteoarthritis Index (WOMAC)25 and the
SF-36 health survey.20 Patients then met with a physiotherapist trained in applying the biomechanical
intervention. The device was calibrated to each patient
by a single trained physiotherapist. Calibration was
carried out in accordance with our previous ﬁndings.13,14 First, the position of the elements in the
‘‘functional neutral sagittal axis’’ was determined and
recorded. The functional neutral axis was deﬁned as
the conﬁguration in which the apparatus caused the
least valgus or varus torque at the ankle of the individual being examined. This was described in previous
studies by our group and others.3,13,14 It was determined by a set of trials in which the patient walked
with the device. The axis was taken as the conﬁguration in which the patient reported feeling no torques to
either side of her ankle. This was conﬁrmed visually by
the physiotherapist. Next, the posterior (hindfoot)
biomechanical element was shifted laterally and the
anterior (forefoot) element was shifted medially. The
magnitude of the parasagittal offset was determined by
patient feedback on pain reduction and stability.
After calibration, patients were given a treatment
protocol based on walking during activities of daily
living, starting with 10 min of indoor walking each day
during the ﬁrst week, gradually increasing to 30 min of
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Acquisition, processing, graphing and interpretation of the data were carried out in accordance with
several previous studies that analyzed the sagittal plane
kinetics in gait in this speciﬁc patient population.1,14,19,21 Three-dimensional analysis was performed using an eight-camera Vicon motion analysis
system (Oxford Metrics Ltd., Oxford UK) for kinematic data capture. GRF was recorded by two threedimensional AMTI OR6-7-1000 force plates. Kinematic and kinetic data were collected simultaneously
while the subjects walked over a 10 m walkway. Passive reﬂective markers were ﬁxed with adhesive tape to
anatomical landmarks identiﬁed by an experienced
physician. A standard marker set was used to deﬁne
joint centers and axes of rotation.18 A knee alignment
device (KAD; Motion Lab Systems Inc, Baton Rouge
LA) was utilized to estimate the three-dimensional
alignment of the knee ﬂexion axis during the static
trial. The KAD is meant to differentiate and isolate the
parameters from all three planes of the knee joint.
Cross-talk between the values in each plane in a wellknown fundamental limitation of gait analysis.
Knee joint moments in the sagittal plane were calculated using inverse dynamic analyses from the
kinematic data and force platform measurements using
the ‘PlugInGait’ model (Oxford Metrics, Oxford UK).
All analyses were performed for the more symptomatic
leg, as designated by the patient at the commencement
of the study. Joint moments were normalized for body
mass and reported in SI units (Newton meters per kg).
Data were recorded by a computer running the Vicon
Nexus program.
Six barefoot trials were collected per subject and
each analysis. Data were exported to MATLAB. The
knee sagittal moment was graphed for the stance phase
of gait, which was further segmented into phases as in
previous studies.1,19 A program was purposely written
in MATLAB software to examine the following outcome measures: spatiotemporal gait parameters, peak
KEM at initial contact, peak KFM at loading
response, peak KEM at terminal stance, duration of
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KFM at loading response, duration of KEM at terminal stance, impulse of KFM at loading response and
impulse of KEM at terminal stance.
All statistical analyses were carried out by an independent biostatistician. Mean values and standard
deviation were presented for all continuous measurements. Normality of the distributions were examined
at each exam using Kolmogorov-Smirnov tests showing that the distributions of the parameters were not
normal. Therefore, the outcomes were compared
across baseline and 3 months and 9 months of training
using non-parametric Friedman tests. All analyses
were performed using SPSS v.17. A probability of 0.05
or less was considered as statistically signiﬁcant.

RESULTS
All twenty-ﬁve patients enrolled in the study completed the training program with satisfactory compliance with the treatment protocol. Satisfactory
compliance was deﬁned as adherence of >75% to the
proposed treatment protocol, which was determined
by a patient log and follow-up telephone calls. Two
study participants had brief breaks in therapy; one had
a 4-week intermission due to plantar fasciitis and another had a 3-week intermission due to trochanteric
bursitis. Both conditions resolved spontaneously. Due
to their short breach in protocol and their satisfactory
compliance during the relatively long duration of the
study, these participants were still included in the
analysis of the results.
There were signiﬁcant improvements in the
WOMAC pain and function scores, as well as in most

of the SF-36 subscales over time (p < 0.001) (Table 1).
The SF-36 subscale of limitations due to emotional
problems and emotional well-being did not show signiﬁcant changes.
By the 3-month follow-up, all patients showed a
small but signiﬁcant increase in walking velocity of
0.07 m/s (from 1.00 ± 0.13 to 1.07 ± 0.14 m/s,
p = 0.017). The cadence increased by 5 steps/min
(from 105.54 ± 9.54 to 110.08 ± 7.59 step/min) but
was not signiﬁcant (p = 0.058). Changes in knee sagittal moments are presented in Table 2. Peak KFM at
loading response decreased signiﬁcantly with therapy
(p = 0.001). The knee ﬂexion impulse and duration of
the KFM decreased signiﬁcantly as well (p = 0.024
and p = 0.029, respectively). Figures 3a–3c illustrate
these reductions over time for the entire study cohort.
Figure 4 illustrates the changes in the knee sagittal
moments over time for the entire study cohort.

DISCUSSION
The present study aimed to examine changes in knee
sagittal kinetics in a cohort of patients with knee OA
undergoing a biomechanical therapy program. An
analysis of the knee coronal moments (i.e., KAM) has
been published previously and should be viewed in the
context of these ﬁndings.15 We previously found that
patients undergoing the biomechanical therapy program had, on average, a 13% reduction in KAM impulse (p < 0.0001), an 8.4% reduction in KAM at
loading response (p = 0.002), and a 12.7% reduction
in KAM at terminal stance (p < 0.001).15 The external
KFM during loading response changed most

TABLE 1. Clinical outcomes via self-reported subjective questionnaires.

WOMAC
Pain
Stiffness
Function
SF-36
Physical functioning
Limitation due to physical health
Limitation due to emotional problem
Energy/fatigue
Emotional well-being
Social functioning
Pain
General health

Baseline

3 months

9 months

Significance
p value

4.1 ± 2.3
5.2 ± 3.2
4.6 ± 2.2

1.7 ± 1.3
2.5 ± 2.1
2.1 ± 1.6

1.6 ± 1.5
1.6 ± 1.5
1.7 ± 1.2

<0.001
<0.001
<0.001

48.1
41.7
55.6
54.4
67.2
64.1
39.7
62.5

±
±
±
±
±
±
±
±

22.2
42.1
45.7
17.9
13.5
28.6
17.2
15.2

67.9
72.9
69.4
62.9
76.5
87.0
67.4
66.7

±
±
±
±
±
±
±
±

18.8
31.2
36.7
17.4
8.5
17.1
20.9
13.5

68.1
70.8
80.6
68.3
74.5
93.2
63.65
72.6

±
±
±
±
±
±
±
±

15
35.9
30.9
15
8.3
11.6
18.3
12

<0.001
0.005
0.09
0.004
0.25
<0.001
<0.001
0.001

Notes The WOMAC questionnaire includes 24 questions in a VAS format (0–10 scale), where each value represents the average score for
the pain/stiffness/function sub-categories. The SF-36 Health Survey was a 0–100 scale.
Mean values are presented as mean ± SD.
The p value represents the group differences at the three examination points.
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TABLE 2. Change in knee sagittal moments with motor re-education therapy.

Baseline
Peak knee extension moment at initial contact
Peak knee flexion moment at loading response
Peak knee extension moment at terminal stance
Knee flexion impulse at loading response
Knee extension impulse at terminal stance
Duration of knee flexion moment at loading response
Duration of knee extension moment at terminal stance

0.36
0.55
0.18
19.2
4.8
55.8
32.5

±
±
±
±
±
±
±

0.11
0.17
0.17
10.8
5.7
19.7
27.3

3 months
0.43
0.43
0.19
13.2
6.0
45.1
41.1

±
±
±
±
±
±
±

0.22
0.26
0.16
12.8
6.4
25.2
26.5

9 months
0.43
0.33
0.27
9.78
7.7
33.4
47.0

±
±
±
±
±
±
±

0.18
0.21
0.20
9.7
6.8
22.0
29.9

Significance
p value
0.494
0.001*
0.172
0.024*
0.137
0.029*
0.292

Notes Values are presented as Moments = Nm/Kg; Impulse = Nm/Kg * seconds; Duration = percent of gait cycle. The significance
threshold was set at 0.05.

FIGURE 3. Changes in the external knee flexion moment at loading response with motor re-education therapy from baseline to
the 3 months and 9 months follow-up points. The differences between baseline and follow-ups were significant for all three
parameters. (a) This figure illustrates the decrease in peak knee flexion moment from baseline to 3 months to 9 months. (b) This
figure illustrates the decrease in knee flexion impulse from baseline to 3 months to 9 months. (c) This figure illustrates the
decrease in duration of knee flexion moment from baseline to 3 months to 9 months.

signiﬁcantly with the biomechanical intervention. Peak
KFM, as well as the impulse and duration of KFM,
decreased signiﬁcantly with therapy at loading
response. These reductions were already evident at
3 months. Furthermore, the external peak KEM at
terminal stance increased from baseline to 9 months. A
similar trend was observed for the external KEM at
initial contact. Due to the methodology of the study,
the analysis may not have been sensitive enough to
detect the full changes in external KEM at terminal
stance. Knee OA patients are notorious for having a
low, and often non-existent, external KEM. Instead,
many patients display a high external KFM at loading
response.1,6,27 As the external KFM at loading
response decreased during the therapy period in the
study, the external KEM during terminal stance
increased. Initial values for the external KEM at terminal stance, however, could not be quantiﬁed in many
cases because they were above the value of zero and
had no peak at terminal stance. There was no data
available for the peak, impulse and duration of these
external KEMs and, therefore, changes with time were
difﬁcult to determine. For these reasons, it is possible
that the external KEM at terminal stance changed as
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much, or even more so, than the external KFM at
loading response.
In previous studies we have shown that, when worn
by healthy individuals, the device used in the present
study directly shifts the GRF vector acting at the knee.
When calibrated appropriately, the device reduces
external KAM, reduces external KFM and increases
external KEM.14 This has been shown in other biomechanical devices based on these principles.10 In a
recently published report,15 we showed that, when the
device is worn for 30 min a day over several months,
knee OA patients appear to acquire gait modiﬁcations
in the coronal plane because they demonstrated lower
external KAM values even when walking without the
device. In the present study it appears that these individuals also acquired changes in the sagittal plane because they demonstrated lower external KFMs and
higher external KEMs when not wearing the device.
External knee moments are directly related to the
magnitude of the GRF. Therefore, reductions in these
moments, such as the reduction in KFM noted in the
present study, can also be due to a reduction in gait
velocity. At lower velocities, there is less impact at
loading response and thus a smaller GRF and smaller
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FIGURE 4. Changes in the knee sagittal moments over time with motor re-education therapy.

moment. Of course, this is based on the assumption
that the lever arm of the GRF in relation to the knee
does not change. In the present study, however,
velocity increased over time, which suggests that the
reductions in external KFM and KAM are due to a
change in biomechanics rather than a slower gait.
The results of the self-evaluative questionnaires support the biomechanical ﬁndings of the present study. By
reducing the magnitude and duration of the KFM, we
assume that we also decrease the force of quadriceps
muscle on the knee joint and the magnitude and duration of knee joint loading. Ideally, this means that
quadriceps muscle activity was strengthened, walking
coordination and eﬃciency were improved, and the
joint pathology was reduced. These goals of the study
are supported by the self-evaluative questionnaires that
showed signiﬁcant improvements in pain, stiﬀness,
function and quality-of-life measures. The magnitude of
improvement in the level of pain and function corresponded with the clinical response to treatment,
according the OARSI-OMERACT criteria.24 Nevertheless, the true changes at the knee due to lower
external KFM can also not be determined by the present study, as this would require an ability to determine
the real-time changes at the joint during gait.
There are several limitations to the present study.
Firstly, the results of the study are based on the
assumption that patients with OA of the knee have
higher KFMs and lower KEMs, which have been
illustrated by several previous studies. However, the

study’s evaluation of the present therapy as a clinical
tool for knee OA is limited by the fact that there was
no control group. It would be interesting to compare
the results of the study to changes in knee sagittal
moments in patients with knee OA treated with just
simple walking exercises only. This would allow
researchers to determine if the improvements observed
in our study resulted directly from the biomechanical
therapy, and, if so, whether these improvements are
clinically signiﬁcant. Nevertheless, considering that
past studies have shown that there are relatively minor
changes in the gait patterns of knee OA patients over
just 9 months without any intervention, we believe that
the sizeable change in variables (i.e., a 40% change in
KFM) seen after 9 months of intervention are of
clinical signiﬁcance. This is further supported by the
major improvements in patients’ subjective outcome
scores. Secondly, since the study group was limited to
females, the interpretation of the results is limited to
this gender only. Females and males with knee OA
have some diﬀerences in gait patterns and the eﬀect of
the therapy in male patients with knee OA should be
determined in future studies. Additionally, the true
changes in the magnitude of the external KFM cannot
be determined in the present study design. Due to the
nature of the biomechanical analysis, there could be
cross-talk between the various moments about the
knee, speciﬁcally between the coronal and sagittal
moments. Thus, while we witnessed a reduction in both
in this cohort, it is diﬃcult to tell which had a greater
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reduction. This is a known fundamental limitation of
three-dimensional gait analysis.
The present study illustrates for researchers and
clinicians that the knee sagittal moments in knee OA
may be able to be adjusted via biomechanical motor
therapies. This should be considered when treating and
developing new tools for improving the function of
knee OA patients. The study also demonstrates the
potential of biomechanical interventions that combine
pain reduction with motor training. Future studies
should examine these therapies in other contexts and in
other patient populations with pathological gait patterns, such as patients after total knee arthroplasty.
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Abstract
Aim: To examine the effect of a novel biomechanical, home-based, gait training device on gait patterns of obese
individuals with knee OA.
Methods: This was a retrospective analysis of 105 (32 males, 73 females) obese (body mass index > 30 kg/
m2) subjects with knee OA who completed a 12-month program using a biomechanical gait training device
and performing specified exercises. They underwent a computerized gait test to characterize spatiotemporal
parameters, and completed the Western Ontario and McMaster Osteoarthritis Index (WOMAC) questionnaire
and Short Form-36 (SF-36) Health Survey. They were then fitted with biomechanical gait training devices
and began a home-based exercise program. Gait patterns and clinical symptoms were assessed after 3 and
12 months of therapy.
Results: Each gait parameter improved significantly at 3 months and more so at 12 months (P = 0.03 overall).
Gait velocity increased by 11.8% and by 16.1%, respectively. Single limb support of the more symptomatic knee
increased by 2.5% and by 3.6%, respectively. There was a significant reduction in pain, stiffness and functional
limitation at 3 months (P < 0.001 for each) that further improved at 12 months. Pain decreased by 34.7% and
by 45.7%, respectively. Functional limitation decreased by 35.0% and by 44.7%, respectively. Both the Physical
and Mental Scales of the SF-36 increased significantly (P < 0.001) at 3 months and more so following
12 months.
Conclusions: Obese subjects with knee OA who complied with a home-based exercise program using a biomechanical gait training device demonstrated a significant improvement in gait patterns and clinical symptoms
after 3 months, followed by an additional improvement after 12 months.
Key words: biomechanical device, function, gait, knee osteoarthritis, pain.

INTRODUCTION
Knee osteoarthritis (OA) is a common disease caused
by multiple factors. It is well established that obesity is
strongly linked to knee OA and is considered a risk factor for both incidence and progression.1,2 Obese peoCorrespondence: Dr Omri Lubovsky, Department of Orthopedic
Surgery, Barzilay Medical Center, Hahistadrout St 2, Ashkelon
78278, Israel. Email: omrilu@gmail.com

ple (body mass index [BMI] > 30 kg/m2) are at a 4.2–
6.8 times higher risk of developing knee OA than
matched normal weight controls.3,4 Ettinger et al.
examined the effects of comorbid diseases on disability
and found that knee OA and obesity were each significantly associated with poorer physical function, with
odds ratios of 4.3 and 1.7, respectively. When obesity
was combined with knee OA, the odds ratio increased
to 9.8.4
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The gait patterns of obese people have been well
characterized.5–9 Those with knee OA tend to walk
slower, have shorter step length, lower cadence and single-limb support (SLS).6,8 Lower SLS values indicate
that patients have difficulty in bearing body weight on
the arthritic knee while the contralateral limb swings
forward. They also demonstrate higher knee adduction
moment, a feature that has been linked to the severity
of knee OA.10 Excessive mechanical loading has been
implicated in the progression of knee OA.11 Potentially
increased cumulative load in obese subjects and the fact
that they spend a greater proportion of the gait cycle in
stance phase during which the greatest loading occurs,
contribute to the development of OA.
A recent review and meta-analysis by Christensen
et al.12 examined the effect of weight reduction in obese
patients diagnosed as having knee OA. They found that
disability could be significantly improved when weight
was reduced by 5.1% of body weight within a 20-week
period, or at the rate of > 0.24% of body weight reduction per week. However, individuals with knee OA are
less active due to pain and physical limitation. It is,
therefore, often difficult for them to comply with an
exercise program.
Several biomechanical treatments for knee OA have
emerged with the goal of reducing pain, improving
function and halting disease progression.13–16 These
treatments aim to unload the diseased articular surface
by using wedged insoles, foot orthoses, special shoes or
valgus braces. Other treatments have been designed to
modify neuromuscular patterns, with a specific goal of
improving gait patterns. One biomechanical device and
therapy (AposTherapy) that has received attention in
recent years is thought to both unload the diseased
articular surface, as well as train neuromuscular control
(Fig. 1). The aim of this study was to examine the effect
of this unique biomechanical gait-training device on
gait patterns of obese individuals with knee OA.

METHODS
Study design and population
This was a retrospective study based on the information
retrieved from the database of one AposTherapy center.
Individuals are referred to this treatment by general
practitioners and orthopedic surgeons from general
community medical care services. The study protocol
was approved by the Helsinki Committee Registry of
Assaf Harofeh Medical Center (Helsinki registration
number 141/08 and NIH clinical trial registration number NCT00767780). Inclusion criteria were: diagnosis
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(b)
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Figure 1 The biomechanical device and its elements. (a) Biomechanical device comprising of two individually calibrated
elements and a foot-worn platform. The elements are attached
to under the hindfoot and forefoot regions of the platform.
(b) The biomechanical elements are available in different
degrees of convexity and resilience. (c) The specially designed
sole of the platform includes two mounting rails and a positioning matrix to enable flexible positioning of each biomechanical element.

of symptomatic bilateral knee OA of the medial compartment for at least 6 months, fulfilling the American
College of Rheumatology clinical criteria for OA of the
knee,17 a body mass index (BMI) > 30 kg/m2, having
undergone a gait test and having completed questionnaires at baseline and after 3 and 12 months of therapy.
Exclusion criteria were acute septic or inflammatory
arthritis, corticosteroid injection within 3 months of
study entry, avascular necrosis of the knee, history of
knee buckling or recent knee injury, joint replacement,
neuropathic arthropathy, history of pathological osteoporotic fracture, and/or symptomatic degenerative
arthritis in lower limb joints other than the knees. Also
excluded were individuals known to have diabetes,
major cardiac conditions, pulmonary diseases and any
other pathology that precludes their carrying out the
required exercises.

Intervention
The biomechanical device and treatment methodology
have been previously described in depth.18–23 The biomechanical device was individually calibrated for each
study participant according to his/her motion characteristics and symptoms.24,25 All subjects were asked to follow an exercise protocol given to them by a certified
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physiotherapist. The protocol was similar to the one
reported by Drexler et al.18 In summary, treatment was
initiated after first calibration of the biomechanical
device and continued on a daily basis for a period of
12 months. Patients were instructed to put on the biomechanical device and continue with the daily activity
for 10 min once a day during the first week, and gradually increase to 90 min once a day at 12 weeks and for
the rest of the treatment period. Patients returned for a
follow-up examination after 3–4 weeks, 3, 6, 9 and
12 months from the initial consultation. If necessary,
the Apos system was recalibrated. The patient then continued with the therapy in his or her personal environment according to the physiotherapist’s instructions.

Measurements
The Western Ontario and McMaster Osteoarthritis
Index (WOMAC) questionnaire and Short Form-36 (SF36) Health Survey were used to evaluate changes in
pain, function and quality of life (QoL) perception. The
WOMAC questionnaire contains 24 visual analogue
scale (VAS) questions. Results range from 0 to 100 mm,
in which 0 mm indicates no pain or no limitation in
function, and 100 mm indicates the most severe pain
or highly limited function.26 The SF-36 contains 36 Likert scale questions, scored between 0 and 100, with 0
indicating the worst QoL and 100 indicating the best
QoL.27
The GaitMat system (E.Q., Inc. Chalfont, PA, USA)
was used to measure spatiotemporal parameters.28
During the gait test, all subjects walked barefoot at a
self-selected speed. They walked 3 m before and after
stepping onto the walkway mat to allow sufficient acceleration and deceleration time outside the measurement
area. Each gait test included four walking episodes
mean value of which was calculated for each parameter.
The following gait parameters were recorded and calculated: velocity (cm/s), step length (cm), cadence (steps/
min), base of support (cm), stance phase (% gait cycle,
GC) and SLS phase (% GC).
Patients were evaluated pre-treatment and after 3 and
12 months of therapy. They were contacted by telephone after 2 weeks of treatment onset to verify compliance with the program.

Statistical analysis
Data were analyzed with IBM SPSS Statistics for Windows, Version 21.0. (IBM Corp, Armonk, NY, USA) and
were presented as frequencies and percentages for baseline characteristics (categorical variables) and as means
and standard deviations for all gait spatiotemporal
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parameters and self-evaluation questionnaires. The distributions of the variables in the study were examined
using the Kolmogorov–Smirnov non-parametric test.
The correlation between BMI levels and the rates of
improvement (the difference between the results at
baseline and following 12 months of therapy) were calculated using Spearman nonparametric correlations.
The GLM Repeated Measures procedures were used to
provide an analysis of variance for gait parameters and
self-evaluation questionnaires when each subject underwent the same measurement three times. Furthermore,
differences within gender and BMI subgroups were also
evaluated with the GLM Repeated Measures procedure
to demonstrate the differences in time and the interaction of the differences and the groups over time. The
significance level was set at 0.05.

RESULTS
Between April 2009 and December 2012, 105 subjects
(32 males and 73 females) met the inclusion criteria
and were recruited into the study. Their mean (SD) age
was 65.6 years (7.9 years) and their mean (SD) BMI
was 35.0 kg/m2 (4.1 kg/m2). The study participants’
characteristics are summarized in Table 1.
There were significant improvements in gait pattern
in all parameters when measured at 3 months
(P = 0.03 overall). These improvements further
improved following 12 months of therapy. However,
the improvements in the 3-month scores and the 12month scores did not reach a level of significance. Gait
velocity increased by 11.8% following 3 months of
therapy and by an additional 4.3% at 12 months. The
more symptomatic SLS, defined by the patients as the
limb with worse symptoms, increased by 2.5% following 3 months of therapy and further improved by an
additional 1.1% after 12 months. All gait parameter
changes are summarized in Table 2.
There was a significant reduction in pain, stiffness
and functional limitation after 3 months of therapy
(P = 0.001) with an additional improvement following
Table 1 Study participants’ characteristics (N = 105)

Male/female, n (%)
Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)

Mean (SD)

Range

32/73 (27%/73%)
65.6 (7.9)
162.1 (9.3)
92.4 (15.7)
35.0 (4.1)

46–80
140–186
67–140
30.0–46.2

BMI, body mass index.
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Table 2 Changes in gait pattern following 3 and 12 months of therapy

Velocity (cm/s)
Cadence (steps/min)
MS step length (cm)
LS step length (cm)
BOS (cm)
MS stance (% GC)
LS stance (% GC)
MS SLS (% GC)
LS SLS (% GC)

Baseline (SD)
[95% CI]

3 months (SD)
[95% CI]

12 months (SD)
[95% CI]

84.0 (17.8) [80.7–87.2]
67.3 (7.6) [65.9–68.7]
49.4 (6.9) [48.2–50.7]
50.0 (7.7) [48.6–51.4]
7.1 (2.8) [6.6–7.6]
63.4 (2.6) [62.9–63.9]
64.0 (2.6) [63.5–64.4]
36.1 (2.6) [35.6–36.6]
36.6 (2.5) [36.2–37.1]

93.9 (18.0) [90.7–97.2]
71.2 (6.6) [70.0–72.5]
52.5 (7.1) [51.2–53.8]
52.7 (7.9) [51.2–54.1]
6.7 (2.9) [6.2–7.2]
62.7 (2.1) [62.3–63.1]
63.1 (2.0) [62.7–63.5]
37.0 (2.0) [36.6–37.4]
37.3 (2.1) [36.9–37.7]

97.9 (20.0) [94.2–101.5]
72.9 (7.1) [71.6–74.2]
53.3 (7.6) [51.9–54.7]
53.6 (8.4) [52.0–55.1]
6.6 (2.9) [6.0–7.1]
62.5 (2.7) [62.1–62.9]
62.7 (2.3) [62.2–63.1]
37.4 (2.3) [37.0–37.9]
37.6 (2.3) [37.1–38.0]

P-value†
Baseline vs.
3 months

P-value†
Baseline vs.
12 months

<
<
<
<

<
<
<
<

<
<
<
<

0.001
0.001
0.001
0.001
0.031
0.001
0.001
0.001
0.001

<
<
<
<

0.001
0.001
0.001
0.001
0.009
0.001
0.001
0.001
0.001

†Significance was set at P < 0.05. BOS, base of support; GC, gait cycle; LS, less symptomatic; MS, more symptomatic; SLS, single-limb support.

12 months of therapy (Fig. 2). Pain decreased by
17.2 mm corresponding to a 34.7% reduction following 3 months of therapy and further decreased by
3.2 mm corresponding to an additional 11.0% reduction after 12 months. The overall pain level (i.e., from
baseline to the end of 12 months of therapy) decreased
by 45.7%. Functional limitation decreased by 17.8 mm
corresponding to a 35.0% reduction following 3
months of therapy and further decreased by an additional 3.2 mm corresponding to a 9.7% reduction after
12 months. The overall functional limitation decreased

Figure 2 Changes in the Western Ontario and McMaster
Osteoarthritis Index (WOMAC) after 3 and 12 months of therapy. VAS, visual analogue scale.
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by 44.7%. Stiffness decreased by 14.1 mm corresponding to a 29.7% reduction following 3 months of therapy and further decreased by an additional 2.9 mm
corresponding to an 8.7% reduction at 12 months. The
improvements met the Outcome Measures in Rheumatology – Osteoarthritis Research Society International
(OMERACT – OARSI) guidelines for the minimum
improvement threshold that would have an actual clinical impact on the patient.29
Table 3 summarizes the changes in SF-36 subcategories following 12 months of therapy. Both the Physical
Scale and Mental Scale increased significantly following
3 months of therapy (P = 0.001) and further increased
following 12 months of therapy.
The mean (SD) baseline BMI for men was 34.6 kg/
m2 (4.0 kg/m2) compared to 35.2 kg/m2 (4.2 kg/m2)
for women. Unfortunately, these values at the end of
the 12-month course of therapy were not available.
There were significant differences between genders in
the levels of pain and functional limitation, with the
women reporting higher levels of pain and functional
limitations compared to the men. Both genders had a
significant reduction in pain and improvement in function following 12 months of therapy.
The correlations between baseline BMI levels and the
rates of improvement in all gait parameters (as
expressed by the difference between the results at
baseline and following 12 months of therapy) were calculated and revealed no significant correlations between
them or between them and the WOMAC subscales
and SF-36 subscales. Dividing the study population
into two BMI groups according to the median
(BMI = 35.0 kg/m2) yielded no significant differences
in the improvement rates of both groups in all gait
parameters. However, in the WOMAC subscales and SF-
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Table 3 Change in SF-36 subscales and Physical summary score and Mental summary score following 3 and 12 months of
therapy
SF-36 (0–100)

Physical functioning
Pain
Limitation due to
physical health
Energy/fatigue
Emotional well-being
Limitation due to
emotional health
Social functioning
General health
Physical scale
Mental scale

Baseline (SD)
[95% CI]

3 months (SD)
[95% CI]

12 months (SD)
[95% CI]

P-value†
Baseline vs.
3 months

P-value†
Baseline vs.
12 months

43.6 (19.0) [40.1–47.1]
35.2 (22.4) [31.1–39.3]
31.6 (35.0) [25.2–38.0]

48.0 (18.9) [44.5–51.5]
53.0 (21.0) [49.1–56.8]
42.7 (38.1) [35.8–49.7]

50.9 (21.1) [47.0–54.8]
54.9 (22.3) [50.8–58.9]
45.7 (37.3) [38.9–52.6]

0.003
< 0.001
0.001

< 0.001
< 0.001
< 0.001

49.6 (18.0) [46.3–52.9]
65.8 (17.3) [62.6–68.9]
50.1 (42.4) [42.4–57.9]

55.3 (16.2) [52.3–58.2]
71.6 (14.5) [68.9–74.3]
57.3 (40.3) [49.9–64.6]

56.5 (18.3) [53.1–59.8]
73.6 (16.2) [70.6–76.6]
55.3 (41.8) [47.6–62.9]

0.001
< 0.001
0.087

< 0.001
< 0.001
0.257

64.4 (25.7) [59.7–69.1]
54.3 (15.3) [51.5–57.1]
42.9 (16.3) [39.9–45.8]
56.8 (18.1) [53.5–60.1]

71.8 (23.7) [67.4–76.1]
61.0 (17.1) [57.9–64.2]
52.0 (16.9) [48.9–55.1]
63.4 (17.5) [60.2–66.6]

76.4 (21.6) [72.4–80.4]
63.6 (15.8) [60.7–66.5]
54.3 (18.3) [50.9–57.7]
65.1 (18.2) [61.7–68.4]

0.006
< 0.001
< 0.001
< 0.001

<
<
<
<

0.001
0.001
0.001
0.001

†Significance was set at P < 0.05.

36 subscales there were differences in WOMAC-pain,
WOMAC-function, SF-36 role limitation due to emotional health and SF-36 social functioning scores, where
subjects with a baseline BMI < 35 kg/m2 improved to a
greater extent than subjects with a baseline BMI
> 35 kg/m2 following 12 months of therapy.

DISCUSSION
Obesity is an important risk factor for knee OA.30–34
Obese individuals with knee OA tend to walk slower,
have a shorter step length, lower cadence and SLS.5,8
Lower SLS values indicate that patients have difficulty
in bearing body weight on the arthritic knee while the
contralateral limb swings forward. They also demonstrate a higher knee adduction moment that has been
linked to the severity of knee OA.10 Excessive mechanical loading has been implicated as being a contributing
factor in the progression of knee OA.11 Potentially
increased cumulative load in obese subjects and the fact
that they spend a greater than normal proportion of the
gait cycle in stance phase, where the greatest loading
occurs, may also contribute to the development of OA.
This study was designed to examine the effect of a
novel biomechanical treatment on gait pattern and
symptoms of pain, function and QoL in obese individuals diagnosed as having knee OA. The results showed
that they can significantly improve their gait parameters, including increasing gait velocity, step length,
cadence and SLS, and reduce their stance phase
and base of support, all indicating an improved gait
pattern. These improvements were accompanied by
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self-reported improved symptoms of pain, function and
QoL. The improvements in pain and function corresponded to the OMERACT – OARSI world guidelines
for clinical significance.29
Weight loss may be the best way to improve knee OA
symptoms for obese people with knee OA. The European League Against Rheumatism (EULAR) strongly
encourages them to lose weight in order to reduce
loads, relieve pain and improve function and mobility.35–37 However, they tend to have difficulties in
embarking on weight loss programs and those who try
usually fail to comply.38 It may very well be that the
alleviation of their symptoms while wearing the device
allowed the study participants to increase their level of
activity gradually for reaching the goals set by EULAR.

Strengths and limitations of the study
The main strength of the current study is the improvement in pain, function, QoL and gait pattern following
treatment with this non-invasive biomechanical treatment. Patients were able to exercise with the device on
a daily basis while training the neuromuscular control
and gaining new motor pattern. One limitation of this
study is the absence of a control group. Ideally, a control group should include obese individuals with knee
OA who participate in a similar exercise program but
without the biomechanical device. Another limitation
is the difficulty in determining the actual source of
improvement. A recent review and meta-analysis by
Christensen et al.12 examined the effect of weight reduction in obese individuals diagnosed as having knee OA.
Those authors found that the level of disability could
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be significantly improved when the subject’s weight was
reduced by over 5.1%. Since we did not monitor our
study participants’ weight following treatment, we cannot determine whether (or to what extent) the improvements we documented in gait pattern, pain and
function are due to weight reduction or something else,
such as their acquisition of new motor patterns. Future
studies should monitor changes in weight following
this treatment and include a BMI- and gender-matched
control group. Furthermore, researchers should be careful in generalizing the results of the current study to the
general population, as this study did not have a control
group. Future studies should compare this treatment
with a control group and also include BMI monitoring
throughout the study.

CONCLUSIONS
Adverse loading during locomotion may have been an
initiator in the harmful cycle of obesity and knee OA,
but current biomechanical strategies may be able to prevent further damage or disease progression. The study
participants reported relief in pain and showed significant improvement in gait pattern after following the
combined device and exercise program for 12 months.
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a b s t r a c t
Background: The purpose of the study was to investigate the changes in gait patterns and clinical
measurements following treatment with a novel biomechanical device on patients with knee osteoarthritis.
Methods: Forty six patients with bilateral knee osteoarthritis were analyzed. Patients completed a gait test,
Western Ontario and McMaster Osteoarthritis Index (WOMAC) questionnaire and SF-36 Health Survey at
baseline and after 12 weeks. The biomechanical device was individually calibrated to each patient at baseline
to allow training under reduced pain.
Findings: Gait velocity, step length and single limb support improved signiﬁcantly and toe out angle
decreased signiﬁcantly (10%, 6%, 1% and 2%, respectively). WOMAC-Pain and WOMAC-Function signiﬁcantly
decreased (26% and 34%, respectively), and SF-36 score signiﬁcantly increased following the 12 weeks of
treatment.
Interpretation: Our results suggest an overall improvement in the gait patterns, level of pain and level of
function of patients with knee osteoarthritis following 12 weeks of treatment with the novel biomechanical
device.
The study is registered at clinicaltrials.gov, identiﬁer NCT00767780, http://www.clinicaltrials.gov/ct/show/
NCT00767780.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Osteoarthritis (OA) is the most prevalent form of arthritis in the
elderly. It is estimated that 7% of men and 11% of women over the age
of 65 have knee OA (Felson et al., 1987) Common symptoms include
joint stiffness, tenderness, crepitus, joint enlargement, deformity,
muscle weakness, limited motion, and impaired proprioception. The
most signiﬁcant symptoms of the disease are pain and functional
disability (Katz, 2001; Felson and Zhang, 1998). Today, the management of knee OA focuses on reducing the levels of pain and functional
limitation.
The main focus in the conservative, non-pharmacological management of these symptoms has been the lower limb musculature.
Researchers believe that the muscles surrounding the knees may act
as a potential protective mechanism of reducing loads and compressive forces on soft tissues and weight-bearing joints (Bennell et al.,
2008). A common aspect of knee OA is poor muscle function with
muscle weakness (Messier et al., 1992). Muscle weakness has been
identiﬁed as a potential risk factor for the development and

⁎ Corresponding author.
E-mail address: debbi.ronen@gmail.com (R. Debi).

progression of knee OA and is a widely accepted impairment in
knee OA (Slemenda et al., 1997). The decrease in muscle strength
causes the external load to be carried out by the knee joint (Slemenda
et al., 1997). A speciﬁc aspect of muscle function that has been focused
on in recent years is proprioception and neuromuscular control.
Proprioceptive afferent information is essential to the coordinated
activity of the muscles surrounding the knee and to the dynamic joint
stability (Johansson et al., 2000). Studies have established that
patients with knee OA demonstrate deﬁcits in knee joint proprioception compared to healthy age-matched individuals (Koralewicz and
Engh, 2000). This proprioceptive deﬁcit contributes to functional
instability that can ultimately lead to further microtrauma and reinjury (Lephart et al., 1997).
Studies have shown that specially designed functional knee braces
can decrease pain and improve measures of function in patients with
varus knee OA (Hewett et al., 1998; Lindenfeld et al., 1997). They can
also improve proprioception and postural control (Birmingham et al.,
2001), however, there is no evidence of new motor learning post use.
Haim et al. have recently investigated a novel therapy using a footworn biomechanical device (Haim et al., 2008). The therapy includes
daily exercise with the device, according to an exercise program that
is carried out in the patient's own environment (i.e. home/work). This
device is a foot-worn platform with two adjustable convex rubber

0268-0033/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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elements attached to its base. Through adjustment of the elements,
the device is capable of changing the patient's center of pressure
during walking. Through this it can shift the direction of the force
vector, hence change the magnitude of external moments acting on
the knee joints. One of these is the knee adduction moment. It can be
postulated that such a device would have beneﬁts for patients with
knee OA speciﬁcally since most of these patients suffer from high knee
adduction moment (Kaufman et al., 2001). In addition, the convex
design of the two elements causes a reduction in the base of support of
the patient thereby creating minor perturbations during walking that
may challenge the neuromuscular control. This type of exercise is
recommended for the management of patients with knee OA
(Fitzgerald, 2002).
In a recent study, Elbaz et al. reported that the device improved
gait patterns in patients with chronic non-speciﬁc low back pain.
Speciﬁcally, after 3 months of therapy, the device improved gait
velocity, step length, cadence and single limb support parameters of
gait (Elbaz et al., 2009). It is known that patients with knee OA
demonstrate different gait patterns compared to their matched
controls (Kaufman et al., 2001; McKean et al., 2007). Therefore, the
purpose of this study was to investigate the changes in gait patterns
and the clinical beneﬁts of treatment with the new biomechanical
device for patients with knee OA.
2. Methods
2.1. Participants
A retrospective analysis examined the effect of treatment with the
biomechanical device on the gait characteristics, level of pain, level of
function, and quality of life perception of patients suffering from knee
OA. Forty six patients participated in the study. Mean age (SD) was
62.5 (7.7) years, mean height (SD) was 1.61 (0.7) m, mean weight
(SD) was 83.3 (15.9) kg, and mean BMI (SD) was 32.1 (5.8) kg/m2. The
protocol was approved by the Institutional Helsinki Committee
Registry (Helsinki registration number 141/08 and NIH clinical trial
registration number NCT00767780). A search for eligible data was
performed on the research database of APOS Therapy Center.
Eligibility to the study was deﬁned as follows:
1. Patients suffering from symptomatic bilateral knee OA at the
medial compartment for at least six months, fulﬁlling the ACR
clinical criteria for OA of the knee (Altman et al., 1986), and having
radiographically assessed OA of the knee according to the Kellgren
and Lawrence scale (Kellgren and Lawrence, 1963). Patients that
have completed a gait test, Western Ontario and McMaster
Osteoarthritis Index (WOMAC) questionnaire, and SF-36 Health
Survey at baseline and after 12 weeks of treatments.
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shaped biomechanical elements attached to each foot. One is located
under the hindfoot region and the other is located under the forefoot
region. The elements are attached to the subject's foot via a platform
in the form of a shoe. The platform is equipped with a specially
designed sole that consists of two mounting rails that enable ﬂexible
positioning of each element under each region. Each element can be
individually calibrated to induce speciﬁc biomechanical challenges in
multiple planes (Fig. 1).
2.3. Gait analysis
A computerized mat was used to measure gait spatio-temporal
parameters (GAITRite® system, CIR Systems Inc. Peekskill, NY, USA).
Several studies have tested the validity and reliability of a relatively
new computerized mat (GAITRite system) and reported its validity
and reliability to be good to excellent in healthy young and adult
populations (Menz et al., 2004; Van Uden and Besser, 2004). During
the gait test, all patients walked barefoot at a self-selected speed.
Patients walked 3 m before and after the walkway mat to allow
sufﬁcient acceleration and deceleration time outside the measurement area. Each gait test included 6 walks and the mean value of the 6
walks was calculated for each parameter.
The following spatio-temporal parameters were evaluated in each
gait test: 1. Velocity (m/s); 2. Step length (m); 3. Cadence (steps/
min); 4. Stance phase (% Gait cycle); 5. Single limb support (SLS)
phase (% Gait cycle); 6. Foot placement/toe out angle (deg).We chose
to examine velocity since it is a basic parameter of gait that is often
correlated with pathological gait changes. Step length and cadence
were chosen since they directly relate to velocity (Velocity = Step
length × Cadence). Single limb support was chosen since it represents
the amount of time a person stands on one foot while the contralateral limb swings forward. This signiﬁes the extent of a patient's
limp, which is a common gait change in knee OA (Kaufman et al.,
2001; McKean et al., 2007). Stance phase was chosen since it is
associated with SLS. Foot placement angle was chosen since it was
found to be associated with changes in knee adduction moment
(Andrews et al., 1996; Chang et al., 2007). An improvement in any of
these parameters was considered an improvement in gait. We
considered the change to be clinically signiﬁcant as long as it was
accompanied by an improvement in the WOMAC Index that qualiﬁed

Exclusion criteria included the following: 1. Acute septic arthritis;
2. Inﬂammatory arthritis; 3. Corticosteroid injection within 3 months
of the study; 4. Avascular necrosis of the knee; 5. History of knee
buckling or recent knee injury; 6. Joint replacement; 7. Neuropathic
arthropathy; 8. Increased tendency to fall; 9. Lack of physical or
mental ability to perform or comply with the study procedure; 10.
History of pathological osteoporotic fracture; and 11. Symptomatic
degenerative arthritis in lower limb joints other than the knees. The
head researcher used these criteria to determine the inclusion or
exclusion of patients from the existing database.
2.2. Treatment device
A novel biomechanical device comprised of four modular elements
attached to foot-worn platforms was used in the study as a treatment
device (All Phases of Step-cycle (APOS) system, APOS—Medical and
Sports Technologies Ltd. Herzliya, Israel). The modules are two convex
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Fig. 1. The biomechanical device. A) Biomechanical device comprising of two
individually calibrated elements and a foot-worn platform which they are attached
to under the hindfoot and forefoot regions. B) Biomechanical elements are available in
different degrees of convexity and resilience. C) Height versatile base with 0.25 mm
increments. D) Specially designed sole includes two mounting rails and positioning
matrix to enable ﬂexible positioning of each biomechanical element.
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under the Outcome Measures in Rheumatology Clinical Trials
(OMERACT) guidelines for clinical improvement.
2.4. Pain, function and quality of life analysis
To examine changes in pain, function and quality of life perception
the Western Ontario and McMaster Osteoarthritis Index (WOMAC)
questionnaire and SF-36 Health Survey were evaluated. The WOMAC
questionnaire is a visual analogue scale (VAS) ranging from 0 to
10 cm, which 0 cm indicating no pain or limitation in function and
10 cm indicating the most severe pain or limitation in function. The
SF-36 is scored between 0 and 100, with 0 indicating the worst quality
of life and 100 indicating the best quality.

12 weeks were evaluated using Wilcoxon non-parametric tests. We
further conducted a sensitivity of the differences in SLS and SF-36 over
time in sub-groups of BMI and age. BMI and age were divided each
into two groups based on the median values of our population
(60 years for age and 30.1 kg/m2 for BMI). These analyses present the
effect of the device in different sub-groups.
The signiﬁcance levels were set at P b 0.05. The criteria for clinical
response to a treatment were deﬁned by the Outcome Measures in
Rheumatology Clinical Trials (OMERACT) and Osteoarthritis Research
Society International (OARSI). They were either an improvement in
pain or in function of at least 50% with a decrease of 2 cm on the visual
analogue-scale for pain or function, or an improvement in both pain
and function of at least 20% with a decrease of 1 cm on the VAS (Pham
et al., 2004).

2.5. Study protocol
3. Results
Prior to their ﬁrst and second examinations, patients were
instructed not to consume pain medication for at least 72 h in order
to eliminate the effect of these medications of the patient's pain levels
and gait patterns. Anthropometric measurements were drawn from
the medical ﬁle of the patients. All patients underwent a gait test on
the computerized mat and completed the WOMAC questionnaire and
the SF-36 health survey during their ﬁrst visit to the therapy center.
Patients were reevaluated after 12 weeks of treatment.
After the completion of the baseline measurements, the biomechanical device was individually calibrated to each patient by a
physiotherapist certiﬁed in the APOS treatment methodology. The
principle of calibration is to bring each patient's joint to a position that
allows for diminished pain while walking. In knee OA medial
compartment deformity, as was the case for all our patients, the
element under the hindfoot is shifted laterally from the baseline
position. This shifts the COP in the foot laterally, thereby reducing the
magnitude of the adduction moment acting on the knee joint. This is
done until the patient reports minimal pain during initial contact. The
element under the forefoot is shifted medially from the baseline
position until the patient reports minimal pain during mid-stance to
toe-off. Once the desired alignment is achieved, the patient should
report immediate pain relief while walking. This theory of calibration
is based on the work of Haim et al. These ﬁndings show that shifting
the hindfoot element of the APOS device laterally from the neutral
position and shifting the forefoot element medially from the neutral
position will reduce knee adduction forces (Haim et al., 2008). These
forces are often seen in patients with knee OA and may be the main
cause of pain and disability (Kaufman et al., 2001). At the end of
calibration each patient's device was calibrated to a different position
depending on the extent of his or her symptoms. All patients received
exercise instructions and began the therapy the day after the ﬁrst visit
to the therapy center.
Treatment was then initiated and continued on a daily basis for a
period of 12 weeks. Patients were instructed to put on the APOS
device and go about their ADL for 10 min once a day during the ﬁrst
week and gradually increase to 30 min once a day at the fourth week
and for the rest of the treatment period. After 12 weeks of treatment,
patients underwent a second gait test and completed the WOMAC
questionnaire and SF-36 Health Survey.
2.6. Statistical analysis
Data were analyzed with SPSS statistics software, version 17.0.
(SPSS Inc. Headquarters, 233S. Wacker Drive, 11th ﬂoor Chicago,
Illinois 60606, USA). Non-parametric Kolmogorov–Smirnov tests
were conducted to assess the normal distribution hypothesis for the
spatio-temporal gait parameters. A paired t-test was conducted to
examine the changes in spatio-temporal parameters (all had normal
distribution according to the Kolmogorov–Smirnov tests) following
12 weeks of APOS therapy. Changes in WOMAC and SF-36 scales after

Baseline characteristics of gait measurements and questionnaire
results are presented in Tables 1 and 2. There were no reports of
imbalance, tripping or other physical problems during the study
period. All patients complied completely with the treatment protocol.
Compliance was veriﬁed at several points during the study. After the
ﬁrst week and second week of treatment all patients received a
telephone call to verify compliance. In addition when they arrived at
the therapy center the physiotherapist also veriﬁed the patient's
compliance to the treatment.
A signiﬁcant increase was found in gait velocity and step length after
12 weeks of treatment with the biomechanical device. Summarized
results of the spatio-temporal parameters are presented in Table 1.
The gait pattern data was also used to compare the differences
between limbs at baseline and after 12 weeks. Signiﬁcant differences
were found in the toe out angles between limbs in both sessions. At
baseline the toe out angle for the more affected knee and the less
affected knee were 7.0° and 9.3°, respectively (P b 0.001), and at the
12 week endpoint the toe out angle for the more affected knee and the
less affected knee were 5.8° and 8.3°, respectively (P b 0.001). No
signiﬁcant differences were found between limbs in step length,
stance phase and SLS phase at baseline and at the 12 week endpoint.
Nevertheless, the differences at baseline between limbs in these
parameters were noticeably greater than the differences at the
12 week endpoint.
After the 12 week treatment period, the WOMAC-pain and
WOMAC-function subscales were signiﬁcantly lower. Pain decreased
by 26% (P = 0.007) and function improved by 34% (P ≤ 0.001). Five of
the eight categories of the SF-36 health survey signiﬁcantly improved
after 12 weeks of treatment. These included the physical function,
Table 1
Spatio-temporal parameter changes in patients with knee OA following 12 weeks of
APOS treatment (Mean (SD)).
Baseline

12 weeks

Velocity (cm/s)
100.4(15.4) 110.9(15.6)
Normalized velocity (cm/s/leg length)
1.2(0.2)
1.4(0.2)
Cadence (steps/min)
106.9(7.6)
112.4(8.5)
Step length—more affected knee (cm)
56.2(6.9)
59.3(6.4)
Step length—less affected knee(cm)
55.6(7.3)
58.7(6.8)
Normalized step length—more affected
0.69(0.08)
0.73(0.07)
knee (cm/leg length)
Normalized step length—less affected
0.69(0.08)
0.73(0.08)
knee (cm/leg length)
Stance time—more affected knee
61.8(2.3)
61.6(2.2)
(% Gait Cycle)
Stance time—less affected knee (% Gait Cycle)
62.3(2.1)
61.7(2.0)
SLS time—more affected knee (% Gait Cycle)
37.8(2.1)
38.3(2.1)
SLS time—less affected limb (% Gait Cycle)
38.2(2.3)
38.4(2.2)
Toe out angle—more affected limb (deg)
7.0(6.0)
5.8(6.0)
Toe out angle—less affected limb (deg)
9.3(5.4)
8.3(5.7)

P⁎
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
0.237
0.011
0.012
0.255
b 0.001
0.001

⁎The signiﬁcance threshold was set to P b 0.05.
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Table 2
WOMAC questionnaire and SF-36 health survey changes in patients with knee OA
following 12 weeks of APOS treatment (Mean(SD)).
Questionnaire

Category

Baseline

12 weeks

P⁎

WOMAC⁎⁎

Pain
Function
Physical functioning
Role limitation due to
physical health
Role limitation due to
emotional health
Energy/Fatigue
Emotional well being
Social functioning
Pain
General health

4.4(2.1)
4.6(2.3)
46.5(23.0)
43.6(41.9)

3.4(1.8)
3.5(2.2)
53.3(21.7)
58.1(34.4)

0.004
b 0.001
0.007
0.034

59.7(43.4)

72.1(38.4)

0.150

54.6(19.6)
69.2(11.8)
78.3(23.9)
45.8(22.2)
68.1(18.1)

63.3(17.5)
70.6(10.6)
83.9(21.8)
55.2(20.1)
73.0(16.5)

0.003
0.422
0.126
0.007
0.023

SF-36⁎⁎⁎

*The signiﬁcance threshold was set to P b 0.05.
**The WOMAC questionnaire includes 24 questions in a VAS format (0 = no pain/
stiffness/difﬁculty, 10 = severe pain/stiffness/difﬁculty).
***The SF-36 health survey includes 36 questions. Results range between 0 and 100
(0 = poor quality of life, 100 = high quality of life).

limitation due to physical health, energy/fatigue, pain and general
health categories. All other parameters were not statistically significant. Results are summarized in Table 2.
A further analysis of the speciﬁc effect of the treatment on the SF36 overall score and SLS parameter was carried out by conducting a
sensitivity analysis for sub-groups. This was carried out in order to
determine if the device was only able to improve knee OA symptoms
in certain categories of patients, in this case age and BMI. A scatter plot
diagram was used to demonstrate the relationship between the data
at baseline and the results at the 12-week endpoint by sub-groups of
age and BMI. Age and BMI were each divided into two sub-groups
based on the median age (62 years) and BMI score (30.1 kg/m2) of our
study participants, respectively. These results are presented in Figs. 2
and 3. No signiﬁcant differences were found between the improve-

923

ments in SF-36 and SLS in either sub-groups of age or BMI. The
analysis demonstrated a consistent, similar and signiﬁcant beneﬁcial
effect of the device after 12 weeks. The device improved quality of life
(SF-36) and improved gait (SLS) in all groups regardless of age or BMI
level (Figs. 2A–B and 3A–B).
4. Discussion
The search for the cure to knee OA is on going and treatment today
is focused mainly on reducing pain and improving function (Felson et
al., 2000). Several studies have shown and stressed the importance of
unloading the diseased articular surface (Maly et al., 2002; Kakihana
et al., 2005). Research has shown that a solution to this may be in
muscle strengthening exercises (Bennell et al., 2008). Recently,
Fitzgerald et al. demonstrated the importance of perturbation
intervention for muscle training (Fitzgerald et al., 2002). The purpose
of the perturbation intervention is to improve the neuromuscular
control of the affected limb (Koralewicz and Engh, 2000). The current
study examined the effect of a new treatment methodology with a
biomechanical device on the level of pain and function in patients
suffering from knee OA. Patients with OA of the knee suffer from high
knee adduction moments (Kaufman et al., 2001). This device can be
calibrated to reduce the external adduction moment acting on the
knee joint by shifting the forefoot element medially and the hindfoot
element laterally (Haim et al., 2008). Elements are calibrated on an
individual basis and shifted until the patient reports diminshed pain
while walking. This may allow patients with knee OA to exercise
under reduced loads. This device also exposes the patient to repetitive
controlled perturbations in his or her own enviroment and during
ADL, whichmay lead to a new and more accurate motor learning of
gait (Johansson et al., 2000).
The idea of reducing adduction moment in order to treat knee OA
is not a new one. In the 1980s wedge insoles were ﬁrst suggested as a
possible treatment for knee OA (Sasaki and Yasuda, 1987). Studies

Fig. 2. Graphs presenting the relationship between the SF-36 overall score at baseline vs. 12 weeks in the (A) age and (B) BMI sub-groups. SF-36 overall score ranges between 0 and
100 scale (higher score indicates better quality of life).
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Fig. 3. Graphs presenting the relationship between the SLS at baseline vs. 12 weeks in the (A) age and (B) BMI sub-groups. SLS = single limb support (% gait cycle).

showed that lateral wedges reduce the adduction moment during
walking by 4–12% (Butler et al., 2007; Hinman et al., 2008). A more
recent study has shown that the optimal beneﬁts are achieved using a
customized wedge inclination of the minimial degrees necessary for
the maximal reduction in pain during a lateral step-down phase
(Butler et al., 2007). This is similar to the calibration method of the
biomechanical device in the present study.
The clinical effects of lateral wedge insoles, as measured by
randomized clinical trials, are variable. One study showed that 2 year
use of the insoles resulted in a decreased NSAID intake (Maillefert
et al., 2001; Pham et al., 2003). This same study, however, did not ﬁnd
changes in pain, stiffness or function. A more recent study found no
beneﬁts at all of 5° insoles worn for 6 weeks (Baker et al., 2007). In
fact, more speciﬁc studies have found that insoles may even increase
the adduction moment in certain individuals (Butler et al., 2007;
Hinman et al., 2008). These results suggest that certain subgourps of
patients may respond better to insoles than others. Studies have
shown that better outcomes are achieved in younger (Toda et al.,
2002) patients with lower BMI (Baker et al., 2007) and in patients
with less severe disease (Baker et al., 2007; Hinman et al., 2008) and
higher leg lean mass (Toda et al., 2002).
The device in the present study was able to signiﬁcantly improve
pain, function, gait and quality of life regardless of age and BMI. We
assume that, like lateral wedge insoles, this was accomplished
through a decrease in knee adduction moment. We believe that the
device was able to succeed better than insoles for three reasons. First
is that the calibration of the APOS device is more complex than insoles
and invovles forefoot and rearfoot alignment and motion. Second, the
APOS device is individually calibrated to a patient's needs. Third, due
to the convex nature of the adjustable elements, the patient
experiences pertubation while walking that may be able to induce
muscle activation and training to walk at the adjusted adduction
moment.
The results of this study suggest that there was a signﬁcant
improvement in pain and function in patients treated with the
biomechanical device. After 12 weeks of treatment the WOMAC and

SF-36 results showed that patients reported signiﬁcant and clinically
relevant improvements in the level of pain, function and quality of life.
These ﬁndings are further supported by the improvements in gait
pattern after 12 weeks. Patients were measured while walking
barefoot, without the device. Patients demonstrated a signiﬁcantly
higher walking speed, cadence and step length. In addition, patients
increased their SLS phase, indicating an improved ability to maintain
single limb loads on the affected limb. Due to the improvements in the
gait patterns of these patients we assumed that there was an overall
improvement in the functional condition of these patients.
Most patients with knee OA are unable to tolerate a vigorous to
moderate exercise (Farr et al., 2008). It may be assumed that this is
due to forces in the lower limb, such as knee adduction moment, that
increase with knee OA severity (Sharma et al., 1998). In addition, it
has been shown that patients who exercise while in pain adopt
pathological gait patterns and fail to comply with the treatment
procedure (Campbell et al., 2001). In the current study there was high
compliance and signiﬁcant functional improvements in the gait
patterns of the patient population. For these reasons it was believed
that the device may have been able to reduce pain during training.
An important aspect of knee OA therapy is the improvement of
neuromuscular control through pertubation exercises (Fitzgerald
et al., 2002). It is recommended that this training should be carried
out in closed-kinematic chain movements, preferablly in ADL that
enable repetitive exposure to natural movements. In a recent study by
Risberg and Holm it was shown that neuromuscluar training for
patients after ACL reconstruction signiﬁcantly improved knee function and reduced pain during activity (Risberg and Holm, 2009). The
device in the current study enables neuromuscular training through
repetative pertubation movements in the patient's regular environment. The results of this study showed signﬁcant improvement in
pain and function. We therefore tentatively assumed that patients in
our study might have also acquired better neuromuscular control
skills due to the pertubation intervention.
An analysis of the gait pattern results revealed interesting ﬁndings
in the changes in toe out angle after 12 weeks of treatment. Previous
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studies have analyzed the relationship between the toe out angle
parameter during gait and knee OA severity. Walking with a higher
toe out angle shifts the ground reaction force vector closer to the
center of the knee joint (Andrews et al., 1996), which decreases the
moment arm acting to adduct the knee joint. Therefore, increasing toe
out angle can theoretically be a compensation strategy that should
help decrease loads from a joint with knee OA (Andrews et al., 1996;
Chang et al., 2007). In this study, 12 weeks of treatment with the
biomechanical device signiﬁcantly reduced the toe out angle of both
limbs. This may be because the biomechanical device was able to
reduce the loads on the joint by reducing adductor moment. Future
studies should use kinetic and kinematic measurements to determine
the relation between a change in adductor moment and a change in
toe out angle and the effect of APOS treatment on these paramenters.
This was a retrospective study. The study is therefore limited by
the fact that there was no control group to compare to the research
group. Ideally this control group would be a knee OA population told
to carry out the same treatment procedure without using the
biomechanical device. Nevertheless, the primary measurements of
this study were objective gait parameters of these patients that are
not commonly used in knee OA studies. There is one published
abstract that examined the effect of this device compared to a control
group of patients with knee OA. They report improved function and
decreased pain following APOS therapy with no changes in the level of
pain and function of the control group (Bar Ziv et al., 2008). Future
studies should further examine the gait patterns and clinical effect of
the biomechanical device and treatment methodology in a prospecitve study design that incorporates a control group.
5. Conclusions
Treatment with the new biomechanical device and this speciﬁc
treatment methdology led to signiﬁcant improvements in the gait
patterns, level of pain and level of function in patients with knee OA.
Pain and function improvements are the primary goals of treatment
for knee OA. These changes were supported by enhancements in
objective spatio-temporal parameters that indicated an overall
improvement in the functional condition of the patients in their
ability to preform ADL. We recommend that future knee OA studies
incorprate an objective gait analysis examining the treatment effect
compared to matched controls.
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a b s t r a c t
Background: This study was devised to examine the effect of a novel biomechanical therapy for patients suffering
from anterior knee pain (AKP).
Methods: A retrospective analysis of 48 patients suffering from AKP was performed. Patients underwent a
gait evaluation, using an electronic walkway mat, and completed the SF-36 health survey and the
WOMAC questionnaire at baseline and after 3 and 6 months of therapy. A special biomechanical device
was individually calibrated for each patient. AposTherapy is a functional, non-invasive rehabilitation therapy consisting of a biomechanical foot-worn device that is used during activities of daily living. Repeated
measures analyses were performed to compare gait parameters and self-evaluation questionnaires
between baseline, 3 months and 6 months.
Results: Walking velocity signiﬁcantly increased by 5.7 cm/s, cadence increased by 1.6 steps/minute, and stride
length increased by 3.4 cm in relation to pretreatment testing (pb 0.001 for all). End-point evaluation revealed additional improvement of these parameters; however these did not signiﬁcantly differ from that of mid-treatment.
Pain decreased by 36.6% and 49.2% following 13 and 26 weeks of treatment, respectively (Pb 0.01) and function
improved by 25.2% and 41.7% following 13 and 26 weeks of treatment, respectively (P=0.01).
Conclusions: Based on the current study's results it may be concluded that this therapy might have a positive effect for patients with AKP.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Anterior knee pain (AKP) is a common musculoskeletal disorder
affecting 25–36% of the general population with an impact on many
aspects of daily life [1–3]. It has been reported to be the most common
cause of knee pain in adolescents [4–6], to be more common in females
than males [7,8], and to be the most common injury in runners [1]. AKP
was reported as the cause of up to 40% of all visits to physiotherapy
clinics as a result of knee pain [6,9] and often becomes chronic, with
94% of patients continuing to experience pain up to 4 years after initial
presentation and 25% reporting signiﬁcant symptoms up to 20 years
later [10].
Presently, no consensuses exist regarding classiﬁcation and nomenclature of AKP [11,12]. Several clinical conditions have been described
in association with AKP [13]. The terms “patello-femoral pain syndrome”
⁎ Corresponding author at: Department of Orthopedic Surgery, Sourasky Medical
Center, 6 Weizmann Street, Tel Aviv 64239, Israel. Tel.: +972 52 4262129 (mobile).
E-mail address: amirhaim@gmail.com (A. Haim).

and “chondromalacia patella” which were historically utilized for subjects complaining of AKP in whom no other diagnosis could be made,
have been disputed due to inconsistencies in diagnostic criteria [11,12].
The pathomechanics of AKP is multifactorial and partially unknown.
Most investigators agree that the etiology of AKP in some patients arises
from the retropatellar or peripatellar region and is partly related to faulty
lower limb mechanics and poor neuromuscular control.
The study of gait in this population contributes to the understanding
of the pathomechanics of this pathology and is important for developing new treatment strategies. In addition, deﬁning variations in gait of
these patients can offer objective clinical data for assessment of disease
progression and outcomes of treatment modalities. Alterations in knee
kinetics and kinematics were previously reported in association with
AKP; subjects with AKP were found to display a reduced knee extensor
moment during the loading response phase (LR) of the stance [14,15],
and a reduced peak vertical ground reaction force (GRF) [16]. Reduced
knee ﬂexion during LR has been reported in some studies [16,17], but
not in others [15,18,19]. Furthermore, changes were also noted in
spatio-temporal parameters [20].
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A wide variety of treatment methods have been proposed for the
treatment of AKP. Cochrane reviews addressing the efﬁcacy of therapeutic ultrasound [21], exercise therapy [22], pharmacotherapy [23],
and foot orthoses [24] for the treatment of AKP have found that
evidence for the effectiveness of these interventions is limited and
conﬂicting. Nevertheless, there is a growing body of evidence for
the efﬁcacy of biomechanical interventions focusing on foot center
of pressure (COP) manipulation, agility and perturbation training
when treating individuals with AKP [25–29]. One such treatment modality is the AposTherapy. The therapy includes daily exercise with a
novel foot worn biomechanical device, according to an exercise program that is carried out in the patient's own environment (i.e., home/
work). Previous studies examined healthy patients and reported that
the device modiﬁes the COP during gait thus altering proximal joint sagittal and coronal torques, modiﬁes muscle activation patterns [30], both
while concomitantly promoting perturbation as the patient walks
[31–33]. Other studies have shown that this biomechanical therapy
improved gait patterns of patients with knee osteoarthritis, patients
with degenerative meniscal tears and patients with non-speciﬁc low
back pain [34–37]. We have recently demonstrated that patients with
AKP present altered gait patterns compared to healthy subjects which
led to the assumption that these patients might beneﬁt from this biomechanical device.
The current study was devised to examine the outcome of this
treatment approach on a cohort of patients suffering from AKP. Our
goal was to evaluate alterations of gait metrics and in subjective
self-reported assessment, in order to determine the efﬁciency of this
treatment. We hypothesized that patients who were enrolled in the
biomechanical treatment program would demonstrate enhanced spatiotemporal gait parameters and that their subjective self-reported
evaluation would demonstrate a favorable outcome.
2. Methods
The protocol was approved by the Institutional Helsinki Committee Registry (Helsinki registration number 141/08, NIH protocol
no. NCT00767780).
2.1. Patients
This was a retrospective study. A search for patients diagnosed
with AKP was conducted on the research database of AposTherapy
center in Herzliya, Israel. Inclusion criteria for the study group included:
anterior knee or retro-patellar pain for over 3 months diagnosed by a
physician; reproducible pain upon carrying out at least two of the following functional activities: stair ascent or descent, squatting, kneeling,
prolonged sitting or isometric quadriceps contraction; tenderness on
palpation of the patella, or pain with stepping down or double leg
squatting. Exclusion criteria were severe systemic diseases, lower extremity orthopedic surgery, infection, concomitant injury or pain from
the hip, lumbar spine, or other knee structures; previous knee surgery,
and knee joint effusion. Two hundred forty-three patients suffering
from AKP began therapy with the biomechanical system. Eighty-nine
patients were excluded since they had one or more of the exclusion

criteria. One hundred six patients did not have a follow-up examination
at 13 weeks and/or at 26 weeks. A total of 48 patients who met these
criteria were identiﬁed. Of them, 41 patients had bilateral knee involvement. In these cases all analyses was completed for the more severely
symptomatic knee, as indicated by the patient (Table 1).
2.2. Biomechanical intervention
The biomechanical device (AposSystem, Apos-Medical and Sports
Technologies Ltd., Herzliya, Israel) utilized in the study and the treatment modality have been previously described [34,35,38]. In brief,
the device consists of two convex-shaped biomechanical elements
attached to each foot using a platform in the form of a shoe, allowing
customized calibration of the apparatus (Fig. 1). By shifting the biomechanical elements in the coronal and sagittal planes, the device
can be individually calibrated to shift the trajectory of the foot's COP
during gait, thereby altering the orientation of the GRF vector. This
enables decreasing of the pressure load from the affected area in the
joint during gait [26]. The convex form of the biomechanical elements
generates perturbations applied throughout the stance phase of the
gait cycle [33], enabling dynamic, functional, and repetitive training
intended to improve neuromuscular control. Following enrolment in
the treatment program, the biomechanical device was individually
calibrated to each patient by a licensed physical therapist specialized
in AposTherapy methodology. Treatment was then initiated and continued on a daily basis for a period of 26 weeks. Patients were instructed to
wear the biomechanical device for 10 min once a day during the ﬁrst
week, while performing daily routine (accumulating a 5 minute walk).
Patients were instructed to gradually increase walking time reaching
60 min once a day (accumulating a 30 minute walk). In addition, after
4 weeks of therapy patients were encouraged to walk outside with the
biomechanical device for 10–15 min once a day and gradually increase
to 30 min.
2.3. Data acquisition and processing
During the treatment period, at the therapy center, patients undergo
several examinations at ﬁxed time intervals (baseline, 13 weeks and
26 weeks). All patients completed a barefoot gait test, WOMAC questionnaire and the SF-36 health survey at baseline, before they were
ﬁtted with the biomechanical device. Patients then underwent a second
barefoot gait test and clinical symptom assessment after 13 weeks of

Table 1
Patients' characteristics.
Gender

Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)

96

Males (%)

Females (%)

27 (56)

21 (44)

Mean (SD)

Range

31.2
1.69
71.9
24.0

18–49
1.52–1.88
42–104
17.9–35.2

(8.7)
(0.09)
(15.7)
(4.0)

Fig. 1. The biomechanical device.
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treatment and a third barefoot gait test and clinical symptom assessment after 26 weeks of treatment.
All data were drawn from participants' ﬁles. During their ﬁrst visit
to the therapy center patients underwent systematical assessment. A
physical examination, including manual muscle testing to verify
neurological deﬁcits, was conducted by a certiﬁed physical therapist.
Anthropometric measurements of height and weight were captured.
Measurement of spatiotemporal gait patterns was carried out via a
computerized mat (GaitMat system, E.Q., Inc., Chalfont, PA) [39].
Patients were asked to walk barefoot at a self-selected speed. Patients
walked 3 m before and after the walkway mat to allow sufﬁcient
acceleration and deceleration time outside the measurement area.
Four trials were conducted and acquired data was stored for further
analysis. The mean value of the four trials was calculated for each of
the following parameters: velocity (cm/s), step length (cm), cadence
(steps/min), stride length (cm), base of support (BOS) (cm), swing
(% gait cycle (GC)), stance (% GC), single limb support (% GC) (SLS)
and double limb support (% GC) (DLS).
Differences in pain, function and quality of life perception were
evaluated using the Western Ontario and McMaster Osteoarthritis
(WOMAC) Index and SF-36 Health Survey. The visual analogue scale
(VAS) version of the WOMAC questionnaire was used. Results may
range from 0 to 100 mm, with 0 mm indicating no pain or limitation
in function and 100 mm indicating the most severe pain or limitation
in function. The SF-36 is scored between 0 and 100, with 0 indicating
the worst quality of life and 100 indicating the best quality of life.
All patients were instructed to refrain from taking pain medications,
including paracetamol and NSAIDs, for a period of 3 days prior to the
clinical and gait evaluation for all test periods (baseline, 13 weeks and
26 weeks).

Table 2
Gait changes following 26 weeks of therapy. Results are presented as mean (SD) [95%
CI].
Baseline
Velocity (cm/s)

112.3 (14.0)
[108.3–116.4]
Cadence (steps/min)
72.9 (5.1)
[71.4–74.4]
Step length more
61.5 (5.4)
symptomatic (cm)
[59.9–63.0]
Stride length more
123.2 (10.7)
symptomatic (cm)
[120.1–126.3]
BOS (cm)
5.8 (2.9)
[5.0–6.7]
Swing more symptomatic 39.6 (1.6)
(% GC)
[39.1–40.0]
Stance more
60.5 (1.6)
symptomatic (% GC)
[60.0–60.9]
SLS more symptomatic
39.7 (1.5)
(% GC)
[39.3–10.1]
DLS more symptomatic
20.8 (2.7)
(% GC)
[20.0–21.5]

13 weeks

26 weeks

P§

118.0 (15.7)
[113.4–122.5]
74.5 (4.7)
[73.1–75.8]
63.3 (6.5)
[61.4–65.2]
126.6 (13.0)
[122.8–130.4]
5.9 (3.2)
[5.0–6.8]
40.0 (1.7)
[39.5–40.5]
60.0 (1.7)
[59.5–60.5]
40.0 (1.3)
[39.6–40.4]
20.0 (2.7)
[19.3–20.8]

120.9 (17.2)
[115.9–125.9]
75.4 (5.2)
[73.9–76.9]
64.0 (6.7)
[62.0–65.9]
128.1 (13.3)
[124.2–131.9]
6.3 (3.4)
[5.3–7.3]
40.2 (1.7)
[39.7–40.7]
59.8 (1.7)
[59.3–60.3]
40.2 (1.3)
[39.9–40.6]
19.6 (2.8)
[18.8–20.4]

b0.001
b0.001
b0.001
b0.001
0.113
b0.001
b0.001
0.001
b0.001

Abbreviations: BOS = base of support; GC = gait cycle; SLS = single limb support;
DLS = double limb support.
§
P values were set to b0.05.

4. Discussion
The current retrospective study examined the outcome of continuous
biomechanical treatment incorporating load reduction and repetitive
perturbation stimuli for patients suffering from AKP. Currently, there
is limited and conﬂicting evidence regarding the effectiveness of
existing treatment methods [21–24]. The results of the current study

2.4. Statistical analysis
Patients' characteristics were presented as frequencies and percentage for categorical variables and mean and standard deviation for continuous variables. All spatio-temporal gait parameters and self-evaluation
questionnaire scores were presented as mean (standard deviation),
followed by 95% conﬁdence interval for all time periods. Nonparametric one-sample Kolmogorov–Smirnov tests were calculated to
compare the observed cumulative distribution function for the continuous variables with the normal theoretical distribution. The GLM repeated
measures procedure was used to provide analysis of variance for gait
parameters and self-evaluation questionnaires when the same measurement was made three times on each subject.
Data were analyzed with IBM SPSS software version 19.0 and the
signiﬁcant level was set at 0.05.

Table 3
WOMAC and SF-36 changes following 26 weeks of therapy. Results are presented as
mean (SD) [95% CI].

There were no reports of imbalance, tripping or other physical problems during
the study period. All patients completed the treatment program with satisfactory compliance (i.e. adherence of >75% of the proposed treatment protocol).
Signiﬁcant differences were found in all gait parameters except for the base of
support. At mid-treatment evaluation (13 weeks post treatment initiation), a signiﬁcant
increase in walking velocity, in cadence and stride length was found. On average, the
walking velocity increased by 5.7 cm/s, cadence increased by 1.6 steps/min, and stride
length increased by 3.4 cm in relation to pretreatment testing. End-point evaluation
revealed additional improvement of these parameters, however these did not signiﬁcantly
differ from that of mid-treatment. A signiﬁcant, albeit small, increase in the single limb
support phase and in the stance phase was found in the study group at 13 weeks post
treatment initiation. Results are summarized in Table 2.
The WOMAC-pain and WOMAC-function subscales were signiﬁcantly lower. Pain
decreased by 36.6% and 49.2% following 13 and 26 weeks of treatment, respectively
(P b 0.01) and function improved by 25.2% and 41.7% following 13 and 26 weeks of
treatment, respectively (P = 0.01). The WOMAC-stiffness scale was scientiﬁcally significantly lower after 13 and 26 weeks of treatment with 21.2% and 36.3% improvement,
respectively. The SF-36 health survey physical scale signiﬁcantly improved after 13 and
26 weeks of treatment by 11.8% and 13.5%, respectively (Pb 0.05). Results are summarized
in Table 3.

13 weeks

26 weeks

30.9 (18.5)
[25.5–36.3]
19.3 (20.2)
[13.5–25.2]
20.6 (17.4)
[15.5–25.6]

19.6 (17.4)
[14.5–24.6]
15.2 (21.9)
[8.8–21.6]
15.4 (16.4)
[10.6–20.1]

15.7 (17.6) b0.001
[10.6–20.8]
12.3 (19.6)
0.024
[6.7–18.0]
12.0 (16.3)
0.001
[7.2–16.7]

60.6 (19.9)
[54.8–66.4]
Pain
50.5 (22.6)
[43.9–57.0]
Limitation due to physical health 41.7 (39.7)
[30.1–53.2]
Energy/fatigue
50.0 (21.0)
[43.9–56.1]
Emotional well being
68.3 (15.9)
[63.7–72.9]
Limitation due to emotional
69.4 (41.7)
health
[57.3–81.6]
Social functioning
76.3 (24.4)
[69.2–83.4]
General health
60.2 (19.7)
[54.5–66.0]
Physical score
52.6 (18.5)
[47.2–58.0]
Mental score
64.9 (19.2)
[59.3–70.4]

64.3 (20.2)
[58.4–70.1]
58.0 (18.9)
[52.5–63.5]
53.6 (37.9)
[42.6–64.6]
53.5 (19.3)
[47.9–59.1]
67.8 (17.0)
[62.8–72.7]
72.9 (39.9)
[61.3–84.5]
81.0 (23.6)
[74.1–87.9]
64.6 (19.3)
[59.0–70.2]
58.8 (17.7)
[53.7–63.9]
68.0 (18.7)
[62.5–73.4]

68.0 (18.4)
[62.7–73.4]
61.4 (19.3)
[55.8–67.0]
51.0 (38.9)
[39.7–62.3]
53.0 (22.9)
[46.4–59.7]
70.9 (17.1)
[65.9–75.9]
76.4 (35.7)
[66.0–86.8]
83.9 (20.1)
[78.0–89.7]
65.1 (20.0)
[59.3–70.9]
59.7 (19.1)
[54.2–65.3]
69.9 (18.8)
[64.4–75.3]

WOMAC (0–100)
Pain
Stiffness
Function

SF-36 (0–100)b
Physical function

3. Results

P§

Baseline
a

0.010
0.002
0.113
0.158
0.180
0.470
0.033
0.028
0.001
0.022

§

P values were set to b0.05.
a
WOMAC Index — Western Ontario and McMaster Universities Index. The WOMAC
questionnaire includes 24 questions in a VAS format (0 = no pain/stiffness/difﬁculty,
100 = severe pain/stiffness/difﬁculty).
b
SF-36 Health Survey includes 36 questions. Results range between 0 and 100 (0 =
poor quality of life, 100 = high quality of life).
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demonstrated that objective gait parameters can be signiﬁcantly
inﬂuenced by this biomechanical intervention after 13 and 26 weeks of
treatment. In addition, alongside the improvement in gait patterns we
have found a statistically signiﬁcant reduction in the pain, stiffness
and function scores and a statistically signiﬁcant improvement in the
SF-36 health survey physical scale. These results may imply superior
muscle activation pattern which may result in lower stress on the
patellofemoral joint.
Patients enrolled in the treatment protocol demonstrated signiﬁcant alterations in spatiotemporal gait parameters. Patients increased
their gait velocity by increasing their cadence and by also increasing
their step length. End point testing demonstrated an 8% increase in
walking velocity, a 3% increase in cadence and a 4% increase in stride
length. Brechter and Powers reported that the average free walking
speed was 17% slower, average stride was 8% shorter and cadence
was 8% lower in 20 AKP patients compared to a control group [40].
In a past study, we have reported that AKP patients were found to
walk with approximately 10% lower step and stride length, approximately 5% lower cadence and 14% slower walking velocity with respect
to age and gender matched controls [20]. Likewise it was demonstrated
that gait velocity and stride length signiﬁcantly correlated with subjective pain and function scores, suggesting that these parameters could be
utilized for qualitative evaluation of AKP patients [20]. The slower gait
velocity of patients with PFPS is thought to be a protective mechanism
suggested to preserve the capacity of the quadriceps muscles to absorb
shock in PFPS subjects during walking, and therefore, to reduce the
vertical impact [18,19]. The lower peak loading rate may indicate a
tendency of reducing the vertical impact in the patellofemoral joint
reaction force by adopting slower gait speed [19].
The biomechanical apparatus utilized in the study has been
methodically examined in previous studies; the device is a foot-worn
platform comprising two adjustable convex elements attached to its
base. Through adjustment of the elements, the device is capable of
changing the patient's COP in the sagittal and coronal planes during
walking. It has been shown that through this it can shift the direction
of the GRF vector, hence changing the magnitude of external moments
acting on the knee joint both in the coronal [31] and in the sagittal [32]
planes and altering muscle activation patterns about the knee [30]. In
addition, the convex design of the two elements generates perturbations during ambulation [33]. Perturbation intervention has been
suggested to improve the neuromuscular control of the affected limb
[41,42] and was found to be beneﬁcial for the treatment of multiple
musculoskeletal pathologies [36,38,43–45]. The key element in this
intervention, as in any motor learning, is repetitive exposure of the
individual to the desired movement experience [46]. The focus is on
training under perturbation in closed kinematic chain movements in
which the whole limb, rather than just a single joint, is regarded as a
kinetic functional unit. The therapy includes daily exercise with the
device, according to an exercise program that is carried out in the
patient's own environment (i.e., home/work). Since this therapy is
carried out in the patient's own environment, it exposes him to thousands of repetitions done while performing daily activities. In a past
prospective study, knee osteoarthritis patients who were enrolled in a
similar treatment program exhibited barefoot altered gait patterns
with reduced knee adductor moment and altered muscle activation patterns suggesting a motor learning outcome of this intervention [35,47].
Several limitations in the current study should be noted. Firstly,
this study lacks a control group. Ideally, this control group would be
comprised of AKP patients undergoing a similar treatment without
using the biomechanical device. Nevertheless, the primary outcome
measurements of this study were objective gait parameters limiting
this bias. Secondly, data was collected retrospectively from the
AposTherapy database. Since all patients in this database were referred
for treatment by a physician, a possible selection bias may have
occurred (a certain physician might choose to refer a unique group
of patients, i.e. highly motivated patients, patients with unique
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demographics etc.). Furthermore, this study included patients with unilateral symptoms and patients with bilateral symptoms. Theoretically,
these are two different groups which may adopt different compensation gait strategies. Combining these two groups may bias the results.
However, only a small portion of patients (14%) had unilateral symptoms. Furthermore, in this study each patient serves as his own control,
hence we believe the results are valid. Thirdly, only spatiotemporal gait
data were gathered. Surely a three-dimensional gait analysis would
offer far greater information regarding the kinematics and kinetics of
the lower limb. Furthermore, this study examined the effect of therapy
following 26 weeks of therapy. A longer follow-up period is warranted.
Lastly, the results might be biased due to the level of activity prior to
treatment (un-active patients are more likely to improve in response
to any exercise program). On average most patients were regularly
active patients. Around two thirds of them were regular active patients.
Remaining patients participate in moderate activities (light exercise, two
to three times per week). There were no signiﬁcant differences, however
between groups in gait parameters at the baseline examination, therefore we assumed that both groups may be combined.
In conclusion, this study examined the effect of a novel biomechanical device that induced COP manipulation and perturbation training, on
gait patterns and self-assessment evaluation of pain, function and quality of life in patients suffering from AKP. A signiﬁcant improvement was
found in all measured variables. It may be postulated that patients with
AKP might beneﬁt from this unique therapy, although further studies
are warranted.
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Abstract
Purpose The purpose of the current study was to assess
the effects of a new foot-worn device on the gait, physical
function and pain in patients suffering from knee osteoarthritis (OA) who had a low-impact injury to the medial
meniscus causing a degenerative meniscal tear.
Methods A retrospective analysis of 34 patients with knee
OA and a degenerative medial meniscal tear was performed. Patients underwent a gait evaluation, using an
electronic walkway mat, and completed the SF-36 health
survey and the WOMAC questionnaire at baseline and
after 3 and 12 months of therapy. AposTherapy is a functional, biomechanical, non-invasive rehabilitation therapy
consisting of a foot-worn device that is individually calibrated to each patient and is used during activities of daily
living. Repeated-measures analyses were performed to
compare gait parameters and self-evaluation questionnaires
between baseline, and 3 and 12 months.
Results Significant improvements were found in gait
velocity, step length and single-limb support of the involved
knee following 12 weeks of therapy (all p \ 0.01), alongside
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an improvement in limb symmetry. These results were
maintained at the 12-month follow-up examination. Significant improvements were also found in all three domains of the
WOMAC index (pain, stiffness and physical function) and in
the SF-36 Physical Health Scale and the SF-36 Mental Health
Scale (all p \ 0.01).
Conclusions Patients with knee OA and a degenerative
medial meniscal tear using a biomechanical foot-worn
device for a year showed improvement in gait, physical
function and pain. Based on the findings of this study, it
can be postulated that this biomechanical device might
have a positive effect on this population.
Level of evidence Therapeutic study, Level IV.
Keywords Gait  Meniscal tear  Physical function 
Pain  Osteoarthritis
Introduction
Meniscal tears are the leading cause of knee injury [34]. In
the United States, 60 % of people over the age of 65
diagnosed with knee osteoarthritis (OA) suffer from
chronic meniscal damage [13]. Meniscal tears have serious
consequences as patients suffer from significant pain and a
profound decline in their quality of life and physical
function [34].
A variety of therapies exist to treat meniscal tears, ranging
from pharmaceutical treatment [38] to physical therapy
[15, 24] to surgery [2, 22, 30]. The most common invasive
therapy has traditionally been meniscectomy [16], though
the procedure has been reported to not halt the progression of
cartilage destruction and premature OA [6, 29, 31], and it has
even been suggested that the procedure may accelerate the
development of OA [34–36]. Alongside this, Englund et al.
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[14] found that in knees without surgery, meniscal damage is
a potent risk factor for the development of radiographic OA.
In addition, recent work has found meniscectomy not to be
superior to conservative treatment in regard to pain sensation, function and quality of life [24].
Gait analysis has been shown to be an objective measurement tool to assess pain, function and quality of life
[9]. A common shortcoming of both surgical and nonsurgical therapies (e.g. pharmaceutical management and
physiotherapy) has been that proper limb symmetry and
support during gait is rarely re-established [7, 37]. Earlier
works have found that patients with abnormal gait patterns
often suffer from impaired physical function [23] and pain
[29]. Step length and single-limb support (SLS) are gait
parameters that can demonstrate limb symmetry.
AposTherapy is a treatment that has been shown to
improve gait patterns, physical function and pain in
patients with orthopaedic pathologies, such as knee OA
[3, 11, 20] and nonspecific low back pain [10]. These
earlier works suggest that the changes in gait patterns and
clinical findings seen with AposTherapy are due to small
alterations in the centre of pressure that changes the vector
trajectory and leads to reduced pain [18, 19, 21]. Based on
AposTherapy principles, proper biomechanical alignment
leading to reduced pain and neuromuscular training under
controlled perturbation, it may be assumed that patients
suffering from meniscal tears may benefit from this treatment and might avoid surgery.
The aim of the current study was to describe the effect
of AposTherapy on gait patterns of patients with knee OA
who had a low-impact injury to the meniscus causing a
degenerative meniscal tear, alongside an analysis of the
physical function, pain and quality of life condition
throughout the therapy.

Materials and methods
The study population composed of 34 patients (18 women).
All patients were diagnosed with medial compartment knee
OA by their physician and had a low-energy indirect injury
to the knee, causing pain and functional limitation. Patients
were diagnosed with a large complex medial meniscal tear
related to the injury accompanied with bone bruise of the
knee via magnetic resonance imaging (MRI) [5, 28].
Symptomatically, patients reported a sudden increase in
their knee pain and limitation in function following the
injury. The average age was 56.1 years (±11.1 years) with
an average body mass index of 28.5 (±4.1 kg/m2). The
patient’s functional severity was characterized using the
functional classification scheme of Elbaz et al.: 6 % fell
into Q1, 3 % fell into Q2, 26 % fell into Q3, 39 % fell into
Q4 and 26 % fell into Q5. According to this classification,
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patients who fall into Q1 are characterized with poor
walking abilities and high levels of pain and functional
limitation, and patients who fall into Q5 are characterized
with normal walking abilities and low levels of pain and
functional limitation [12]. The patients sought medical care
at AposTherapy Center in Herzliya, Israel. A retrospective
search on the centre’s database for eligible patients was
performed. Eligibility was defined according to the following criteria: diagnosed with knee OA according to
American College of Rheumatology (ACR) clinical criteria
[1], having a low-energy indirect injury to the medial
meniscus of the knee diagnosed by MRI within the
3 months prior to arriving at the clinic, and completing a
gait test and questionnaires at baseline and after 3 months
and after 12 months. Exclusion criteria were (1) acute
septic arthritis; (2) inflammatory arthritis; (3) corticosteroid
injection within 3 months of the study; (4) avascular
necrosis of the knee; (5) joint replacement; (6) neuropathic
arthropathy; (7) history of pathological osteoporotic fracture; (8) symptomatic degenerative arthritis in lower limb
joints other than the knees. The head researcher used these
criteria to determine the inclusion or exclusion of patients
from the existing database. The study was approved by the
Helsinki committee of Assaf Harofeh Medical Center,
Zerifin, Israel (ID no. 141/08). The study was registered
in the NIH clinical trial registration system (No.
NCT00767780).
Gait analysis
The GaitMatTM system (E.Q., Inc. Chalfont, PA, USA) was
used to measure gait spatiotemporal parameters. The
computerized mat is an electronic walkway carpet that is
3.84 m long. The spatiotemporal characteristics are measured, processed and stored on a PC running the GaitMat
software (version 2). The GaitMatTM system is a reliable
tool to measure gait variables with significant accuracy,
validly and reliably [4]. Temporal measurements taken
simultaneously by the Gait Mat and Vicon had an ICC
value of 0.99, indicating excellent reliability. Distance
measurements taken by the two systems had an ICC value
of 0.24, indicating poor to moderate reliability. The mean
difference between distance measures was 11.7 mm, a
difference that would be clinically significant only for
support base measurements. The measurement accuracy is
to the one decimal point [4].
Physical function and pain assessment
The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) was used to assess pain and
physical function. It consists of a series of 24 self-administered questions measuring the pain, joint stiffness and
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physical function of a person with knee OA and is scored
from 0 to 100 mm on a visual analogue scale (VAS), where
0 is the best and 100 is the worst total score. The validity
and reliability of this questionnaire has been reported
previously. The test–retest reliability Pearson’s correlation
coefficients for the WOMAC items range from 0.55 to
0.78, all being significant [39]. The measurement accuracy
is to the one decimal point.
The Short-Form Health Survey (SF-36) was used to
measure patient quality of life. It consists of eight domains
(pain, physical function, general health perceptions, role
limitation due to physical problems, role limitation due to
emotional problems, emotional well-being, social functioning and energy/fatigue), which can be tallied to create a
Physical Health Scale and a Mental Health Scale. Each
measurement is scored from 0 to 100, where 0 indicates the
worst and 100 indicates the best patient health. The validity
and reliability of this questionnaire has been reported
previously. Reliability scores ranged from 0.76 to 0.93.
The scores for all scales met the customary level of scale
reliability [32]. The measurement accuracy is to the one
decimal point.

Apparatus
The Apos system and AposTherapy were used in the study
(APOS—Medical and Sports Technologies Ltd. Herzliya,
Israel). The device is comprised of two bulbous-shaped
biomechanical elements attached to the sole of a shoe
(Fig. 1). One biomechanical element is located under the
hindfoot, and the other is located under the forefoot region.
The elements are attached to the subject’s foot via a platform in the form of a shoe. The platform is equipped with a
specially designed sole, which consists of two mounting
rails that enable flexible positioning of each element under
each region. Each element can be individually calibrated to
induce specific biomechanical challenges in multiple
planes.
Protocol
All patients underwent measurement of height and weight.
Patients then underwent a computerized gait test. During
the test, all patients walked barefoot at a self-selected
speed. The following parameters were evaluated: velocity
(cm/s), step length (cm) and SLS phase for each leg (% gait
cycle, GC). In addition, patients completed the WOMAC
and SF-36.
After the first gait test, the biomechanical device was
individually calibrated to each patient by a physiotherapist
specialized in AposTherapy methodology. Therapy was
then initiated and continued on a daily basis for a period of

Fig. 1 Apos biomechanical system. a Biomechanical device comprising two individually calibrated elements and a foot-worn
platform. The elements are attached to under the hindfoot and
forefoot regions of the platform. b The biomechanical elements are
available in different degrees of convexity and resilience. c The
specially designed sole of the platform includes two mounting rails
and a positioning matrix to enable flexible positioning of each
biomechanical element

12 months. Patients were instructed to wear the device
indoors as they perform their normal routines for an hour a
day during the first week with an overall walking time of
10 min and to gradually increase walking time. All patients
received a telephone call after the first and second weeks to
verify compliance. A follow-up examination was conducted after 6 weeks in which patients were evaluated by
the physiotherapist. After 3 and 12 months of therapy,
patients underwent a gait test and completed the WOMAC
and SF-36 questionnaires.
Statistical analysis
Data were analysed with SPSS software version 19.0. The
significance levels were set at 0.05. Data were presented as
mean and standard deviation for continuous variables.
Repeated-measures analyses were performed to compare
gait parameters and self-evaluation questionnaires between
baseline, and 3 and 12 months. Gait parameters and selfevaluation questionnaires following 1 year of therapy were
presented by the mean and 95 % confidence intervals.
Furthermore, repeated-measures analysis with one nested
variable (gender) was conducted to demonstrate the differences in improvement between genders.
A change in gait measurements was considered to be
clinically significant as long as it was accompanied by an
improvement in the WOMAC index that qualified under
the Outcome Measures in Rheumatology Clinical Trials
(OMERACT)-OARSI guidelines for clinical improvement [28].
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Results
All patients complied with the study protocol, and none
reported any adverse events that disqualified them from the
study. One patient chose to undergo knee arthroscopy and
was considered as a failure to treatment. Significant differences were found in the patients’ gait analysis after
12 months of therapy. Results are summarized in Table 1.
In addition, significant improvement was noted in the
levels of pain, function and stiffness, measured via the
WOMAC index following 12 months of therapy (Table 2).
The SF-36 Physical Health Scale and SF-36 Mental Health
Scale (all p \ 0.01) both improved significantly following
12 months of therapy (Table 2).
A comparison between men and women was made.
Women showed significantly lower gait velocity (p = 0.011)

and shorter step length (p = 0.001) compared to men at
baseline and following 12 months of therapy. SLS did not
differ between men and women. Both genders significantly
increased their gait velocity, step length and SLS following
12 months of therapy. Results are summarized in Table 3.
In regard to quality of life, no gender differences
were noted in the physical health score or in the mental
health score. Both genders reported an improvement in
quality of life following 12 months of therapy (Table 3).
Figures 2 and 3 illustrate gender differences in WOMACpain and WOMAC-function throughout the study period,
respectively.
A comparison between limbs was made for step length
and SLS. No significant differences were found between
involved step length and uninvolved step length at baseline
and following therapy. Significant differences were seen

Table 1 Gait parameters changes following 12 months of therapy
Baseline

3 months

12 months

p*

Velocity (cm/s)

97.4 (18.3) [90.9–103.9]

112.0 (18.3) [105.5–118.5]

111.8 (21.9) [104.0–119.5]

\0.001

Involved step length (cm)

55.2 (7.7) [52.5–58.0]

59.7 (7.6) [57.0–62.3]

59.1 (10.0) [55.5–62.6]

0.006

Uninvolved step length (cm)
Involved single-limb support (% GC)

55.8 (8.4) [52.9–58.8]
37.6 (2.3) [36.7–38.4]

60.2 (7.9) [57.4–63.0]
38.8 (1.4) [38.3–39.3]

60.3 (9.6) [56.9–63.7]
38.9 (1.7) [38.3–39.5]

0.001
0.001

Uninvolved single-limb support (% GC)

39.0 (2.2) [38.2–39.7]

39.2 (1.7) [38.6–39.9]

38.9 (2.1) [38.2–39.6]

n.s.

Results are presented as mean (SD) [95 % confidence interval]
A significant improvement was seen after 3 months of therapy as well as after 12 months of therapy compared to the baseline examination,
except for SLS of the uninvolved limb
GC gait cycle
* p value was set to p \ 0.05
Table 2 Changes in self-evaluation questionnaires following 12 months of therapy
Baseline

3 months

12 months

p*

Pain

42.8 (21.5) [35.1–50.4]

22.7 (19.2) [15.9–29.5]

11.7 (14.0) [6.8–16.7]

\0.001

Stiffness

42.3 (26.0) [33.1–51.5]

20.5 (18.5) [13.9–27.0]

13.7 (16.6) [7.8–19.6]

\0.001

36.9 (20.2) [29.7–44.0]

20.5 (17.4) [14.3–26.6]

13.2 (14.9) [7.9–18.5]

\0.001

WOMAC index (0–100 mm)

Function
SF-36 health survey (0–100)
Physical function

49.2 (24.2) [40.6–57.8]

61.5 (21.4) [53.9–69.1]

67.8 (20.9) [60.5–75.3]

0.001

Pain

43.0 (20.8) [35.7–50.4]

61.1 (21.9) [53.3–68.8]

65.9 (23.8) [57.5–74.3]

\0.001

Limitation due to physical health

31.1 (38.5) [17.4–44.7]

58.3 (41.3) [43.7–73.0]

59.1 (39.4) [45.1–73.1]

0.001

Energy/fatigue

56.8 (18.4) [50.3–63.3]

64.8 (15.1) [59.5–70.2]

62.7 (16.4) [56.9–68.6]

0.04

Emotional well-being

71.3 (15.6) [65.8–76.8]

77.2 (12.8) [72.7–81.8]

75.9 (12.6) [71.4–80.4]

n.s.

Limitation due to emotional problems

55.6 (46.2) [39.2–71.9]

76.8 (35.8) [64.1–89.5]

70.7 (38.0) [57.2–84.2]

n.s.

Social functioning

68.2 (20.5) [60.9–75.5]

82.6 (16.8) [76.6–88.5]

86.0 (13.9) [81.1–90.9]

\0.001

General health

58.3 (17.9) [52.0–64.7]

66.0 (16.6) [60.1–71.9]

65.3 (12.4) [60.9–69.7]

0.03

Physical scale

47.7 (17.5) [41.5–53.9]

62.4 (17.9) [56.0–68.7]

64.2 (18.0) [57.8–70.6]

\0.001

Mental scale

62.0 (17.0) [56.0–68.1]

73.5 (13.5) [68.7–78.3]

72.1 (13.5) [67.3–76.9]

0.001

Results are presented as mean (SD) [95 % confidence interval]
* p value was set to p \ 0.05. A significant improvement was seen after 3 months of therapy as well as after 12 months of therapy compared to
the baseline examination, except for emotional well-being and limitation due to emotional problems
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39.0 (1.2) [38.4–39.7]

39.9 (1.2) [39.3–40.6]

37.7 (2.6) [36.2–39.1]

39.6 (2.6) [38.2–41.1]

52.2 (21.2) [40.5–64.0]

67.1 (19.0) [56.1–77.6]

Involved singlelimb support
(% GC)

Uninvolved singlelimb support
(% GC)

SF-36 physical
score

SF-36 mental score

76.9 (12.6) [69.9–83.8]

70.6 (16.1) [61.7–79.6]

39.3 (1.9) [38.3–40.4]

39.3 (1.1) [38.7–40.0]

65.2 (11.0) [59.1–71.3]

63.4 (11.4) [57.1–69.7]

119.6 (23.7) [106.5–132.7]

57.8 (14.3) [50.7–64.9]

43.9 (13.2) [37.3–50.5]

38.4 (1.6) [37.6–39.2]

37.5 (2.1) [36.4–38.5]

51.6 (5.6) [48.8–54.4]

51.7 (5.0) [49.2–54.1]

91.1 (15.7) [83.2–98.9]

71.4 (12.9) [65.0–77.6]

59.4 (17.6) [50.7–68.2]

38.7 (1.9) [37.7–39.7]

38.6 (1.6) [37.8–39.4]

55.8 (5.9) [52.8–58.7]

55.7 (5.4) [53.0–58.1]

104.3 (16.5) [96.1–112.5]

3 months

68.2 (13.3) [61.5–74.8]

58.8 (18.2) [49.7–67.9]

38.5 (2.2) [37.4–39.6]

38.5 (2.1) [51.9–59.0]

56.2 (6.0) [53.2–59.2]

55.4 (7.2) [51.9–59.0]

105.3 (18.5) [96.1–114.5]

12 months

p value was set to p \ 0.05

GC gait cycle

Significant differences between genders were found in velocity and step length at baseline and after 3 and 12 months of therapy. No significant gender differences were found in SLS and in
SF-36 physical and mental scores. Both genders improved significantly in all measurements except for SLS of the uninvolved limb. A significant improvement was seen after 3 months of
therapy and after 12 months of therapy compared to the baseline examination

Results are presented as mean (SD) [95 % confidence interval]

76.0 (14.2) [68.1–83.9]

65.9 (18.2) [55.8–75.9]

65.6 (63.6) [61.9–69.2]

61.0 (8.5) [56.3–65.7]

Uninvolved step
length (cm)

64.5 (7.1) [60.6–68.4]

121.3 (16.4) [112.2–130.3]

59.5 (8.3) [54.9–64.1]

105.4 (18.7) [94.7–115.4]

Involved step length
(cm)

Velocity (cm/s)

Baseline

12 months

Baseline

3 months

Females

Males

Table 3 Gender differences in gait parameters and self-evaluation questionnaire at baseline and following 3 and 12 months of therapy
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Discussion

Fig. 2 WOMAC-pain changes following 12 months of therapy in
women and men. Women had significantly higher levels of pain
compared to men at all time points. Both women and men reported
significant reduction in pain following 12 months of therapy

Fig. 3 WOMAC-function changes following 12 months of therapy
in women and men. Women had significantly higher levels of
functional limitation compared to men at all time points. Both women
and men reported significant improvement in function following
12 months of therapy

between SLS of the involved limb compared to the SLS of
the uninvolved limb at baseline (p = 0.013) and after
3 months of therapy (p = 0.023). There were no significant
differences in SLS between limbs following 12 months of
therapy.
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The most important finding of this study was the improvement
in gait patterns of patients with degenerative meniscal tears
after 3 months of therapy with a foot-worn biomechanical
device. This improvement was accompanied by improvements in symptoms and quality of life. The present findings
have relevance for the treatment for meniscal tears in conjunction with knee OA and suggest a potent new therapy for
patients suffering from degenerative meniscal tears.
The improvements in gait patterns have significant
implications in regard to the ability of this therapy to reestablish proper limb symmetry. A common shortcoming
of both surgical and non-surgical therapies has been that
proper limb symmetry during gait is rarely re-established.
Asymmetry in the lower extremity exposes the body to
unusual and potentially excessive loads, which has a negative impact on walking and potentially increases the risk
of the development of knee OA [6, 7, 26, 31, 37]. The fact
that SLS of the non-injured knee did not change is an
important finding as it was already in normal range. Based
on this finding, limb asymmetry was minimized by
increasing the weight-bearing time of the injured knee
without changing the non-injured knee.
The functional improvement in gait dynamics was also
supported by the self-evaluation questionnaire data, which
found significant improvements in physical function and
pain as defined via the WOMAC index and the SF-36,
meeting the OMERACT OARSI criteria for clinical
response to a treatment [33]. These findings are unique as
they match, if not exceed, similar self-evaluative questionnaire results following other therapies [8, 25, 27]. Though
earlier works have found improvement in the WOMAC
index and the SF-36 of patients following surgical and
pharmaceutical therapy, AposTherapy demonstrated a
positive quantitative degree of improvement in physical
function and pain following non-invasive therapy [8, 24, 27].
Lastly, though our findings have important clinical significance for the relatively short-term rehabilitation of meniscal
tears, attention must be paid to the long-term implications.
Numerous studies have related meniscus injuries with the
development of knee OA [6, 26, 28]. The implemented
therapy of this study has been shown to have a positive
therapeutic effect on the gait pattern, physical function and
pain of patients with knee OA [3, 11, 17, 20]. Therefore, it
can be suggested that this treatment modality has the
potential to be beneficial in two timeframes: the short-term
rehabilitation of patients with meniscal tears and the longterm treatment for knee OA. These findings suggest that the
use of this foot-worn biomechanical device may serve as an
additional conservative treatment modality for patients with
a degenerative meniscal tear and might reduce the need for
surgery in these patients. Furthermore, since treatment is
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performed in the patient’s own environment while performing daily activities, high compliance is expected and the
patient is driven to take responsibility for his recovery.
This study had some limitations. First, the present
study lacked a control group; secondly, therapy did not
commence immediately following the injury but within a
3-month time window. It is known, however, that in most
cases, if a patient does not feel alleviation in pain within
3 months of injury, he or she will be recommended for
surgery. It can be assumed that the patients in the present
study received the standard care of treatment before
commencing the biomechanical therapy and were recommended to undergo arthroscopy. Further studies
should examine the effect of this therapy immediately
after injury to see whether it can accelerate the rehabilitation period, as well as compare the therapy-compatible
control group. Researchers should also consider comparing the outcomes of this conservative treatment with
the outcomes of surgical procedures for meniscal
injuries.

2.

3.

4.

5.

6.

7.

8.

9.

Conclusions
10.

Knee OA patients with degenerative meniscal tears treated
with AposTherapy for 12 months demonstrated improved
gait patterns (increased walking velocity, longer step length
and higher SLS). Furthermore, patients also showed
improved limb symmetry following the therapy. Finally, a
statistically and clinically significant improvement was
found in physical function and pain as measured by two
different self-evaluation questionnaires, the WOMAC
index and the SF-36.
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Abstract
Objectives: Conservative treatments for anterior cruciate ligament (ACL) tears may have just as good an outcome as
invasive treatments. These include muscle strengthening and neuromuscular proprioceptive exercises to improve joint
stability and restore motion to the knee. The Purpose of the current work presents was to examine the feasibility of a
novel non-invasive biomechanical treatment to improve the rehabilitation process following an ACL tear. This is a single
case report that presents the effect of this therapy in a patient with a complete ACL rupture who chose not to undergo
reconstructive surgery.
Methods: A 29-year old female athlete with an acute indirect injury to the knee who chose not to undergo surgery was
monitored. Two days after injury the patient began AposTherapy. A unique biomechanical device was specially calibrated to
the patient’s feet. The therapy program was initiated, which included carrying out her daily routine while wearing the device.
The subject underwent a gait analysis at baseline and follow-up gait analyses at weeks 1, 2, 4, 8, 12 and 26.
Results: A severe abnormal gait was seen immediately after injury, including a substantial decrease in gait velocity, step
length and single limb support. In addition, limb symmetry was substantially compromised following the injury. After 4 weeks
of treatment, patient had returned to normal gait values and limbs asymmetry reached the normal range.
Conclusions: The results of this case report suggest that this conservative biomechanical therapy may have helped this
patient in her rehabilitation process. Further research is needed in order to determine the effect of this therapy for patients
post ACL injuries.
Keywords
Anterior cruciate ligament tear, biomechanical therapy, proprioception
Date received: 20 October 2013; accepted: 18 December 2013

Introduction
Presently, the most common treatment for anterior cruciate
ligament (ACL) injuries in young patients is focused on surgical repair with rehabilitation. There is, however, growing
evidence that conservative treatments may have just as good
an outcome as invasive treatments. A recently published
study by Frobell et al.1 showed that patients treated immediately with reconstructive surgery did not fare better than
those that had rehabilitation treatment with delayed reconstruction or no reconstruction.
Guidelines for the conservative treatments for patients
with ACL tears focus on muscle-strengthening and neuromuscular proprioceptive exercises to improve joint stability
and restore motion to the knee.2 AposTherapy is a relatively

new noninvasive therapy currently used for a wide range of
musculoskeletal disorders. This device allows for precise
adjustment of the center of pressure (COP) of a patient’s foot
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during gait, thereby changing the forces acting on the body
in general and on the knee joint.3,4 Studies have shown the
ability of this device to increase/decrease activation of specific lower limb muscles.5 The therapy also adds perturbation training that may increase the entire stability of the knee
joint.2,6 Other studies have shown improved clinical symptoms such as pain and quality of life in several musculoskeletal disorders following treatment.7,8 The purpose of this
work was to examine the feasibility of this therapy to
improve the rehabilitation process following an ACL tear.
This work is a case report that presents the effect of this therapy in a patient with a complete ACL rupture who chose not
to undergo reconstructive surgery.

Case presentation
The patient was a 29-year-old female athlete (height = 170
cm; weight = 60 kg). Exercise intensity before the injury
included 16 h/week of volleyball training and another 6 h/
week of kite surfing (Tegner score 9).9 Injury occurred
during an indoor volleyball game, in which the patient
landed poorly. The injury was an acute indirect injury to
the knee (Video 1). The protocol was approved by the
Institutional Helsinki Committee (Trial registration number NCT00767780). Written informed consent was
obtained from the patient for publication of this case report
and any accompanying images.
Immediately after injury, the patient experienced pain,
swelling and difficulty bearing weight. She arrived at the emergency room after the injury, where the physician on staff noted
pain, swelling and effusion of the knee. A radiograph ruled out
a fracture. A joint aspiration suggested an acute ACL tear. The
patient was discharged with instructions for physical therapy
and a follow-up after a week. At follow-up, the patient underwent a magnetic resonance imaging (MRI) analysis, which
showed a complete ACL rupture, lateral bone bruising and
minor medial and lateral meniscal tears to her left knee. A total
of 2 days after injury, the subject arrived at the AposTherapy
center and underwent a gait analysis. Following the gait analysis, the all phases of step-cycle (Apos) system was calibrated.
Treatment was then initiated, which included carrying out her
daily routine with the biomechanical device. In all, 10 days
post-injury, the patient started traditional physiotherapy in
addition to AposTherapy for 6 months. The subject underwent
follow-up gait analyses at weeks 1, 2, 4, 8, 12 and 26.
AposTherapy uses a biomechanical device (Figure 1)
comprising four modular elements attached to foot-worn
platforms (Apos system, Apos Medical and Sports
Technologies Ltd., Herzliya, Israel). The modules are two
convex-shaped biomechanical elements attached to each
foot. One is located under the hindfoot region, and the other
is located under the forefoot region. The elements are
attached to the subject’s foot via a platform in the form of a
shoe. The platform is equipped with a specially designed
sole that consists of two mounting rails that enable flexible
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Figure 1. The biomechanical device (a) biomechanical device
comprising two individually calibrated elements and a foot-worn
platform. The elements are attached to under the hindfoot and
forefoot regions of the platform. (b) The biomechanical elements
are available in different degrees of convexity and resilience. (c)
The specially designed sole of the platform includes two mounting
rails and a positioning matrix to enable flexible positioning of each
biomechanical element.

positioning of each element under each region. Each element
can be individually calibrated to induce specific biomechanical challenges in multiple planes.3,4
Gait analysis was carried out using a computerized mat
(GaitMat™ system; E.Q. Inc. Chalfont, PA, USA). During
each gait analysis, the subject was required to walk barefoot
at a self-selected speed for 3 m before and after the end of a
walkway mat to allow sufficient acceleration and deceleration space outside the measurement area. Each gait test
included four walks, and the average value of the four walks
was calculated for each parameter. The following spatiotemporal parameters were evaluated in each gait test: velocity
(cm/s), step length (SL) (cm), single limb support (SLS)
(%gait cycle), base of support (BOS) (cm) and temporal distance (T-D) symmetry. T-D symmetry was calculated for
SLS and SL (see Table 2).10
At the end of the study, the patient was asked to fill out the
Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) and the Short Form 36 (SF-36) to evaluate
the severity of pain and the levels of function and quality of
life.
A physical examination of the patient at 3 weeks postinjury showed that the knee was swollen with minimal to
moderate effusion. A range of motion exam showed full
extension and painful flexion to 100°. Anteroposterior (AP)
stability was examined via the Lachman maneuver, anterior
drawer test and pivot shift test. All tests were positive and
confirmed the findings of the MRI exam of an ACL rupture.
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Table 1. Changes in spatiotemporal parameters following 6 months of AposTherapy.

Velocity (cm/s)
Involved step length (cm)
Uninvolved step length (cm)
Involved single limb support (% gait cycle)
Uninvolved single limb support (% gait cycle)
Involved base of support (cm)
Uninvolved base of support (cm)

Baseline

1 week

2 weeks

4 weeks

8 weeks

12 weeks

26 weeks

42.0
43.1
38.2
28.1
53.3
7.9
7.9

61.1
47.9
45.2
31.0
47.2
6.7
6.9

105.8
63.1
59.4
36.2
42.9
4.9
5.8

144.3
71.6
72.6
40.3
40.7
4.3
5.4

146.2
70.9
74.6
41.6
40.7
3.9
4.5

149.2
72.0
74.1
40.5
40.7
3.2
4.3

142.0
70.0
71.0
40.0
40.0
4.0
5.0

Table 2. Symmetry indexa for step length and single limb support. Results presented in percent.
Baseline

1 week

2 weeks

4 weeks

8 weeks

12 weeks

26 weeks

Step length (%)
Single limb
support (%)

12.2
−62.1

5.8
−41.3

6.0
−16.9

−1.3
−1.0

−5.2
2.2

−2.8
−0.4

−1.4
0.0

aSymmetry

( involved + uninvolved ) / 2

index formula:

involved - uninvolved

×100 .

Over the rest of the study, the swelling and effusion reduced
significantly. At 3 months post-injury, the subject first
returned to beach volleyball, and by 6 months, she returned
to her previous level of activity (Video 1).
Gait measurements at baseline and at each follow-up are
presented in Table 1. All gait parameters and T-D symmetry
steadily improved from baseline to week 4, after which, they
remained stable for the rest of the treatment period. Compared
to baseline, velocity steadily increased by 244% of its original value (Figure 2); SL gradually increased by 66% and
90% in the involved and uninvolved limb, respectively
(Figure 3); SLS increased by 43% for the involved limb and
decreased by 24% for the uninvolved limb (Figure 4) and
BOS decreased by 46% and 32% in the involved and uninvolved limb, respectively (Table 1). T-D symmetry for SL
improved from a value of 12.2% at baseline to −1.4% at the
end of the study period. T-D symmetry for SLS improved
from a value of −62.1% at baseline to 0.0% at the end of the
study period (Table 2).

Figure 2. Changes in gait velocity following 6 months of
AposTherapy.

Discussion
Recent evidence suggests that in ACL tear injuries, surgery
and conservative treatments have similar outcomes with
regard to pain, function and return to training intensity prior
to injury.1,11,12 Noninvasive therapy may therefore be preferable, especially in coping patients, considering that surgery
is costly, impairs quality of life and, in some studies, is associated with an increased incidence of knee osteoarthritis
(OA).13,14 In this preliminary case report, we applied a unique
therapy, which combines shifting of the COP in order to
change the vector trajectory at the knee and reduce loads
from the affected area, and apply perturbation training, to a
patient after an acute ACL rupture.3,4 The purpose of this

Figure 3. Changes in step length following 6 months of
AposTherapy.

case report was to examine the feasibility of this therapy to
help in the rehabilitation process post an ACL tear injury.
Results showed that the spatiotemporal gait parameters of
velocity, SL, SLS and BOS were substantially compromised
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following injury. These parameters improved consistently
during the first 4 weeks of treatment and remained stable
thereafter. In order to determine the clinical importance of
these results, we compared them to normal values, other
therapies and the unaffected limb. By week 4, velocity, SL
and BOS returned to normal ranges of the healthy population.15–17 In a study by Hartigan et al.,18 an improvement in
velocity and SL was taken to indicate an increase in stability
and less pain. In this case report, BOS value was substantially high at baseline, indicating that the patient needed a
wider gait to balance during the acute phase of the injury.
With recovery, however, a smaller BOS was noted over time,
signifying increased stability with therapy.
Previous studies suggest that gait should be relatively
symmetrical where a difference of 5% between limbs is considered normal.15,19 In this case report, there was a substantial asymmetry between limbs in SL and SLS at baseline.
This asymmetry gradually improved over time and reached
normal values. At baseline, SLS symmetry had a negative
value, indicating that support was heavily skewed toward the
uninvolved limb, thus relieving the afflicted limb. However,

Figure 4. Changes in single limb support following 6 months of
AposTherapy.
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by week 4, SLS symmetry was substantially higher, indicating that both limbs spent equal time supporting weight. This
is a key finding considering that limb symmetry is an important measure of most gait abnormalities.20 Another important
finding is that the patient reached symmetry via an improvement in her injured knee and not by a deterioration in her
noninjured knee. This sort of phenomenon can often occur in
other orthopedic disorders such as knee OA and after total
knee replacements.21,22
The improvements in these gait parameters correspond
with those found in several other studies of conservative
therapies or reconstructive rehabilitation.17,19,23 However, the
most compelling difference between previous works and this
report is the time it takes to return to normal values. In this
case report, the patient returned to normal parameters after 4
weeks of treatment, whereas in similar study designs, the
duration to normal values was longer (Figure 5).17,19,23,24
In addition to the gait analysis, the WOMAC and SF-36
questionnaires were added as additional outcome measures.
After 6 months of therapy, the patient was asked to complete
both questionnaires. Although the patient failed to fill out the
forms at baseline, it was assumed that values at baseline
would be in the lower ranges for both questionnaires. At the
study endpoint, the surveys showed normal values of pain,
function and quality of life (Table 3).
The weaknesses of this study lie mainly in the generalizability of the study. As a case report, it presents the results of
a noninvasive therapy for acute ACL injury based on a single patient. Therefore, we cannot draw conclusions regarding the effect of this therapy. Nevertheless, this case report
presents the feasibility of this therapy to help the rehabilitation process following an ACL injury, which should be further examined. We therefore recommend that future studies
should investigate this therapy in a larger acute ACL tear
population. Additionally, it would be interesting to

Figure 5. Improvements in velocity over time in this case report compared to velocity changes after reconstructive surgery19 or with
other conservative therapies.23 Baseline velocity was not published in the other studies. For graphical purposes, the baseline velocities
were assumed to be equal to the baseline velocity in this study.
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Table 3. Pain, function and self-evaluation questionnaires at the
end of the study period.
Questionnaire
WOMAC (0–10 cm)
Pain
Stiffness
Function
SF-36 (0–100 mm)
Physical function
Limitation due to physical health
Limitation due to emotional health
Energy/fatigue
Emotional well-being
Social functioning
Pain
General health
Overall

Score
0
0
0
100
100
100
100
84
100
100
100
97.8

WOMAC: Western Ontario and McMaster Universities Osteoarthritis
Index; SF-36: Short Form 36.

determine the effect of the therapy on the patient after ACL
tear that chose to undergo reconstructive surgery in order to
determine if the therapy can expedite recovery time.25,26

Conclusion
This case report presented the feasibility of a biomechanical
therapy applied to a patient after an acute ACL rupture to
help the rehabilitation process. Gait patterns and limb symmetry improved and reached normal levels by 4 weeks and
maintained this level over 26 weeks. We recommend future
studies should investigate this therapy in a larger acute ACL
tear population.
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1.

Introduction

Total knee arthroplasty (TKA) is the most common treatment
for end-stage knee osteoarthritis (KOA). TKA has revolutionized
the care of patients with KOA and the number of performed

surgeries has dramatically increased over the past decade. With
the rise in life expectancy, projected increases in the incidence
of KOA and TKA surgery will place an enormous burden on the
healthcare system. A study based on the National Hospital
Discharge Survey (1996e1999), predicts that in 2030 there will be
over 474,000 TKA procedures performed in the U.S. alone.1
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TKA surgery succeeds at significantly improving the pain,
function and quality of life of KOA patients.2 Nevertheless,
some lower extremity kinematic and kinetic gait abnormalities have been shown to persist and continue to limit subjects’ performance and quality of life.3,4 Even years after TKA,
many patients do not achieve a normal gait pattern. They tend
to walk with a slower velocity, shorter stride length and longer
stance phase than control subjects.5
Recent data suggests that the abnormalities in gait parameters seen in patients after TKA are not solely due to the surgical
procedure or implant misalignment, but rather can be remnants
of patients’ pathological gait patterns prior to surgery. Several
studies have examined KOA gait patterns pre and post TKA and
have shown that gait patterns after surgery mirror the gait
patterns prior to surgery.5,6 These retained pathological gait
patterns have dramatic long-term effects on TKA patients aside
from immediate functional limitations post-surgery.
Recent research has suggested that the retained pathological gait patterns may significantly influence the function
of the contralateral knee and hip. Since these gait patterns
remain pathological even after the first TKA, the contralateral
limb continues to deteriorate and may even deteriorate more
rapidly.7 This process can be observed in the differences between limbs after TKA. After TKA there is limb asymmetry, in
which the operated limb remains more functionally limited
than the non-operated limb. Over time this limb asymmetry is
reduced; however, instead of the newly operated knee
achieving normality, the non-operated knee becomes more
pathological.7
In light of these findings, there is a need to improve gait
patterns after TKA. It has been shown that a biomechanical
therapy was able to improve spatiotemporal, kinetic and kinematics gait parameters in patients with KOA,8 as well as
self-evaluation questionnaires of pain, function and quality of
life.9 The present study attempts to apply this therapy to patients after TKA due to end-stage KOA. The study was
designed to test the hypothesis that the biomechanical therapy would be able to improve the spatiotemporal parameters,
functional scores and self-evaluations scores of these individuals after surgery.

2.

Methods

2.1.

Participants

all patients enrolled into the study and began the study
therapy. The study therapy was carried out in addition to their
typical physical therapy regiment. The biomechanical therapy
(AposTherapy) used for the present study is designed to
combine center of pressure (COP) manipulation in the foot
with perturbation during walking. The therapy combines a
biomechanical system (Fig. 1) with a specific walking protocol.
The system consists of two convex shaped biomechanical
elements attached to each of the patient’s feet (i.e. 4 elements
total). One is located under the hindfoot region and one is
located under the forefoot region of each foot. The elements
are attached to the patient’s foot on mounting rails embedded
within the sole of a shoe. The mounting rails enable flexible
positioning of each element under each region. The device is
calibrated by a physical therapist certified in the AposTherapy
methodology.
Once the device was calibrated, the patient was sent home
with the device and was requested to train with the device by
walking with it indoors during activities of daily living for a
specified amount of time each day. During the first two weeks
the patient was guided to wear the device for 10 min a day
while doing his daily routine and to accumulate a 5 min walk
with the device. This was increased gradually to 30 min a day
after 4 weeks. After 6 weeks of therapy patients were guided to
wear the device for 60 min a day while doing their daily
routine and to accumulate 30 min’ walk with the device. The
patient was also requested to return to the AposTherapy
center for follow-up visits after 1 month, 3 months and 6
months. During each visit the patients were evaluated and the
device was recalibrated if necessary. Compliance to the therapy was measured with a weekly log and follow-up phone
calls.

2.3.

Outcome measures

All patients were evaluated at three months postoperatively
(baseline), as well as after one month, three months and six
months of therapy. Walking speed (cm/s), step length (cm)
and single-limb-support (SLS) (% gait cycle (GC)) were

This was a prospective study of seventeen patients after unilateral TKA (seven males and ten females). The patients were
enrolled to the study three months postoperatively. Patients
had a mean age of 70.0  6.1 years, height of 166.2  8.7 cm and
weight of 80.8  14.0 kg. Exclusion criteria were severe
degenerative changes in other lower extremity joints, except
for the contralateral knee, other joint arthroplasties, and any
neurological disorders. The study was approved by the institutional review board (NIH registry NCT01266382).

2.2.

Intervention

Postoperatively, all patients underwent physical therapy as
specified by their physician. At three months postoperatively,
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Fig. 1 e Biomechanical device used in therapy.
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Table 1 e Gait patterns changes following therapy with the biomechanical device. Results are presented as mean (SD) [95%
CI].
Baseline
Velocity (cm/s)
Operated step length (cm)
Non-operated step length (cm)
Operated SLS (%GC)
Non-operated SLS (%GC)

69.7
48.7
45.1
31.9
38.6

(26.5) [54.4e85.0]
(9.8) [43.0e54.4]
(12.3) [38.0e52.3]
(5.3) [28.8e35.0]
(5.5) [35.4e41.8]

1 Month
96.7
56.6
54.6
36.4
38.7

3 Months

(23.2) [83.3e110.1]
(8.7) [51.5e61.6]
(9.5) [49.1e60.0]
(2.7) [34.9e38.0]
(2.6) [37.2e40.2]

103.0
58.2
56.3
37.9
38.9

(21.2) [90.8e115.2]
(8.7) [53.2e63.2]
(8.9) [51.1e61.4]
(2.4) [36.5e39.2]
(2.7) [37.4e40.5]

6 Months
105.9
59.3
57.3
37.8
38.5

(21.5) [93.4e118.3]
(8.0) [53.2e63.2]
(8.4) [52.5e62.1]
(2.3) [36.4e39.1]
(2.6) [37.0e40.0]

P-value
P
P
P
P
P

<
<
<
<
¼

0.001
0.001
0.001
0.001
0.392

Abbreviations: SD ¼ standard deviation; SLS ¼ single-limb-support; GC ¼ gait cycle.

measured by a computerized gait analysis using the GaitMat
system (E.Q., Inc. Chalfont, PA). During the gait test, all patients walked barefoot at a self-selected speed. Patients
walked 3 m before and after the walkway mat to allow sufficient acceleration and deceleration time outside the measurement area. Each gait test included 4 walks and the mean
value of the 4 walks was calculated for each parameter.
Changes in pain, function and quality of life perception
were evaluated using the visual-analog scale (VAS) for pain,
the Western Ontario and McMaster Osteoarthritis Index
(WOMAC) questionnaire and SF-36 Health Survey. The VAS for
pain ranges from 0 cm to 10 cm, with 10 cm indicating the
most severe pain. The WOMAC questionnaire is a VAS ranging
from 0 to 100 mm, with 100 mm indicating the most severe
pain or limitation in function. The WOMAC is divided into
pain, function and stiffness subcategories. The SF-36 is scored
between 0 and 100, with 0 indicating the worst quality of life,
and is split into a physical score and mental score. The knee
society score (KSS) was used to evaluate knee function (KSS-K)
and overall function (KSS-F). A time up and go (TUG) functional test was carried out as well. A standard height chair was
used and a line was placed 3 m from the chair. Each patient
was asked to repeat the test 3 times and the average of the 3
trials was calculated for further analysis.

2.4.

Statistics

All spatio-temporal gait parameters and self-evaluation questionnaires scores were presented as mean (standard deviation),
followed by 95% confidence interval for all time periods. Nonparametric one-sample KolmogoroveSmirnov tests were
calculated to compare the observed cumulative distribution
function for the continuous variables with the Normal theoretical distribution. The GLM Repeated Measures procedure
were used to provides analysis of variance for gait parameters,
VAS and KSS scores and self-evaluation questionnaires when
the same measurement was made 4 times on each subject.
WOMAC and SF36 changes are presented by Bar Graphs.
Data were analyzed with IBM SPSS software version 19.0
and the significant level was set at 0.05.

3.

Results

All study participants completed the study and reported full
compliance with the treatment protocol. All spatiotemporal
gait parameters improved over time, with the exception of SLS
in the non-operated limb (Table 1). Velocity improved by 46.9%,

Fig. 2 e WOMAC changes following 6 months of therapy
with the biomechanical device compared to matched
control. TKA population results were drawn from (26). 26
represents significant differences were found in WOMAC
pain, stiffness and function following 6 months of therapy
(P < 0.05).
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4.

Fig. 3 e SF-36 changes following 6 months of therapy with
the biomechanical device compared to matched control.
TKA population results were drawn from (26). 26
represents significant differences were found in SF-36
Physical and Mental scores following 6 months of therapy
(P < 0.05).

SLS improved by 13.1% in the operated limb and limb asymmetry decreased from 9.3% to 1.3%. WOMAC pain, stiffness and
function improved significantly by 65.3%, 57.6% and 64.0% over
time, respectively (all p < 0.05) (Fig. 2). SF-36 physical score and
SF-36 mental score improved significantly over time (Fig. 3). SF36 overall score improved by 47.7% by six months. VAS scores
improved significantly in the operated knee but not in the nonoperated knee (Table 2). KSS-K and KSS-F improved significantly by 60.6% and 83.7%, respectively (Table 2). TUG improved
significantly as well (Fig. 4).

Discussion

Many studies have shown that patients after TKA have a
difficulty achieving normal function.4,10 A meta-analysis of
physical therapy programs for TKA patients showed only
small to moderate effect size with only short term benefits.11 The purpose of the present study was to determine
the effects of a biomechanical therapy on patients after
TKA for end-stage KOA. Participants in the present study
showed significant improvements in spatiotemporal gait
parameters, functional scores and self-evaluation questionnaires. These improvements continue to improve at the
study endpoint, suggesting that further improvements may
occur with time that was not accounted for by the present
study.
The present study evaluated patients at four months, six
months and nine months after surgery. While several previous studies have examined the gait patterns of patients after
TKA, most examine these patients after twelve months. A
study by Bendetti et al evaluated patients after TKA at a
similar time point to the present study (six months).3 At this
time point, patients in their study reported a mean velocity of
85.1 cm/s. This is lower than the velocity observed in the
present study (103.0 cm/s) at six months postoperatively
(three months of therapy). A study by Smith et al shows that
the gait patterns of patients after TKA at twelve months postoperation are similar to those reported by the present study at
nine months post-operation (six months of therapy).6 These
findings suggest that the patients in the present study may
surpass the results of Smith et al by twelve months. In addition, a meta-analysis by McClelland et al showed that the
average velocity of patients after TKA ranged between 80 and
110 cm/s.4 This was for an average follow-up time of several
years after surgery. Since the velocity observe after six
months of therapy was at the upper end of this range, the
participants in the present study are expected to surpass this
level as well. In comparison to other TKA therapies, it seems
that the therapy examined in the present study has better
results. A meta-analysis on TKA therapies by Minns Lowe
et al showed effect size in gait velocity ranging from �0.25 to
0.5 and in function ranging from �0.2 to 0.3.11 In the present
study the effect size was 1.37 for gait velocity and 0.95 for
function.
The results of the present study also show that the limb
asymmetry improved with therapy. This occurred via an
improvement in the operated limb, rather than a

Table 2 e VAS and KSS scores changes following therapy with the biomechanical device. Results are presented as mean
(SD) [95% CI].
Baseline
VAS scores (0e10)
Operated knee
Non-operated knee
Knee society score
KSS
KSS-F

6.3 (2.1) [4.8e7.8]
1.1 (1.2) [0.2e2.0]
44.5 (13.1) [35.7e53.2]
40.5 (25.7) [23.2e57.7]

1 Month
2.9 (2.3) [1.3e4.5]
1.1 (1.9) [0e2.4]
66.6 (14.7) [56.7e76.4]
69.1 (16.9) [57.8e80.4]

Abbreviations: VAS ¼ visual analog scale; KSS ¼ Knee society score.
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3 Months
3.2 (2.3) [1.5e4.9]
1.9 (1.8) [0.6e3.2]
68.6 (18.9) [55.9e81.2]
74.6 (22.0) [59.8e89.3)

6 Months
1.8 (2.4) [1.5e4.9]
2.4 (2.5) [0.6e4.2]
77.6 (20.8) [63.6e91.5]
79.1 (19.7) [65.8e92.3]

P-value
P < 0.001
P ¼ 0.163
P ¼ 0.002
P < 0.001
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Fig. 4 e Time Up & GO changes following 6 months of
therapy with the biomechanical device compared to
matched control and healthy adults. TKA population and
Healthy adults results were drawn from (24). 24 represents
significant differences were found in TUG following 6
months of therapy (P < 0.05).

deterioration of the non-operated limb. This finding is
noteworthy, considering that a past study found that, while
limb asymmetry is reduced over time in TKA patients, the
non-operated knee becomes more pathological instead of
the newly operated knee improving.7 In the present study,
the changes in SLS in the non-operated limb were not significant. Instead, the operated limb was shown to improve
significantly.
Participants in the present study showed significant improvements in WOMAC pain, stiffness and function, as well as
in SF-36 physical and mental scores. These can also be
compared to previous studies on these measures in patients
after TKA. A study by Jones et al showed that patients after
TKA demonstrate WOMAC and SF-36 scores that are worse
than those observed in the present study for all parameters
except WOMAC stiffness12 (Figs. 2 & 3). Combined with the
gait pattern results, these findings suggest that symptoms and
function in the present study seemed to have improved due to
therapy. This is complemented by the significant decrease in
pain levels observed by the VAS score for pain over time in the
operated limb (Table 2). However, in order to further validate
these results, future studies should examine the effect of this
therapy in comparison to a control group in a randomized
trial.
Other measures of function in the present study were the
TUG test and KSS. In comparison to other studies, the results
of the TUG test were better in the patients in the present
study12 (Fig. 4). A study by Longstaff et al showed that at
twelve months, patients after TKA showed a KSS function
score that ranges between 56.7 and 73.6.13 The KSS function
score reported in the present study after six months of therapy was greater than this range (79.1).
The results of this study may be explained by the neuromuscular status of patients after TKA. Most of these patients
have suffered from years of mechanical instability and
decreased proprioception in their affected knee.14 They have
developed disease-specific gait patterns for accommodating.4
These gait patterns are hard to modify after surgery.11

Rehabilitation is complicated by the fact that ligaments in
the knee that contain the remaining proprioceptors and
provide the remaining structural support of the knee are
sacrificed during operation. Therefore gait patterns often
deteriorate after surgery and can lead to OA in other joints.7
The therapy implemented in the present study seems to have
improved the gait, function and symptoms of patients after
surgery. As such, the therapy may have been able to improve
the neuromuscular status of these patients. Researchers have
suggested that this occurs because the therapy corrects the
ground reaction force direction on each foot and gives constant perturbative stimuli under functional repetition.8 These
make up the core of any motor learning therapy. Continued
research is necessary to elucidate the details of this theory,
specifically with controlled prospective studies on patients
after TKA.
There were several limitations to the present study. The
primary limitation is the lack of a control group with which to
compare the results of the individuals participating in the
biomechanical therapy. This limits the implication of the
findings. Instead, the results were compared to previous
studies on patients after TKA. Studies on TKA patients usually
differ from each other due to methodology, prosthetic type
and patient characteristics. While our comparisons support
the hypothesis that the biomechanical therapy improved
function after TKA, a valid control group is needed in future
studies to strengthen our findings. This would also help in
quantifying the magnitude of the effect that the biomechanical therapy may have on these individuals. Another limitation to the present study is the effect of the contralateral limb.
Patients after TKA usually suffer from knee OA in their
contralateral knee. This will also affect gait patterns to various
degrees. In addition, the length of time the patient has suffered from OA prior to surgery also affects gait patterns after
surgery. It is difficult to control for these factors. A randomized control group would also help account for these confounding variables.
Furthermore, the present study also examined only
spatiotemporal parameters of gait rather than kinetic and
kinematic parameters. Kinetic parameters such as knee
adduction moment, knee flexion moment and knee extension
moment have been shown to be important in postoperative
functional analysis of these individuals. For example, a study
by Levinger et al has shown that patients after TKA who have
abnormal knee flexion moments remaining at four months
post-operation will retain poor function in the future.15 For
this reason, future studies implementing this or other
biomechanical therapies for TKA should measure kinetic and
kinematic measures of gait as well.

5.

Conclusions

Patients after TKA due to end-stage KOA treated with a
biomechanical therapy (AposTherapy) demonstrate improvements in gait patterns, functional scores and selfevaluations questionnaires. These findings suggest that the
therapy presented in the present study may be beneficial for
these types of patients.
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Background: Many factors contribute to suboptimal results after total knee arthroplasty (TKA) but little is known regarding the
value of postsurgical rehabilitation after TKA. We examined the effects of an enhanced closed kinematic chain exercises program
(AposTherapy) on gait patterns and clinical outcomes among patients with a lack of progress in their postsurgical rehabilitation.
Methods: Twenty-two patients were prospectively followed during the study. Gait spatiotemporal parameters were measured at
the initial evaluation, after 15 minutes of therapy, and after 3 months of therapy. The Western Ontario and McMaster Osteoarthritis Index (WOMAC) and the short form (SF)-36 health survey were completed by patients before treatment and after 3 months of
treatment.
Results: The WOMAC and SF-36 scores improved significantly after 3 months of treatment. Gait velocity, single limb support, and
step length of the operated leg improved significantly even after a single 15 minutes treatment. Normal gait velocity was observed
in 36% of patients after 3 months of treatment.
Conclusions: A physiotherapy program that included enhanced closed kinematic chain biomechanical therapy was beneficial for
patients who experienced a suboptimal rehabilitation course after TKA.
Keywords: Knee, Arthroplasty, Rehabilitation, Gait

Total knee arthroplasty (TKA) reduces arthritic knee pain
and provides most patients with adequate knee range of
motion (ROM).1,2) TKA also typically diminishes limitations in patient activities.3) Improvements in these parameters is gradual and may take up to 1 year.4) Patients exhibit
marked impairments in voluntary activation of quadriceps
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strength and in functional performance (e.g., walking and
stair climbing) during the early postoperative period after
TKA, most probably due to the surgical insult. 5,6) Most
patients are expected to recover to their preoperative functional activity level within 1 year. However, impairments
in strength and function may remain below a healthy agematched population for years after TKA.6)
Bourne et al.7) found that 19% of patients were
dissatisfied after TKA. Many factors can contribute to
a potentially suboptimal outcome after TKA, including
patient characteristics, surgical technique, and postoperative factors. Patient-related factors include restricted preoperative ROM and underlying etiology, e.g., rheumatoid
arthritis, morbid obesity, multitude of co-morbidities, sex,
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and patient personality.8-10) Surgical factors include errors
in soft-tissue balancing, component malpositioning, and
incorrect component sizing.11) Incorrect joint-line height
is another surgical cause of a ROM limitation and suboptimal performance.12) Postoperative complications, such
as infection, arthrofibrosis, and heterotopic ossification,
hinder TKA outcomes.13) Yet, a significant number of patients have difficulties during postoperative rehabilitation
with no apparent cause. However, this subset of patients is
often diagnosed late, when the potential for full functional
recovery has been compromised. There is a paucity of
literature regarding appropriate surgical interventions or
rehabilitation protocols for such patients.14)
Previous reports indicate that physiotherapy in patients with knee osteoarthritis (OA) can be facilitated by
all phases of step cycle (APOS) therapy. This therapy is
based on a novel modular foot-worn biomechanical device
that stimulates the patient to perform closed chain kinematic exercises by inducing controlled perturbations (further explained in the Methods section). Patients with knee
OA have superior Western Ontario and McMaster Osteoarthritis Index (WOMAC) and short form (SF)-36 health
survey questionnaire scores and gait parameters, such as
higher walking speed and cadence, as well as step length.15)
We assumed that the enhanced rehabilitation with this
device might improve pain and functional outcomes in
patients who have difficulties with routine postoperative
rehabilitation after TKA.
The purpose of the study was to conduct a pilot
investigation to examine the immediate and longer term
effects of this device in patients 3 months after TKA. We
evaluated gait patterns and self-assessment levels of pain,
function, and quality of life. We hypothesized that this
therapy would improve gait patterns, quality of life, and
function, as well as reduce pain in these patients.

METHODS
The study included 22 patients who underwent cemented
unilateral posterior stabilized TKA (Zimmer, Warsaw, IN,
USA) for medial compartment OA using a medial parapatellar surgical approach. All patients were referred to therapy by three high volume (> 150 cases/year) orthopedic
surgeons who were concerned with their patient’s insufficient improvement after routine physical therapy. Routine
physical therapy is initiated immediately after TKA in
Korea and consists of 30 minutes sessions three times per
week for 3 months. The therapy focuses on ROM, muscle
strengthening, and proprioception exercises. Most patients
have full extension and 90° to 100° of flexion in the oper-
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ated knee 6 weeks after surgery.
Each patient underwent a thorough physical examination by the surgeon as well as anterior-posterior (AP),
lateral, sky, Rosenberg view, and long-standing radiographs of the involved limb postoperatively and an AP pelvic view to rule out hip OA prior to inclusion in the study.
No clinical or radiographic reason for delayed progression
was found in any of the patients, such as malalignment > 3°
on a long standing radiograph, patellar tilt on a sky view,
or soft tissue imbalance in flexion or extension on standing
AP and Rosenberg views, respectively. In addition, mediolateral balance was clinically examined in full extension,
20° of flexion, and 90° of flexion by the respective surgeon.
Exclusion criteria were: other joint arthroplasties of the
lower limbs; severe degenerative changes in other lower
extremity joints, except the contralateral knee; neurological and rheumatic inflammatory diseases; malpositioning,
incorrect sizing, and unbalanced soft tissue; postoperative
dislocation; increased C-reactive protein level or erythrocyte sedimentation rate; and previous knee surgery.
The patient characteristics including age and body
mass index (BMI) were collected. Pretreatment pain,
patient function, and perception of quality of life were
evaluated using the WOMAC questionnaire and the SF-36
health survey before treatment and after 3 months of treatment. Data were recorded prospectively in our database.
All patients consented to participate in the study. This
study was approved by the Institutional Review Board
(NIH registry no. NCT01266382).
Patients were treated with biomechanical therapy
(APOS therapy) that combines two well established
treatment strategies for lower extremity and lower back
musculoskeletal deformities, such as reducing load on
the affected joint16-19) and training the neuromuscular system by perturbation.20) This treatment is based on using
a biomechanical device comprised of modular elements
attached to foot-worn platforms. The modules are two
convex shaped biomechanical elements attached to each
foot. One is located under the hindfoot region, and the
other is located under the forefoot region. The elements
are attached to the subject’s foot via a platform in the form
of a shoe. The platform is equipped with a specially designed sole that consists of two mounting rails that enable
flexible positioning of each element under each region.
Each element can be individually calibrated to induce specific perturbations that challenge the patient in multiple
planes while walking and standing (Fig. 1). The positioning of the biomechanical elements changes the location
of the center of pressure (COP),21) which, in turn, causes
changes in the moments acting within the kinetic chain.
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Fig. 1. The unique biomechanical device
was comprised of two individually
calibrated biomechanical elements
attached to a specially designed sole
with two mounting rails and a positioning
matrix to enable flexible positioning of
each biomechanical element. One element
is attached under the hindfoot and the
second element is attached under the
forefoot. The biomechanical elements are
available in different degrees of convexity
and resilience.

For example, shifting the biomechanical elements to the
lateral aspect of the foot causes a lateral shift in the COP
and a decrease in the knee adduction moment.16,18) Shifting the biomechanical elements to the medial aspect of
the foot causes a medial shift in the COP and a decrease in
the hip adduction moment.19) Once calibrated to achieve
the correct functional alignment, neuromuscular learning is mediated by the convex nature of the elements that
promotes a controlled perturbation during walking.20) Appropriate calibration was defined as bringing the joint into
biomechanical alignment to alleviate pain by shifting the
applied forces and decreasing the adductor moment arm.
Consequently, pressure distribution within the joint improves.22,23) These biomechanical perturbations are applied
through all phases of the step-cycle (i.e., initial contact,
mid-stance, and toe-off) when wearing the device. Thus,
home-based, dynamic, functional, and repetitive training is enabled to improve neuromuscular control.22,23) The
patient performs a closed kinematic chain exercise while
wearing the device during daily activities.
Gait spatiotemporal parameters were measured using
a computerized mat (GaitMat System, E.Q. Inc. Chalfont,
PA, USA) before and after a single therapy session. During
the gait tests, all patients walked barefoot at a self-selected
speed. Each cycle consisted of 3 m before and after the
walkway mat to allow sufficient acceleration and deceleration time outside the measurement area. Each gait test
included four cycles, and the mean value of the four cycles
was calculated for each parameter. The following spatiotemporal parameters were evaluated for each gait test: (1)
Gait velocity (cm/sec). Velocity is a basic gait parameter
that is often correlated with pathological gait changes. Gait
velocity was graded from 30 cm/sec to > 110 cm/sec in 10

cm/sec increments. A gait velocity > 110 cm/sec was considered normal, whereas that < 80 cm/sec was considered
pathological.24) (2) Step length (cm) of both the operated
and non-operated knees. Step length was chosen, as it is
directly related to velocity (velocity = step length × cadence).15,24) (3) Single limb support (SLS) phase (% gait cycle) of both knees was chosen, as it represents the amount
of time a person stands on one foot while the contralateral
limb swings forward. This signifies the extent of a patient’s
limp, which is a common gait change in a patient with a
painful knee.15,24) (4) Foot base of support of both legs (cm).
After completing the pretreatment gait measurements, the biomechanical device was calibrated for each
patient by a physiotherapist certified in this treatment
mode. All patients completed the initial intervention,
which was a single 15 minutes exercise session with the
biomechanical device. Then, the gait test was repeated
by all patients, and the results were documented. The patients continued training for 3 months, according to the
guidelines they had received from the physiotherapist.
Patients were instructed to wear the device daily at home.
They were instructed to wear the device for 15 min/day (5
minutes cumulative walking time) during the first week.
The patients were instructed to gradually increase the time
they wore the device, reaching 60 min/day after 3 months,
with a cumulative walking time of 15 to 20 minutes. Gait
parameters were remeasured 3 months after initiating
treatment.
The physiotherapist verified compliance with the
treatment protocol in a weekly phone call. All patients
complied completely with the treatment protocol, and
there were no reports of imbalance, tripping, or other
physical problems during the study period.
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Statistical Analysis
This pilot study was a one arm prospective study. We
examined the effects of a single treatment session and 3
months of treatment with the biomechanical device on
gait parameters of the operated and non-operated knees
compared to their pretreatment values. In addition, we
compared function and quality of life using the WOMAC
and SF-36 questionnaires between pretreatment testing
and testing after 3 months of treatment. We examined the
results according to the OMERACT-OARSI guidelines for
clinical significance of a novel OA therapy, including limb
functionality and patient pain.25)

We could not determine the study sample size in
advance because this was a pre-experimental study. The
criterion for significance (alpha) was set at 0.05. The tests
were two-tailed, indicating that an effect in either direction
would be interpreted. This study had a power of 90% to
yield statistically significant results with a total proposed
sample size of 22. This computation assumed a mean difference of −4.0 (corresponding to means of 34.0 vs. 38.0),
and the common within-group standard deviation (SD)
was 4.0 (based on SD estimates of 5.0 and 2.5). This effect
was selected as the smallest effect that would be important
to detect, in the sense that any smaller effect would not be
of clinical or substantive significance.
Data were analyzed with SPSS ver. 17.0 (SPSS Inc.
Chicago, IL, USA). Gait characteristics were examined using the Kolmogorov-Smirnov non-parametric test. Data
are presented as mean and SD for continuous variables
with 95% confidence intervals for the mean. Changes over
time for all measurements were calculated using repeatedmeasures analysis of variance.

Table 1. Patient Characteristics (n = 22)
Characteristic

Value

Sex (female:male)

13 (59) : 9 (41)

Age (yr)

67.3 ± 8.4 (45–82)

Height (cm)

1.67 ± 0.10 (151–180)

Weight (kg)

79.6 ±12.7 (61–94)
2

Body mass index (kg/m )

RESULTS

28.3 ± 3.1 (23.3–32.8)

Twenty patients (thirteen women [59%] and nine men
[41%]; mean age, 67.3 years; mean BMI, 28.3 kg/m2) were

Values are presented number (%) or mean ± standard deviation (range).

Table 2. Changes in the WOMAC Index and the Short Form-36 Health Survey Scores between Pretreatment and after 3 Months of Treatment
Pretreatment

3 Months

Mean
difference

Pain

39.2 (24.3)

23.0 (23.2)

Stiffness

40.2 (29.1)

Function

Variable

95% Confidence interval

p-value*

Power (%)

–5.3

0.005

60

–19.6

2.7

0.131

15

–12.7

–22.0

–3.5

0.009

40

63.7 (22.3)

17.2

8.6

25.8

< 0.001

72

28.3 (37.2)

55.4 (39.9)

27.2

10.6

43.8

0.003

62

Limitation due to emotional problems

47.8 (47.0)

78.3 (32.8)

30.5

11.1

49.9

0.004

67

Energy/fatigue

50.7 (17.9)

66.7 (17.6)

16.1

9.4

22.8

< 0.001

82

Emotional well being

69.9 (19.8)

81.4 (11.9)

11.5

4.1

18.8

0.004

58

Social functioning

60.3 (26.8)

82.1 (23.2)

21.7

9.2

34.3

0.002

81

Pain

45.9 (24.8)

60.5 (21.9)

14.7

4.9

24.4

0.005

49

General health

63.8 (18.6)

70.3 (19.2)

6.5

0.4

12.6

0.038

18

Lower

Upper

–16.2

–27.1

31.7 (27.1)

–8.5

34.5 (24.8)

21.7 (20.0)

Physical function

46.5 (24.3)

Limitation due to physical health

WOMAC Index

Short form-36 health survey

*p-value < 0.05.
WOMAC: Western Ontario and McMaster Osteoarthritis, CI: confidence intervals.
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Table 3. Spatio-Temporal Changes between Pretreatment, after a Single Treatment Session, and after 3 Months of Treatment
Variable

Pretreatment

Velocity (cm/sec)

70.7 ± 23.7 (60.2–81.2)

Operated knee step length (cm)

One session

3 Months

88.3 ± 21.2 (79.0–97.7) 100.2 ± 21.3 (90.8–109.7)

p-value* Power (%)
< 0.001

99

47.2 ± 9.4 (43.0–51.3)

51.8 ± 9.0 (47.8–55.8)

55.7 ± 7.9 (52.2–59.2)

< 0.001

93

45.0 ± 11.1 (40.1–49.9)

50.6 ± 9.0 (46.6–54.6)

54.4 ± 8.2 (50.7–58.0)

< 0.001

86

Operated knee single limb support (% gait cycle)

34.2 ± 5.4 (31.8–36.6)

36.2 ± 3.6 (34.7–37.8)

38.0 ± 2.5 (36.9–39.1)

< 0.001

91

Non-operated knee single limb support (% gait cycle)

38.6 ± 5.3 (36.2–40.9)

39.2 ± 2.7 (38.0–40.4)

39.2 ± 2.5 (38.1–40.3)

0.642

8

Operated knee base of support (cm)

8.0 ± 3.7 (6.4–9.7)

8.1 ± 2.7 (6.9–9.3)

7.1 ± 2.7 (5.9–8.3)

0.325

15

Non-operated knee base of support (cm)

8.1 ± 3.7 (6.4–9.7)

8.0 ± 2.7 (6.8–9.2)

7.3 ± 2.3 (6.3–8.3)

0.514

13

Non-operated knee step length (cm)

Values are presented mean ± standard deviation (95% confidence interval).
All gait tests were performed while walking barefooted at a self-selected speed.
*p-value < 0.05.
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Fig. 2. Distribution (%) of gait velocity groups pretreatment, after a single
treatment session, and after 3 months of treatment.

enrolled (Table 1). The mean pretreatment WOMAC pain
score improved significantly (p = 0.005) from 39.2 to 23.0
points (range, −61.6 to –55.9 points). Similarly, the WOMAC dysfunction score improved significantly (p = 0.009)
from 34.5 to 21.7 points (range, −62.0 to –33.7 points)
after 3 months of treatment with the device. The mean
WOMAC stiffness score tended to improve from 40.2 to
31.7 points (range, −69.0 to –33.3 points) (p = 0.13). Correspondingly, the mean final SF-36, score improved from
52.9 to 69.8 points (range, −14.2 to –50.1 points) (Table
2). All other specific SF-36 score parameters improved
significantly between pretreatment and after 3 months of
treatment (Table 2).
A significant increase was found in step length and
SLS of the operated knee after a single treatment session
and after 3 months of treatment with the biomechanical
device (Table 3). Operated knee step length increased from

47.2 cm at baseline to 51.8 cm after a single treatment session and to 55.7 cm after 3 months of treatment (p < 0.001).
Similarly, SLS increased from 34.2% of the gait cycle to
36.2% and 38.0%, respectively (p < 0.001). Consequently,
gait velocity increased from 70.7 cm/s to 88.3 cm/s and to
100.0 cm/s, respectively (p < 0.001). Although operated
limb BOS tended to increase after treatment, the difference was not significant (p = 0.32) (Table 3).
In addition, step length of the non-operated knee
increase significantly (45 cm vs. 54.4 cm, p < 0.001) after 3 months of treatment. Other parameters of the nonoperated knee tended to increase after treatment, but the
differences were not significant (Table 3).
Fig. 2 shows the gait velocity distribution (%) in
patients at baseline, after a single treatment session, and
after 3 months of treatment in 10 cm/s increments. Prior
to therapy, approximately two-thirds (64%) of the patients
had a pathological gait velocity (< 80 cm/sec) and only
4.5% had a normal gait velocity (> 110 cm/sec). A single
treatment session decreased the rate of pathological gait
velocity to 37% and increased the rate of patients with normal velocity to 14%. Three months of treatment further
lowered the rate of pathological gait velocity to 23% and
increased the rate of normal gait velocity to 36%.

DISCUSSION
Despite the technological advances in TKA design and an
improved understanding of TKA surgical techniques and
biomechanics, nearly 20% of patients are dissatisfied with
their surgical outcome.7) The surgeon’s awareness of the
incidence of such outcomes is important, as these patients
may benefit from a more individualized postoperative
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rehabilitation plan. There is a lack of data regarding the
appropriate physiotherapy protocol for these patients.26) A
recent literature review and meta-analysis on the effectiveness of physiotherapy exercise after TKA concluded that
interventions had minimal and only short-term effects.27)
We present outcomes of patients who used enhanced biomechanical stimulation 3 months following
TKA and who were referred by orthopedic surgeons due
to their lack of progression during postsurgical rehabilitation as shown by low SF-36 and WOMAC scores. We examined the efficacy of a foot-worn device in this challenging group of patients. We used clinical questionnaires and
gait parameters at baseline, after a single treatment session,
and after 3 months of treatment to evaluate patient progress.
Significant improvement was achieved in many
patients after a single treatment session; mean operated
leg SLS increased significantly after a single treatment session. This improvement was enhanced after 3 months of
treatment, bringing the SLS to 38% of the gait cycle, which
is very close to a normal SLS value (38.5%). The improvement in SLS of the operated leg was attributed to the minor perturbations inflicted on the non-operated leg, which
dynamically stimulated the patient to use the operated
leg. Previous studies indicate that agility and perturbation
training may play an important role in knee function by
protecting it from potentially harmful loads. The initial
improvement was further consolidated by a multitude of
repetitions in a closed kinematic chain, which potentially
enhance neuromuscular control of the operated leg and
improve muscular coordination.28,29)
Along with the improvement in operated knee SLS,
operated knee step length increased significantly after a
single treatment session and after 3 months of treatment.
This improvement may reflect the patient’s enhanced confidence with the operated leg, allowing them to take larger
steps. More efficient gait patterns, with nearly normal
mean operated knee SLS and larger step length, lead to
greater gait velocity, which increased significantly after a
single treatment session and after 3 months of treatment.
Step length of the non-operated knee increased significantly after 3 months of treatment. The improvements
seen in the gait parameters of the contralateral leg support
the findings of previous studies regarding the ability of
this device to improve neuromuscular control and function.22-24)
The patients reported significant symptomatic relief
in pain and dysfunction scores. These results meet the
OMERACT-OARSI guidelines for clinical significance of a
novel OA therapy, which integrates patient pain and func-
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tionality.25)
A relatively modest improvement was seen in the
WOMAC stiffness score. This finding together with the
improvements in the gait parameters suggest that re-acquiring neuromuscular control of the operated leg is more
important than improving ROM.
The present study had certain limitations. The study
population was diverse, comprised of only 22 patients, and
was referred from three different surgeons due to unexplained discomfort and lack of progression during rehabilitation. In addition, selection bias was observed by the
surgeons who referred the patients to therapy. However,
this limitation was not expected to improve treatment
outcomes, as these patients were more prone to unfavorable outcomes and more challenging to treat. As this study
considered a more complex rehabilitation population after
TKA, the data are of value, despite the limited number of
patients. An additional limitation was the lack of a control
group, which has inherent methodological limitations.
This study was technically difficult, as we assessed a very
unique group of patients who had undergone routine rehabilitation for 3 months after surgery with unsatisfactory
results for no apparent reason. After insufficient progression with physical therapy, other rehabilitation methods
are sought by the patient and surgeon. As this was not a
randomized study, bias and confounders were difficult to
control. We emphasize that our results should be interpreted carefully because the interventional results were not
compared to those from a control group. No significant
conclusions should be drawn, as this study presents preliminary results of the effects of this therapy on patients
after TKA. Future studies should examine the effects of
this therapy compared to a control group. Nevertheless, all
patients received the standard of care rehabilitation after
TKA and were seeking other rehabilitation methods due
to unsatisfactory results for no apparent reason; hence, this
therapy may have additional rehabilitation value to these
patients. Finally, this study had a relative short followup period. Ideally, patients would have benefitted from a
long-term evaluation of the treatment to draw significant,
long-term, clinical conclusions. However, this was a pilot
evaluation of this therapy for patients after TKA. A previous study evaluated the long-term (2 years) effects of this
therapy on pain and function in patients with knee OA30)
and reported positive results. According to the results
of that study, the main improvement occurred after 2
months of treatment followed by maintenance of improvement.22,30) Thus, the first 2 months of therapy are a critical
period and may apply to patients after TKA. Future studies should evaluate the long-term effects of this therapy to
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assess if the observed improvements are maintained in the
long-term.
Based on our findings, we suggest that physiotherapy using enhanced closed kinematic chain biomechanical
therapy may be beneficial 3 months following after TKA
in patients with suboptimal outcomes after rehabilitation.
These patients showed improved knee function and quality of life according to the WOMAC and SF-36 scores,
respectively, as well as by the gait analysis. An initial substantial improvement was apparent even after a single
treatment session in some patients. Yet, more reproducible
progress is expected after 3 months of treatment. Future
randomized controlled clinical trials should examine the

differences in spatiotemporal and clinical parameters of
patients following TKA using this biomechanical device
after failure of routine rehabilitation.
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Abstract
Background: The purpose of the study was to examine the effect of a foot-worn biomechanical device on the
clinical measurements and gait patterns of patients with total hip arthroplasty (THA).
Methods: Nineteen patients, up to 3 months post-THA, were enrolled to the study. Patients underwent a
computerized gait analysis to calculate spatiotemporal parameters and completed the Western Ontario and
McMaster Universities osteoarthritis index and the SF-36 health survey. Patients then began therapy with a noninvasive foot-worn biomechanical device coupled with a treatment methodology (AposTherapy). Patients received
exercise guidelines and used the device daily during their regular activities at their own environment. Follow-up
examinations were conducted after 4, 12, and 26 weeks of therapy. Repeated measures ANOVA was used to
evaluate changes over time. The clinical significance of the treatment effect was evaluated by computing the
Cohen's effect sizes (ES statistic).
Results: After 26 weeks of therapy, a significant improvement was seen in gait velocity (50.3%), involved step
length (22.9%), and involved single limb support (16.5%). Additionally, a significant reduction in pain (85.4%) and
improvement in function (81.1%) and quality of life (52.1%) were noted.
Conclusions: Patients following THA demonstrated a significant improvement in gait parameters and in selfassessment evaluations of pain, function, and quality of life. We recommend further RCTs to examine the effect of
this therapy compared to other rehabilitation modalities following THA and compared to healthy matched controls.
Trial registration: Clinical trial registration number NCT01266382
Keywords: Biomechanical therapy, Gait, Pain, Function

Background
Total hip arthroplasty (THA) is known to be a successful joint replacement procedure given that most patients
experience significant pain alleviation, as well as an improvement in their health-related quality of life mostly
during the first postoperative year and beyond [1,2]. The
literature reveals, however, that despite these postoperative improvements, in some patients, the level of pain
* Correspondence: researchdept10@gmail.com
5
Department of Orthopedic Surgery, Barzilay Medical Center, 3rd Hahistadrut
St., Ashkelon 78278, Israel
Full list of author information is available at the end of the article

and the quality of life following THA do not reach those
of the general population [1-3], nor does their gait
pattern return to normal [4-6].
Gait analysis is a useful tool in the evaluation of locomotor function after THA [7]. Several studies have
shown that joint motion does not return to normal after
6 months and in some cases up to years postoperatively
[4,5,8]. This atypical joint motion includes additional
stress being placed on the unaffected leg that may eventually lead to the development of osteoarthritis (OA) in
the contralateral limb [6,9-11] and other joint disorders,
some of which may even require a second arthroplasty

© 2013 Segal et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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[12]. However, other studies have reported that patients
following THA do reach normal values. A recent study
has examined the gait pattern outcome of two different
surgical techniques for THA and reported one technique
to be superior. Therefore, the surgical technique should
be considered when evaluating the gait patterns of
patients following THA. In addition, another study has
examined resurfacing of the hip compared to THA and
found similar results [13]. Both studies compared the
operated patients with healthy controls and reported
that the operated groups have reached the values of
healthy controls.
In comparison with healthy individuals, THA patients
generally exhibit a residual antalgic gait with slower gait
velocity, shorter single limb support, and lower hip adduction and extension angles [14-18]. These deviations
from normal individuals may be due to pain-avoidance
strategies adopted preoperatively, apprehensions associated with the new prosthesis that leads to mechanical
changes in the contralateral hip, and muscle weakness
[4,5,14,15,19,20].
Gait adaptations to THA are also found at the nonoperated hip and lead to limb asymmetry (i.e., differences in gait parameters between the operated and the
non-operated limb) [21]. Patients with THA put less
weight on their affected limb and do so less rapidly than
with their unaffected limb [5,19,22-24].
A relatively new non-invasive foot-worn biomechanical
device (AposTherapy) has been shown to improve clinical
measures, as well as gait patterns and limb symmetry in
patients with knee OA and chronic non-specific low back
pain [25-29]. Specifically, this device was shown to reduce
pain and functional limitation in patients with knee OA
and to improve the quality of life of patients with knee OA.
This therapy was also shown to improve gait velocity, step
length, and single limb support of patients with knee OA
and low back pain. Finally, the therapy was shown to improve kinematic and kinetic parameters of gait; mainly, it
has been shown to reduce knee adduction moment. This
therapy uses a device that has the capability of changing
the location of the center of pressure (COP) during walking, thereby shifting the external forces acting on the body
[30,31]. Furthermore, the device generates perturbation
during movement that challenges neuromuscular control
[32]. We presume that this therapy may have positive effect
for patients following THA due to end-stage hip OA. The
ability of the device to change the COP alongside controlled perturbation while walking will help patients following THA to comply with walking exercise and adopt new
motion patterns. As mentioned, patients following THA
present altered gait patterns compared to healthy controls,
even a year post-surgery. We think that using this therapy
will help return the gait patterns of these patients to be
similar to the gait patterns of healthy controls.
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The purpose of the current study was to conduct a
pilot investigation to examine the applicability of this device on gait patterns, gait symmetry, and self-assessment
levels of pain, function, and quality of life in patients following THA. We hypothesized that this therapy will lead
to reduction in pain and improvements in the function
and quality of life of these patients. We also hypothesized that these patients will show improved gait patterns and diminished limb asymmetry.

Materials and methods
Patients

Nineteen patients (ten males and nine females) with unilateral THA participated in this study. Their mean (SD)
age was 63 (9.8) years, height was 164.6 (7.4) cm, and
weight was 74.8 (15.9) kg. The inclusion criterion was a
THA due to idiopathic hip OA up to 3 months postsurgery. Exclusion criteria were (a) previous THA in the
contralateral hip, (b) other joint replacement procedures
in the lower limbs, (c) pain or limitation in other lower
extremity joints, (d) neurological and rheumatic inflammatory diseases, (e) postoperative dislocation or infection,
(f) postoperative deep vein thrombosis, (g) malpositioning
of the implant (abduction angle of the cup of 45° ± 10°),
and (h) intraoperative periprosthesis fracture. All patients were implanted with cementless prostheses with
ceramic on ceramic bearings (Corail and pinnacle cap,
J&J, DePuy, Warsaw, IN, USA). All patients were operated with the same surgical technique. The surgical approach was modified in a translateral approach with
splitting of the gluteus medius and minimus, opening
the capsule and anterior dislocation of the hip joint.
After reduction of the prosthesis components, the capsule was sutured as well as the gluteus medius and
then the tensor fascia lata. In all patients, a subcutaneous drainage was used for the first 24 h. All patients
were radiographically assessed immediately at the end
of the operative procedure as well as 3 months postsurgery.
Informed written consent, approved by the Assaf
Harofeh Medical Center ethic committee, was obtained
from all patients prior to their involvement in the
study (submission number 93/09, clinical trial registration number NCT01266382).
Patients were referred to the therapy center by a group
of orthopedic surgeons between February 2009 and
March 2010. All referred patients began therapy; however, some patients who were advised to begin this therapy declined to participate due to personal reasons
(time-consuming, distance, did not want to commit). All
patients underwent the traditional rehabilitation protocol as advised to them by their orthopedic surgeon prior
to their arrival to the therapy center.
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Intervention

The biomechanical system (Apos System, Apos–Sports
and Medical Technologies Ltd., Herzliya, Israel) is a
device combined with a treatment methodology. The
device consists of four convex-shaped biomechanical
elements with two attached to each of the patient's feet
(Figure 1). One is located under the hindfoot region, and
the other is located under the forefoot region. The elements are attached to the patient's foot using a platform
in the form of a shoe. The platform is equipped with a
specially designed sole that consists of two mounting
rails that enable flexible positioning of each element
under each region. The device is calibrated to the individual patient according to his or her pathology and motion characteristics. Each patient is asked to walk away
from and then back towards the therapist. A visual gait
evaluation is carried out by the therapist, and the device
is appropriately calibrated. Appropriate calibration is defined as bringing the damaged joint to a biomechanical
alignment that minimizes/eliminates pain. This is done
by changing the location of the biomechanical elements,
which changes the COP and shifts and changes the
applied forces acting on the joints [30,31]. Together with
biomechanical perturbations, this device enables homebased, dynamic, functional, and repetitive training intended
to improve neuromuscular control. Following first assessment and calibration of the biomechanical device, each
patient receives an exercise guideline according to a treatment protocol for each indication. In the current study, patients were instructed to follow a treatment protocol based
on walking during activities of daily living, starting with 10
min of indoor walking each day during the first week and

Page 3 of 8

gradually increasing to 30 min of daily outdoor walking
after 12 weeks.
Questionnaires

All patients completed three questionnaires: (a) visual
analog scale (VAS) for the operated hip and the nonoperated hip, (b) the Western Ontario and McMaster
Universities osteoarthritis index (WOMAC) [33], and (c)
the Short Form Health Survey (SF-36) [34]. In addition,
the therapist completed the Harris hip score (HHS) [35].
The average (SD) VAS score at baseline for the operated hip and for the non-operated hip was 28.4 (26.6)
and 5.9 (11.9), respectively. The average (SD) WOMAC
score of pain, stiffness, and function results at baseline
were 17.1 (22.2), 20.6 (18.5), and 32.5 (19.1), respectively.
The average (SD) score for the SF-36 physical scale and
for the SF-36 mental scale at baseline were 49.3 (21.3)
and 59.1 (21.6), respectively.
Functional test

A timed up and go [36] (TUG) functional test was carried out. A standard height chair was used, and a line
was placed 3 m from the chair. Each patient was asked
to repeat the test three times, and the average of the
three trials was calculated for further analysis.
Gait analysis

The GaitMat system (E.Q. Inc., Chalfont, PA, USA) was
used to measure spatiotemporal parameters [37]. During
the gait test, all patients walked barefoot at a selfselected speed. Patients walked 3 m before and after the
walkway mat (approximately 4 m in length) to allow

Figure 1 Apos System. (A) Biomechanical device comprising of two individually calibrated elements and a foot-worn platform. The elements
are attached under the hindfoot and forefoot regions of the platform. (B) The biomechanical elements are available in different degrees of
convexity and resilience. (C) The specially designed sole of the platform includes two mounting rails and a positioning matrix to enable flexible
positioning of each biomechanical element.
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sufficient acceleration and deceleration time outside the
measurement area. Each gait test included four walks,
and the mean value of the four walks was calculated for
each parameter. Measured variables included: velocity
(centimeter per second), step length (centimeter), and
single limb support (SLS) (percent gait cycle, GC). SLS
is a phase in the GC in which the body weight is entirely
supported by one limb while the contralateral limb
swings forward. Temporal distance (T-D) symmetry was
calculated for SLS and step length using the formula:
involved � uninvolved
� 100
ðinvolved þ uninvolvedÞ=2
A symmetry index value of zero represents perfect
symmetry. A positive value indicates that the magnitude
of that variable was larger in the involved limb, and a
negative value denotes a larger magnitude in the uninvolved limb [38]. A 5% difference between limbs was
considered to be a normal value.
Protocol

All measured variables were evaluated during the first visit,
after which the biomechanical device was individually calibrated. Treatment was then initiated and continued daily
for a period of 6 months. Follow-up examinations were
carried out after 4-, 12-, and at the 26-week end point. The
physiotherapist verified compliance to the treatment protocol during each of the follow-up examinations.
Statistical analysis

The goal of the proposed pilot study, which is one arm
prospective study, was to test the hypothesis that there
are significant improvements over time in pain, function,
and SF scales. As this is a pre-experimental study, we
could not determine the study sample size in advance.
The criterion for significance (alpha) has been set at
0.050. The test is two-tailed, which means that an effect
in either direction will be interpreted. With the proposed sample size of 19 patients and 19 for the two
groups, the study will have a power of at least 80% to
yield a statistically significant result. This computation
assumes that the mean difference is 14.0 (corresponding
to means of 17.0 versus 3.0), and the common withingroup standard deviation is 14.3 (based on SD estimates
of 20.0 and 3.0).
Data were analyzed with SPSS software version 19.0.
(SPSS Inc., Chicago, IL, USA). The significance levels
were set at 0.05.
The distributions of gait characteristics were examined
using the Kolmogorov–Smirnov non-parametric test.
Data were presented as mean and standard deviation for
continuous variables following with 95% confidence intervals for the mean.
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Changes over time for all measurements were calculated by the repeated measures ANOVA. The clinical
significance of the treatment effect was evaluated by
computing the Cohen's effect sizes (ES statistic, difference between two time points divided by the standard
deviation at baseline) on gait velocity, step length, pain,
and function and were compared to previous findings by
other researchers.

Results
None of the patients had postoperative complications including dislocation or infection as well as deep vein
thrombosis. In addition, none of the patients had radiolucencies or suspected osteolysis. All patients complied
with the treatment protocol. Compliance was verified at
several points during the study. Patients received a telephone call to verify compliance at the 1st, 2nd, 10th,
16th, and 20th week of treatment. There were no reports
of imbalance, tripping, or any other adverse events during the study period.
All gait parameters (velocity, step length, and single
limb support) improved significantly (P value ranged between 0.04 and <0.001) except for the uninvolved SLS.
Significant improvements were found between all time
points (4, 12, and 26 weeks), each time point compared
to baseline, in all measurements except for the uninvolved step length at the 6-month time point (Figure 2).
Step length symmetry and SLS symmetry significantly
changed over time, each time point compared to baseline (P < 0.001). At baseline, there was a 17.4% asymmetry in step length and a −98.2% asymmetry in SLS.
Step length asymmetry was 2.5%, 1.1%, and 10% after 4,
12, and 26 weeks of treatment, respectively. SLS asymmetry was −11.9%, −6.9%, and −6.8% after 4, 12, and 26
weeks of treatment, respectively. Alongside the improvement in gait measurements, a significant improvement
was also seen in the TUG functional test between all
time points, P < 0.001. Mean TUG (SD) was 12.6 (4.0) s,
8.1 (3.1) s, 7.6 (3.2) s, and 6.9 (2.7) s at baseline, 4, 12,
and 26 weeks, respectively, (each time point compared
to baseline). Overall, there was a mean improvement of
42% in the TUG test compared to the baseline result.
Patients reported a significant decrease in their level of
pain (P value ranged between 0.05 and <0.001) and stiffness (P value ranged between 0.05 and <0.001) and a
significant improvement in their level of function (P value
ranged between 0.002 and <0.001) at all time points compared to their baseline results. Patients also reported a significant improvement in the SF-36 physical scale (P value
ranged between 0.003 and <0.001) and mental scale (P
value ranged between 0.002 and <0.001) compared to
their baseline results (Table 1). When comparing the level
of pain between the operated limb and the non-operated
limb, based on the separated VAS scale for each limb, it
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Figure 2 Changes in gait velocity, step length, and single limb
support following 6 months of AposTherapy. A significant
improvement was seen in all gait variables. All P values were <0.05.
SLS, single limb support; GC, gait cycle.

was found that the level of pain in the operated limb has
significantly reduced following the treatment whereas the
level of pain in the non-operated limb did not change significantly over time (Table 2). The results of the HHS are
summarized in Table 2. A significant increase was seen
between all time points compared to their baseline results.

Discussion
To date, there is insufficient evidence regarding the
effectiveness of rehabilitation modalities for patients following THA. It is known that the level of pain and the
quality of life of these patients following THA do not
reach those of the general population [1-3], nor does
their gait pattern return to normal [4-6]. The present
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study was a pilot investigation to examine the applicability of this device on gait patterns, gait symmetry, and
self-assessment levels of pain, function, and quality of
life in patients following THA. It was found that gait
patterns, including gait symmetry, significantly improved
over time. Furthermore, a significant improvement was
also found in the TUG functional test. Patients also
reported a significant reduction in pain and improvement in function and quality of life.
The gait characteristics of patients from the current
study were compared with normal gait values drawn
from the literature. Patients from the current study had
reached normal SLS values after 12 weeks of treatment.
This finding indicates that patients were able to bear the
entire body weight on both the operated hip and nonoperated hip. Results regarding gait velocity, however,
are controversial. Compared to some studies, patients
from the current study did not reach normal gait velocity values, whereas compared to other studies, they
did [7,39,40]. Based on the finding of Kyriazis and Rigas
that characterized the spatiotemporal parameters of patients following THA, patients from the current study
have equaled their gait velocity value with the gait velocity value of the general population. Patients with
THA from the general population reached this value
after 8–10 years post-surgery [7], whereas patients in the
current study have reached this value after 6 months.
An important finding of this study was the improvement in limb symmetry. Shakoor et al. suggested that
patients with unilateral THA for end-stage OA are at
high risk for future progression of OA in other joints of
the lower extremities, often requiring additional joint replacements [12]. This is probably because of prolonged
abnormal gait adaptations over the years prior to surgery
and can also be a result of gait alterations in response to
pain or fear following surgery [41]. In response to surgery, patients may unload the operated limb and overload the contralateral limb. Symmetry will be achieved
over time; however, it will be on the expense of the
healthy limb. For example, following a THA, the reduction in loads in the operated limb will reduce the SLS of
the limb while the increase in loads in the contralateral
limb will increase the SLS of the limb, even to values
above the normal. As the body aspires to symmetry, the
patient will reduce his or her SLS values in the healthy
limb towards the values in the operated limb. In the
current study, patients reached step length symmetry
after 4 weeks and SLS symmetry after 12 weeks of treatment. Symmetry was achieved through an increase in
step length in the contralateral limb and an increase in
SLS in the operated limb, both reaching normal values.
Patients in the current study reported a significant reduction in pain and stiffness and an improvement in
function and quality of life. The effect of rehabilitation
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Table 1 WOMAC index and SF-36 Health Survey scores following 6 months of treatment
Baseline
Mean

4 weeks

95% CI

Mean

12 weeks

95% CI

Lower Upper
bound bound

Mean

26 weeks

95% CI

Lower Upper
bound bound

Mean

95% CI

Lower Upper
bound bound

P valuea

Lower Upper
bound bound

WOMAC index
(0–100)
Pain

17.1 (22.2)

6.1

28.1

7.9 (12.2)

1.8

13.9

5.1 (8.0)

1.1

9.1

2.5 (2.9)

1.0

3.9

P = 0.007

Stiffness

20.6 (18.5)

11.4

29.9

12.6 (16.4)

4.4

20.7

8.0 (14.9)

0.6

15.4

3.9 (6.7)

0.5

7.2

P = 0.006

Function

32.5 (19.1)

23.0

42.0

13.4 (15.0)

6.0

20.9

10.9 (14.7)

3.6

18.2

7.8 (11.4)

2.1

13.4

P < 0.001

Physical scale 49.3 (21.3)

39.0

59.5

59.9 (22.3)

49.2

70.7

69.6 (19.0)

60.4

78.7

75.0 (16.6)

67.0

83.1

P < 0.001

Mental scale

48.7

69.6

71.1 (18.5)

62.2

80.0

81.4 (12.6)

75.3

87.4

83.2 (15.3)

75.8

90.5

P < 0.001

SF-36 Health
Survey (0–100)
59.1 (21.6)

a

P value was set to P < 0.05. Results are presented as mean (SD) and 95% confidence interval (CI).

programs for THA on the self-reported measures of
function is not clear. Some studies did not find significant differences between physiotherapy rehabilitation
and the control group, while others present some evidence indicating a treatment benefit within a treatment
group compared to control [42,43].
Since this study did not have a control group, the results were compared to the results of other treatment
modalities that have been previously reported. A recent
comprehensive review examined the effectiveness of
physiotherapy exercise following THA. It was concluded
that there is insufficient evidence to establish the effectiveness of physiotherapy following THA for OA [42].
We further searched the literature to compare the results of the current study with previous reports. Table 3
summarizes the papers that were included in this comparison [44-47]. A calculation of the effect size (difference between two time points divided by the standard
deviation at baseline) was carried out on the parameters

gait velocity, step length, pain, and function. The effect
size of AposTherapy on gait velocity was similar to the
effect of treadmill training and conventional physiotherapy and was higher than all other treatment modalities
including low-intensity training, high-intensity training,
home-based exercise, and center-based exercise. The effect size of AposTherapy on the involved step length
was substantially higher than all other treatment modalities. Similarly, the effect size of the therapy on the levels
of pain and function was substantially higher compared
to other treatment modalities.
This study had some limitations. First, this study did
not have a control group. Although the results of this
study were compared to previously reported findings of
studies that have examined the effect of other treatment
modalities, it would have been preferable to use a control group. Secondly, this study had a relatively small
number of patients. Another limitation to this study is a
lack of information regarding the patient's gait

Table 2 VAS and Hariss hip form scores following 6 months of treatment
Baseline
Mean

4 weeks

95% CI
Lower
bound

Upper
bound

Mean

12 weeks

95% CI
Lower
bound

Upper
bound

Mean

26 weeks

95% CI
Lower
bound

Upper
bound

Mean

95% CI
Lower
bound

Upper
bound

P valuea

VAS (0–10)
Operated
limb

28.4 (26.6)

15.2

41.7

13.6 (13.7)

6.7

20.4

6.2 (1.2)

0.3

12.2

1.4 (0.4)

0

3.2

P = 0.002

Nonoperated
limb

5.9 (11.9)

0

11.8

1.7 (4.0)

0

3.7

2.1 (5.7)

0

4.9

4.3 (10.3)

0

9.4

P = 0.21

Harris hip
form

63.8 (18.1)

55.1

72.6

80.8

73.6

88.0

84.6 (13.2)

78.3

91.0

88.3 (11.9)

82.6

94.1

P < 0.001

a

P value was set to P < 0.05. Results are presented as mean (SD) and 95% confidence interval (CI).
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Table 3 Characteristics of the five trials included in the comparison
Time
postsurgery
Galea et al. [41]

Husby et al. [45]

Number Treatment
duration

2 months 23

1 week

24

8 weeks

4 weeks

Groups

Age

Weight
(kg)

Center-based exercise (n = 11)

68.6 (9.7)

76.3 (14.4) 160 (10)

Home-based exercise (n = 12)

66.6 (7.9)

81.6 (20.3) 160 (10)

WOMAC
osteoarthritis index,
gait velocity, step
length

Strength training (n = 12)

58 (5)

84.6 (11.2) 174 (9)

Step length

Conventional rehabilitation (n = 12) 56 (8)
Jan et al. [46]

6 years

53

Hesse et al. [47]

3 weeks

79

Current analysis

3 months 19

12 weeks

Height
(cm)

Measurements

80.9 (18.4) 170 (11)

High-intensity training (n = 13)

58.8 (12.9) Missing

159.5 (7.6) Gait velocity

Low-intensity training (n = 13)

59.3 (10.3)

158.4 (4.6)
163.0 (9.7)

Control (n = 27)

57.0 (12.8)

10 days

Treadmill therapy (n = 39)
Control (n = 40)

64.7 (13.1) 70.9 (14.4) 166.4 (8.9) Harris hip score,
velocity
65.5 (9.9) 72.7 (12.1) 166.6 (8.6)

26 weeks

AposTherapy (n = 19)

63.0 (9.8)

characteristics and self-evaluation assessment prior to
surgery. This information could have helped characterize
the study population. In addition, this study included patients 3 months post-surgery with relatively low values
of pain and functional disability but with compromised
gait characteristics. Information regarding patients' pain
and function level prior surgery and immediately after
surgery would have helped in further understanding the
study population. We recommend that future studies
examine the effect of AposTherapy in patients with
THA in a randomized controlled clinical trial.

Conclusions
This study was a pilot investigation to examine the
applicability of this device on gait and clinical measurements of patients following THA. The results of this
study showed promising outcomes including significant
improvements in gait patterns, functional tests, and selfevaluation questionnaires; however, future RCT's are
warranted. These RCT's should include a comparison of
this therapy modality to other common modalities and
also compare this therapy with a group of healthy controls. This will help determine and relate the improvement to the therapy.
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Abstract
Objective: The purpose of this study was to evaluate the effect of a biomechanical therapy on the pain, function,
quality of life and spatio-temporal gait patterns of patients with hip osteoarthritis (OA).
Design: 60 patients with hip OA were examined before and after twelve weeks of a personalized biomechanical
therapy (AposTherapy). Patients were evaluated using the WOMAC questionnaire for pain and function and the SF-36
Health Survey for quality of life, and underwent a computerized gait test.
Results: After twelve weeks of treatment, a significant improvement was found in the patients’ velocity, step length
and cadence (P ≤ 0.001). WOMAC-pain, stiffness and function subscales were significantly improved compared to
baseline (P ≤ 0.001). SF-36 physical score subscale improved significantly (P=0.007).
Conclusions: Patients with bilateral hip OA treated with AposTherapy for twelve weeks showed statistically and
clinically significant improvements in pain, function and gait patterns.

Keywords: Osteoarthritis; Hip; Gait; Biomechanics; Pain; Quality of

assessed in patients with hip OA, although it may be assumed that the
same biomechanical principles apply.

Introduction

The purpose of this current study was to examine the efficiency of
this biomechanical therapy on the gait patterns and clinical symptoms
in patients with hip OA. We hypothesize that patients who undergo this
therapy will show improvement in gait patterns and function, as well as
a relief in pain.

life

Osteoarthritis (OA) is a major health concern in modern society,
affecting 10% of men and 21% of women over age 65. The hip joint is
the second most common lower limb site after the knee [1], with an
estimated prevalence of 1% - 11% [2].
Several articles have described locomotor deviations typical of
individuals suffering from hip OA. The spatio-temporal gait of this
population is characterized by a lower walking speed, lower cadence,
shorter step length and shorter single limb support phase of the
involved leg [3-5]. It is likely that patients continuously adapt their
gait in response to pain, deformity or laxity in the joints of the lower
extremities as their disease progresses [6] These gait adaptations may
influence the motion of the lower back and other joints of the lower
extremities [7]. A recent study by Shakoor et al. explained that unilateral
end-stage hip (OA) can lead to degenerative changes and eventually
end-stage knee OA in the contralateral limb. Moreover, the loading and
structural asymmetries appear early in the disease course, while the
knees are still asymptomatic [8].
Treatments for OA are typically directed at the management
of symptoms, with a goal of pain relief and improved function.
Several studies emphasize the importance of physical therapy and
biomechanical intervention for patients with hip OA, claiming that
such therapies should aim to restore or maintain gait patterns close to
normal, as well as improve walking efficiency and quality of life (QoL)
[9,10]. However, a recent meta-analysis from 2009, which reviewed
more than 4,000 articles, concluded that there was insufficient
evidence to suggest that exercise therapy was an effective shortterm management approach for reducing pain levels, improving
joint function and QoL [11]. A novel biomechanical device (Apos
System, APOS—Medical and Sports Technologies Ltd.) was recently
introduces as a non-invasive therapy for different musculoskeletal
problems [12-15]. Haim et al. showed that by using this biomechanical
intervention for symptomatic bilateral knee OA, walking velocity and
functional activity were increased while knee adduction moment
and pain were reduced [16]. The effect of this therapy has not been
Surgery Curr Res
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Methods
Participants
This was a retrospective study. The protocol was approved by the
Institutional Helsinki Committee Registry (Registration number
NCT00767780). A search for eligible data was performed through
the research database of AposTherapy Center. Eligibility for the study
was defined as follows: 1. Patients suffering from symptomatic hip
OA for at least six months and who fulfilled the American College of
Rheumatology clinical criteria for OA of the hip [17]; 2. Patients who
completed a gait test, the Western Ontario and McMaster Osteoarthritis
Index WOMAC [18] questionnaire and the Short Form SF-36
Health Survey [19] at the start of therapy (study baseline) and after
twelve weeks of therapy. Exclusion criteria were: 1. Neurological and
rheumatic inflammatory diseases; 2. Corticosteroid injection within 3
months of the study; 3. Earlier hip surgery excluding arthroscopy; 4.
Joint replacement of the hip or knee; 5. Instability of the hip due to
traumatic ligament injury; 6. OA in other lower extremity joints other
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limitation in function. The SF-36 has 8 sub-categories from which two
scores are calculated: A Physical score and mental score. Results range
between 0 and 100, with 0 indicating the worst QoL and 100 indicating
the best QoL.

Figure 1: Biomechanical platform and mobile elements.
A unique biomechanical device comprising of two individually calibrated
biomechanical elements that are attached to a specially designed sole with
two mounting rails and positioning matrix to enable flexible positioning of each
biomechanical element. One element is attached under the hindfoot and the
second element is attached under the forefoot. The biomechanical elements
are available in different degrees of convexity and resilience.

than hips 7. Other trauma to the hip joint 8. OA due to Developmental
Dislocation of the Hip (DDH).
Three hundred and eighty patients with primary hip OA joined
AposTherapy between May 2009 and July 2012. Two hundred and
thirteen did not have a gait test and/or questionnaires at pre-treatment
assessments and/or post 3 months of treatment. Ninety seven patients
had one of more of the exclusion criteria. Overall, 60 patients met
inclusion criteria. Patients’ characteristics are summarized in Table 1.

Intervention
A novel biomechanical device (Apos System, Apos medical and
sports technologies Ltdl) comprised of convex adjustable pods placed
under the hind-foot and fore-foot regions of each foot were used (Figure
1). This device enables customized calibration of the biomechanical
elements, which allows for control of body alignment and promotion of
perturbation throughout all phases of the step cycle.

Protocol

Statistical analysis
Data were analyzed with SPSS software version 19.0 and were
presented as mean and standard deviation for all gait spatio-temporal
parameters and self-evaluation questionnaires. The distributions of the
variables in the study were examined using the Kolmogorov-Smirnov
non-parametric test. To demonstrate the level of improvement of
gait spatio-temporal parameters and self-evaluation questionnaires,
over time, paired sample t-tests were performed and the percent of
improvement, compared to baseline, were calculated. Correlations
between baseline measurements including age, gender and BMI, and
the differences of the measurements over time were demonstrated using
Pearson correlations. Independent t-tests were calculated to found
differences in the extent of improvement in gait parameters between
sub-groups of gender and obesity (BMI>30). Significance levels were
set at 0.05.

Results
Baseline and changes in gait spatio-temporal and questionnaires
following twelve weeks of therapy are presented in Tables 1 and 2,
respectively. There were no reports of any adverse events, including
imbalance, tripping or other physical problems during the study period.

Prior to their first and second examinations, patients were
instructed not to consume pain medications for at least 72 hours in
order to eliminate the effect of these medications on the results.
Anthropometric measurements were drawn from the medical file of
the patients. All patients underwent a computerized gait analysis using
the GaitMat system (E.Q., Inc. Chalfont, and PA) [20]. During the gait
test, all patients walked barefoot at a self-selected speed. Each gait test
included 4 walks and the mean value of the 4 walks was calculated for
each of the following parameters: velocity (cm/s), cadence (steps/min),
step length (cm), stance phase (% gait cycle), Single Limb Support (SLS)
(% gait cycle).

A significant improvement was found in the patient’s velocity with
more than an 11% increase (P=<0.001), patients had increased their step
length and cadence in about 6% and 5%, respectively (P<0.001). Patients
demonstrated a mean reduction of 0.9% in stance phase (P<0.001) and
a 2.4% increase in SLS (P=0.003). All other gait parameters did not
differ significantly over time. Results are summarized in Table 2.

Age (years)

65.0 (8.4)

Patients were then asked to complete the WOMAC questionnaire
and the SF-36 Health Survey. The WOMAC questionnaire is a Visual
Analogue Scale (VAS), with 3 sub-categories: pain, stiffness and
function, ranging from 0 to 100 mm, with 0 mm indicating no pain or
limitation in function and 100 mm indicating the most severe pain or

Height (cm)

1.64 (0.09)

Weight (kg)

78.9 (20.1)
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After the completion of the baseline measurements, the
biomechanical device was individually calibrated to each patient by a
physiotherapist certified in AposTherapy methodology. The principle
of calibration is to bring each of the patient’s joint to a position that
allows for diminished pain while walking. Biomechanically, shifting
the elements on the shoe changes the foot’s COP during gait, thus
altering the orientation of the Ground Reaction Force (GRF) vector and
reducing loads from the affected area of the joint while walking [2123]. Once the desired alignment is achieved, the patient should report
immediate pain relief while walking. Treatment was then initiated
and continued on a daily basis for a period of 12 weeks. Patients were
instructed to put on the biomechanical device and go about their ADL
for 10 minutes each day during the first week (actual walking time of
3-4 minutes) and gradually increase to 60 minutes a day by the fourth
week and for the remainder of the treatment period (actual walking
time of 20-25 minutes). After 12 weeks of therapy, patients underwent
a second gait analysis and completed a second WOMAC questionnaire
and SF-36 Health Survey.

Study population
N (Female, %)

60 (41, 22.3%)

BMI (kg/m2)

29.0 (7.5)

Duration of symptoms

43.1 (54.4)

Table 1: Patients characteristics. Results are presented as mean (sd).
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Baseline
Velocity (cm/sec)

3 Months

Mean
difference

P*

91.7 (22.3) 102.4 (19.9) 10.7 (15.3) <0.001

Cadence (steps/min)

70.2 (7.4)

73.9 (6.0)

3.7 (5.7)

<0.001

SL more affected hip (cm)

53.1 (9.0)

56.5 (9.2)

3.4 (5.0)

<0.001

SL less affected hip (cm)

51.2 (10.5) 54.7 (9.7)

3.5 (5.9)

<0.001

BOS more affected hip (cm)

6.6 (3.3)

6.7 (4.0)

0.1 (2.6)

0.887

BOS less affected hip (cm)

6.7 (3.5)

6.7 (4.1)

0.0 (2.6)

0.943

Stance phase more affected hip
(% GC)

61.3 (2.8)

60.8 (2.1)

-0.5 (1.2)

<0.001

Stance phase less affected hip
(% GC)

62.5 (3.2)

61.7 (2.5)

-0.8 (2.3) P=0.005

SLS phase more affected hip
(% GC)

37.5 (3.2)

38.5 (2.6)

1.0 (2.3)

P=0.003

SLS phase less affected hip (%
GC)

38.7 (2.3)

39.3 (2.1)

0.6 (1.3)

<0.001

Abbreviations: SL: Step Length; BOS: Base of Support; GC: Gait Cycle; SLS:
Single Limb Support
* Significant level was set to P ≤ 0.05
Table 2: Gait spatio-temporal changes following 12 weeks of Therapy. Results are
presented as mean (sd).
Baseline

3 Months

Mean difference

P***

Pain

48.0 (19.7)

31.2 (20.9)

-16.8 (18.80)

P<0.001

Stiffness

49.9 (26.8)

37.3 (28.6)

-12.6 (25.2)

P<0.001

Function

44.5 (17.9)

34.1 (20.9)

-10.4 (11.3)

P<0.001

SF-36 overall score

52.2 (14.2)

56.0 (15.8)

3.8 (13.5)

0.032

SF-36 physical scale

45.8 (15.1)

51.1 (16.8)

5.3 (13.8)

P=0.007

SF-36 mental scale

61.2 (15.6)

64.1 (15.6)

2.9 (15.3)

P=0.141

WOMAC Index*

SF-36 Health Survey**

variables between the groups at baseline. Nevertheless, a significant
difference was found between the groups in the extent of improvement
in the following gait parameters: more and less symptomatic step length
(P=0.011 and P=0.004, respectively), more and less symptomatic swing
phase (P=0.010 and P=0.013 respectively), more and less symptomatic
stance phase (P=0.010 and P=0.013, respectively), more and less
symptomatic SLS phase (P=0.013 and P=0.015, respectively) and more
and less symptomatic DLS (P=0.002 and P=0.002, respectively). This
phenomenon is presented in Figure 2.

Discussion
The American College of Sports Medicine and Physical Activity
Guidelines Advisory Committee formulated recommendations for
adults with arthritis [24]. These guidelines prescribe a minimum of
30 minutes of moderate intensity exercise at least five times a week
to promote cardiovascular health, with at least a couple of sessions
of muscle strengthening activity each week as well. These guidelines
are clearly demanding for individuals with OA of the hip, given the
associated pain, loss of function, depression and poor self-efficacy [25].
Epidemiology data concerning physical activity levels of individuals
demonstrates that approximately 42% of men and 32% of women
older than 65 years were participating at these recommended levels of
physical activity [26].
Several studies have emphasized the importance of physical therapy
for patients with hip OA [9,11]. Recommended modalities specific to
hip OA include manual therapy, exercise program, hydrotherapy,
electro-acupuncture, acupuncture with advice and home exercises.
There is, however, ‘insufficient evidence’ to support exercise as a
treatment to decrease pain or to improve function [11,27-31].

*WOMAC Index - Western Ontario and McMaster Universities Index. The WOMAC
questionnaire includes 24 questions in a VAS format (0=no pain/stiffness/difficulty,
100=severe pain/stiffness/difficulty).
** SF-36 Health Survey includes 36 questions. Results range between 0-100
(0=poor quality of life, 100=high quality of life).
*** p-value was set to p<0.05.
Table 3: Self-evaluation questionnaires changes following 12 weeks of therapy.
Results are presented as mean (sd).

After 12 weeks of treatment the WOMAC-pain, WOMAC-stiffness
and WOMAC-function subscales were significantly lower. Pain
decreased by 35.0% (P<0.001), stiffness decreased by 25.3% (P<0.001),
and functional disability decreased by 23.4% (P<0.001). The extent of
improvement in the level of pain and function meets with the OARSIOMERACT criteria for clinical response to treatment. The SF-36
health survey improved after 12 weeks of treatment with an overall
improvement of 7.3%. Physical score subscale improved by 11.6%
(P=0.007) whereas the mental score increased by 4.7% but did not reach
a level of statistical significance. Results are summarized in Table 3.
A correlation between the extent of improvement and patients’
characteristics (age, gender and BMI) was calculated. There was
no significant correlation between age/gender and the extent of
improvement neither in gait parameters nor in self-evaluation
questionnaires. A significant positive correlation was found between
BMI and the extent of improvement in gait parameters (P<0.05).
There was no significant correlation between BMI and the extent of
improvement in pain, function and quality of life. In order to further
understand the effect of BMI of treatment outcomes a more specific
analysis was conducted. Patients were divided into two groups of BMI
(Below and above a BMI value of 30 kg/m2). Thirty-five patients were
with a BMI below 30 kg/m2 and 15 patients were with a BMI value above
30 kg/m2. There were no significant differences in none of the measured
Surgery Curr Res
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Figure 2. Differences in the extent of improvement between the two BMI
groups.
Figure 2 represents the variation in improvements rates in selected gait
parameters (velocity, cadence and more symptomatic stride length). The
upper graph represents patients with a BMI<30 kg/m2 and the lower graph
represent patients with a BMI>30 kg/m2. The Y axis represents the level of
improvement (i.e. the difference between the end-point results minus the
pre-treatment results). The units of the Y axis are the absolute values of the
measured parameter (velocity=cm/s, cadence=steps/min, more symptomatic
step length=cm). A positive value indicates an improvement in gait measures
and a negative value represent worsening of gait measures. Although both
groups improve significantly following therapy, patients with a BMI>30 kg/m2
improved to a greater extent (velocity – p=0.002, cadence – p=0.018, More
symptomatic stride length – p=0.005).
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The use of AposTherapy in the present study showed significant
improvement in the subjective reports of pain and function after twelve
weeks, as demonstrated by the significant improvement in the selfevaluation symptoms and QoL assessment questionnaires, as well as in
the significant improvement in gait patterns. The improvement in the
WOMAC-pain and WOMAC-function subscales met the OMERACOARSI guidelines for the minimum improvement threshold that would
qualify as a clinical improvement for the patient [32].
A statistically significant improvement was seen in all objective
gait analysis parameters, excluding BOS. Patients demonstrated a
significantly higher walking speed (91.7 cm/s to 102.4 cm/s), step
length (53.1 cm to 56.5 cm) and cadence (70.2 steps/min to 73.9 steps/
min). In addition, patients decreased their stance phase of the more
affected hip from 61.3% GC to 60.8% GC and increased their SLS phase
in the more affected hip from 37.5 to 38.5 indicating an improved
ability to maintain single limb loads on the more affected limb. These
improvements alongside an improvement in function and a reduction
in pain suggest an overall improvement in patients’ functional state.
The examined biomechanical therapy is theorized to work via two
principles: changing the location of the COP (alignment) and repetitive
perturbation movements (neuromuscular). The device is calibrated to
each patient after baseline assessment. Calibration of the biomechanical
elements changes the location of the COP and lead to a shift in the
external moments acting on the hip joint [22]. The resultant shift can
reduce the load on the affected side of the leg, improving both pain and
functional disability. Repetitive unconscious perturbation movements
that train neuromuscular performance (a requirement for motor
learning), is achieved due to the fact that the patient is wearing the
device during his working environment while performing activities
of daily living. These continuous repetitive perturbation movements
performed at hundreds of repetitions per day allow the body to learn,
even without realizing it, correct movement patterns. This makes the
treatment easy to comply with.
Bar-Ziv et al., in a prospective, sham control study that evaluated the
effect of this therapy in patients suffering from knee OA, demonstrated
an improvement in function and a reduction in pain following eight
weeks of therapy in the experimental group, without similar changes
in the level of pain and function in the control group [13]. Elbaz et
al. in a study on patients with knee OA, showed that three months of
therapy with the biomechanical device led to significant improvement
in function, pain and gait parameters [14]. The current study supports
these findings, demonstrating similar improvements in pain, function,
QoL and gait patterns in patients with bilateral hip OA. An interesting
finding of this study was the correlation between BMI and the extent
of improvement in gait parameters. A significant positive correlation
was found between BMI and the extent of improvement. Patients were
divided into two groups of BMI (Below and above a BMI value of 30
kg/m2). There were no significant differences in none of the measured
variables between the groups at baseline. Nevertheless, a significant
positive correlation was found. Although both groups demonstrated
improved gait patterns, heavier patients might have improved to
a greater extent in their gait patter. The fact that heavier patients
improved to a greater extent in their gait patterns but not in their levels
of pain, function and quality of life was surprising, especially since the
overall cohort did demonstrate a significant improvement in both the
gait patterns and in the pain, function and quality of life. It is difficult
to determine the reasons for this finding, and we suggest that future
studies will examine this to a greater depth including monitoring
changes in BMI following therapy.
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This study had some limitations. First, the study lacked a control
group. The study, however, evaluated changes in objective gait
parameters, which should minimize the placebo effect. A future
randomized study should examine the effects of this therapy compared
to a placebo control group to support and strengthen the preliminary
findings of this study. Secondly, the impressive finding of this study
could result from regression to the mean. Patients tend to seek help
when the severity of their symptoms is high and may improve with
or without any treatment. Furthermore, there is missing information
regarding other treatment modalities during the study period including
pain medication consumption, injections and other exercise modalities,
which could have affected the results of this study. Thirdly, longer
follow-up studies are needed.

Conclusions
Patients with bilateral hip OA treated with AposTherapy for twelve
weeks showed statistically and clinically significant improvements in
pain, function and objective gait parameters. In light of this evidence,
this therapy may be an additional useful tool for conservatively treating
patients with hip OA.
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A Novel Biomechanical Device Improves Gait Pattern
in Patient With Chronic Nonspecific Low Back Pain
Avi Elbaz, MD,* Yigal Mirovsky, MD,† Amit Mor, MD,* Shavit Enosh, BPT,*
Eytan Debbi, BA,* Ganit Segal, BEd,* Yair Barzilay, MD,‡ and Ronen Debi, MD†

Study Design. A retrospective study on patients with
chronic nonspecific low back pain (NSLBP).
Objective. To describe the gait stride characteristics of
patients with chronic NSLBP, and to examine the effect of
a novel biomechanical device on the gait stride characteristics of these patients.
Summary of Background Data. Patient with NSLBP
alters their gait patterns. This is considered a protective
mechanism as patients try to avoid extensive hip and spine
ranges of motion and minimize forces and moments acting
on the body. In addition, there are changes in the neuromuscular control system in patients with LBP that could
possibly be attributed to the effects of pain on motor control.
Methods. Nineteen patients underwent a gait test, using an electronic walkway, at baseline and after 12 weeks
of treatment. Spatiotemporal parameters were used to
identify changes in gait pattern. A novel biomechanical
device comprised of 4 modular elements attached to footworn platforms was used in the study. The modules are 2
convex shaped biomechanical elements attached to each
foot, one is located under the hindfoot region and the
other is located under the forefoot region. The device was
individually calibrated to each patient. The patients were
instructed to walk with the calibrated biomechanical device on a daily basis for a period of 12 weeks.
Results. Significant differences were found at baseline
and after 12 weeks in normalized velocity (P  0.03),
cadence (P  0.01), left normalized step length (P  0.02),
right normalized step length (P  0.02), right swing (P 
0.01), right stance (P  0.01), left single limb support (P 
0.01), left double limb support (P  0.02), and right double
limb support (P  0.02).
Conclusion. Patients with NSLBP treated with the
novel biomechanical device for 3 months increased walking speed through longer step length and eliminated
asymmetrical differences.
Key words: gait, nonspecific low back pain, core stability. Spine 2009;34:E507–E512

Low back pain (LBP) is one of the leading causes of
disability in the adult population. It has an estimated
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lifetime incidence of 60% to 80%. Nonspecific low back
pain (NSLBP) represents approximately 80% of these
patients in which 7% to 10% of them have chronic
NSLBP and account for 90% of the huge medical and
related expenses.1– 4
In recent years, the subject of core stability therapy
has received considerable attention. Researchers have
found that the activation of the transversus abdominis
muscle, which normally precedes movement, is delayed
in LBP, probably as a result of back pain.5–9 Some researchers currently believe that core stability rehabilitation training, through improvement of transversus abdominis contraction and timing, will help resolve the back
pain of patients with NSLBP.5,7
The research paradigm in most core stability studies is
to examine muscular activity whereas subjects perform
rapid arm movements in various directions.5,6,10 These
movements, however, do not reflect the daily functional
activities of patients. Furthermore, Hodges et al reported
that experimentally induced back pain not only causes a
delay in the activation of the transversus abdominis muscle but also changes the activity of many other muscles
acting on the spine.10 In fact, patients suffering from
NSLBP have been shown to have decreased activity in
their biceps brachii before and after an anticipated
load,11 and have decreased balancing ability.12–13 In addition, studies have shown that patients with NSLBP
differ from healthy subjects in their motor control of
anticipated perturbation,14 in response to perturbations15 and in reaching tasks.16 These changes in neuromuscular control could possibly be attributed to the
effects of pain on motor control10,12,17 or to changes in
the central nervous system.11,18,19 Several studies have
also shown that patients with low back pain (LBP) suffer
from higher lumbar posteroanterior stiffness.20,21 Stiffness might, therefore, also explain the differences in motor control behavior between healthy individuals and patients with LBP. We, therefore, conclude from the above
that rehabilitation of chronic NSLBP must address the
wider perspectives of generalized neuromuscular control
and not relate to a specific muscle or function. It is reasonable to assume that the changes in neuromuscular
control in patients with NSLBP are manifested in other
motor tasks, such as walking. Indeed, studies examining
gait patterns of patients with NSLBP have shown that
they increase the activity of their lumbar erector spinae
and decrease the counter rotation between their pelvis,
lumbar, and thoracic spine.22–24 Although there is extensive information on the kinematics and kinetics of paE507
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tients with chronic LBP during walking, there is a lack of
information on their stride characteristics. It is known
that patients with NSLBP demonstrate slower walking
speed, shorter step length, and asymmetrical step length
compared to their age-matched pain-free counterparts.25–30 When asked to increase gait velocity, patients
with LBP tend to increase cadence rather than step
length, as opposed to pain-free individuals. This strategy
is considered a protective mechanism as patients try to
avoid extensive hip and spine ranges of motion and minimize forces and moments acting on the body.24,31,32
These changes may be an indication of the changes in the
neuromuscular control during walking, and may even
contribute to the understanding of the ongoing nature of
chronic NSLBP, however, more research is needed.
The aims of the current study were to describe the gait
stride characteristics of patients with chronic NSLBP and
to examine the effect of a novel biomechanical device on
the gait stride characteristics of these patients.
Materials and Methods
Patients
The study population included patients suffering from NSLBP
for over 3 months. Chronic NSLBP was defined according to
the Québec task force.33,34 The patients sought medical care at
APOS Therapy Center in Herzliya, Israel. During the treatment
period, at the therapy center, patients undergo several examinations at fixed time intervals. A retrospective analysis of the
examinations served in this study to characterize the gait patterns of patients with NSLBP, and to evaluate the effect of a
new biomechanical shoe device on the gait patterns of these
patients. This study was approved by the Helsinki comity of
Assaf Harofeh Medical Center, Zerifin, Israel. The study was
registered in the NIH clinical trial registration system. (No.
NCT00767780). All patients completed a gait test at baseline
and after 12 weeks. Exclusion criteria were specific back pain,
severe systematic diseases, lower extremity orthopedic surgery,
substantial lower extremity joint pain, increased tendency to
fall, and lack of physical or mental ability to perform or comply
with the study procedure.

Gait Analysis
The GAITRite system (CIR Systems Inc. Peekskill, NY) was
used to measure gait spatiotemporal parameters. The computerized mat is an electronic walkway carpet 4.87 m long. The
spatiotemporal characteristics are measured, processed, and
stored on a PC computer running the GAITRite Platinum software (version 3.9).
A novel biomechanical device comprised of 4 modular elements attached to foot-worn platforms was used in the study
(APOS system, APOS—Medical and Sports Technologies Ltd.
Herzliya, Israel). The modules are 2 convex shaped biomechanical elements attached to each foot (Figure 1). One is located under the hindfoot region and the other is located under
the forefoot region. The elements are attached to the subject’s
foot via a platform in the form of a shoe. The platform is
equipped with a specially designed sole, which consists of 2
mounting rails that enable flexible positioning of each element
under each region. Each element can be individually calibrated
to induce specific biomechanical challenges in multiple planes.
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Figure 1. The biomechanical device is comprised of 4 modular
element attached to foot-worn platform. The biomechanical elements are available in different convexity and resilience.

Protocol
All patients underwent measurement of height, weight, and leg
length (measured from the tip of the greater trochanter to the
floor through the lateral malleolus in upright standing position).35 After the anthropometric measurements, patients conducted their first computerized gait test. During the gait test, all
patients walked barefoot at a self-selected speed. Patients
walked 3 m before and after the mat to allow for sufficient
acceleration and deceleration time outside the measurement
area. Each gait test included 6 walks and the mean value of the
6 walks was calculated for each parameter.
After the first gait test, the biomechanical device was individually calibrated to each patient by a physiotherapist specialized in APOS treatment methodologies. Treatment was then
initiated and continued on a daily basis for a period of 12
weeks. Patients were instructed to walk indoors for 10 minutes
once a day during the first week, 15 minutes once a day during
the second week, 20 minutes once a day during the third week,
and 30 minutes once a day for the rest of the treatment period.
Patients then underwent a second gait test after the 12 weeks of
treatment.
The following spatiotemporal parameters were evaluated in
each gait test: velocity (cm/s), normalized velocity (cm/s/leg
length), cadence (steps/min), step length (cm), normalized step
length (cm/leg length), base of support (cm), swing phase (%
gait cycle), stance phase (% gait cycle), single limb support
(SLS) phase (% gait cycle), and double limb support (DLS)
phase (% gait cycle). DLS was measured both with the left foot
forward (left DLS) and with the right foot forward (right DLS).

Statistical Analysis
Baseline characteristics are presented by mean  SD. With the
proposed sample size of 19 pairs of cases, the study will have
power of 85.0% to yield a statistically significant result. For
single support, for example, this assumes that the population
from which the sample will be drawn has a mean difference of
0.8 with a standard deviation of 1.1. Spatiotemporal parameters were measured with continuous scales. To determine any
gradient of change, as well as differences between limbs at both
sessions, Wilcoxon signed rank test were used, following
1-sample Kolmogorov-Smirnov nonparametric tests. Spear-
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Table 1. Patients Characteristics

Age (yr)
Height (cm)
Weight (kg)

All (N  19)

Male (n  11)

Female (n  8)

60.5  16.6
164.8  9.37
78.2  16.6

60.7  19.5
170.5  7.1
86.1  16.9

60.2  12.9
157.1  5.7
67.3  8.6

man correlations were calculated to demonstrate similar effect
of the device for all patients.

Results
This study was conducted on 19 patients (11 men and 8
women) diagnosed with chronic NSLBP. Mean age was
60.5  16.6 years (range, 25– 83 years), and mean body
mass index was 28.64  4.76 m/h2 (Table 1).
Significant differences were found in most of the gait
spatiotemporal parameters between the 2 tests. Velocity
increased by 10% (115.4 –127 cm/s, P  0.01), normalized velocity increased by 11% (1.39 –1.53 cm/s/leg
length, P  0.03), cadence increased by 2.7% (114.3–
117.4 steps/min, P  0.01), left step length increased by
3.6% (59.4 – 61.57 cm, P  0.03), right step length increased by 6% (58 – 61.5 cm, P  0.02), left normalized
step length increased by 2.8% (0.71– 0.73 cm/leg length,
P  0.02), right normalized step length increased by
2.7% (0.72– 0.74 cm/leg length, P  0.02), right swing
increased by 1.2% (38.7%–39.2% of gait cycle, P 
0.01), right stance decreased by 0.8% (61.3%– 60.8%
gait cycle, P  0.01), left SLS increased by 2% (38.6%–
39.4% gait cycle, P  0.01), left DLS decreased by 6.1%
(22.7%–21.3% gait cycle, P  0.02), and right DLS decreased by 6.5% (22.8%–21.3% gait cycle, P  0.02).
All other parameters were not significantly different between the tests (Table 2). Figure 2 represent the improvement in gait velocity, cadence, and step length following
12 weeks of treatment with the biomechanical device.
Strong correlations were found in most of the parameters, demonstrating significant linear correlation be-

tween the 2 tests. These results suggest common effects of
the device on all patients.
At the start of the study, significant differences were
found between limbs in the following parameters: swing
phase at baseline (left–39.4%, right–38.7%, P  0.02),
stance phase at baseline (left– 60.6%, right– 61.3%, P 
0.01) and single limb support at baseline (left–38.6%,
right–39.4%, P  0.02). No differences were found between limbs after 12 weeks (Table 3). Figure 3 illustrates
the baseline differences between limbs in the single limb
support and the changes in this parameter after 12 weeks
of treatment, with the biomechanical device (Figure 3).
Discussion
Earlier studies have shown that patients with NSLBP
tend to have a slower gait velocity and shorter step
lengths. In addition they have also shown that when
asked to increase gait velocity, patients with NSLBP increase cadence.25–30 We have found that the use of the
biomechanical device, which intends to improve the patient’s gait, led to an increase in gait velocity through an
increase in step length as well. In addition, results of the
current study confirmed the findings of previous studies
and showed, at the baseline test, that patients with chronic
NSLBP have asymmetrical SLS, swing, and stance phases.
We have found that the use of the device led to a better SLS
symmetry through an increase in the SLS of the limb that
had a shorter SLS period in the first test.
The slower gait velocity of patients with NSLBP is
thought to be a protective mechanism that has been attributed to an attempt to decrease ground reaction forces
(GRF), which are the forces acting on the body during
the stance phase of gait, probably in order to minimize
loads on the spine and avoid pain.23,24,36 An increase in
comfortable gait velocity is accompanied by an increase
in GRF only if gait velocity is increased by a longer step
length.24 It is postulated that an increase in GRF is a
result of several changes, including reduced pain. Patients in the current study increased their gait velocity by

Table 2. Stride Characteristics—Baseline Versus 12 Weeks of APOS Treatment (Median Interquartile Range)

Velocity (cm/s)
Normalized velocity (cm/s/leg length)
Cadence (Steps/Min)
Left step length (cm)
Right step length (cm)
Left normalized step length (cm/leg length)
Right normalized step length (cm/leg length)
Left swing (% of gait cycle)
Right swing (% of gait cycle)
Left stance (% of gait cycle)
Right stance (% of gait cycle)
Left single limb support (% of gait cycle)
Right single limb support (% of gait cycle)
Left double limb support (% of gait cycle)
Right double limb support (% of gait cycle)
Left base support (cm)
Right base support (cm)

Baseline

12 Wks

Spearman R

Wilcoxon P

115.4 (96.7–125.7)
1.39 (1.16–.51)
114.3 (107.3–119)
59.49 (50.31–64.59)
58.00 (51.78–65.41)
0.71 (0.62–0.79)
0.72 (0.64–0.78)
39.4 (38.45–40.4)
38.7 (36.95–40.2)
60.6 (59.7–61.55)
61.3 (59.8–63.05)
38.6 (36.95–40.25)
39.4 (38.45–40.15)
22.7 (19.95–24.1)
22.8 (19.7–24.0)
10.05 (7.91–11.57)
9.95 (7.85–11.83)

127.0 (114.7–132.6)
1.53 (1.38–.59)
117.4 (112.8–127.7)
61.57 (55.1–65.33)
61.51 (54.89–65.09)
0.72 (0.69–0.8)
0.73 (0.69–0.77)
39.6 (39–40.35)
39.2 (38.6–40.3)
60.4 (59.7–60.9)
60.8 (59.7–61.45)
39.4 (38.55–40.15)
39.7 (39.00–40.35)
21.3 (19.65–22.2)
21.3 (19.5–22.2)
9.83 (7.68–11.17)
10.12 (8.76–11.23)

0.76
0.53
0.65
0.89
0.86
0.89
0.88
0.75
0.73
0.72
0.72
0.69
0.69
0.77
0.78
0.77
0.86

0.01
0.03
0.01
0.03
0.02
0.02
0.02
0.52
0.01
0.44
0.01
0.01
0.42
0.02
0.02
0.66
0.42
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Figure 2. Gait velocity, cadence,
and step length results at baseline
and after 12 weeks of treatment
with the biomechanical device.

increasing their cadence and by also increasing their step
length. Therefore, the treatment with the biomechanical
device probably reduced pain and increased the patients’
ability to cope with higher GRF. This theory is supported
by earlier studies that have shown that in acute back pain
resolution of pain improved step length.37 Nevertheless,
since pain was not measured we cannot confirm this theory. Future studies should use measurements of pain intensity and disability, such as visual analogue scale and
Oswestry questionnaire, to assess the effect of the biomechanical device on pain and function.
Another important finding of this study was that patients with chronic NSLBP have asymmetrical SLS. During SLS phase the body weight is entirely supported by 1
limb while the contralateral limb swings foreword. This
phase accounts for 38% to 40% of the gait cycle.38,39
The base of support during the SLS phase is smaller in
comparison to the base of support in the DLS phase, and
thus the former requires better neuromuscular control.

Since changes in neuromuscular control may be due to
pain,10,12 the difference in SLS may be a result of an
asymmetry in pain distribution. We were unable to find
studies that systematically described pain distribution in
patients with NSLBP without referred symptoms. Another possible explanation for the difference in SLS between limbs is that the short SLS period in 1 leg indicates
a general difficulty in maintaining the center of mass over
a small base of support. This may be due to the previously described alterations in neuromuscular control of
patients with LBP, especially those causing balancing difficulties.5,6,8,9,11–16 The treatment with the new biomechanical device causes a patient to exercise gait under
controlled perturbation, hence it may be assumed that an
improvement in neuromuscular control has occurred.
It is estimated that a person performs between 5496
and 13,665 steps per day.40 This would mean that, assuming he or she is active for approximately 16 hours a
day, a person is performing between 350 and 850 steps

Table 3. Differences Between Limbs at Both Sessions (Median Interquartile Range)
Baseline

Step length (cm)
Normalized step length (cm/leg length)
Swing (% gait cycle)
Stance (% gait cycle)
Single limb support (% gait cycle)
Double limb support (% gait cycle)
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12 Wks

Left

Right

P

Left

Right

P

59.49 (50.31–64.59)
0.71 (0.62–0.79)
39.4 (38.45–40.4)
60.6 (59.7–61.55)
38.6 (36.95–40.25)
22.7 (19.95–24.1)

58.00 (51.7–65.4)
0.72 (0.64–0.78)
38.7 (36.95–40.2)
61.3 (59.8–63.05)
39.4 (38.45–40.15)
22.8 (19.7–24.0)

0.84
0.74
0.01
0.01
0.03
0.2

61.57 (55.1–65.33)
0.72 (0.69–0.77)
39.6 (39.0–40.35)
60.4 (59.7–60.9)
39.4 (38.55–40.15)
21.3 (19.65–22.2)

61.51 (54.89–65.09)
0.73 (0.69–0.77)
39.2 (38.6–40.3)
60.8 (59.7–61.45)
39.7 (39.00–40.35)
21.3 (19.5–22.2)

0.75
0.59
0.33
0.34
0.34
0.55
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Figure 3. Single limb support results at baseline and after 12
weeks of treatment with the biomechanical device.

per hour. According to these assessments, patients in the
current study had completed over 15 thousands steps
under perturbation over the course of the entire study.
The extent of the perturbation training in the current
study is higher compared to a previous study that implemented neuromuscular training through perturbation in
patients with anterior crucial ligament tear41 and compared to a recent published perturbation balance training protocol for older adults.42 We therefore hypothesized that this exercise protocol, which was initiated at
the start of study, could have been enough to improve
gait characteristics as shown.
Future studies should incorporate measurements of
pain distribution, balance, or neuromuscular control in
order to better understand the possible causes of SLS
asymmetry. This in turn may explain the mechanism by
which treatment with the biomechanical device improved SLS symmetry.
Conclusion
Patients with NSLBP treated with the novel biomechanical device for 12 weeks increased walking speed through
longer step length, indicating an increased ability to absorb higher impact forces and implying an improvement
in pain. In addition, treatment eliminated limb asymmetry, suggesting an overall improvement in the neuromuscular control system and may indicate on an improvement in pain distribution. Further research is
recommended on the clinical effects of the biomechanical
device on chronic NSLBP.
Key Points
● Patients with NSLBP walk slower with shorter
step length.
● This considers as a protective mechanism to
avoid high impact forces.
● Patients with NSLBP increase gait velocity
through higher cadence only.
● Patients with NSLBP demonstrate asymmetrical
step length.
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Abstract
Purpose To assess the changes in gait pattern and clinical
symptoms of patients with chronic non-specific low back
pain (CNSLBP) following a home-based biomechanical
treatment (HBBT).
Methods This was a retrospective analysis of 60
CNSLBP patients. All patients underwent a gait evaluation
and completed self-assessment questionnaires at pre-treatment and after 3 and 6 months of a HBBT (AposTherapy).
Twenty-four healthy, aged-matched individuals served as a
reference group.
Results Significant differences were found in all gait
parameters and clinical symptoms between patients with
CNSLBP and healthy people before treatment. Significant
improvements were found in all gait parameters and clinical measures following 6 months of therapy including an
increase in gait velocity (10.6 %), step length (5.6 %),
cadence (5 %), and quality of life and a decrease in pain
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(13.3 %). There were no significant differences between
groups in the gait parameters following 6 months of
treatment.
Conclusions Significant differences exist between patients with CNSLBP and healthy controls in terms of gait
pattern and self-assessed health status. The examined
HBBT led to significant improvements in gait pattern, reduction in pain, improved function and increased quality of
life. However, future studies should validate these results
while comparing this treatment to other treatment
modalities.
Keywords Gait  Non-specific low back pain 
Biomechanical treatment  Physical function  Pain

Introduction
Low back pain (LBP) is a leading cause of office visits to
physicians and accounts for a significant percentage of
disability claims [1]. It has an estimated lifetime incidence
of 60–80 %. Of LBP patients, 80 % were categorized as
suffering from non-specific LBP (NSLBP), defined as pain
not attributable to any recognizable pathology. Within this
category, 7–10 % of patients proceeded to develop chronic
NSLBP with profound effects on their quality of life and
work productivity [2, 3].
Patients with NSLBP have a different gait pattern
compared to matched controls. They demonstrate slower
walking speed, shorter step length and asymmetrical step
length [4]. These changes are considered a protective
strategy, as patients try to avoid extensive hip and spine
ranges of motion and minimize forces acting on the body
[5–7] which may cause pain. In addition, earlier studies
examining gait found that NSLBP patients with diminished
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gait characteristics suffer from impaired physical function
[8, 9] and increased pain [4].
An important feature in NSLBP is the deterioration in
neuromuscular control. NSLBP patients have been shown
to suffer from changes in their biceps brachii activation [9],
in balancing abilities [4, 5], anticipated perturbation [6],
response to perturbations [7], reaching tasks [9] and gait [8,
10, 11]. These findings suggest that the rehabilitation of
chronic NSLBP should not concentrate on a particular
muscle or function. It must address wider perspectives of
generalized neuromuscular control. In recent years, several
publications regarding the effect of a novel non-invasive
biomechanical device for different musculoskeletal disorders have been published [12–15]. A unique foot-worn
device enables the relocation of the center of pressure [16]
while training neuromuscular control [17]. More precisely,
in a cohort of NSLBP patients treated with this device, an
improved gait pattern was noted, as defined by increased
walking speed through greater step length and the
elimination of asymmetrical gait differences [18]. This
study was limited by a small cohort, a short follow-up
period and the absence of clinical measures of pain and
function as well as a normal age-matched control.
The aims of the current study were:
1.

2.

3.

4.

To examine changes in spatiotemporal gait pattern
following 3 and 6 months of treatment with the
biomechanical device.
To study the effect of this treatment on physical
function, pain and quality of life following 3 and
6 months of treatment.
To compare the baseline characteristics of patients
with CNSLBP with the results of healthy age-matched
group.
To compare the results of patients with CNSLBP after
6 months of treatment with the results of healthy agematched group.

Materials and methods

women) diagnosed with CNSLBP were analyzed. Their
mean age (±SD) was 53.3 ± 14.0 years, mean (±SD)
height was 168.2 ± 9.2 cm and mean (±SD) body mass
index was 27.0 ± 5.1 kg/m2. Chronic NSLBP was defined
as low back pain not directly attributable to a specific
pathology in accordance with the Quebec Task Force
guidelines affecting patients for more than 3 months [19].
Exclusion criteria were specific back pain, non-specific
back pain with referred pain to the lower/upper extremities,
radiculopathy, severe systematic diseases, lower extremity
orthopedic surgery, lower extremity joint pain or neurological deficits. During the activity of the therapy center,
we asked healthy people to volunteer and undergo a gait
test and complete self-administrated questionnaires. This
group included healthy caregivers and family members of
treated patients. The control group consisted of 24 healthy,
aged-matched volunteers with a mean (±SD) age of
48.4 ± 13.1 years,
a
mean
(±SD)
height
of
169.4 ± 8.6 cm and a mean (±SD) body mass index of
24.9 ± 3.6 kg/m2. There were no significant differences
between groups in age and height, whereas a significant
difference was found in BMI. The demographic details of
the two groups are summarized in Table 1. The study was
approved by the medical center internal review board
(IRB). The study was registered in the NIH clinical trial
registration system (No. NCT00767780).
Gait analysis
The GaitMatTM system (E.Q., Inc. Chalfont, PA) was used
to measure gait spatiotemporal parameters. The computerized mat is an electronic walkway carpet that is 3.84 m
long. The spatiotemporal characteristics are measured,
processed and stored on a PC computer running the GaitMat software (version 2).
Physical function and pain assessment
The Oswestry Disability Index (ODI) was used as a disease-specific outcome measure. It consists of a series of
self-reported questions measuring pain and physical

Patients
A retrospective analysis was conducted by querying the
AposTherapy database, which routinely collects spatiotemporal gait data and evaluates clinical symptoms
during treatment. 544 patients with NSLBP joined AposTherapy between May 2009 and April 2013. Of the 544
patients, 108 had a gait test and self-administrated questionnaires at pre-treatment examination and following 3
and 6 months of therapy. Of the 108 patients, 48 were
excluded due to one or more of the exclusion criteria
(detailed below). Sixty eligible patients (25 men and 35
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Table 1 Patients’ characteristics

No. patients

CNSLBP

Healthy

60

24

P*

Age (years)

53.3 (14.0)

48.4 (13.1)

0.146

Height (cm)

168.2 (9.2)

169.4 (8.6)

0.601

BMI (kg/m2)

27.0 (5.1)

24.9 (3.6)

0.037

Results are presented as mean (SD)
* P value was set to P \ 0.05
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function and is scored from 0 to 100, where 0 is the best
and 100 is the worst condition.
The Short Form Health Survey (SF-36) was used as a
generic outcome measure. It consists of eight domains
(pain, physical function, general health perceptions, physical role function, emotional role function, social function,
emotional well-being and vitality) which can be tallied to
create a physical score and a mental score. Each measure is
scored from 0 to 100, where 0 indicates the worst and 100
the best patient health.
Intervention
The biomechanical device is a home-based functional rehabilitation treatment program that integrates the use of a
novel biomechanical device into the patient’s daily routine.
The biomechanical device is made up of four convex
biomechanical units attached to two foot-worn platforms in
the form of shoes (AposTherapy System, APOS—Medical
and Sports Technologies Ltd., Herzliya, Israel) (Fig. 1).
Each shoe is equipped with a specially designed sole,
which consists of two mounting rails that enable flexible
positioning of each element under each region. One element is located under the hindfoot and the other is located
in the forefoot region. Each element can be individually
calibrated to induce specific biomechanical challenges in
multiple planes.

Protocol
All patients conducted a computerized gait test. During the
test, all patients walked barefoot at a self-selected speed.
Patients walked 3 m before and after the mat to allow for
sufficient acceleration and deceleration time outside the
measurement area. Each gait test included four walks, and a
mean value was calculated for each parameter. The following gait parameters were evaluated: velocity (cm/s),
cadence (steps/m), step length for each leg (cm), stance
phase (% gait cycle, GC) for each leg and single limb
support (SLS) phase (% GC) for each leg. In addition, patients were asked to complete the ODI and the SF-36
questionnaires. After the first gait test, the biomechanical
device was individually calibrated to each patient by a
physiotherapist specialized in AposTherapy methodologies.
Patients commenced therapy the day after they met the
physiotherapist. It continued on a daily basis for a period of
6 months. Patients were instructed to wear the device indoors while doing their routine for 10 min and gradually
reaching to 2 h (accumulating 45–60 min walk). After
1 month of therapy, patients were encouraged to walk
outdoors with the device for a few minutes every day. All
patients received a telephone call after the first and second
week to verify compliance. Patients underwent a second
and a third evaluation of their gait pattern, ODI and SF-36
questionnaires after 3 and 6 months of therapy.
A group of 24 healthy aged-matched people conducted a
gait test and were asked to complete the ODI and SF-36
questionnaires and served as a control group representing
normative values.
Statistical analysis

Fig. 1 The biomechanical device. a Biomechanical device comprising two individually calibrated elements and a foot-worn platform.
The elements are attached under the hindfoot and forefoot regions of
the platform. b The biomechanical elements are available in different
degrees of convexity and resilience. c The specially designed sole of
the platform includes two mounting rails and a positioning matrix to
enable flexible positioning of each biomechanical element

All spatiotemporal gait parameters and questionnaires
scores were presented as means and standard deviations,
followed by 95 % confidence interval for all time periods.
Non-parametric one-sample Kolmogorov–Smirnov tests
were calculated to compare the observed cumulative distribution function for the continuous variables with the
normal theoretical distribution. Differences between
CNSLBP patients and the control group were measured by
the independent t test. The general linear model (GLM)
repeated measures procedures were used to provide analysis of variance for gait parameters and self-administered
questionnaires when the same measurement was made
three times on each subject. The correlation between the
level of improvement of the gait parameters (post-treatment results minus pre-treatment results) and the level of
symptoms pre-treatment was calculated using linear Pearson correlation.
Data were analyzed with IBM SPSS software version
21.0 and the significant level was set at 0.05.
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Results

improvement of 10.5 % following 6 months of treatment
(P = 0.052). Table 3 also presents the results of healthy
people. Statistically significant differences were found in
the ODI scores and the SF-36 physical and mental scores of
patients with CNSLBP and healthy people pre-treatment
and following 6 months of treatment (P \ 0.01).
The correlation values between the level of improvement of gait parameters (post-treatment results minus pretreatment results) and the level of symptoms pre-treatment
were minuscule, ranging between 0.028 and 0.096.

Patients received a telephone call after 1 week to verify
compliance. Patients were also interrogated on compliance
at every follow-up session. All patients complied with the
study protocol and none reported any adverse events that
disqualified them from the study.
Significant differences were found in all gait parameters
following 3 months of treatment and maintained at
6 months (P \ 0.01). Table 2 summarizes the improvement in gait velocity (a 10.6 % increase), cadence (a 5.0 %
increase), step length (a 5.6 % increase), stance phase (a
1.2 % decrease) and single limb support phase (a 2.1 %
increase) following 6 months of therapy. Table 2 also
summarizes the parameters of the control group. Significant differences were found in pre-treatment gait pattern of patients with CNSLBP compared to healthy people
(P \ 0.05). There were no significant differences in gait
parameters between groups following 6 months of therapy.
The clinical patient-reported outcome measures of the
two groups are summarized in Table 3. A statistically
significant improvement was found in the ODI score and
the SF-36 scores after 6 months in the treatment group
(P \ 0.01). The ODI score decreased by 3.7 points with an
overall improvement of 13.3 % (P = 0.047) following
6 months of treatment. SF-36 physical score increase by
8.1 s points with an overall improvement of 15.9 % following 6 months of treatment (P = 0.018) and SF-36
mental score increased by 6.6 points with an overall

Discussion
According to the European guidelines for the management
of CNSLBP, the numerous aspects of diagnostic assessments and therapy modalities have limited positive evidence. Multidisciplinary rehabilitation programs are aimed
at reducing the disability of CNSLBP patients, rather than
concentrating on improvement of pain [20]. There is no
single intervention that was found to be effective in treating
the overall problem of CNSLBP, mainly due to its multidimensional nature. However, the most promising approaches seem to be combined cognitive–behavioral–
endurance based interventions encouraging activity/exercise [21]. The current study evaluated the effect of a homebased non-invasive biomechanical treatment that is based
on self-exercise during the patient’s daily routine. Following 6 months of treatment, patients normalized their

Table 2 Changes in gait characteristics following 6 months of therapy

Velocity (cm/s)
Cadence (steps/m)
Left step length (cm)
Right step length (cm)
Left stance (% GC)
Right stance (% GC)
Left SLS (% GC)
Right SLS (% GC)

Baseline

3 months

6 months

Healthy controls

P Base 3 m

P Base 6 m

\0.001

\0.001

\0.001

\0.001

\0.001

\0.001

\0.001

\0.001

102.6 ± 17.3

111.5 ± 15.3

113.5 ± 17.3

117.1 ± 16.9

[98.1–107.0]

[107.5–115.5]

[109.1–118.0]

[110.0–124.2]

107.2 ± 8.4

112.0 ± 8.2

112.6 ± 8.6

111.0 ± 7.1

[105.0–109.4]

[109.8–114.1]

[110.4–114.8]

[108.0–114.0]

57.2 ± 8.0

59.6 ± 7.2

60.3 ± 8.1

63.0 ± 7.0

[55.2–59.3]

[57.7–61.4]

[58.2–62.4]

[60.1–66.0]

57.3 ± 7.7

59.9 ± 6.7

60.6 ± 7.8

63.2 ± 7.5

[55.3–59.3]

[58.2–61.6]

[58.6–62.6]

[60.1–66.4]

61.1 ± 1.9
[60.6–61.6]

60.6 ± 2.1
[60.3–61.3]

60.3 ± 1.8
[59.8–60.7]

60.1 ± 1.3
[59.6–60.7]

0.010

\0.001

\0.001

\0.001

\0.001

\0.001

0.009

\0.001

61.3 ± 2.1

60.8 ± 1.9

60.6 ± 2.0

60.4 ± 1.4

[60.8–61.9]

[60.3–61.3]

[60.1–61.1]

[59.8–61.0]

38.7 ± 2.0

39.3 ± 1.9

39.5 ± 2.0

39.7 ± 1.5

[38.2–39.2]

[38.8–39.8]

[39.0–40.0]

[39.1–40.3]

39.0 ± 1.8

39.4 ± 1.8

39.8 ± 1.7

40.0 ± 1.2

[38.5–39.5]

[39.0–39.9]

[39.4–40.3]

[39.5–40.5]

Results are presented as mean ± SD [95 % CI]
SLS single limb support, GC gait cycle
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Table 3 Questionnaire results following 6 months of therapy
Baseline
Oswestry Disability Index (0–100 %)

3 months

6 months

Healthy controls

27.8 ± 12.6

24.8 ± 11.9

24.1 ± 13.3

[24.6–31.1]

[21.7–27.9]

[20.7–27.6]

[3.2–8.1]

5.7 ± 5.7

P Base 3 m

P Base 6 m

0.028

0.047

\0.001

0.018

\0.001

0.052

SF-36 Health Survey
SF-36

50.9 ± 16.4

60.1 ± 16.6

59.0 ± 19.1

82.8 ± 8.3

Physical score

[46.9–55.4]

[56.2–64.8]

[54.0–64.0]

[79.3–86.3]

SF-36

62.6 ± 17.4

70.9 ± 16.1

69.2 ± 16.9

79.2 ± 13.9

Mental score

[57.9–67.1]

[66.6–75.1]

[64.8–73.6]

[73.4–85.1]

Results are presented as mean ± SD [95 % CI]

gait pattern including increased velocity, cadence, step
length and single limb support. These results correspond to
an earlier report on the same biomechanical device [18]. In
addition, there was a smaller, but statistically significant
reduction in disability and a significant improvement in
function and quality of life.
Patients with NSLBP have different gait pattern compared to matched controls which is considered a protective
strategy as patients try to avoid extensive hip and spine
ranges of motion and minimize forces acting on the body
[5–7], which may cause pain. Furthermore, the lower back
and lower extremity musculoskeletal pathologies are often
characterized by abnormal gait, which may deteriorate over
time and lead to worsening of symptoms and even result in
the presence of pain in other lower extremity joints [22]. In
the current study, at pre-treatment evaluation, patients
demonstrated altered gait pattern compared to healthy
matched controls. Previous studies have shown that when
patients with LBP are asked to increase their gait velocity,
they tend to increase cadence rather than step length, as
opposed to pain-free individuals. This strategy is considered a protective mechanism as patients try to avoid extensive hip and spine ranges of motion and minimize forces
and moments acting on the body [5]. Interestingly, when
comparing the pre-treatment results of the CNSLBP patients and the control group, a prominent difference in step
length rather than cadence was noted, supporting previous
knowledge. Following 6 months of treatment, there were
no significant differences between CNSLBP patients and
healthy age-matched people, which may indicate that
CNSLBP patients felt more confident while walking.
The improvements in gait pattern were accompanied by
a reduction in pain and improvement in function and
quality of life. With regard to the changes in ODI scores,
there was a statistically significant reduction of 3.7 points
equal to 13.3 %. Several studies have calculated the
minimum clinically significant change in ODI score with
results ranging from 4 to 15 points [23, 24]. In the current
study, the patients started with a mean ODI score of 27.8, a
relatively low score, indicating mild disability. The

improvement found in the present study does not fall
within the minimal clinically important change mentioned
in most of the studies above. A possible explanation is the
low initial score pre-treatment that makes it difficult to see
a clinically significant improvement. According to Davidson and Keating, when the initial ODI score is low, very
small changes should be perceived as important [23]. It is
possible that had this study included patients with more
significant functional limitations, a clinically significant
improvement would have been recorded. Future studies
should include a group of CNSLBP patients with higher
ODI and pain scores at baseline. With regard to the SF-36
Health Survey, patients demonstrated a significant increase
of 15.9 and 10.5 % in the physical score and mental score,
respectively. Although both the ODI and the SF-36 scores
improved following treatment, they did not reach those of
healthy age-matched people.
In summary, although patients with CNSLBP improved
their gait pattern to match healthy people following treatment, they demonstrated inferior self-assessed levels of
pain and function. It is difficult to determine the reasons for
these results. However, we assume that having suffered for
a long time makes it difficult to internalize the positive
improvement seen in the objective gait parameters. It may
also be that patients are more active than before and pain
still exists. Future study should examine the changes in
pain, function and quality of life after a longer follow-up
period, or in combination with behavioral interventions.
Some drawbacks to this study should be acknowledged.
First, this is a retrospective study with no placebo control
group. Although this study included a group of healthy agematched patients that served as a reference group representing normal values, there is a need for a prospective
study including a control group to determine the actual
effect of this treatment and denounce a placebo effect.
Second, this study included only spatiotemporal gait data
rather than a three-dimensional gait analysis that provide
more information on the kinematics and kinetics. A threedimensional gait test, however, is relatively cumbersome
and costly. We sought to define objective gait parameters
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that can be easily obtained at a relatively low cost, thus
making them ideal for clinical practice.
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Objectives: Footwear-generated biomechanical manipulations (e.g., wedge insoles) have been shown to
reduce the magnitude of adduction moment about the knee. The theory behind wedged insoles is that a
more laterally shifted location of the center of pressure reduces the distance between the ground
reaction force and the center of the knee joint, thereby reducing adduction moment during gait.
However, the relationship between the center of pressure and the knee adduction moment has not been
studied previously. The aim of this study was to examine the association between the location of the
center of pressure and the relative magnitude of the knee adduction moment during gait in healthy men.
Methods: A novel foot-worn biomechanical device which allows controlled manipulation of the center of
pressure location was utilized. Twelve healthy men underwent successive gait analysis testing in a
controlled setting and with the device set to convey three different para-sagittal locations of the center of
pressure: neutral, medial offset and lateral offset.
Results: The knee adduction moment during the stance phase signiﬁcantly correlated with the shift of
the center of pressure from the functional neutral sagittal axis in the coronal plane (i.e., from medial to
lateral). The moment was reduced with the lateral sagittal axis conﬁguration and augmented with the
medial sagittal axis conﬁguration.
Conclusions: The study results conﬁrm the hypothesis of a direct correlation between the coronal
location of the center of pressure and the magnitude of the knee adduction moment.
& 2008 Elsevier Ltd. All rights reserved.

Keywords:
Center of pressure
Coronal kinetics of the knee
Footwear-generated biomechanical
manipulations
Gait analysis
Knee adduction moment

1. Introduction
Approximately 60–80% of the load across the knee is
transmitted to the medial compartment (Andriacchi, 1994;
Prodromos et al., 1985). The relatively high-medial compartment
load is due to the fact that the line of force acting at the foot
passes medial to the knee joint center during gait (Johnson et al.,
1980), generating an adduction moment which is proportional to
the combination of the ground reaction force (GRF) and the
perpendicular distance of this force from the center of the joint
(Schipplein and Andriacchi, 1991). This moment tends to adduct
the tibiofemoral joint, providing a major contribution to the
elevated medial compartment load. It has been proposed that the
adduction moment plays a key role in the pathogenesis of
 Corresponding author at: Biorobotics and Biomechanics Lab (BRML), Faculty of
Mechanical Engineering, Technion-Israel Institute of Technology, 32000 Haifa,
Israel. Tel.: +972 52 4262129.
E-mail addresses: myrnaperlmutter@gmail.com, amirhaim@gmail.com
(A. Haim).

osteoarthritis (OA) of the knee through greater compression of
the medial side of the joint and through induction of lateral joint
laxity via chronic stretching (Goh et al., 1993). An abnormally
high-knee adduction moment has been reported to be characteristic of the gait patterns in people with knee OA (Andriacchi,
1994). Likewise, knee adduction moment was found to be an
important factor regulating bone size and mineral content in
healthy and arthritic subjects (Hurwitz et al., 1998; Jackson et al.,
2004; Wada et al., 2001).
Footwear-generated biomechanical manipulations (e.g., wedge
insoles, foot orthoses) are commonly used in clinical practice to
counter the effect of elevated adduction moments. These interventions utilize the principle that parts of the body act as a system
of chained links (joint and motors), whereby the whole limb is
regarded as one kinetic functioning unit, starting from the foot
proximally through the body segments (Zajac et al., 2002). The
application of a laterally wedged shoe insole was ﬁrst introduced
in the 1980s (Yasuda and Sasaki, 1987). Gait analysis studies in
healthy subjects showed that, under dynamic conditions, wearing
laterally wedged insoles reduced the magnitude of adduction
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moments about the knee joint (Crenshaw et al., 2000). A beneﬁcial
effect of wearing a laterally wedged insole has been reported in
patients suffering from OA of the knee; medial- and lateralwedged insoles were found to increase and decrease lateral thrust
at the knee during walking, respectively (Ogata et al., 1997).
Similarly, wearing a laterally wedged insole reduced the knee joint
adduction moment during gait (Shimada et al., 2006).
Previous studies have proposed biomechanical theories for
wedged insoles. Maly et al. (2002) hypothesized that the
mechanism of reduction of adduction moment of the knee with
the use of insoles is a lateral shift in the center of pressure (COP)
on the foot, reducing the distance between the GRF and the center
of the knee joint, thereby reducing adduction moment during gait.
Sasaki and Yasuda (1987) reported that lateral-wedged insoles did
not alter the femorotibal angle but did increase the valgus
position of the subtalar joint. Xu et al. (1999) conﬁrmed that
insole conditions caused a change in the location of the COP
during gait. Kakihana et al. (2005) reported that wearing a
laterally wedged insole signiﬁcantly increased the valgus moment
at the subtalar joint by creating a lateral shift in COP location.
However, systematic correlation between the exact COP and the
knee adduction moment has yet to be determined. The current
study was devised, therefore, to examine the effect of COP location
on the knee joint moment in the coronal plane during gait in
normal healthy adults. We utilized a novel foot-worn biomechanical device comprised of two individually calibrated biomechanical elements, thus allowing controlled manipulation of the COP
location. We hypothesized that translation of elements in the
coronal plane (i.e., from medial to lateral) would result in
matching COP displacement and would generate a matching
response of the knee adduction moment during the stance phase.

2. Methods
2.1. Participants
The study cohort was comprised of 12 healthy male undergraduate students
with equivalent shoe size (French 43) and a similar anthropometric proﬁle (i.e.,
weight, height, dominant leg). The demographic data of the subjects are noted in
Table 1. Exclusion criteria were any orthopedic musculoskeletal or neurological
pathology. Approval of the Ethics Sub-Committee was obtained and informed
consent was given by all participants. The purpose and methods of the study was
explained to the subjects.

2.2. The biomechanical system
A novel biomechanical device comprising four modular elements attached
onto foot-worn platforms was utilized (APOS System, APOS–Medical and Sports
Technologies Ltd. Herzliya, Israel). The device consists of two convex shaped
biomechanical elements attached to each of the feet (Fig. 1). One is located under
the hind foot region and the other is located under the forefoot region. The
elements are attached to the subject’s foot using a platform in the form of a shoe.
The platform is equipped with a specially designed sole, which consists of two
mounting rails enabling ﬂexible positioning of each element under each region.
Each element position can be calibrated individually to convey speciﬁc
biomechanical challenges in multiple planes. The biomechanical systems used in
the study (3 pairs) were generously donated by the manufacturer prior to the
study. A pilot trial conducted to assess the stability of the apparatus determined
that, for healthy adults, satisfactory walking stability can be kept within the range
of 1.5 cm medial and 2 cm lateral deviation of the biomechanical elements from
the neutral sagittal axis.
Table 1
Demographic data of participants (n ¼ 12)
Age (years)

Height (cm)

Weight (km)

25.772.13

17773.8

73.374.87

Note: Values are mean7SD.
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Fig. 1. Biomechanical platform and mobile elements.

2.3. Experimental protocol
Functional assessment of all subjects enrolled in the study was performed
prior to testing by the same physician (HA). Calibration of the biomechanical
device was performed by the same physiotherapist; ﬁrst position of the elements
for the ‘‘functional neutral sagittal axis’’ was determined and documented. The
functional neutral axis was deﬁned as the position in which the apparatus caused
the least valgus or varus torque at the ankle to the individual being examined.
Medial and lateral axes were then deﬁned as 0.8 cm medial and 1.5 cm lateral
deviation of the biomechanical elements from the neutral sagittal axis,
respectively (Fig. 2).
Successive gait analysis testing each with singular calibration of the apparatus
was performed in four conditions: foot-worn platform with no elements attached
(control condition)—Fig. 2a, biomechanical elements placed at neutral axis—
Fig. 2b, biomechanical elements placed at lateral sagittal axis—Fig. 2c, and
biomechanical elements placed at medial sagittal axis—Fig. 2d. Subjects were
asked to walk at a self-selected velocity, which was then indicated by a metronome
to ensure consistent cadence throughout the trial. Six trials of each condition were
collected per subject for averaging. All conditions were tested in random order on
the same day.
2.4. Data acquisition and processing
Gait analysis of each subject was preformed at the Biorobotics and
Biomechanics Lab (BRML) of the Faculty of Mechanical Engineering at TechnionIsrael Institute of Technology. Three-dimensional motion analysis was performed
using an 8-camera Vicon motion analysis system (Oxford Metrics Ltd., Oxford UK)
for kinematic data capture. The GRF were recorded by two three-dimensional
AMTI OR6-7-1000 force plates. Kinematic and kinetic data were collected
simultaneously while the subjects walked over a 10 m walkway. Passive reﬂective
markers were ﬁxed with adhesive tape to anatomical landmarks identiﬁed by an
experienced physician (HA). A standard marker set was used to deﬁne joint centers
and axes of rotation (Kadaba et al., 1990). A knee alignment device (KAD; Motion
Lab Systems Inc, Baton Rouge LA) was utilized to estimate the three-dimensional
alignment of the knee ﬂexion axis during the static trial. Knee joint moments in
the coronal plane were calculated using inverse dynamic analyses from the
kinematic data and force platform measures using ‘PlugInGait’ (Oxford Metrics,
Oxford UK). Relative offset of the COP and corresponding values of the knee
adduction moment (1st peak and 2nd peak) and the knee adduction impulse
(the time integral of the knee adduction moment) were calculated for each trial
and the average determined across trials for each subject. The latest value
(adduction impulse) represents the cumulative magnitude of the knee adduction
moment throughout the entire stance phase. Several recent studies utilized this
value and reported it to be a useful gait parameter (Thorp et al., 2006a, b;
Stefanyshyn et al., 2006).
All analyses were performed for the dominant leg. Joint moments were
normalized for body mass and reported in SI units (Newton meters per kg). To
examine the relationship between the different interventions on the outcome
measures, a program was purposely written in MATLAB12 software. First, a single
curve was plotted by averaging the six successive trials (in each conﬁguration) and
was normalized to stance phase time. The patterns of the knee joint moments in

ARTICLE IN PRESS
3012

A. Haim et al. / Journal of Biomechanics 41 (2008) 3010–3016

Loading response
(1st acceleration peak)

900
800
700

Moment

600

Terminal stance
(2st acceleration peak)

500
400
300
200
100
0
-100

0

20

40
60
time [%ST]

80

100

Fig. 3. Representative graph showing subject’s adduction moment of the knee
during stance (averaged from 6 trials) at loading response (1st peak) and at
terminal stance (2nd acceleration peak). Shaded area represents knee adduction
impulse.

Fig. 4. Calculation of COP position during stance phase: Scatter plot of force plate
recorded instantaneous COP coordinates (*) and matching instantaneous coordinates of foot segment sagittal axis (deﬁned by heel and toe markers—green line).
The relative COP position is deﬁned as the distance from foot axis to its
corresponding COP. (Negative values indicate lateral offset). Y and X are major
axes of the lab’s coordinate system.

Fig. 2. (a) Biomechanical device with no elements attached; (b) at neutral sagittal
axis; (c) at lateral sagittal axis; (d) at medial sagittal axis.

the coronal plane during the stance phase are similar to those of the vertical GRF,
which has two peaks separated by a valley (i.e., the loading response peak, the
midstance valley, and the terminal stance peak). Hence, the program was devised
to identify the two peaks and calculate their magnitude, as well as the time
integral of the curve (Fig. 3). To obtain the COP position with each shoe
modiﬁcation, the instantaneous coordinates of the COP recorded by the force
plate (i.e., the junction point of the GRF with the force plate surface) throughout
the stance phase were extracted. Matching instantaneous coordinates of the heel
and toe markers (deﬁning a ﬁxed sagittal axis reference in the foot segment) were
then obtained (Fig. 4). The instantaneous distance in the horizontal plane from the
foot axis to the COP was then calculated. Finally, the instantaneous relative COP
offset in the medial and lateral conﬁgurations were assessed by examining the
differences in COP-foot axes with respect to the neutral axis. The COP offset was
calculated for loading response and at terminal stance period. Likewise, total COP
offset was calculated by averaging the instantaneous values throughout the entire
stance phase. Lateral and medial offset of the COP were deﬁned as positive and
negative values, respectively, and reported in mm.

2.5. Statistical analysis
Spearman’s correlations were used to examine the relationship of spatiotemporal (cadence, step length, step width, gait velocity), kinetic (1st and 2nd

acceleration peaks and the knee adduction impulse values) and COP offset
parameters in the neutral axis, medial axis and lateral axis conﬁguration of the
apparatus. Non-parametric Friedman tests were used for compression of spatiotemporal, kinetic and COP offset parameters in the neutral medial lateral
conﬁgurations of the apparatus. Wilcoxon tests were used to determine statistical
signiﬁcance differences between each conﬁguration for each of the parameters. A
probability of o0.05 was considered as statistically signiﬁcant. All analyses were
performed using SPSS (version 13.0).

3. Results
Mean values+standard deviation of spatial and temporal
parameters are listed in Table 2. Cadence, step length and step
width were similar for all conﬁgurations of the apparatus. The
difference in average of walking velocity of 0.04 m/s for the lateral
and the natural conditions was statistically signiﬁcant (p ¼ 0.045).
Fig. 5 illustrates the relative COP-foot axis distance during
stance phase in a single subject at the four conﬁgurations tested
(control, neutral sagittal axis, lateral sagittal axis, medial at
sagittal axis). With no elements attached, the plot presents a
typical COP pattern, curving laterally at midstance and progressing medially at terminal stance. With the convex elements
attached in the neutral conﬁguration, the COP displays a linear
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pattern progressing from lateral position at initial contact to
medial position at terminal stance. Fig. 6 demonstrates a
representative analysis of COP location in the medial and lateral
conﬁguration with respect to the neutral position. The COP shifts
in accordance with the displacement of the biomechanical
elements. Examining the COP curves, it is evident that COP
relocation is minimal at initial contact. The COP shifts medially
and latterly during the ﬁrst 10% of stance phase, and displacement
remains marked until ﬁnal stance where the curves overlap again.
Inter-subject analysis for the group mean values and standard
deviation of COP displacement for control, medial and lateral
conﬁgurations (relative to the neutral conﬁguration) are presented in Table 3. COP offset signiﬁcantly correlated with the
medial and lateral translation of the biomechanical elements from
the neutral axis. With reference to the control setting, the COP
calculated for the neutral axis was located medially in all subjects
but one (on average, the COP was located 6.27 mm medial to that
of the control setting).
Fig. 7 illustrates adduction moment of the knee in a single
subject in the four conﬁgurations tested (control, at neutral
sagittal axis, at lateral sagittal axis, and medial at sagittal axis).
Evidently, the external adduction moment about the knee during
the stance phase was reduced with the lateral sagittal axis
conﬁguration and augmented with the medial sagittal axis
conﬁguration.
Group values for the knee adduction impulse and 1st and
2nd peaks of the moment during stance phase are presented in
Figs. 8–10, respectively.
Table 4 presents mean values and standard deviation of
adduction moment values. Translation of the biomechanical
elements from neutral to lateral position signiﬁcantly reduced
the magnitude of the 1st peak of the knee adduction moment
and the knee adduction impulse. The 1st peak was reduced in
all subjects, (on average, the peak moment was reduced by

0.163 N-m/kg, a reduction of 20% from the natural conﬁguration),
and the adduction impulse was reduced in all subjects but one (on
average, the peak moment was reduced by 0.05 N-m/kg*s, a
reduction of 17% from the natural conﬁguration). Translation of
the biomechanical elements from neutral to medial positions
augmented the magnitude of the knee adduction moment;
however this was signiﬁcant for 1st peak only. The 1st peak was
increased in 10 subjects, decreased in one and unchanged in one
(on average, the peak moment was increased by 0.05 N-m/kg, an
increase of 6% from the natural conﬁguration). The magnitude of
the 2nd peak of the knee adduction moment was reduced by
neutral to lateral translation of the biomechanical elements (this
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Table 2
Spatio-temporal parameters, group values (n ¼ 12)
Parameters

Control

Neutral axis

Lateral axis

Medial axis

Cadence (steps/min) 100.67711.78 100.3879.23 101.33710.2 100.3379.09
Step length (m)
0.6770.05
0. 6770.06
0.6870.06
0.6770.06
Step width (m)
0.1670.03
0.1770.03
0.1770.03
0.1770.03
Walking Speed (m/s)
1.1370.16
1.1470.17
1.1770.18
1.1370.15

Fig. 6. Representative subject’s COP relative offset at the medial (a) and lateral
(b) sagittal axis-conﬁgurations. The vertical distance between the COP plot in the
medial conﬁguration (green) and lateral conﬁguration (pink) from the neutral
conﬁguration (blue) represents the absolute COP offset. All values are reported in
mm, negative values indicate lateral offset. The X axis represents 100% of stance
phase time.

Note: Values are mean7SD.
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Fig. 5. Representative subject’s COP in the Rt foot in the 4 conﬁgurations tested (biomechanical device with no elements attached-a; at neutral sagittal axis-b; at lateral
sagittal axis-c; medial at sagittal axis-d). The Y-axis represents instantaneous distance (all values are reported in mm, negative values indicate lateral offset) of the COP to
the foot segment sagittal axis, and the X-axis represents 100% of stance phase time.
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Table 3
COP offset for control medial and lateral conﬁgurations (relative to the neutral conﬁguration) (n ¼ 12)
Conﬁguration

Attribute

Medial
Lateral
Control

Loading response (1st) peak

Terminal stance (2nd) peak

Total COP offset

10.6473.27 (po0.01)
�13.875.34(po0.01)
�5.273.52 (p ¼ 0.01)

10.2872.9 (po0.01)
�15.3575.16 (po0.01)
�6.7575.63 (p ¼ 0.01)

9.7273.38(po0.01)
�14.3776(po0.01)
�6.2773.09(po0.01)

Notes: Values are mean7SD; v alues are reported in mm; negative values indicate lateral offset.
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Fig. 7. Representative subject’s adduction moment of the knee in the 4
conﬁgurations tested (biomechanical device with no elements attached, at neutral
sagittal axis, at lateral sagittal axis, and medial at sagittal axis). The Y-axis
represents moment (Newton-meters/kg (N-m), and the X-axis represents 100% of a
single gait cycle. The vertical lines represent the end of the stance phase.
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Fig. 9. Relationship between values of knee adduction moment at loading
response peak (1st peak) with lateral, neutral and medial translation biomechanical elements. Data presented as box-plots-line in center of box represents the
median value; the box represents the inter-quartile range, and the whiskers
represent the range.
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Fig. 8. Relationship between values of the knee adduction impulse during stance
phase, with lateral, neutral and medial translation biomechanical elements. Data
presented as box-plots-line in center of box represents the median value; the box
represents the inter-quartile range, and the whiskers represent the range.

change was not signiﬁcant), and was relatively unchanged by
neutral to medial translation. The knee adduction moment
magnitude did not differ signiﬁcantly between the neutral axis
and the control (no elements) conﬁguration.
Spearman’s correlations analysis was performed with P1
values and knee adduction impulse of the moment with the three

Lateral

Neutral

Medial

Fig. 10. Relationship between values of knee adduction moment at terminal stance
peak (2nd peak) with lateral, neutral and medial translation biomechanical
elements. Data presented as box-plots-line in center of box represents the median
value; the box represents the inter-quartile range, and the whiskers represent the
range.

conditions obtained from the subjects (Table 5). There was a
reverse correlation in moment values between the neutral and
medial conditions, and a direct correlation between the lateral
and neutral conditions.
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Table 4
Knee adduction moment magnitude, group values (n ¼ 12)
Parameters

Control

Neutral axis

Lateral axis

Medial axis

Medial-neutral difference

Lateral-neutral difference

Knee adduction impulse (N-m/kg*s)

0.2770.09

0.2970.06

0.2470.07

0.3170.07

Loading response (1st) peak (N-m/kg)

0.6670.22

0.870.21

0.6370.13

0.8570.18

0.570.22

0.5170.13

0.4770.13

0.5170.14

0.01770.046
p ¼ 0.1
0.05570.066
P ¼ 0.019
�0.0271.27
NS

0.05170.057
p ¼ 0.005
0.16370.09
p ¼ 0.003
0.0570.11
NS

Terminal stance (2nd) peak (N-m/kg)

Note: mean values+standard deviation.

Table 5
Spearman’s correlations analysis of adduction moment magnitude at loading response and of knee adduction moment impulse
Spearman’s ratio
Adduction moment impulse
Control-norm correlation coefﬁcient
Sig. (2-tailed)
N
Lateral-norm correlation coefﬁcient
Sig. (2-tailed)
N
Neutral-norm correlation coefﬁcient
Sig. (2-tailed)
N
Medial-norm correlation coefﬁcient
Sig. (2-tailed)
N
Adduction moment magnitude, at loading response
Control-norm correlation coefﬁcient
Sig. (2-tailed)
N
Lateral-norm correlation coefﬁcient
Sig. (2-tailed)
N
Neutral-norm correlation coefﬁcient
Sig. (2-tailed)
N
Medial-norm correlation coefﬁcient
Sig. (2-tailed)
N

Control-norm

1.000
12
0.566
0.055
12
0.566
0.055
12
0.566
0.055
12

1.000
12
0.818
0.001
12
0.895
0.001
12
0.832
0.001
12

Lateral-norm

Neutral-norm

0.566
0.055
12
0.566
0.055
12
0.566
0.055
12
0.566
0.055
12

0.720
0.055
12
0.685
0.014
12
1.000
0.055
12
0.685
0.014
12

0.818
0.001
12
1.000
12
0.825
0.001
12
0.804
0.002
12

0.895
0.001
12
0.825
0.001
12
1.000
12
0.895
0.000
12

Medial-norm

0.524
0.080
12
0.874
0.055
12
0.685
0.014
12
1.000
12

0.832
0.001
12
0.804
0.002
12
0.895
0.014
12
1.000
12

 Correlation is signiﬁcant at the 0.05 level (2-tailed).
 Correlation is signiﬁcant at the 0.01 level (2-tailed).

4. Discussion
The results presented indicate that accurate management of
adduction moment about the knee can be attained by controlled
shift of the center of pressure. Our study examined the kinetic
outcome of a novel biomechanical apparatus on the knee joint
adduction moment in healthy subjects. Lateral-wedged insoles were
previously reported to decrease load and adduction moment
magnitude in the medial compartment of the knee joint in healthy
subjects. It is suggested that this is due to the more laterally shifted
location of the COP (Kakihana et al., 2005). To the best of our
knowledge, this is the ﬁrst study to utilize a biomechanical device
which allows controlled modulation of the center of pressure.
We found that the magnitude of the knee adduction moment
signiﬁcantly correlated with the coronal orientation of the
biomechanical elements; translation of the biomechanical elements from the medial to the neutral position and from the
neutral to the lateral position signiﬁcantly reduced the magnitude
of the adductor moment’s 1st peak. This ﬁnding conﬁrms the
study’s hypothesis of a direct correlation between the coronal
position of the biomechanical elements (location of the center of
pressure) and the coronal kinetics of the knee. We speculate that
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the laterally shifted COP reduced the distance between the GRF
and the center of the knee joint, resulting in reduced magnitude of
the moment.
The magnitude of the terminal stance phase (2nd) peak of the
knee adduction moment did not signiﬁcantly correlate with the
COP translation. This ﬁnding is in agreement with a previous
study reporting increased variability of the 2nd peak (Hurwitz
et al., 2002). Conversely, the adduction moment impulse (representing the total magnitude of the moment) displayed distinct
correlation with the total COP offset. This highlights the value of
utilizing this parameter for evaluating knee coronal moments
throughout the stance phase.
Average walking velocity increased by 0.04 m/s at the lateral
conﬁguration. A positive correlation between walking velocity and
the magnitude of the knee adduction moment was previously
reported by Winter (1984). Reduction in moment values despite
accelerated velocity in the lateral condition emphasizes the effect
of COP orientation on the adduction moment.
Several studies have reported the biomechanical effects of
lateral-wedged insoles in healthy individuals. Kakihana et al.
(2004) reported a 10.4% reduction for healthy elders with a 6 1
lateral-wedged insole. Similarly, Crenshaw et al. (2000) reported
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0.029 N-m/kg (6%) peak adduction moment reduction with a 51
lateral-wedged insole. In the present study, the average peak
moment was reduced by 0.163 N-m/kg, a reduction of 20% from
the neutral conﬁguration. This suggests a superior mechanism
with direct COP translation.
Several limitations arising from the current study should be
noted. Firstly, the relative COP location was analyzed indirectly by
calculating instantaneous force plate recorded COP and corresponding foot segment sagittal axis distance. While, this method
offers reasonable evaluation of the COP offset, future studies
incorporating direct COP measurement (e.g., pedobarograph
analysis) could provide valuable data regarding shoe COP pattern
modulation. Another limitation of this study was the employment
of the apparatus with no elements attached as a control. This
setting was elected to assure consistency of the kinematic model
(biomechanical elements were attached and modulated without
repositioning of the retro reﬂective markers). Clearly, the ﬂat
rather than curved bottom presents a more stable contact interface
and could result in lesser demands on the neuromuscular system
to balance. To limit this potential bias, the neutral conﬁguration
was used as a reference and a secondary control for evaluation of
the medial and lateral conﬁgurations. Nevertheless, it should be
noted that the COP in the neutral axis was medially deviated by
6.27 mm in respect to the control. Finally, it should be emphasized
that the participants in this study comprised a distinctive
homogeneous cohort (i.e., healthy, young male adults). These
results are therefore valid only for individuals with characteristics
similar to those of the tested group. Moreover, it should be noted
that individuals who exhibit reduced stability during walking (e.g.,
older individuals) may not be able to manage biomechanical
challenges such as those generated by the apparatus utilized in the
study. Further studies are therefore needed before these ﬁndings
can be extended to other populations.
In conclusion, the present study indicates that COP modiﬁcation enables controlled, customized manipulation of knee coronal
kinetics in healthy subjects. The results conﬁrm the hypothesis of
a direct correlation between the coronal position of the COP and
the coronal kinetics of the knee. These ﬁndings offer new
understanding of lower limb biomechanics, and have implications
in the ﬁeld of biomechanical apparatus design and practice.
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Objectives: Kinetic patterns of the lower extremity joints have been shown to be inﬂuenced by
modiﬁcation of the location of the center of pressure (CoP) of the foot. The accepted theory is that a
shifted location of the CoP alters the distance between the ground reaction force and the center of the
joint, thereby modifying torques during gait. Various footwear designs have been reported to
signiﬁcantly alter the magnitude of sagittal joint torques during gait. However, the relationship
between the CoP and the kinetic patterns in the sagittal plane has not been examined. The aim of this
study was to evaluate the association between the sagittal location of the CoP and gait patterns during
gait in healthy men.
Methods: A foot-worn biomechanical device which allows controlled manipulation of the CoP location
was utilized. Fourteen healthy men underwent successive gait analysis with the device set to convey
three different sagittal locations of the CoP: neutral, anterior offset and posterior offset.
Results: CoP translation in the sagittal plane (i.e., from posterior to anterior) signiﬁcantly related with
an ankle dorsiﬂexion torque and a knee extension torque shift throughout the stance phase. Likewise,
an anterior translation of the CoP signiﬁcantly reduced the extension torque at the hip during preswing.
Conclusions: The study results conﬁrm a direct correlation between sagittal offset of the CoP and the
magnitude of joint torques throughout the lower extremity.
& 2009 Elsevier Ltd. All rights reserved.

Keywords:
Center of pressure
Coronal kinetics of the knee
Footwear-generated biomechanical
manipulations
Gait analysis
Knee ﬂexion torque

1. Introduction
During the stance phase of the gait cycle, a force is applied to
the ground which is coupled with a ground reaction force (GRF).
The magnitude of the GRF is equal and its direction is opposite to
the force the body exerts (Winter, 1984). Consequently, joint
torques develop which are equivalent to the magnitude of the GRF
and the perpendicular distance from the joint center to the force
(Gronley and Perry, 1984; Winter, 1984). Theoretically, altering
the instantaneous center of pressure (CoP) of the foot would
inﬂuence the orientation of this force and the resulting joint
torques and angles through the body segments.
This principle has been the focus of previous research which
examined the utilization of footwear-derived biomechanical
manipulation. Application of wedge insoles were found to shift
the location of the CoP in the coronal plane, thereby altering joint

n
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Mechanical Engineering, Technion-Israel Institute of Technology, Haifa 32000,
Israel. Tel.: + 972 52 4262129.
E-mail addresses: amirhaim@gmail.com,
alonw@tx.technion.ac.il (A. Haim).

torques from the foot proximally (Kakihana et al., 2005; Maly et al.,
2002; Xu et al., 1999) and decreasing the load at the medial
compartment of the knee joint in healthy and arthritic subjects
(Crenshaw et al., 2000; Kakihana et al., 2005; Ogata et al.,
1997; Yasuda and Sasaki, 1987). In a previous study (Haim et al.,
2008), we examined the effect of controlled coronal plane CoP
modulation at the foot. The magnitude of the knee adduction
torque was found to signiﬁcantly correlate with the coronal
orientation of the CoP.
Several studies have investigated the effect of sagittal plane
footwear modiﬁcations on kinematic and kinetic parameters of
the lower extremities. Walking with different heel-height shoes
has been reported to decrease stride length (de Lateur et al.,
1991), to alter joint torques in the lower extremity (Snow and
Williams, 1994), and to prolong midstance knee ﬂexor torques
during gait (Kerrigan et al., 2005). Missing-heel shoes were found
to reduce walking speed and stride length, to increase cadence,
and to considerably alter normal ankle joint function (AttingerBenz et al., 1998). Gait analysis of negative heel rocker sole
shoes showed an increase in cadence and a signiﬁcant alteration
of proximal joint metrics (Myers et al., 2006). Similarly,
changes in CoP locus were reported with relation to rocker sole

0021-9290/$ - see front matter & 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jbiomech.2009.10.045
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shoes (Xu et al., 1999). However, much of the above-mentioned
research utilized footwear modiﬁcations that introduced considerable alterations to the normal functioning of the ankle.
The purpose of the current study was to assess the effect
of the sagittal CoP position on kinetic and kinematic parameters
of the lower extremities. Utilizing a novel foot-worn biomecha-

Table 2
Spatio-temporal parameters, group values (n= 14).

Table 1
Demographic data of participants (n= 14).
Age (years)
25.95 7 2.483

nical device which allows controlled manipulation of the CoP,
we hypothesized that translation of elements in the sagittal
plane (i.e., from posterior to anterior) would result in a
matching alteration of the magnitude of lower extremity
sagittal joint torques and kinematic patterns during the stance
phase.

Height (cm)

Weight (kg)

177.357 3.52

74.047 4.12

Note: Values are mean 7SD

Parameters

Anterior axis

Neutral axis

Posterior axis

Cadence (steps/min)
Stride length (m)
Walking speed (m/s)

98.33 7 8.21
1.29 70.11
1.08 70.14

99.31 7 9.38
1.29 7 0.12
1.107 0.17

97.81 7 8.45
1.32 7 0.11
1.17 0.14

Note: Mean values 7standard deviation

Fig. 1. Biomechanical platform and mobile elements. Notes: The biomechanical
device utilized in the study, comprising four modular elements attached onto footworn platforms (APOS system, Apos—Medical and Sports Technologies Ltd.). The
device consists of two convex-shaped biomechanical elements attached to each of
the feet. Each element can be individually calibrated (Position, convexity, height
and resilience) to induce speciﬁc biomechanical challenges in multiple planes. The
elements are available in different degrees of resilience and convexity, and are
attached to the subject’s foot using a platform in the form of a shoe.

Fig. 3. Representative subject’s CoP relative offset at the posterior, neutral and
anterior conﬁgurations. The Y axis represents the vertical distance between the
instantaneous location of the CoP of the instantaneous axis heel axis (perpendicular to the heel to axis crossing the heel marker. (All values are reported in mm
and negative values indicate lateral offset). The X represents 100% of stance phase
time.

Fig. 2. A. Biomechanical device at neutral sagittal conﬁguration, B. at anterior conﬁguration, C. at posterior conﬁguration. In the anterior and the posterior conﬁgurations
the biomechanical elements (red spheres) are transposed anterior and posterior in relation to the neutral conﬁguration conveying matched offset of the COP. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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2. Methods

2.3. Experimental protocol

2.1. Participants

Prior to testing, all participants were functionally assessed by the same
physician (AH). The biomechanical device was calibrated by a qualiﬁed
physiotherapist. First positioning of the elements for the ‘‘functional neutral
conﬁguration’’, deﬁned as the position in which the apparatus exerted the least
valgus, varus, dorsal or plantar torque about the ankle to the individual being
examined was determined. Anterior and posterior conﬁgurations were then
deﬁned as 1.5 cm anterior and 1.5 cm posterior deviation of the biomechanical
elements along the neutral sagittal axis (Fig. 2).
Successive gait analysis testing, each with a singular calibration of the
apparatus, was performed with the biomechanical elements placed in three
conditions: neutral conﬁguration (Fig. 2a), anterior displacement (Fig. 2b),
and posterior displacement (Fig. 2c). To become accustomed to the testing
procedure, subjects were instructed to walk at a self-selected velocity for
several minutes which was then indicated by a metronome to ensure consistent
cadence throughout the trial. Six successful trials of each condition were collected
per subject for averaging. All conditions were tested in random order on the
same day.

Fourteen healthy male volunteers without any known musculoskeletal or
neurologic pathology comprised the study cohort. All had the same shoe size
(French 43) and a similar anthropometric proﬁle (i.e., weight, height, dominant
leg). Their characteristics are noted in Table 1.
The study was approved by the Ethics Sub-Committee and all participants
gave informed consent.

2.2. The biomechanical system
A novel biomechanical device (APOS System, APOS—Medical and Sports
Technologies Ltd. Herzliya, Israel) allowing controlled manipulation of the CoP was
generously donated by the manufacturer prior to the study. A detailed description
of the device was recently reported (Haim et al., 2008). In brief, it consists of two
mobile convex-shaped biomechanical elements attached to each of the feet,
enabling ﬂexible continuous positioning in multiple planes (Fig. 1). A pilot study
conducted to assess the stability of the apparatus determined that, for healthy
adults, satisfactory walking stability can be kept within the range of 1.8 cm
posterior and 1.8 cm anterior deviation of the biomechanical elements from the
neutral position.

Table 3
Comparison of average CoP sagittal trajectory (n= 14).
Device
conﬁguration

Anterior
Mean

Stance phase stage
Initial contact
Load response
Midstance
Terminal stance
Pre-swing
Terminal contact

88.6
84.2
148.4
246.6
258.1
254.5

Neutral
Std.
Dev.

21.2
17.2
35.7
32.4
52.7
60.7

Mean

68.6
53.8
122.9
230.2
244.0
240.8

Posterior
Std.
Dev.

16.1
6.9
19.3
26.2
57.6
56.5

Mean

32.1
24.1
112.8
218.9
224.8
215.1

p

Std.
Dev.

29.5
16.0
15.1
15.9
48.0
51.8

o 0.01
o 0.01
o 0.01
o 0.01
o 0.01
o 0.01

Note: Values represent the instantaneous CoP-heel axis vertical distance; values
reported in mm

2.4. Data acquisition and processing
Gait analysis of each subject was performed at the Biorobotics and Biomechanics
Lab at Technion-Israel Institute of Technology. Three-dimensional motion analysis was
performed using an 8-camera Vicon motion analysis system (Oxford Metrics Ltd.,
Oxford, UK) for kinematic data capture, at a sampling frequency of 120 Hz. The ground
reaction forces were recorded by two 3-dimensional AMTI OR6-7-1000 force plates
placed in tandem in the center of a 10-m walkway, at a sampling frequency of 960 Hz.
Kinematic and kinetic data were collected simultaneously while the subjects walked
over the walkway. A standard marker set was used to deﬁne joint centers and axes of
rotation (Kadaba et al., 1990). Markers were attached bilaterally over the following
anatomic landmarks: the anterosuperior iliac spine, the posteriosuperior iliac spine, the
lateral midthigh, the lateral knee epicondyle, the lateral midshank ,the lateral
malleolus, the head of the third metatarsal, and the posterior aspect of the heel at
the same level as the marker over the third metatarsal head. A knee alignment device
(KAD; Motion Lab Systems Inc, Baton Rouge LA) was utilized to estimate the threedimensional alignment of the knee ﬂexion axis during the static trial. Sagittal plane
joint angles and torques were calculated using inverse dynamic analyses from the
kinematic data and force plates measures using ‘PlugInGait’ (Oxford Metrics, Oxford,
UK). All analyses were performed for the dominant leg. Joint moments were
normalized for body mass.
To examine the relationship between the different interventions on the
outcome measures, trial data were extracted and calculated by MATLABTM
software. Stride time normalized curves of the joint angles and moments were
plotted. All values were reported in association with a speciﬁc stage of the gait
cycle: initial contact (IC) 0–2%; load response (LR) 0–10%; midstance (MS) 10–30%;
terminal stance (TS) 30–50%; pre-swing (PS) 50–60%; terminal contact (TC) 60%-

Table 4
Comparison of the average joint kinematic parameters (mean and SD).
Anterior
Mean

Neutral
Std. Dev.

Mean

Posterior
Std. Dev.

Mean

p
Std. Dev.

Knee
Total range of motion (throughout gait cycle)
Initial contact
Peak ﬂexion (midstance)
Peak extension (terminal stance)
Terminal contact
Peak ﬂexion (swing phase)
Ankle

59.72
7.56
19.24
7.10
41.90
63.51

4.58
5.51
7.08
5.84
8.28
7.73

60.01
7.33
19.23
6.53
38.92
63.41

3.73
6.33
7.00
5.83
8.41
7.40

60.89
6.35
19.34
5.92
35.09
64.81

3.45
6.36
7.20
6.47
8.93
8.02

0.071
0.013
0.52
0.005
0.002
0.065

Total range of motion (throughout gait cycle)
Initial contact
Peak plantar ﬂexion at loading response
Peak dorsal ﬂexion at midstance
Terminal contact
Hip

23.73
3.74
2.82
19.55
 1.85

4.41
3.61
3.83
5.19
7.09

23.19
3.54
 .473
19.59
 0.01

3.51
3.88
4.1
4.34
7.41

24.34
2.21
 2.93
19.46
2.03

2.90
4.00
4
4.91
6.99

0.395
0.003
0.000
0.708
0.008

Total range of motion (throughout gait cycle)
Initial contact
Peak ﬂexion (loading response)
Peak extension (terminal stance)
Terminal contact

41.33
30.29
31.58
 9.75
0.68

2.52
6.08
5.89
5.01
4.63

41.67
30.70
31.98
 9.69
 0.62

2.47
6.38
5.95
5.24
5.19

43.08
32.26
33.18
 9.90
 2.49

2.57
6.22
5.87
4.98
5.90

0.001
0.002
0.005
0.191
0.001
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toe off (Perry, 1992). Relative CoP offset and peak values of joints angles and
torques during different phases of the stance period were calculated and their
average was determined across six trials in each conﬁguration for each subject.
The relative duration of the knee ﬂexor torque at MS and extensor torque at TS
(torque duration/total gait cycle duration) was calculated as well. The individual
values of each subject were used for inter-group statistical analysis.
Calculation of the CoP trajectory with instantaneous coordinates of the CoP
recorded by the force plate and matching instantaneous coordinates of the heel
and toe markers was carried out; this method was recently described by our group
(Haim et al., 2008). Total CoP offset (i.e., the relative distance of the CoP from the
neutral conﬁguration) and the offset at IC, LR, MS, TS, PS and TC stance stages were
calculated.

posterior condition compared to the anterior condition; however,
this was not statistically signiﬁcant (Table 2).
3.2. CoP trajectory
The CoP trajectory throughout stance shifted in accordance to
the offset of the biomechanical elements (Fig. 3). Inter-subject
analysis revealed a signiﬁcant relationship between CoP locus
throughout stance and the sagittal offset of the biomechanical
elements from the neutral position (Table 3).

2.5. Statistical analysis

3.2.1. Sagittal plane kinematics
There were signiﬁcant differences in ankle, knee and
hip kinematics between the three test conditions (Table 4,
Fig. 4a–c).
Ankle: Sagittal plane ankle total range of motion (RoM) was
similar for all conditions tested. At IC, the ankle was slightly
dorsiﬂexed in all conditions tested (3.741 2.211 on average).
Anterior and posterior offset signiﬁcantly related with greater and
lesser dorsal ﬂexion, respectively, on average, 1.53–6.3% of total
RoM. Immediately after IC, during LR, the ankle planter ﬂexed. Peak
plantar ﬂexion was signiﬁcantly greater in the posterior condition
than in the anterior condition, on average, 5.75–23.6% of total RoM.
During MS, the joint dorsal ﬂexed. Peak dorsal ﬂexion at the end of
MS was not statistically signiﬁcant for the three walking conditions.
Finally, during PS, the ankle plantar ﬂexed once more. Prior to TC,
peak plantar ﬂexion was signiﬁcantly greater in the anterior
condition than in the posterior condition, on average, 3.88–15.9%
of total RoM.

The null hypothesis that the joint angles and moment’s magnitude were the
same for each of the walking conditions was tested each of the parameters. Nonparametric Friedman tests were used for comparison of spatio-temporal (cadence,
step length, gait velocity), kinetic, kinematic and CoP offset parameters in the
neutral, anterior and posterior conﬁgurations of the apparatus. For the signiﬁcant
results we further used Wilcoxon tests to compare each pair from the three
groups. Spearman’s correlations were used to examine the relationship of kinetic
parameters in the posterior, neutral and anterior conﬁguration of the apparatus. A
probability of less than 0.05 was considered as statistically signiﬁcant. All analyses
were performed using SPSS (version 13.0).

3. Results
3.1. Temporal–spatial variables
Cadence and walking velocity were similar for all conﬁgurations of the apparatus. The stride length was 3 cm longer for the

Sagittal plane joint kinematics
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Fig. 4. Sagittal plane joint kinematics. (a–c): representative subject’s sagittal plane joint kinematics for the three walking conditions tested: neutral (yellow), anterior (red)
posterior (green) conﬁgurations. The Y axis represents joint angles and the X axis represents 100% of a single gait cycle. Data was sampled at the following: the intersection
of the curve with Y axis represents initial foot contact (IC). The vertical lines represent terminal foot contact (TC). an—peak ankle planter ﬂexion at loading response (LR);
ann—peak ankle dorsal ﬂexion at terminal stance (TS); annn—peak ankle planter ﬂexion at pre-swing (PS); bn—peak knee ﬂexion at midstance (MS); bnn—peak knee
extension at terminal-stance (TS); cn—peak hip ﬂexion at loading response (LR); cnn—peak hip extension at pre-swing (PS). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Knee: Sagittal plane knee total RoM was similar in all
conditions tested. At IC, knee extension was on average 1.211
(5.8% of total RoM) greater for the posterior condition than for the
anterior condition. During LR phase, the knee ﬂexed for the ﬁrst
time. Peak knee ﬂexion (during early MS) was similar for the three
walking conditions. Following this ﬂexion peak, the knee
extended. Peak knee extension at TS was slightly greater with
the posterior shoe conﬁguration (on average, 1.18–1.96% of total
RoM) than in the anterior condition. Finally, during PS, the knee
ﬂexed for the second time and knee ﬂexion was on average 6.811
(11.2% of total RoM) greater at TC in the anterior condition than in

the posterior condition. Peak knee ﬂexion occurring during the
swing phase was similar for all walking conditions.
Hip: At IC, hip ﬂexion was on average 1.971 (4.58% of total
RoM) greater in the posterior condition than in the anterior
condition. Peak hip ﬂexion (during the end of LR and early MS)
was on average 1.61 (3.72% of total RoM) greater in the posterior
condition than in the anterior condition. During mid and TS phase,
the hip extended. Peak hip extension (during the end of TS and
early PS) was similar in all conditions tested. At TC, the hip ﬂexion
was on average 3.171 (7.37% of total RoM) greater in the anterior
condition than in the posterior condition.

Table 5
Comparison of average joint kinetic parameters (mean and SD).
Anterior

Knee
Peak extension torque at loading response (N m/kg)
Peak ﬂexion torque at midstance (N m/kg)
Midstance ﬂexor moment duration (% gait cycle)
Peak extension torque at terminal stance (N m/kg)
Terminal stance extensor moment duration (% gait cycle)
Peak ﬂexion torque at pre-swing (N m/kg)
Ankle
Initial contact (N m/kg)
Peak ankle planter ﬂexion at loading response (N m/kg)
Peak ankle dorsal ﬂexion torque at pre-swing (N m/kg)
Hip
Peak hip ﬂexion torque at loading response (N m/kg)
Peak hip extension at pre-swing (N m/kg)

Neutral

Posterior

p

Mean

Std. Dev.

Mean

Std. Dev.

Mean

Std. Dev.

 4.84
6.55
27.01
 2.21
20.9
2.26

1.58
3.96
5.54
2.67
8.53
2.28

 4.15
7.43
28.275
 1.55
18.79
3.05

1.85
4.45
4.49
2.47
6.91
3.33

 2.69
8.52
31.44
 1.09
18.3
3.44

1.46
4.60
4.75
2.48
6.86
3.19

0.000
0.000
.202
0.000
.007
0.000

0.65
 0.64
22.04

0.86
1.18
1.76

0.64
 2.29
21.44

0.74
1.19
2.31

0.24
 2.81
20.99

0.72
0.90
2.20

.004
0.000
0.223

5.67
 12.81

4.77
4.45

5.76
 13.33

4.91
6.09

5.52
 14.09

5.71
5.54

0.607
0.001
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Fig. 5. Sagittal plane joint kinetics. (a–c): representative subject’s sagittal plane joint kinetics for the three walking conditions tested: neutral (yellow), anterior (red),
posterior (green). The Y axis represents joint angles and the X axis represents 100% of a single gait cycle. The intersection of the curve with Y axis represents initial foot
contact (IC). The vertical lines represent terminal foot contact (TC). an—peak ankle planter ﬂexion torque at loading response (LR); ann—peak ankle dorsal ﬂexion torque at
pre-swing (PS); bn—peak knee extension torque at loading response (LR); bnn—peak knee ﬂexion torque at midstance (MS); bnnn—peak knee extension torque at terminal
stance (TS); bnnnn—peak knee ﬂexion torque at pre-swing (PS); cn—peak hip ﬂexion torque at loading response (LR); cnn—peak hip extension torque at pre-swing (PS). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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3.2.2. Sagittal plane kinetics
There were signiﬁcant differences in ankle, knee and hip
kinetics between the three test conditions (Table 5, Fig. 5a–c,
Figs. 6–8).
Ankle: A signiﬁcant correlation was found between the device
conﬁguration and the ankle torque at LR and at TS (Table 6). At IC
(Fig. 5a), ankle dorsal ﬂexion torque was lower by 0.41 N m/kg for
the posterior conﬁguration, as compared to the anterior
conﬁguration, a 63% reduction (Fig. 6, Table 5). Following IC,
during LR, the reaction force passes behind the joint and generates
a plantar ﬂexion torque about the ankle. Peak plantar ﬂexion
torque (during LR) was on average 2.17 N m/kg greater for the
posterior condition than for the anterior condition, a 77.22%
increase. During midstance and TS, the reaction force passes in
front of the joint center. The joint sagittal plane external torque is
transformed to a dorsal ﬂexion torque. Peak dorsal ﬂexion torque
(at the end of TS and the beginning of PS) was 1.05 N m/kg greater
in the anterior condition, a 4.76% rise.
Knee: A signiﬁcant correlation was found between the device
conﬁguration and the knee torque throughout the stance phase
(Table 6). Immediately after IC, the reaction force passes in front
of the knee (Fig. 5b). On average, the peak torque was 2.15 N m/kg
greater for the anterior condition, a 44.42% rise (Fig. 7, Table 5).
During MS, the line of action passes behind the knee and the
torque reverses into a ﬂexion torque. This torque peaks early in
MS with the peak ﬂexion angle of the knee. The peak torque was
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1.97 N m/kg lower for the anterior condition than for the
posterior condition, a 23.12% reduction. During TS, as the center
of mass passes the base of support, the reaction force once again
passes in front of the knee and the torque reverses into an
extension torque. The magnitude of the peak torque was
1.12 N m/kg greater for the anterior condition than for the
posterior, a 50.6% change. In two subjects, the sagittal knee
torque remained ﬂexed with the posterior conﬁguration throughout the entire stance period. These subjects were excluded from
the analysis of ﬂexor/extensor torque duration. For the remaining
12 subjects extensor torque was signiﬁcantly longer with the
anterior shoe conﬁguration and the ﬂexor torque was shorter,
although this difference was not statically signiﬁcant (Table 5).
Throughout PS, the reaction force passes just behind the joint
center and induces a ﬂexion torque; the peak torque was 1.181
less for the anterior conﬁguration in comparison to the posterior
conﬁguration, a 34% reduction.
Hip: A signiﬁcant correlation was found between the device
conﬁguration and the hip torque at MS (Table 6). At IC, the GRF
passes in front of the hip, bringing on a ﬂexion sagittal torque.
This torque peaks during LR (Fig. 5c). The magnitude of the torque
was similar in the three walking conditions. The torque then
diminishes and transforms into an extension torque which peaks
during PS. On average, the peak extension moment was 1.28 N m/
kg lower for the anterior conﬁguration compared to the posterior,
a 9.08% reduction (Fig. 8, Table 5).
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Fig. 6. Knee kinetics and kinematics during stance phase stages. Notes: relationship between group joint sagittal moment values throughout consecutive stages of gait
cycle and concomitant joint sagittal angles. Data presented as box-plots—line in center of box represents the median peak value; the box represents the interquartile range
and the whiskers represent the range.
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4. Discussion
The results presented indicate a clear association between the
magnitude of lower extremity kinetic parameters and the position
of the CoP in the sagittal plane. The present study examined the
outcome of a controlled shift of the CoP in healthy subjects.
Several footwear-generated biomechanical manipulations (e.g.,
high heels, reverse heel, rocker bottom) have been shown to
inﬂuence movement patterns in the sagittal plane. However,
these interventions introduce vigorous interference to ankle
kinematics. To the best of our knowledge, this is the ﬁrst study
to utilize a biomechanical device which allows controlled
modulation of the center of pressure.
We found that anterior translation of the CoP in the sagittal
axis correlated with an ankle dorsal ﬂexor and a knee extension
shift of the sagittal torque throughout the stance phase, a reduced
extension torque at the hip during PS and a prolonged duration of
the terminal stance knee extension torque. A reverse outcome
was found with posterior CoP translation. These ﬁndings conﬁrm

Loading response

Initial-contact
3

the study’s hypothesis of a direct correlation between the sagittal
location of the CoP and the magnitude of lower extremity sagittal
joint torques. We speculate that the sagittal shifted CoP reduced
or extended the distance between the GRF and the center of the
joints throughout successive stages of the stance phase, resulting
in reduced or increased magnitude of the torques.
Kinematic patterns of the ankle, knee and hip joints were also
found to be inﬂuenced by a sagittal shift of the CoP. Sagittal
translation of the CoP from posterior to anterior offset correlated
with a ﬂexion shift of the knee kinematic patterns and with
a bimodal pattern of the ankle and hip kinematics (ankle plantar
ﬂexion/hip extension during initial stance and ankle dorsal ﬂexion/
hip ﬂexion during ﬁnal stance). Kerrigan et al. (2005) examined the
effect of high-heeled shoes on gait parameters in healthy women
and reported a 20.41 increase in ankle plantar ﬂexion throughout
the gait cycle. In the present study, the effect of anterior
and posterior CoP translation on ankle kinematics was less
profound. Preserving normal ankle function enables a controlled
setting for easement of CoP inﬂuence on kinetic parameters.
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Fig. 7. Ankle kinetics and kinematics during stance phase stages. Notes: relationship between group joint sagittal moment values throughout consecutive stages of gait
cycle and concomitant joint sagittal angles. Data presented as box-plots—line in center of box represents the median peak value; the box represents the interquartile range
and the whiskers represent the range.
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Fig. 8. Hip kinetics and kinematics during stance phase stages. Notes: relationship
between group joint sagittal moment values throughout consecutive stages of gait
cycle and concomitant joint sagittal angles. Data presented as box-plots—line in
center of box represents the median peak value; the box represents the
interquartile range and the whiskers represent the range.

Kerrigan et al. (2005) reported greater peak knee ﬂexion,
prolonged knee ﬂexor torque and reduced peak knee-extensor
torque with high heels. In the present study, posterior CoP offset
correlated with similar kinetic ﬁndings (i.e., greater and prolonged knee ﬂexor torque and reduced shorter peak kneeextensor torque). The knee sagittal torque signiﬁcantly correlated
with the knee ﬂexion angle. Interestingly, with posterior offset
conﬁguration, knee angles were not signiﬁcantly different during
midstance and were more extended during terminal stance. This
suggests that the altered kinetics recorded with the posterior
offset is a result of altered position of the GRF and is not caused by
altered joint kinematics (i.e., increased knee ﬂexion angles with
posterior CoP offset could have accounted for the greater ﬂexor
torque).
Several limitations arising from the current study should be
noted. First, the relative CoP location was analyzed indirectly by
calculating instantaneous force plate recorded COP and corresponding foot segment axis distance. While, this method offers a
reasonable evaluation of the COP offset and was utilized in
previous studies (Haim et al., 2008), future studies incorporating
direct COP measurement (e.g., pedobarograph analysis) could
provide valuable data regarding shoe COP pattern modulation.
Another limitation of this study was the employment of the
apparatus at neutral position as a control. This setting was
selected to assure consistency of the kinematic model. Finally, it
should be emphasized that the participants in this study
comprised a distinctive homogenic cohort of healthy young male
adults. These results are therefore valid only for individuals with
characteristics similar to those of the tested group. Different
populations (e.g., females who tend to have different lower
extremity joint motions compared to males due to anatomical,
muscle strengths, ligament properties) may respond differently to
such interventions. Further studies are needed before these
ﬁndings can be validated in other populations.
The results of the present study offer clinically relevant
implications to several musculoskeletal pathologies. The knee

Table 6
Spearman’s correlations analysis of kinetic parameters and device conﬁguration.
Test variable

Device conﬁguration

Anterior

Ankle moment (IC)

Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior
Anterior
Neutral
Posterior

1;
.670;
.612;
1;
.943;
.701;
1;
.824;
.783;
1;
.873;
.605;
1;
.974;
.842;
1;
.952;
.903;
1;
.912;
.965;
1;
.873;
.405
1;
.982;
.915;

Ankle peak plantar ﬂexion moment (LR)

Ankle peak dorsal ﬂexion moment (PS)

Knee peak extensor moment (LR)

Knee peak ﬂexor moment (MS)

Knee peak extensor moment (TS)

Knee peak ﬂexor moment (PS)

Hip peak ﬂexor moment (LR)

Hip peak extensor moment (MS)

(.000)
(.009)
(.020)
(.000)
(.000)
(.005)
(.000)
(.000)
(.001)
(.000)
(.000)
(.022)
(.000)
(.000)
(.000)
(.000)
(.000)
(.000)
(.000)
(.000)
(.000)
(.000)
(.000)
(.151)
(.000)
(.000)
(.000)

Values are correlation coefﬁcients (r), P values in parentheses.
Abbreviations: IC—Initial contact; LR—Loading response; PS—pre-swing; MS—Midstance; TS—terminal stance
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Neutral

Posterior

1; (.000)
.504;(.066)

1; (.000)

1; (.000)
.635; (.015)

1; (.000)

1; (.000)
.909; (.000)

1; (.000)

1; (.000)
.739; (.003)

1; (.000)

1; (.000)
.899; (.000)

1; (.000)

1; (.000)
.934; (.000)

1; (.000)

1; (.000)
.960; (.000)

1; (.000)

1; (.000)
.431 (.124)

1; (.000)

1; (.000)
.924; (.000)

1; (.000)

ARTICLE IN PRESS
A. Haim et al. / Journal of Biomechanics 43 (2010) 969–977

ﬂexion moment during MS is proportional to the pressure across
the patellofemoral joint and has been linked with patellofemoral
pain syndrome (PFPS) and osteoarthritis (OA) of the knee
(Kerrigan et al., 1998). Similarly, it has been suggested (Astephen
et al., 2008) that interventions designed at altering knee kinetics
may be effective for halting progression of knee OA. Secondly, in
anterior curciate ligament (ACL)-deﬁcient knees, internal moment
generated by quadriceps contraction can cause excessive anterior
tibial translation. It has been suggested that this motion can lead
to premature knee osteoarthritis. A reduction in the peak knee
ﬂexion moment coupled by a reduced internal quadriceps
moment has been reported to be a necessary compensation to
avoid excessive anterior translation of the tibia (Andriacchi and
Dyrby, 2005). Finally, patients suffering from cerebral palsy and
other neurological pathologies often experience difﬁculty maintaining upright posture due to a reduction in the total support
moment (Lampe et al., 2004). Biomechanical manipulation via A
footwear design that incorporates anterior CoP offset may induce
an extension shift to the sagittal torque and provide beneﬁt to
these patients. An extension shift to the sagittal torque could
theoretically lower patellofemoral joint pressure in knee OA
patients, diminish excessive anterior tibial translation in patients
with ACL deﬁcient knees, and contribute to total support moment
in patients with cerebral palsy. However, such interventions
should be taken with caution; excessive extension shift to the
sagittal torque could possibly alter joint kinematics. it should be
mentioned that an extension shift to the sagittal torque may not
be safe for the knee. A reduced tendency to ﬂex the knee can
reduce the knee joint’s capacity for shock absorption and would
likely aggravate the tibiofemoral contact stresses at the articular
cartilage. Further studies examining the beneﬁt and safety of
moderate anterior CoP offset alterations in patients with the
above pathologies are warranted.
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ABSTRACT: The knee adduction moment (KAM) provides a major contribution to the elevated load in the medial compartment of the
knee. An abnormally high KAM has been linked with the progression of knee osteoarthritis (OA). Footwear-generated biomechanical
manipulations reduce the magnitude of this moment by conveying a more laterally shifted trajectory of the foot’s center of pressure
(COP), reducing the distance between the ground reaction force and the center of the knee joint, thus lowering the magnitude of the
torque. We sought to examine the outcome of a COP shift in a cohort of female patients suffering from medial knee OA. Twenty-two
female patients suffering from medial compartment knee OA underwent successive gait analysis testing and direct pedobarographic
examination of the COP trajectory with a foot-worn biomechanical device allowing controlled manipulation of the COP. Modulation of
the COP coronal trajectory from medial to lateral offset resulted in a signiﬁcant reduction of the KAM. This trend was demonstrated in
subjects with mild-to-moderate OA and in patients suffering from severe stages of the disease. Our results indicate that controlled
manipulation of knee coronal kinetics in individuals suffering from medial knee OA can be facilitated by customized COP modiﬁcation.  2011 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 29:1668–1674, 2011
Keywords: center of pressure; footwear-generated biomechanical manipulations; gait analysis; knee adduction moment; knee medial
compartment osteoarthritis

The knee is the most prevalent weight-bearing joint
prone to the development of osteoarthritis (OA).1 The
medial compartment of the tibiofemoral joint is
affected more often than the lateral compartment.2,3
Various biomechanical factors have been implicated to
account for this unequal distribution. Vast evidence
suggests that repetitive articular cartilage overloading
plays a key role in the development and progression of
OA.4 Loads transferred through the medial compartment are 2.5 times greater than those transferred
through the lateral compartment.5,6 The relatively
high medial loads are due to the line of force during
gait acting under the foot’s center of pressure (COP)
passing medial to the knee joint center.7 This force
generates an adduction moment about the knee proportional to the product of the magnitude of the
ground reaction force (GRF) and the orthogonal distance between this force’s line of action and the joint
center.8 The knee adduction moment (KAM) tends to
adduct the tibiofemoral joint, providing a major contribution to the elevated medial compartment load. An
abnormally high KAM is characteristic of gait in subjects with knee OA,5,9 has been linked with progression of knee OA,10 and is recognized as a marker
of disease severity.9
Mundermann et al.11 examined KAM in patients
with knee OA and matched healthy controls. In
patients with severe OA, both the ﬁrst peak (during
midstance; MS) and the second peak (during terminal
stance; TS) of the KAM were elevated, while in
Correspondence to: Amir Haim (T: 972-52-4262129; F: 972-48295711; E-mail: amirhaim@gmail.com)
 2011 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
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patients early in the course of the disease, the second
peak was lower. Thorp et al.12 reported that in Kellgren–Lawrence (KL) grade II patients, the KAM and
the knee adduction angular impulse were both signiﬁcantly higher in symptomatic than in asymptomatic
subjects. Several studies investigated the effect of footwear-generated biomechanical manipulations (e.g.,
wedge insoles and foot orthoses) to counter the effect
of elevated KAM. These interventions are intended to
convey a shift of the COP on the foot, thereby altering
the orientation of the GRF vector and reducing the distance between the force and the center of the knee,
hence reducing KAM.13 Using computer modeling
simulation, Shelburne et al.14 reported that a 1 mm
displacement of the COP can decrease KAM by 2%. In
a recent study, an instrumented knee replacement
was utilized to examine medial knee joint loading
while walking with variable-stiffness shoes.15 This
intervention reduced loading on the medial compartment. Moreover, the reduction in medial compressive
force correlated with the external KAM. A beneﬁcial
effect of wearing a laterally wedged insole was
reported in knee OA patients; medial- and lateralwedged insoles increased and decreased lateral thrust
at the knee during walking, respectively.16 Kakihana
et al.17 reported a reduction in the KAM with
the application of lateral wedged insoles. Similarly,
Kerrigan et al.18 reported that the use of lateral
wedged insoles reduced the KAM in patients with KL
grades III and IV. On the other hand, Shimada et al.19
reported that wearing a laterally wedged insole signiﬁcantly reduced the KAM during gait in patients with
KL grades I and II, but not III and IV. However, a
methodical examination of the association between the
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exact COP location and the KAM in patients suffering
from OA has yet to be performed.
In a previous study,20 we examined the outcome of
COP manipulation on the KAM in healthy subjects,
utilizing a novel foot-worn biomechanical device that
allows controlled manipulation of the COP location.
We found that the KAM magnitude was signiﬁcantly
associated with the coronal orientation of the COP. We
devised the current study to examine the effect of COP
location on the KAM during gait in woman suffering
from medial compartment knee OA. We hypothesized
that manipulation by the device via translation of
elements in the coronal plane (i.e., from medial to lateral) would result in a shift of the COP trajectory. We
further hypothesized that a medial and lateral parasagittal shift of the COP trajectory would result in an
increase and decrease of the KAM during the stance
phase.

under the hindfoot and the other under the forefoot. The
elements are attached using a platform shoe equipped with a
specially designed sole that consists of two mounting rails to
enable ﬂexible positioning of each element under each region.
Each element can be individually calibrated allowing speciﬁc
manipulations in multiple planes. The devices used in the
study were donated by the manufacturer.

METHODS

Experimental Protocol
Functional assessment was performed prior to testing by a
single physician. Calibration of the biomechanical device was
performed by a single trained physiotherapist. First, position
of the elements for the ‘‘functional neutral sagittal axis’’ was
determined and documented. The functional neutral axis
was deﬁned as the position in which the apparatus caused
the least valgus or varus torque at the ankle. Medial and
lateral axes were then deﬁned as 0.8 cm medial and 1.5 cm
lateral deviation of the biomechanical elements from the neutral sagittal axis, respectively (Fig. 2).
Successive testing, each with singular calibration of the
apparatus, was conducted in four conditions: foot-worn platform with no elements attached (control condition, Fig. 2A);
biomechanical elements placed at neutral axis (Fig. 2B);
elements placed at lateral sagittal axis (Fig. 2C); and
elements placed at medial sagittal axis (Fig. 2D). Subjects
were asked to walk at a self-selected velocity that was then
indicated by a metronome to ensure consistent cadence
throughout the trial. Six trials of each condition were collected per subject. All conditions were tested in random order
on the same day.

Participants
Twenty-two female patients (Table 1) with symptomatic
bilateral medial compartment knee OA were recruited from
cohorts of patients who were enrolled in a prospective clinical
trial at the Department of Orthopedics at Ha’Emek Medical
Center in Afula, Israel, investigating the effect of continuous
biomechanical training on gait patterns (all data were collected prior to clinical trial initiation). All patients had symptomatic knee OA for �6 months, fulﬁlled the ACR criteria for
knee OA,21 had deﬁnite radiographic signs of OA in the
medial compartment with KL grades from 1 to 4,22 and had
no signs of lateral compartment joint space narrowing. Pain
was assessed by means of the WOMAC.23 Additionally,
participants completed the SF-3624 health survey. Exclusion
criteria included any other orthopedic musculoskeletal or
neurological pathology, prior knee surgery (excluding arthroscopy), signiﬁcant co morbidities affecting back, hip or foot,
and other major systemic diseases. All patients were able to
ambulate independently, without the use of a walking aid.
Subjects were instructed to refrain from using any analgesic medication for a 5-day period prior to gait analysis testing
and clinical evaluation. Approval of the Ethics Sub-Committee was obtained, and informed consent was given by all
participants. The study was registered in the NIH clinical
trial registration system (No. NCT00724139). The purpose
and methods of the study were explained to the subjects.
The Biomechanical System
The biomechanical device (APOS System, APOS-Medical and
Sports Tech. Ltd., Herzliya, Israel) consists of 2 convexshaped elements attached to each foot (Fig. 1), 1 located

Table 1.
Age
(years)
61.3 � 6.1

Lower Limb Alignment
Knee alignment was measured on double-limb AP radiographs, with subjects standing barefoot with knees in full
extension, bearing weight equally on both lower legs. The
mechanical axis was formulated by the angle between an
axis from the center of the femoral head to the center of the
knee femoral intercondylar notch and an axis from the center
of the tips of the tibial spines to the ankle talus.25 Twelve
patients had varus alignment and 10 had neutral or mild
valgus alignment. Radiographs were assessed by a single
trained investigator.

Data Acquisition and Processing
3D motion analysis was performed using an 8-camera Vicon
motion analysis system (Oxford Metrics Ltd., Oxford, UK) for
kinematic data capture. The GRFs were recorded by two
AMTI OR6-7-1000 force plates. Kinematic and kinetic data
were collected simultaneously while subjects walked over a
10-m walkway. Passive reﬂective markers were ﬁxed with
tape to anatomical landmarks identiﬁed by an experienced
physician. A standard marker set was used to deﬁne joint
centers and axes of rotation.26 A knee alignment device

Participant Characteristics (n ¼ 22)
Height
(cm)

Weight
(kg)

Kellgren–Lawrence
Grade

SF36
Score

WOMAC
Score

Coronal Knee
Alignment (8)a

159.4 � 9.8

78.3 � 5.75

2.7 � 0.92

1838 � 610

4.8 � 2.1

2.5 � 5.4

Values are the mean � SD.
a
Positive values corresponded to varus knee alignment.
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Figure 1. Biomechanical platform and mobile elements.

(KAD; Motion Lab Systems Inc, Baton Rouge, LA) was used
to estimate the 3D alignment of the ﬂexion axis during the
static trial. Knee joint moments in the coronal plane were
calculated using inverse dynamic analyses from the kinematic data and force platform measures using ‘‘PlugInGait’’
(Oxford Metrics Ltd., Oxford, UK). All analyses were performed for the more symptomatic knee, as selected by the
patient. Joint moments were normalized for body mass and
reported in SI units (Nm/kg).
A MATLAB program was used to examine the relationship between the different interventions on the outcome
measures. KAM values (1st peak and 2nd peak) and the knee
adduction impulse were calculated for each trial, and the
average determined across trials for each subject. The PedarX Mobile insole pressure-measurement system (Novel
Electronics, St. Paul, MN) was used to obtain the COP trajectory in the 4 walking conditions. Time corresponding coordinates of the COP throughout the stance phase were
extracted in conjunction with gait analysis. Average values
were calculated in association with a speciﬁc stage of gait:
load response (LR) 0–10%; MS 10–30%; TS 30–50%; and preswing (PS) 50–60%. The relative COP offset was assessed by
examining the difference in COP–foot axes in respect to the
neutral and control conﬁgurations. Total COP offset was calculated by averaging the instantaneous values throughout
the stance phase. Medial and lateral offsets of the COP were
deﬁned as positive and negative values, respectively.
Statistical Analysis
Nonparametric Friedman tests were used for comparison of
spatio-temporal (cadence, step length, step width, gait
velocity), kinetic (1st and 2nd acceleration peaks and knee
adduction impulse) values, and COP offset parameters in the
neutral medial–lateral conﬁgurations of the apparatus. Wilcoxon signed rank test was used to compare each pair from
the three groups. p < 0.05 was considered signiﬁcant. All
analyses were performed by an independent biostatistician
using SPSS (version 17.0).

RESULTS

Figure 2. (A) Biomechanical device with no elements attached;
(B) at neutral sagittal axis; (C): at lateral sagittal axis; and (D):
at medial sagittal axis.

Mean values (with SD) of spatial and temporal
parameters are listed in Table 2. No signiﬁcant difference was found for the different walking conﬁgurations tested. Figure 3 shows a representative scatter
plot analysis of the COP trajectory during stance
phase in the neutral, lateral, and medial sagittal axis
conﬁgurations. Inter-subject analysis for the groups’
means and standard deviations of COP displacement
with medial and lateral conﬁgurations relative to the
neutral and control conﬁguration are shown in Table 3
(the average distance was calculated separately for
each stance phase stage). COP offset was signiﬁcantly
altered with medial and lateral translation of the biomechanical elements from the neutral axis and from
the control setting. Figure 4 shows an example of a
time-normalized KAM plot with the neutral, lateral,
and medial at sagittal axis conﬁgurations. Evidently,
the KAM was reduced with the lateral sagittal axis
conﬁguration and increased with the medial sagittal
axis conﬁguration.
Group values for the knee adduction impulse and
1st and 2nd peaks during stance phase are presented
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Spatiotemporal Parameters, Group Values (n ¼ 22)

Parameters
Cadence (steps/min)
Step length (m)
Step width (m)
Walking Speed (m/s)

Control
101.3
0.57
0.14
0.96

�
�
�
�

7.1
0.05
0.02
0.11

Neutral Axis

Lateral Axis

Medial Axis

101.9
0.57
0.16
0.97

101.5
0.58
0.15
0.98

100.2
0.60
0.13
1.01

�
�
�
�

in Figures 5, 6, and 7, respectively. Table 4 lists the
mean values and standard deviations of KAM values
for the study cohort. Translation of the biomechanical
elements from neutral to lateral position and from
neutral to medial position signiﬁcantly decreased and
increased, respectively, the KAM 1st and 2nd peak
and the knee adduction impulse. On average, translation of the elements from the neutral to the
lateral conﬁguration reduced 1st and 2nd peaks by
0.1 and 0.07 mN-m/kg, a reduction of 10% (p < 0.001)
and 14% (p < 0.001), respectively, and reduced the
knee adduction impulse by 0.54 N-m/kg/s, a reduction
of 14% (p < 0.001). Translation of the elements from

Figure 3. Representative subject’s scatter plot of COP at the
medial (M), neutral (N), and lateral (L) sagittal axis-conﬁgurations. [Color ﬁgure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/journal/jor]

7.7
0.05
0.03
0.12

�
�
�
�

7.5
0.05
0.03
0.12

�
�
�
�

6.6
0.04
0.03
0.11

p-Value
0.558
0.968
0.001
0.758

neutral to medial increased the 1st and 2nd peaks
by 0.06 mN-m/kg (p ¼ 0.001) and 0.04 mN-m/kg
(p ¼ 0.06), an increase of 8.4% and 8%, respectively,
and increased the knee adduction impulse by 0.41 Nm/kg/sec, an increase of 10.8% (p ¼ 0.001). Subgroup
analysis of KAM values are presented in Table 5. A
similar association between COP location and KAM
values was demonstrated for both mild to moderate
and severe OA subgroups.

DISCUSSION
Our results support the hypothesis of an association
between the KAM and the location of the COP trajectory in the coronal plane in patients with medial compartment knee OA. Previous studies that examined
the capability of lateral wedged insoles to decrease
KAM in this population were inconsistent. In our
study, a novel biomechanical apparatus was used,
allowing controlled manipulation of the COP. Furthermore, to our knowledge, this is the ﬁrst study to implement direct examination of the COP trajectory via an
in-shoe dynamic pressure measuring system in conjunction with 3D kinetic gait analysis. The study data
indicate that the KAM was signiﬁcantly associated
with the coronal orientation of the biomechanical
elements; translation of the elements from medial to
neutral and from neutral to lateral signiﬁcantly
reduced the magnitude of the 1st and 2nd peaks of the
KAM. Shimada et al.19 tested the outcome of lateral
wedge insoles application in knee OA patients with
various stages of disease severity, and advocated the
use of lateral wedged insoles for early and mild knee
OA, but not for severe OA. Subgroup analysis of our
study population revealed that the effect on the KAM
with translation of the COP from medial to lateral position was more profound for the K/L II subgroups (27%
and 23% reduction of the 1st and 2nd peaks, respectively) than for the K/L III–IV subgroups (21% and 15%
reduction of the 1st and 2nd peaks, respectively). However, as the number of patients in each sub-group is
small, we could not show signiﬁcant differences.
Nevertheless, our results suggest that a favorable
effect can be attained, even in progressive stages of
the disease.
Previous studies that examined the outcome of footwear-generated manipulations on KAM in healthy and
arthritic subjects speculated that these interventions
convey a more laterally shifted location of the COP,
thus reducing the distance between the GRF and the
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Comparison of Average COP Coronal Trajectory Offset (n ¼ 22)

Device
Configurations
Stance phase stage
Load response
Mid stance
Terminal stance
Terminal contact
Stance phase overall

Medial
Versus
Neutral
�3.0
�4.2
�4.6
�4.9
�4.2

�
�
�
�
�

2.1
2.5
2.5
3.0
2.5

Lateral
Versus
Neutral
2.9
4.0
5.7
4.5
4.3

�
�
�
�
�

1.2
1.9
3.1
4.1
2.6

Medial
Versus
Control
�3.8
�5.9
�4.9
�3.3
�4.5

�
�
�
�
�

2.4
3.0
3.4
4.1
3.3

Lateral
Versus
Control
2.0
2.4
5.4
6.1
4.0

�
�
�
�
�

2.0
2.8
4.0
5.2
3.5

P 1–2

P 1–3

P 1–4

P 2–3

P 2–4

P 3–4

<0.01
<0.01
<0.01
<0.01
<0.01

0.99
0.83
0.99
0.99
0.99

<0.01
<0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01
<0.01

0.99
0.83
0.99
0.99
0.99

<0.01
<0.01
<0.01
<0.01
<0.01

All values are reported in mm. Values represent mean (SD) of orthogonal distance between COP locations with medial and lateral
conﬁgurations in respect to the neutral and control setting. Negative and positive values indicate lateral and medial offset,
respectively.

center of the knee joint and thus the moment.13,17 In
our study, successive testing of the COP trajectory and
the KAM with different walking conditions was done
in the same experimental setting. COP trajectory
analysis conﬁrmed this theory and established a clear
association between manipulation of the biomechanical
elements in the coronal plane, the COP location, and
the KAM (Fig. 6).
The magnitude of the terminal stance phase (2nd)
peak of the KAM was signiﬁcantly altered by COP
translation. In a previous study conducted with
similar methodology in young healthy adults, no signiﬁcant association could be established between the

Figure 4. Representative KAM in the neutral, lateral, and
medial sagittal axis conﬁgurations (multiple drills are presented
for each conﬁguration). The Y-axis represents the moment’s magnitude (Nm), and the X-axis represents 100% of a single gait
cycle. [Color ﬁgure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/journal/jor]

terminal stance peak of the KAM and COP orientation.20 With disease development, the second KAM
peak increases.11 Elevated values of this parameter in
the current study group may have rendered it more
susceptible to inﬂuence by COP manipulation.
Our results offer signiﬁcant clinical implications
in subjects with medial compartment OA. Elevated
KAM is a key factor contributing to excessive medial
compartment loads in this population.5 Repetitive
micro trauma leads to damage to the hyaline cartilage
and diminished compliance of the subchondral bone.
With disease progression, ‘‘pseudo-laxity’’ occurs,
which results from reduced tension in the joint capsule
and ligaments, medial compartment narrowing, and
proprioceptive decline.27 Alignment is shifted in a
varus direction, exacerbating KAM and disease development. Previous studies conﬁrmed the effectiveness
of unloading the diseased articular surface in knee OA
patients.28–31 Our results verify that KAM can be

Figure 5. Values of knee adduction impulse with lateral, neutral, and medial translation biomechanical elements. Data presented as box-plots—the line in center of the box represents the
median, the box represents the inter-quartile range, and the
whiskers represent the range.
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Comparison of Mean KAM Values (n ¼ 22)

Group
Values

Loading
Response (1st)
Peak (N-m/kg)

Terminal
Stance (2nd)
Peak (N-m/kg)

Knee
Adduction
Impulse
(N-m/kg/s)

Medial
Neutral
Lateral
Control
P-Value

0.77 � 0.20
0.71 � 0.23
0.61 � 0.19
0.69 � 0.19
<0.001

0.54 � 0.16
0.50 � 0.15
0.43 � 0.14
0.49 � 0.14
<0.001

4.20 � 1.13
3.79 � 1.14
3.25 � 1.12
3.78 � 1.17
<0.001

Values represent mean (SD) KAM values with control, neutral,
medial, and lateral sagittal axis conﬁgurations.

Figure 6. KAM values at loading response peak (1st peak)
with lateral, neutral, and medial translation biomechanical
elements. Data presented as box-plots—the line in center of the
box represents the median, the box represents the inter-quartile
range, and the whiskers represent the range.

effectively inﬂuenced by foot-generated COP manipulations in various stages of the disease.
Several limitations arising from the current study
should be noted. Firstly, testing was performed shortly
after the device was ﬁrst used by the participants; continuous usage may lead to substantial gait adaptations
and may change the outcome. An additional limitation
was the employment of the apparatus with no
elements attached as a control. This setting was
chosen to ensure uniformity of the kinematic model
(biomechanical elements were attached and modulated
without repositioning of the retro reﬂective markers).
With this setting, the ﬂat bottom of the apparatus
resembles a normal shoe. However, the sole of the
device is more rigid than normal shoes, and this may

cause changes in the subjects’ gait patterns. To limit
this potential bias, the neutral conﬁguration was used
as a reference and a secondary control for evaluation
of the medial and lateral conﬁgurations. Finally, we
focused on a unique group (females with medial compartment OA); therefore, our results are applicable
only for subjects with characteristics similar to those
of the study cohort.
In conclusion, our study indicates that controlled
manipulation of knee coronal kinetics in individuals
suffering from medial knee OA can be facilitated by
customized COP modiﬁcation. The results conﬁrm the
hypothesis that modiﬁcation of the coronal trajectory
of the COP can inﬂuence KAM. These ﬁndings expand
the understanding of lower limb biomechanics in knee
OA and have implications in the ﬁeld of device design
and practice. Implementation of these principles in the
treatment of patients suffering from knee OA may
help to stop disease progression and bring functional
improvement. However, further studies are needed to
examine the effect of long-term usage of such noninvasive interventions.
Table 5. Comparison of Mean KAM Values (Sub-Group
Analysis)
Loading
Response (1st)
Peak (N-m/kg)

Figure 7. KAM values at terminal stance peak (2nd peak)
with lateral, neutral, and medial translation biomechanical
elements. Data presented as box-plots—the line in center of the
box represents the median, the box represents the inter-quartile
range, and the whiskers represent the range.

KL 1–2 sub-group
Medial
0.73 � 0.24
Neutral
0.70 � 0.29
Lateral
0.58 � 0.27
Control
0.69 � 0.25
p-Value
0.002
KL 3–4 sub-group
Medial
0.80 � 0.18
Neutral
0.71 � 0.20
Lateral
0.63 � 0.15
Control
0.69 � 0.15
p-Value
0.000

Terminal
Stance (2nd)
Peak (N-m/kg)

Knee
Adduction
Impulse
(N-m/kg/s)

0.47 � 0.13
0.44 � 0.09
0.36 � 0.10
0.44 � 0.07
0.002

4.16 � 1.18
3.52 � 1.23
3.00 � 1.18
3.55 � 1.19
0.001

0.57 � 0.17
0.54 � 0.16
0.48 � 0.15
0.52 � 0.16
0.002

4.24 � 1.15
3.94 � 1.10
3.39 � 1.10
3.91 � 1.18
0.000

Values represent mean (SD).
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Abstract
Background: Footwear-generated biomechanical manipulations have been shown to alter lower limb kinetics. It has been
suggested that this is due to altered trajectory of the foot’s center of pressure (COP), conveying a shift in location of the
ground reaction force and modifying moments and forces acting on proximal body segments. However, past studies have
focused on qualitative association between footwear design and the COP locus. Moreover, this association was calculated
via indirect analysis. The purpose of the present study was to directly examine and quantify the correlation between
measured footwear biomechanical manipulation and the location of the COP trajectory during gait.
Methods: A novel biomechanical device allowing flexible positioning of 2 convex-shaped elements attached to its sole was
utilized. A total of 20 healthy male adults underwent direct in-shoe pressure measurements while walking with the device
set at 7 mediolateral configurations. COP data were collected during gait and analyzed with respect to different stance
subphases.
Results: COP location significantly correlated with a shift of the elements medially or laterally.The linear model describing
this correlation was found to be statistically significant.
Conclusion: There was significant correlation between the plantar orientation of the shoe device configuration and the
COP.
Clinical Relevance: Changes in COP trajectory may be valuable in patients suffering from multiple foot disorders elevating
pressure on the foot. Accurate COP control could aid in the manipulation of the forces acting on the proximal joints during
gait. In addition, these findings may have implications in the field of biomechanical apparatus design and practice.
Keywords: foot center of pressure, gait, plantar pressures, wedge position

The foot center of pressure (COP) is a theoretical locus
about the foot, which is the average location of all the forces
acting between the plantar surface of the foot and the ground
at any given time during the stance phase.3,15 Typically, the
COP trajectory propagates from the medial aspect of the
hindfoot, curving laterally at midstance and progressing
medially at terminal stance.4,8,15 This reflects both the anatomical properties of the foot and the relationship of the
location of the body’s center of mass to the location of the
foot.1,2,6,8,11,18 By definition, the projection on the ground
plane of the ground reaction force (GRF), which is the average vector exerted by the ground on the body, and the trajectory of the COP during single limb support overlap.3,19
Footwear-generated biomechanical manipulations have
been proposed to alter the trajectory of the COP, thereby
altering the location of the GRF and modifying moments
and forces acting on proximal body segments.12 This principle has been the focus of past studies and has been widely
implemented in clinical practice.10,12 The application of a
laterally wedged shoe insole was first introduced in the

1980s.21 Maly et al hypothesized that the mechanism of
reduction of knee adduction moment (KAM) with the use of
insoles is a lateral shift in the COP.13 Xu et al confirmed that
insole conditions caused a change in the location of the
COP during gait.20 Using computer modeling simulation,
Shelburne et al reported that a 1 mm displacement of the
COP can decrease the KAM by 2%.16
The association between the COP and the footwear
design is not trivial. On one hand, if the interface between
the ground and the plantar surface of the footwear were
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Figure 1. Biomechanical platform and mobile elements.

infinitesimal, then the COP and the location of the contact
point would be congruent. However, the ground contact
point expands on a wider area. On the other hand, assuming
force and moment equilibrium, the location of the COP must
overlap with the vertical projection of the body’s center of
mass. Yet, in a dynamic situation, this may not be so;17 the
GRF vector is a reflection of the total mass-times-acceleration product of all body segments and therefore represents
the total of all net muscle and gravitational forces acting at
each instant of time over the stance period.19
In a previous study,7 we utilized a novel foot-worn biomechanical device composed of 2 adjustable convex biomechanical elements placed under the sole of a shoe,
allowing controlled manipulation of the contact point of the
device and the ground. We examined the outcome of foot
manipulation on the location of the COP and KAM in
healthy subjects and found that the location of the COP was
significantly associated with the mediolateral orientation of
the elements of the biomechanical device. However, the
correlation between the extent of the biomechanical manipulation (ie, the distance of element shift in the coronal plane
from the neutral axis) and the location of the COP during
gait was not established. Therefore, we devised the current
study to establish this relationship. We hypothesized that
manipulation of the biomechanical apparatus via translation
of elements in the coronal plane (ie, from medial to lateral)
would result in a direct shift of the COP trajectory.

Methods
Participants
A total of 20 healthy male volunteers without any known
history of injury or any postural or skeletal disorder that
could affect normal posture or gait composed the study
cohort. All had the same shoe size (French 43), a right
dominant leg, and a similar anthropometric profile. The
participants’ mean ± SD age was 24 years ± 11 months,
height was 176.1 ± 3.29 cm, and weight was 68.8 ± 6.67 kg.

The study was conducted according to the Helsinki
Declaration and was approved by the Ethics Committee of
Ha’emek Medical Center in Afula, Israel. The purpose and
methods of the study were explained to the subjects, and all
participants gave written informed consent prior to their
inclusion.

The Biomechanical System
A novel biomechanical shoe device (APOS-Medical and
Sports Technologies Ltd., Herzliya, Israel) that consists of
2 convex-shaped biomechanical elements attached to each
of the feet (Figure 1) was utilized. One was located under
the hindfoot region and the other was located under the
forefoot region. The elements were available at different
levels of convexity and were attached to the subject’s foot
using a platform in the form of a shoe. The platform was
equipped with a specially designed sole that consisted of 2
mounting rails enabling flexible positioning of each element under each region. Each element position could be
calibrated individually to convey specific biomechanical
challenges in multiple planes.

Experimental Protocol
Each participant was given time to become familiar with
the laboratory environment and was allowed a number of
walking trials with the biomechanical system prior to its
calibration. The calibration was performed by a single
trained physiotherapist; the first position of the elements for
the “functional neutral sagittal axis” was determined and
documented. The functional neutral axis (N 0.0) was
defined as the position at which the apparatus conveyed the
least valgus or varus torque at the ankle of the individual
being examined. Six medial and lateral axes were then
defined as 0.4, 0.8, and 1.2 cm medial and lateral deviation
of the biomechanical elements from the neutral sagittal
axis: M 0.4, M 08, M 1.2, L 0.4, L 0.8, and L 1.2, respectively (Figure 2).
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measured through the trial. First and last steps were
excluded. Stance phase was subdivided into 4 subphases:
loading response: 0% to 10%; midstance: 10% to 30%; terminal stance: 30% to 50%; and preswing: 50% to 60%. A
mean medial-lateral COP coordinate was calculated in association with a specific stage of the stance and averaged over
all steps. Finally, the relative COP offset was assessed at
each subphase by examining the difference in the mean
COP coordinate of each configuration with respect to the
neutral configurations. Lateral and medial offset of the COP
were defined as positive and negative values, respectively,
and reported in mm.

Statistical Analysis

Figure 2. Different configurations of the biomechanical shoe
device: Six medial (M 0.4, M 0.8, M 1.2) and lateral (L 0.4, L 0.8,
L 1.2) axes were defined as 0.4, 0.8, and 1.2 cm medial (dashed
lines in B) and lateral (dashed lines in A) deviation of the
biomechanical elements from the neutral (N 0.0) sagittal axis
(solid line), respectively.

Successive plantar pressure testing was performed with
the biomechanical elements placed in 7 configurations:
neutral configuration, 3 medial displacements, and 3 lateral
displacements.
All measurements were applied while the participant
walked on a 10 m flat surface at a constant velocity indicated by a metronome to ensure consistent cadence throughout the trials. All conditions were tested in a random order
on the same day. To ensure uniformity of testing conditions,
all subjects were provided with the same biomechanical
system, and all calibrations of the biomechanical device
were performed by the same physiotherapist.

Data Acquisition and Processing
Plantar pressure testing was applied using the Pedar-x
pressure-measurement system (Novel Electronics, St. Paul,
MN), which consisted of insoles 2.5 mm in width incorporating a matrix of 99 pressure-sensitive capacitive insoles
that could be placed into the subject’s footwear to measure
pressure during gait. The sensors were sampled at a rate of
100 Hz to create a compound pressure-time data series that
provided the centroid of loading at each point in time. The
centroid of loading measured during a stance phase provided the COP trajectory during that time.
To examine the relationship between the coronal shift of
the elements and the COP trajectories, the centroid of loading data was extracted and analyzed using Matlab. Stance
phase data was identified as the data in which the resultant
load exceeded a threshold of 5% of the maximum load

Data were analyzed by R© version 2.11.1 (CRAN, Vienna,
Austria). The element changes from medial to lateral were
defined as negative and positive shifts from the neutral
position; for example, a medial shift of 1.2 equals −1.2, and
a lateral shift of 1.2 equals 1.2. To determine if the mean
COP was affected by all the shifts of the elements and if the
effect was dependent on the phase of stance, a linear model
was fit to the data by multivariate regression. In the regression model, the COP was the dependent variable and gait
phase, element shift, and their interaction were included as
independent covariates. Element shift was considered a
continuous variable and gait phase was considered a categorical variable. An analysis of variance (ANOVA) table of
the linear model was used to determine the significance of
each variable and interaction. R-squared was used to determine the model’s goodness of fit. A statistically significant
difference was considered as a P value less or equal to .05.
All reported P values are 2-sided.

Results
The COP trajectory throughout the stance shifted in accordance with the offset of the biomechanical elements.
Figure 3 demonstrates a representative subject’s plots of 7
COP trajectories measured during the stance phase of gait
with the biomechanical elements placed in 7 conditions:
neutral configuration, 3 medial displacements (negative
values), and 3 lateral displacements (positive values). Mean
values and standard deviations of the mean COP at each
subphase with 3 medial (M 0.4, M 0.8, M 1.2), 3 lateral (L
0.4, L 0.8, L 1.2), and neutral (N 0.0) positioning of the
biomechanical elements are presented in Table 1.
The ANOVA table of the linear model showed that all 3
covariates in the model were statistically significant. In
other words, mean COP varied significantly with the shift
of the elements medially and laterally (P < .0001) and with
different subphases of the stance (P < .0001), as well as
with the interaction between both factors (P < .0001).
The linear model showed a high goodness of fit
(R-squared of .839). The linear model was found to be
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Figure 3. A representative subject’s plot of the COP trajectories at 3 medial (M 1.2, M 0.8, M 0.4), 3 lateral (L 1.2, L 0.8, L 0.4), and
1 neutral (N 0.0) configurations. The left Y-axis represents the sagittal axis (anterio-posterior) and the X represents the coronal axis
(medial-lateral). Increased X coordinate indicates a shift of the COP toward the lateral side and increased Y coordinate indicates a shift
of the COP toward the anterior side. The right Y-axis corresponds to the percentage of gait cycle. The axis is divided according to the
4 subphases of the stance phase of the gait cycle.

Table 1. Mean ± SD Values of the Mean COP Data Calculated at Different Subphases of the Stance
Stance Subphase
Loading Response
Medial −1.2
Medial −0.8
Medial −0.4
Neutral 0.0
Lateral 0.4
Lateral 0.8
Lateral 1.2

51.25
52.16
53.25
54
54.16
55.35
56.63

Midstance

± 1.83
± 2.06
± 2.15
± 2.15
± 2.5
± 2.39
± 2.35

45.01
46.68
48.65
50.75
50.75
52.11
53.97

Terminal Stance

± 2.94
± 3.11
± 3.02
± 2.71
± 3.07
± 2.8
± 2.85

36.8
38.62
40.66
43.84
44.41
45.44
47.94

± 3.14
± 3.39
± 3.05
± 3.06
± 3.54
± 3.26
± 3.78

Preswing
33.33
34.62
35.79
38.7
38.71
39.18
40.73

± 3.01
± 3.19
± 3.27
± 3.61
± 4.04
± 4.01
± 4.14

The element changes from medial to lateral were defined as negative and positive shifts from the neutral position, respectively.

statistically significant (P < .001). The multivariate linear
regression is presented in Table 2 as 4 simple linear models
according to gait subphase. The observed means for each
element shift according to gait subphase are presented as
points in Figure 4. The linear models for each gait subphase
are presented as linear lines in Figure 4. The goodness of fit
of the linear model can be observed from the figure itself.

Discussion
The relationship between COP trajectory and footweargenerated biomechanical manipulations has been widely

investigated; however, past studies offered a qualitative
assessment. The current study tested the linear association
between the plantar orientation of the biomechanical device
configuration and the COP trajectory. This was significant
throughout the whole stance phase (at all 4 subphases—
Figure 4). Different augmentations of this association,
however, were observed at different subphases of the
stance. The observed linear association between the plantar
orientation of the biomechanical device configuration and
the COP trajectory was highest (ie, greater slope value) at
the midstance and terminal stance. We speculate that the
higher associations at the midstance and terminal stance
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Table 2. Linear Models According to Gait Phase
Gait Subphase
Loading response
Midstance
Terminal stance
Preswing

Linear Equation

Intercept P Value

Slope P Value

COP = 53.8 + 2.1 × ES
COP = 49.7 + 3.5 × ES
COP = 42.6 + 4.4 × ES
COP = 37.3 + 3.0 × ES

< .0001
< .0001
< .0001
< .0001

.0014
< .0001
.0327
.2757

COP = center of pressure; ES = element shift.

Figure 4. Linear regression plots of the mean COP coordinate
versus the shift of the elements at loading response, midstance,
terminal stance, and preswing. Signs represent the empirical
means of the data, and the solid lines represent the linear models.

may be due to the fact that, in these stages of stance, the
foot is in single limb support, thus any change in the foot
position would have a more profound impact on the COP.
Kirby reviewed the interrelationships between foot and
lower extremity function and mechanically based pathology
of the foot and lower extremity, with an emphasis on the
subtalar joint.9 Thorough analysis of walking biomechanics
clearly demonstrated that, without normal foot function, the
rest of the lower extremity and body cannot function normally during walking. Because the GRF vector must first
go through the foot on its way through the kinetic chain, the
foot-ground interface may be expected to have a substantial
effect on the lower extremity.12
The effect of the wedge position on different joints and
segments has been widely explored. In a previous study by
Eslami et al,5 it was suggested that a wedge position could
change the orientation of the subtalar joint axis of motion,
thus playing a major role in the angle variability of different
joints and segments. Lateral wedge insoles, for instance, are
commonly used in clinical practice to counter the effect of
elevated KAMs.13,14,21 Previous studies have indicated that
accurate management of knee moments can be attained by
controlled shifts of the COP.7,16 Our results suggest a positive association between the extent of the biomechanical
manipulation (ie, the distance of element shift in the coronal

plane from the neutral axis) and the location of the COP
during gait and, therefore, may be a major contribution to
understanding knee as well as other lower limb joint loading. Future studies incorporating a full examination of subtalar and ankle joint motions are required to quantify their
relation to the observed correlation between the shift of the
elements and the COP.
Several limitations arising from the current study should
be noted. First, since we based our results only on in-shoe
plantar pressure measurements, and we did not estimate
any kinematics or kinetic measures. Nevertheless, since the
GRF and COP were consistent for all patients, we assume
that there were no dramatic changes in the kinematic or
kinetic data. However, further studies incorporating full
gait analysis could provide greater validity to our speculations. Second, the biomechanical testing was performed
shortly after the device was first used by the participants.
Continued usage of such an apparatus may lead to substantial gait adaptations and could influence the outcome of
these interventions. Another limitation of this study was
the employment of the apparatus at neutral position as control. This setting was selected to assure consistency of the
kinematic model. Finally, it should be noted that the current study focused on a unique group (ie, healthy, young
male adults). Therefore, these results are valid only for
individuals with characteristics similar to those of the study
cohort. Different populations (eg, females who tend to
have different lower extremity joint motions than males)
may respond differently to such interventions. Further
studies are needed before these findings can be validated in
other populations.
In conclusion, the current study indicates that external
biomechanical manipulations enable controlled manipulation of the location of the COP. These results confirm the
hypothesis of a direct association between manipulation of
the biomechanical apparatus via translation of elements in
the coronal plane (ie, from medial to lateral) and the direct
shift of the COP trajectory, and offer a new understanding
of lower limb biomechanics that may have implications in
the field of biomechanical apparatus design and practice.
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Objectives: Instability during gait can be identiﬁed in many different ways. Recent studies have
suggested utilizing spatiotemporal parameters to detect instability during gait. Detecting instability
using kinetic and kinematic gait parameters has not yet been examined fully. In addition, these studies
have not yet identiﬁed measures that are capable of assessing the magnitude of instability. The
objective of the present study was to identify kinetic and kinematic gait parameters that can best
identify instability and quantify its magnitude.
Methods: Ten healthy men underwent successive gait analysis testing under three controlled settings:
(1) Stage 0 instability (control setting), (2) Stage 1 instability and (3) Stage 2 instability. The levels of
instability were precisely applied with the use of a controlled perturbation device (AposTherapy
System). Differences between all stages and between stages were identiﬁed using Friedman and
Wilcoxon tests.
Results: Stride-to-stride variability (STSV) in kinetic and kinematic measures increased signiﬁcantly
between stages 0 and 1 or between stages 0 and 2 for almost all parameters (all P o 0.05). A signiﬁcant
increase between stage 0 and both stages 1 and 2 was found for knee ﬂexion moment, knee varus
moment, knee ﬂexion angle and hip adduction angle. The increase between stages 1 and 2 was variable.
Only the knee varus moment parameter showed a signiﬁcant increase in STSV between stages 1 and 2
(P ¼0.026).
Conclusions: Almost all kinetic and kinematic gait parameters are sensitive to changes in global
instability in a dynamic task. The most sensitive are parameters measured at the knee. Of these, STSV in
knee varus moment can be used to quantify the magnitude of dynamic instability.
& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Instability during gait has received considerable focus over the
last several years due to its association with falling. Falling is a
common and dangerous problem in society. In the elderly, falling
is particularly prevalent and can be incapacitating when it occurs
(Voermans et al., 2007). Falling is only predicted to increase in
frequency as life expectancy continues to rise (Brauer et al., 2000).
Instability and falling is also prevalent in patients with osteoarthritis (Arnold and Faulkner, 2007), Parkinson’s disease (Bloem
et al., 2001; Factor et al., 2011; Plotnik et al., 2011), Huntington’s
disease (Grimbergen et al., 2008), cerebral palsy (Tsirikos et al.,
2003) and other neurological disorders.
Instability is classically deﬁned according to the relationship
between a person’s center of mass (COM) and base of support
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(BOS) (Winter, 1995). The further the COM is from the BOS, the
more ‘‘unstable’’ the person (Winter, 1995). During gait, however,
the situation becomes much more complex. During each gait
cycle the location of the COM of the body follows a sinusoidal
curve between both feet. The curve usually ﬁts within the
dynamic BOS created by footsteps during gait (Winter, 1995). In
subjects who are unstable in gait, the COM curve creeps beyond
the BOS deﬁned by the feet until it reaches a maximum at which
the patient is at risk for falling (Winter, 1995). Due to its complex
manifestation in gait, stability in gait is often separated into local
and global classiﬁcations (Dingwell et al., 2000). Local dynamic
stability refers to the body’s ability to recover from small perturbations. It can be quantiﬁed using Lyapunov exponents (LyE)
(Arellano et al., 2009). On the other hand, global dynamic stability
refers to the body’s ability to recover from large-scale perturbations, such as slip or trip (Dingwell and Cavanagh, 2001).
Several techniques have been developed in order to identify global
instability before a fall occurs. Many of these include static tests such
as quiet standing and retropulsion tests (Bloem et al., 1998). Over the
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last decade, however, research has shown that dynamic instability is vastly different from static instability (Brauer et al., 2000).
In addition, most falls occur during dynamic motion (i.e. simple
walking) (Voermans et al., 2007). For this reason, researchers
have attempted to ﬁnd measures of dynamic instability. Some
researchers have measured instability by comparing the COM to
the BOS during gait (Lee and Chou, 2006). In one of the ﬁrst works
in the ﬁeld, Guimaraes and Isaacs showed that subjects who are
unstable constantly adopt different walking patterns and that
gait variability can be an accurate tool in identifying instability
(Guimaraes and Isaacs, 1980). Since then a number of studies
have examined the stride-to-stride variability (STSV) in fallers
compared to non-fallers. Studies on the elderly have shown that
STSV increases with age and frequency of falling (Grabiner et al.,
2001; Hausdorff et al., 2001a,b; Hollman et al., 2007a,b). This has
also been conﬁrmed in patients with basal ganglia disorders
(Hausdorff et al., 2003; Hausdorff et al., 1998; Schaafsma et al.,
2003). All these studies have examined STSV in spatiotemporal
parameters of gait (e.g. step length, velocity and single-limbsupport). Joint kinetic and kinematic parameters of gait that can
identify instability have not yet been examined. In addition, these
studies have not been able to quantify the severity of dynamic
instability using these gait parameters. Instead, they have used
STSV as only a marker of instability (Hausdorff et al., 2001a,b)
and as markers for increased stability after therapy (Hausdorff
et al., 2001a,b).
The present study was therefore devised to identify kinetic and
kinematic gait parameters that can identify global instability in a
dynamic task, as well as determine which parameters, if any, can
quantify the severity of instability as it is increased in a controlled, step-wise fashion in otherwise healthy, stable individuals.
The dynamic properties of STSV can be examined by looking at
the difference in the timing of events between trials or in the
consistency in the values of gait parameters from stride-to-stride
(Hausdorff et al., 2001a,b). We chose to examine the consistency
in the values from event to event (average and standard deviation
of the peaks for each parameter) of kinetic and kinematic parameters themselves rather than the timing between events.

2. Methods
2.1. Participants
The study cohort was comprised of 10 healthy male undergraduate students with
equivalent shoe size (French 43). Participants had an age of 25.072.1 years, height of
178.173.4 cm and weight of 74.473.9 kg. Exclusion criteria were any orthopedic,
musculoskeletal or neurological pathology. Approval of the institutional review board
was obtained and all participants gave informed consent prior to entering the study.
The purpose and methods of the study were explained to all subjects.
Stages of controlled instability
Three stages of instability were assessed in the present study. Each stage was
precisely applied with the use of a controlled perturbation device (AposTherapy
System). The device consists of a foot-worn platform to which two convex shaped
biomechanical elements, constructed from shoe sole material (Appendix A in
supplementary material), can be attached (Fig. 1). The convex nature of the
elements induces instability during walking. The convexity of the elements
increases as the height of the elements increases. Therefore, if the height of the
elements is increased, the instability is increased as well. A variety of elements of
different heights can be attached and interchanged on the device. Stage 0 of
instability (control setting) was deﬁned as the device without any attached
elements. Effectively this was assumed to be similar in structure to a regular
walking shoe. Stage 1 of instability was deﬁned as the device with elements with a
height of 9.2 mm. Stage 2 of instability was deﬁned as the device with elements
with a height of 10.8 mm.

2.2. Experimental protocol
Each subject was ﬁtted with the device at each stage of instability by a trained
physiotherapist. Successive gait analysis testing was performed at each stage.

Fig. 1. The biomechanical system used to apply the controlled stages of instability.
The biomechanical device (AposTherapy System) is a foot-worn platform with a
specially designed sole that is capable of attaching to two rubber convex elements.
The elements generate perturbation and instability when the device is worn. The
elements come in different heights. For the purposes of the present
study, Stage 0 of instability was deﬁned as the platform without any elements
(not shown), Stage 1 of instability was deﬁned as the platform with elements of
size 9.2 mm attached at the sole and Stage 2 of instability was deﬁned as the
platform with elements of size 10.8 mm attached at the sole.
The subjects were asked to walk with the apparatus with elements at a self-selected
velocity, which was indicated by a metronome to ensure consistent cadence
throughout the trials. The metronome was set speciﬁcally to each subject before
data acquisition. The study controlled for cadence in order to minimize the effects of
its variation on the STSV in other gait parameters. Without controlling for the
normal variation in cadence, the STSV in the kinetic and kinematic parameters
would be much more difﬁcult to discern. Six trials at each stage were collected per
subject for STSV. All conditions were tested in a random order on the same day.
2.3. Data acquisition, processing and analysis
Gait analysis of each subject was performed as described in previous studies
(Haim et al., 2012; Haim et al., 2011) (Appendix B in supplementary material). A
Vicon motion analysis system (Oxford Metrics Ltd., Oxford UK) accompanied by
two three-dimensional AMTI force plates was used for data capture. A standard
reﬂective marker set was used to deﬁne joint centers and axes of rotation (Kadaba
et al., 1990). The dominant leg was chosen for all patients for consistency and to
control for the inherent differences between limbs.
The following parameters were measured: Knee Flexion Moment, Knee Varus
Moment, Ankle Dorsiﬂexion Moment, Ankle Inversion Moment, Hip Extension
Moment, Hip Adduction Moment, Knee Flexion Angle, Knee Extension Angle, Knee
Varus Angle, Ankle Dorsiﬂexion Angle, Ankle Inversion Angle, Hip Extension Angle,
and Hip Adduction Angle. The data were graphed for the stance phase of each trial
for every stage of instability. In order to obtain a measure of global instability, the
average and standard deviation of peaks of the graphs for all parameters were
calculated.
All variables were tested by the Kolmogorov–Smirnov test for normal
distribution. The STSV was deﬁned as the standard deviation of the peaks at each
stage of instability. The STSV was compared between stages using the Wilcoxon
Rank nonparametric test. As a secondary objective of the study, the averages of the
peaks were also compared between stages to determine if any noteworthy trends
are evident as instability increases. The averages were compared across stages
using the Friedman nonparametric test. All statistical tests were carried out in
SPSS v.17 by a biostatistician.

3. Results
The patients’ self-selected velocities ranged from 1.1570.16 m/s.
The STSV was lowest at stage 0 of instability (control setting) for all
gait parameters aside from ankle inversion moment. There was a
signiﬁcant increase in STSV with instability in all parameters aside
from ankle inversion moment and ankle inversion angle (Table 1).
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Table 1
Changes in stride-to-stride variability (STSV) across three stages of instability.
Parameter

Stages of instability
0

Knee ﬂexion moment
Knee varus moment
Ankle dorsiﬂexion moment
Ankle inversion moment
Hip extension moment
Hip adduction moment
Knee varus angle
Knee ﬂexion angle
Knee extension angle
Hip extension angle
Hip adduction angle
Ankle dorsiﬂexion angle
Ankle inversion angle

60.0
52.5
50.3
52.6
67.6
43.8
0.64
1.1
0.86
0.84
0.71
0.84
0.61

Signiﬁcance
1
120.8
77.4
78.6
39.2
93.9
67.4
2.2
1.6
1.4
1.0
0.98
1.3
1.1

2
125.4
89.2
63.1
35.4
86.1
66.3
2.1
2.0
1.7
0.80
0.94
0.92
0.89

140

2 41

240
n

0.0065
0.011n
0.057
0.998
0.193
0.085
0.0465n
0.1205
0.1015
0.1665
0.011n
0.0465n
0.057

n

0.004
0.004n
0.033n
0.998
0.033n
0.0055n
0.0105n
0.0075n
0.0105n
0.998
0.033n
0.297
0.157

0.4765
0.0255n
0.998
0.998
0.998
0.998
0.998
0.0255n
0.2205
0.998
0.998
0.998
0.998

STSV is measured as the standard deviation of the peaks of the kinetic and kinematic parameters; the values of moments are presented in Newton meter/kilogram ( � 103); the
values of angles are presented in degrees; differences between stages were compared using the Wilcoxon Rank nonparametric test.
n

The signiﬁcance threshold was set at 0.05.

Fig. 2. Increase in stride-to-stride variability (STSV) from stages 0 to 2 of instability for knee varus moment in one representative patient. a and b represent the graphs of
the knee varus moment of the six trials of a subject for stage 0 and stage 2 of instability, respectively. The study measured the STSV as the standard deviation of the ﬁrst
peak of the graph. As can be seen clearly, the variability (i.e. standard deviation) of the ﬁrst peak of knee varus moment was signiﬁcantly greater at stage 2 of instability
(b) in comparison to stage 0 of instability (a) (P ¼0.026).

This increase was signiﬁcant either from stage 0 to stage 1 of
instability or from stage 0 to stage 2 of instability. There was a
signiﬁcant increase in STSV from stage 0 to both stage 1 and stage
2 in knee ﬂexion moment, knee varus moment, knee varus angle
and hip adduction angle. Fig. 2a&b illustrates the relatively low STSV
at stage 0 compared to the higher STSV at stage 2 for knee varus
moment from one subject.
The change in STSV form stage 1 to stage 2 of instability was
more variable. There was an increase in STSV from stage 1 to
stage 2 in knee ﬂexion moment, knee varus moment, knee ﬂexion
angle and knee extension angle. This increase, however, was
signiﬁcant for knee varus moment and knee ﬂexion angle
(P¼0.0255). The results of the peak knee ﬂexion moment, knee
varus moment and knee ﬂexion angle are illustrated in Fig. 3a–c.
Other parameters showed a slight drop in STSV from stage 1 to
stage 2. The STSV variable at stage 2, however, was still signiﬁcantly greater than at stage 0 for all parameters aside from ankle
dorsiﬂexion angle.
There were some noteworthy changes in the averages of the
parameters between conditions as well. A signiﬁcant increase in
mean magnitude of the peaks was found across stages of instability in ankle dorsiﬂexion moment (P¼0.045), hip adduction
angle (P ¼0.013) and ankle inversion angle (P¼ 0.030) (Table 2).

4. Discussion
The present study aimed to identify the kinetic and kinematic
parameters that are able to detect global instability in a dynamic
setting. In addition, the study was designed to determine which
of these parameters can also quantify the severity of instability.
The results of the study found that almost all of the kinetic and
kinematic measurements were able to detect instability during
gait when a sufﬁcient level is presented. Only ankle inversion
moment and ankle inversion angle showed no sensitivity to
instability.
Most of the parameters that succeeded at identifying instability found a signiﬁcant difference in STSV between stage 0 of
instability and either stage 1 or stage 2 of instability, but not both.
Signiﬁcant differences between stage 0 and both stages 1 and
2 were observed for only knee ﬂexion moment, knee varus
moment, knee varus angle and hip adduction angle. This suggests
that these parameters are the most capable at detecting global
instability since they are able to identify the presence of instability with precision. Interestingly, however, it appears that many
of these parameters may not be sensitive enough at detecting
increasing levels of instability since their ability to detect the
difference between stages 1 and 2 of instability was much poorer.
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Fig. 3. Increase in stride-to-stride variability (STSV) from stage 0 to stage 1 to stage 2 of instability. This ﬁgure illustrates the increase in STSV from stage 0 of instability to
stage 2 of instability. The difference between stage 0 and stage 1, as well as the difference between stage 0 and stage 2, was signiﬁcant for all three parameters. Only knee
varus moment (b), however, showed a signiﬁcant increase in STSV from stage 1 to stage 2. This suggests that it is the most sensitive parameter as well as the greatest
quantiﬁer of the severity of dynamic instability.

Table 2
Changes in mean peak magnitude across three stages of instability.
Parameter

Knee ﬂexion moment
Knee varus moment
Ankle dorsiﬂexion moment
Ankle inversion moment
Hip extension moment
Hip adduction moment
Knee varus angle
Knee ﬂexion angle
Knee extension angle
Hip extension angle
Hip adduction angle
Ankle dorsiﬂexion angle
Ankle inversion angle

Stages of instability

Signiﬁcance

0

1

2

P Value

0.800
0.565
1.55
0.177
1.30
0.545
3.5
18.7
13.6
9.6
5.0
21.0
2.8

0.691
0.760
1.63
0.207
1.17
0.715
 1.4
7.4
9.8
7.9
4.2
22.8
4.9

0.743
0.683
1.638
0.234
1.17
0.708
1.3
22.0
8.7
8.6
4.6
20.4
7.1

0.896
0.121
0.045n
0.169
0.264
0.264
0.368
0.121
0.121
0.013n
0.641
0.264
0.030n

The values of moments are presented in Newton meter/kilogram; The values of
angles are presented in degrees; differences between stages were compared using
the Friedman nonparametric test.
n

The signiﬁcance threshold was was set at 0.05.

This is because the difference in element height between stages
1 and 2 (1.6 mm) was much smaller than the difference in
element height between stages 0 and 1 (9.2 mm). Of these
parameters, only knee ﬂexion moment and knee varus moment
showed an increase in instability from stage 1 to stage 2. This
increase was only signiﬁcant for knee varus moment. More
parameters may have shown a signiﬁcant increase in instability
between stages 1 and 2 had the element height at stage 2 been
increased. If the element height at stage 2 were increased, then
the rise in instability from stage 1 and stage 2 would have been
greater. Therefore knee varus angle and hip adduction angle,
which do not show a difference between stage 1 and stage 2 in
the present study, may have detected such a difference if the
height of the stage 2 elements were increased. We believe that
this change should be implement in future studies.
These ﬁndings suggest that of all the parameters, knee varus
moment was the only one that could successfully quantify
instability. Of particular interest was the fact that this parameter
and all the most sensitive parameters aside from hip adduction
moment are measured at the knee. Moreover, the data show that
next most sensitive area was the hip, followed by the ankle. This
was unexpected since in a previous study we found the distal part
of the limb to be most affected by changes in center of pressure
(Goryachev et al., 2011). This observation may be explained by
the greater translational range of the knee joint as compared to

the hip and ankle joint. The difference between the hip and ankle
may be due to large movements the hip makes during gait
compared to the ankle joint. This gives the hip more opportunity
to show variability. Another explanation may be that the distal
part of the limb is able to react fastest to instability generated at
the foot and therefore STSV was not observed. In fact, a previous
study has shown that there is a greater natural variability at the
knee and hip in comparison to the ankle (Winter, 1984). Future
studies should attempt to generate controlled instability at the
waist in order to determine if this observation can be reversed.
These results suggest that a gait analysis of joint kinetic and
kinematic parameters would help clinicians evaluate patients
who are potentially unstable and at a risk for falling. Clinicians
should focus mostly on STSV of the knee joint during motion when
evaluating the gait of patients who are potentially unstable.
Speciﬁcally, the STSV in the kinetic and kinematic parameters of
knee ﬂexion moment, knee varus moment, knee ﬂexion angle and
hip adduction angle are the most capable at identifying instability.
The STSV in knee varus moment is the most sensitive parameter
since it can both detect instability and quantify its severity. The
results of this study suggest that higher STSV in these parameters
predicts greater instability. Therefore a gait analysis of joint
kinetics and kinematics can help determine if a person is unstable
during gait. Furthermore, potentially unstable individuals, such
as the elderly, can be evaluated over time to determine if and at
what rate the STSV in these parameters has changed. As a whole,
this data can help clinicians decide if a patient is unstable, the
severity of the instability, if the instability is worsening over time,
if and when to prescribe therapies to combat the instability
and if preventative measures should be taken – such as recommending walking with a walking stick – to prevent potential falls.
In addition, these ﬁndings can also be applied to studies evaluating
the success of new therapies for improving stability.
The present study also identiﬁed parameters for which the
peak magnitudes of the parameter changed signiﬁcantly with
increased instability, aside from the increase in STSV. A signiﬁcant
increase in peak magnitude across stages of instability was found
in ankle dorsiﬂexion moment, hip adduction angle and ankle
inversion angle. These changes made be part of the body’s
adaptation to instability. Adducting the hip and inverting the
ankle may keep the body’s COM closer to its center, thus
minimizing the ﬂuctuation of the COM over the BOS. On the
other hand, these ﬁndings could also be caused by the device
itself. The device changes the biomechanical properties of the
lower limb. These changes in moment arms may inﬂuence the
kinetic and kinematic parameters. A further investigation of these
changes by clinicians and researchers is warranted.
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There were several limitations to the present study. The ﬁrst is
whether the study design was able to accurately capture all of the
most sensitive parameters at detecting instability as well as
all the parameters that can quantify instability. Several parameters in the study showed an unexpected, non-signiﬁcant,
decrease from stage 1 to stage 2 of instability. Even more peculiar,
however, was that, for many of these parameters, there was a
signiﬁcant difference between stages 0 and 2 and not between
stages 0 and 1, even though stage 1 had a greater STSV than stage
2. When the data was looked at more closely it was noted that
this result had occurred because of the nonparametric tests used
to analyze the data, which examines ranks instead of means. It
seems that the distribution of STSV in stage 1 was irregular and
often dipped below the values of stage 0 or was skewed otherwise. This is observed clearly in Fig. 3a and c. The STSV in stage 2,
however, although sometimes lower on average than in stage 1,
were more consistently greater than stage 0. Taken as a whole,
we believe this supports our hypothesis that there are increases
STSV in kinetic and kinematic parameters when a sufﬁcient level
of instability occurs. Nevertheless, it also suggests that the study
was not sensitive enough at detecting the difference between
stage 0 and stage 1. This may be due to the small cohort of the
study. With this considered, future studies may beneﬁt from a
larger patient population.
Another option may be to increase the number of trials at each
stage of instability. A study by Owings and Grabiner, suggests that
the precision of STSV data increases signiﬁcantly as the number of
strides recorded and analyzed is increased (Owings and Grabiner,
2003). While this is difﬁcult to do it a three-dimensional motion
analysis gait lab (Hausdorff, 2005), future studies should attempt
to carry out many more trials by attaching the motion analysis
system to a large treadmill with force plates and ask the patient to
walk for one extended trial at each stage of instability. Nevertheless, the ﬁndings of the present study are relevant to the many
patients undergoing gait analyses for other reasons.
The applicability of these results to patients is also limited. Our
schema of instability, although controlled, is different in nature to
instability in the elderly or patients with neurological disorders. It is
difﬁcult to determine if our schema of instability mimics the cause
of instability in these individuals. Unstable gait can present very
differently in different individuals who are affected. In some
patients, central or peripheral neurological degeneration is responsible for symptoms. In others, instability results from physiological
changes – often age-related – affecting the visual, musculoskeletal,
vestibulocochlear, somatosensory and cardiovascular systems. It is
assumed that the center of mass of individuals who are unstable will
increasingly vary in comparison to the base of support (Hollman
et al., 2007a,b). The model utilized in the present study mimics gait
instability via a perturbative, rocker-type motion during gait. It is
important to emphasize that it may not completely overlap with
physiological ﬁndings in some unstable adults. Nonetheless due to
the multi-factorial nature of this pathology, no one model could be
suitable for all patients. Our model must be compared in future
studies with several types of instability disorders. Regardless, considering almost all the parameters of the present study were able at
identifying instability in healthy individuals, it can be assumed that
most will detect instability in patients as well.
In addition, participants in the present study walked at a relatively slow walking speed (1.1570.16 m/s) compared to normal
young adults (1.40–1.50 m/s) (Bohannon, 1997). This probably
occurred since the subjects walked inherently slower while wearing the apparatus with elements than normally. This slower pace
while walking with the device was set to each subject with
the metronome before data capture. Therefore the slow walking
speed was kept consistent per participant throughout the trials.
The slower walking speed in the present study may give a more

accurate model of the gait patterns of the elderly and of individuals
classiﬁed as fallers since they too have been found to walk at
slower walking speeds (Callisaya et al., 2010; Toulotte et al., 2006).
It is also important to add that the present study only
evaluated the kinetic and kinematic parameters in the sagittal
and coronal planes. The kinetic and kinematic parameters in the
transverse plane were not considered due to the inaccuracy of the
results for these parameters. It was also assumed that these
parameters would be least affected by an increase in instability.
Nevertheless, future studies should examine these parameters to
determine if similar changes occur.
In conclusion, global instability during a dynamic task can be
identiﬁed using the STSV in kinetic and kinematic parameters of
gait when a sufﬁcient level of instability is presented. The most
sensitive are knee ﬂexion moment, knee varus moment, knee
ﬂexion angle and hip adduction angle. Knee varus moment not
only can identify instability but can be used quantify its severity
as well. These ﬁndings may beneﬁt clinicians evaluating patients
who are potentially unstable or for the development of new
therapies for treating unstable patients.
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ABSTRACT: Footwear-generated biomechanical manipulation of lower-limb joints has been shown to influence lower-limb biomechanics. Numerous studies report the influence of such interventions on the knee, however little is known about the influence of these
interventions on the hip. The present study analyzed kinetic and kinematic changes about the hip of 12 healthy young males who
underwent biomechanical manipulation utilizing the APOS biomechanical device (APOS–Medical and Sports Technologies Ltd.,
Herzliya, Israel) allowing controlled foot center of pressure manipulation. Subjects underwent gait testing in four para-sagittal device
configurations: Medial, lateral, neutral, and regular shoes. In the medial configuration, subjects demonstrated no change in step width
(i.e., distance between right and left foot center of pressure), however inter-malleolar distance significantly increased. Likewise with
the medial setting, greater hip abduction was recorded, while hip adduction moment and joint reaction force decreased significantly.
We speculate that subjects adopt a modified gait pattern aimed to maintain constant base of support. As a result, hip abductor muscle
moment arm increases and adduction moment and joint reaction force decreases. To the best of our knowledge this is the first study
to show this relationship. These results contribute to the understanding of lower-limb biomechanics and warrant further investigation.
 2014 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res
Keywords: center of pressure; footwear-generated biomechanical manipulations; gait analysis; hip adduction and abduction; frontalplane kinetics and kinematics of the hip

Footwear-generated biomechanical manipulation (e.g.,
wedge insoles and foot orthotics), commonly used in
clinical practice, has been the focus of vast biomechanical research and has been shown to alter lower-limb
biomechanics and reduce joint loads in both healthy
and pathological subjects.1–8 These devices have been
reported to shift the foot’s center of pressure (COP)
thus changing the locus and orientation of the resultant ground reaction force (GRF). They work on the
principle that the lower limbs act as a system of
chained links forming a functional kinetic unit.9 Thus
the effect of changing the COP is carried up the chain
starting from the most proximal joint (i.e., ankle,
knee, hip). By changing the locus and orientation
of the GRF, and hence the perpendicular distance
from the GRF to the center of the joint being
investigated, the kinematics, kinetics, and neuromuscular activity about the joint are also affected.1,7,8,10–12
This in turn may alter the loading conditions of the
joint. Footwear-generated COP manipulation which
displaces the COP in such a way to reduce joint loads
via this mechanism has been the focus of vast research
since recommendations for degenerative joint diseases
include reducing load on the pathological joint.13
However, in-depth studies of influence of such interventions on the hip joint, specifically with an eye
toward clinical implications, are scarce and, in general, there is a void of biomechanical analyses, with
specific respect to the hip joint, of footwear capable of
manipulating lower-limb biomechanics.
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Correspondence to: Deborah Solomonow-Avnon (T: þ972549203982;
F: þ97248295711; E-mail: dsolo@tx.technion.ac.il)
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Loads in the hip joint during gait have been measured to be 2 to over 5 times body weight.14–17 These
extreme loads may be detrimental to the joint, causing
further damage, pain, and disease progression in the
case of degenerative diseases.18 The abductor muscles’
force acting across the hip joint contributes a major
component of the load on the hip joint.19,20 In fact, it has
been shown that the gluteus medius, a major hip
abductor muscle, contributes the most to the vertical
and medio-lateral components of the hip joint contact
force out of all of the key muscles that span the hip joint,
including abductors, adductors, flexors, extensors, and
rotators, and also more than gravitational and centrifugal forces, as well as all other muscles of the ipsilateral
limb.21 In addition, it was shown that the gluteus
medius and minimus, also a hip abductor, were among
the muscles that contributed the most to the first peak
of the total GRF and were nearly solely responsible for
the midstance GRF.22 It is also suggested that abductor
muscles contribute more to the joint force than body
weight.23 According to the standard frontal-plane model
of the hip-pelvis complex, in single limb stance, the hip
acts as a fulcrum to keep the pelvis parallel to the
ground (Fig. 1a). The moment about the hip produced by
the body weight minus the weight of the ipsilateral leg
(K*a) is counteracted by the moment produced by
contraction of the abductor muscles (M*b). The effective
body weight (K) plus the abductor muscles’ force (M)
produces a resultant joint reaction force (JRF).
Gait in the frontal, sagittal, and transverse planes
occurs due to a balance or specific imbalance of internal
and external forces acting about joints of the lower
limbs. External forces about the joint result from the
GRF, while internal forces result from active and
passive anatomical structures including muscles, bones,
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Figure 1. (a) Standard free body diagram of normal hip joint,
(b) superimposed free body diagram (in blue) for medially shifted
COP with demonstrated increased hip abduction, increased hip
abductor muscle moment arm, decreased abductor muscle force,
and decreased resultant JRF (illustration is exaggerated for
visual clarity), and (c) demonstration of study finding in which
subjects maintain constant base of support (distance between
biomechanical elements’ centers) for medial and lateral configurations while consequently increasing IMD for medial compared
to lateral configuration. M ¼ hip abductor muscle force, b ¼ abductor muscle moment arm, K ¼ body weight minus weight of
ipsilateral limb, a ¼ body weight moment arm, R ¼ resultant joint
reaction force.

and viscoelastic tissues. These forces produce moments
that act about the joints. The magnitude of the external
frontal, sagittal, and transverse-plane hip moments are
equal to the magnitude of the vector component of the
GRF in the plane of interest times the perpendicular
frontal, sagittal, or transverse plane distance, respectively, from the GRF vector component to the center of
hip rotation. Using three-dimensional gait analysis
apparatus, such as a camera and force plate system,
the GRF and associated kinematics can be measured.
The kinetics can then be calculated from these measures using an inverse dynamics approach.24,25 When
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there is no movement, a balance of internal and
external moments exists (i.e., net moment equals zero),
while when movement occurs, there is an imbalance of
moments (i.e., net moment is not equal to zero and at
least one moment must be greater than its corresponding counteracting moment). Counteractive muscle pairs
may create internal moments, which combined with the
external moments, act in synchrony to allow for
coordinated movement of the joint. This critical imbalance is what enables controlled human locomotion.
Using an inverse dynamics approach, external hip
moments and inter-segmental forces can be calculated.
The calculations reveal approximate values since certain parameters, such as segment masses, gravitational
forces, passive moments, etc., cannot, for all practical
purposes, be accurately measured. It is assumed that
these external kinetic parameters represent a reasonably close estimation of the true kinetics acting about
the hip.
In a previous work by our group, we used a
biomechanical apparatus which enabled controlled
COP manipulation. We demonstrated that a measured
alteration of the device lead to a shift in the COP
trajectory during stance phase, which generated a
reduction in knee medial-compartment joint loads and
external knee adduction moment in both healthy1 and
knee osteoarthritis (OA) patients.2 The present study
was therefore devised to establish the outcome of this
biomechanical intervention on the hip joint. Since the
hip is a ball-and-socket joint as opposed to the knee,
and has a very different function in gait, the theoretical framework for the present study was based on the
aforementioned free body diagram and specific biomechanical principles of the hip joint.
Past research showed that step width (distance
between right and left COP) remained constant during
medio-lateral COP manipulation.1 We therefore hypothesized that in order to maintain constant step
width in a medial COP device configuration, intermalleolar distance (IMD) will increase by means of
relative hip abduction. Hip abduction has been shown
to increase the abductor muscles’ moment arm, thus
decreasing the amount of abductor muscle force required to balance body weight.26 We thereby further
hypothesized that the relative hip abduction would
lead to a decrease in external hip adduction moment
(due to decrease in abductor muscle force) and hence a
decrease in hip JRF, in direct accordance with
Figure 1a and b.

METHODS
Participants
Existing data from a previous study focusing on the knee
joint was utilized for analysis with respect to the hip joint.
The study group consisted of 12 healthy anthropometrically
similar male subjects (Dominant leg ¼ Right, Shoe size ¼
French 43, Age ¼ 25.7  2.13 years, Height ¼ 177  3.8 cm,
Mass ¼ 73.3  4.87 kg).1 Subject exclusion criteria were any
orthopedic, musculoskeletal, or neuromuscular pathology.
Approval of the Ethics Sub-Committee was obtained and
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informed consent was given by all participants. The purpose
and methods of the study were explained to the subjects.
The Biomechanical System
The APOS biomechanical device (APOS System, APOS—
Medical and Sports Technologies Ltd. Herzliya, Israel) was
used. A detailed description of the device was previously
reported.1 In brief, COP manipulation is accomplished using
a platform in the form of a shoe in which two adjustable
convex-shaped biomechanical elements are attached to the
feet by means of a shoe sole specially designed with two
mounting rails (Fig. 2a). A medial or lateral shift of the
elements along the medio-lateral foot axis causes a corresponding directional shift of COP.1
Experimental Protocol
Prior to the study, functional assessment of each subject
was performed by a single physician (A. Haim). Subsequently, the functional neutral configuration (FNC) was
custom-defined and documented by a single trained physiotherapist. The FNC was defined for each subject as the
position of the elements in which the least varus, valgus,
plantar, and dorsal torque was exerted by the apparatus
about the ankle. The physiotherapist set the position of
this configuration by observing the subjects’ gait and
making adjustments until he was satisfied that the proper
positioning was achieved. The medial and lateral COP
configurations were defined as 0.8-cm medial and 1.5-cm
lateral deviations of the biomechanical elements from the
neutral sagittal axis (Fig. 2b–d).

Figure 2. (a) Biomechanical device with adjustable elements in
(b) neutral, (c) lateral, and (d) medial configurations.

3

Subjects were given a several-minute period prior to data
acquisition to walk at a comfortable self-selected speed in
order to become accustomed to the shoes. During this period,
a metronome was set to the subject-selected walking speed
and was used during every gait trial in which data were
collected to ensure constant cadence. After the accustomization period, gait analyses were performed in the four COP
conditions—medial (M), neutral (N), lateral (L), and the
biomechanical device with no biomechanical elements attached (NB) (similar to regular shoes)—at random order on
the same day.
Data Acquisition and Processing
Three-dimensional motion analysis was performed using an
8-camera Vicon motion analysis system (Oxford Metrics
Ltd., Oxford, UK) for kinematic data capture, at a sampling
frequency of 120 Hz. GRFs were recorded by two 3-dimensional AMTI OR6–7-1000 force plates placed in tandem in
the center of a 10-m walkway, at a sampling frequency of
960 Hz. Kinematic and kinetic data were collected simultaneously while subjects walked over the walkway. A standard marker set was used to define joint centers and axes
of rotation.27 A knee alignment device (KAD; Motion Lab
Systems Inc., Baton Rouge, LA) was used to estimate
three-dimensional alignment of the knee flexion axis during
a static trial. Joint angles were calculated based on marker
locations using ‘PlugInGait’ (Oxford Metrics Ltd., Oxford,
UK), and joint forces and torques were calculated via
’PlugInGait’ using inverse dynamic analyses from kinematic data and force plate measures. All analyses were
performed for the dominant leg. Joint moments were
normalized for body mass.
Various gait parameters were recorded with respect to
each of the four different device configurations. The
following parameters were calculated: The hip joint adduction angle, external adduction moment, frontal-plane
hip JRF (i.e., the inter-segmental force between the thigh
and pelvis segments in the link-segment model), and JRF
angle (i.e., the angle formed by the frontal-plane JRF and
the transverse pelvic plane). All aforementioned kinetic
and kinematic parameters were calculated at 2 distinct
time points during the stance phase—the first (loadbearing) and the second (push-off) peaks of the GRF. We
elected to do so since the two peaks in GRF were easily
identifiable in all gait trials of all subjects, and these
peaks approximately coincided with the peaks in JRFs
and adduction moment. In addition, the following spatiotemporal parameters were calculated: Step width, IMD,
speed, and cadence. Step width was calculated as the
distance between COPs of the right and left foot by means
of the force plates, while IMD was calculated as the
distance between the lateral ankle markers, located on
the lateral malleoli, at peak 1 of the right and left foot
GRFs for the same steps on the force plates.
Statistical Analysis
Data was analyzed by a biomedical statistician (A.Herman)
using R version 2.11.1 (Vienna, Austria).28 The Wilcoxon
signed-rank test was used as a paired test to compare each
variable between different shoe component configurations
(M, N, L, NB). Bivariate nonparametric correlation was done
using the Spearman’s correlation coefficient. All p-values
reported are two-sided. A p-value below 0.05 is considered
statistically significant.
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RESULTS
Spatio-Temporal Parameters
Results for spatio-temporal parameters are shown in
Table 1. Step width, speed, and cadence did not differ
significantly between any of the four COP conditions.
The IMD was 21% and 13% increased with M compared to N and NB, respectively, and 31% increased
compared to L.
Hip Kinetics and Kinematics
Figure 3a–c shows representative graphs of hip adduction/abduction angle, adduction/abduction moment,
and frontal-plane JRF versus percent stance phase,
respectively, in the four different walking conditions.
The adduction angle (Fig. 3a) is clearly reduced with
M throughout most of stance phase, from loading
response to the end of terminal stance. The adduction
moment (Fig. 3b) is reduced around peak 1 for M,
most markedly in the first half of midstance. The
frontal-plane JRF (Fig. 3c) is also clearly reduced in
magnitude in the first half of midstance.
Results for values of the kinetic and kinematic
parameters tested in the different device configurations, recorded at the time of 1st and 2nd peaks of the
GRF, are listed in Tables 2 and 3, respectively. On
average, the hip adduction angle at peak 1 was
significantly reduced by 29% with M configuration
compared to N, reduced 32% with M compared to NB,
and reduced 37% with M compared to L. Correspondingly magnitude of the adduction moment was significantly reduced by 14% with M configuration compared
to N, reduced 8% with M compared to NB, and reduced
12% with M compared to L. The frontal-plane JRF was
significantly reduced by 8% with M configuration
compared to both N and L. The angle between the
resultant frontal-plane JRF and the horizontal pelvis
line (Hilgenreiner’s line) was significantly increased
(JRF became more vertical), although only 1% and 2%
with M compared to NB and L, respectively, whereas
the angle was 1% significantly decreased with L
compared to N.
At peak 2 of the GRF, on average, the adduction
moment was significantly reduced by 7% with M
compared to L only. Contrary to peak 1, the JRF at
peak 2 was reduced with L compared to N, but only
by 2%. The adduction angle at peak 2 did not
significantly differ between any of the four COP

Table 1.

Figure 3. Representative graph of (a) adduction/abduction
angle, (b) adduction/abduction moment, and (c) frontal-plane JRF
for all four walking conditions versus percent stance phase.

conditions. The JRF angle was significantly increased
1% with M compared to L, while it was significantly
decreased 1% and 2% with L compared to N and NB,
respectively.
Table 4 shows results for statistical correlations
between peaks 1 and 2 of the adduction moment and
adduction/abduction angle and the magnitude of the
resultant frontal-plane JRF. Peaks 1 and 2 of the
adduction moment showed significant positive correlations to their associated adduction angle and JRF.
Adduction angle was positively correlated to the JRF
only at peak 2.

Comparison of Spatio-Temporal Parameters (n ¼ 12)

COP Position
Spatio-temporal
Step width [m]
IMD [m]
Speed [m/s]
Cadence [steps/min]

M

0.16
0.17
1.13
100.9

(0.03)
(0.34)
(0.15)
(8.62)

N

0.16
0.14
1.13
100.1

(0.04)
(0.30)a(p
(0.16)
(8.99)

L

¼

0.005)

0.17
0.13
1.13
102.0

(0.03)
(0.23)a(p
(0.20)
(7.64)

NB

¼

0.001)

0.15
0.15
1.13
100.2

(0.03)
(0.31)b(p
(0.16)
(10.5)

¼

0.003) a(p ¼

0.042)

Mean (standard deviation) of spatio-temporal parameters (n ¼ 12); a ¼ p value <0.05 for comparison with medial element position; b ¼ p
value <0.05 for comparison with lateral element position.
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5

Comparison of Hip Kinetics and Kinematics at Peak 1 of GRF (n ¼ 12)

COP Position
Kinetics
Hip Adduction
Moment at Peak
1 [N-mm/kg]
Magnitude of
Resultant
Frontal-Plane
JRF at Peak 1 [N/
kg]
Kinematics
Hip Adduction
Angle at Peak 1
[Degrees]
Angle between
Resultant
Frontal-Plane
JRF at Peak 1
and the
Horizontal
[Degrees]

M

N

L

NB

630.73 (106.3)

734.47 (123.6)a(p ¼ 0.012)

7.85 (0.68)

8.49 (0.66)a(p ¼ 0.009)

8.53 (0.39)a(p ¼ 0.005)

2.53 (3.00)

3.54 (3.00)a(p ¼ 0.005)

4.03 (3.22)a(p ¼ 0.002)

3.7 (3.11)a(p ¼ 0.003)

87.19 (2.19)

86.71 (2.02)b(p ¼ 0.021)

85.53 (2.75)a(p ¼ 0.001)

86.19 (1.56)a(p ¼ 0.027)

716 (123.4)a(p ¼ 0.002)

685.92 (82.6)a(p ¼ 0.042)

8.24 (0.77)

c(p ¼ 0.034)

Mean (standard deviation) of kinetic and kinematic parameters associated with peak 1 of GRF (n ¼ 12); a ¼ p value <0.05 for
comparison with medial element position; b ¼ p value <0.05 for comparison with lateral element position; c ¼ p value <0.05 for
comparison with neutral element position.

DISCUSSION
The results presented establish a quantitative relationship between footwear-generated COP manipulation along the medio-lateral foot axis and hip joint
kinetics and kinematics. To the best of our knowledge
such quantitative association has not been previously
reported. In accordance with the hypothesis, with the
medial condition of the apparatus the inter-malleolar
distance was increased and step width as measured by
the force plates remained constant (Fig. 1c). This

Table 3.

increase was accompanied by increased relative hip
abduction (decreased adduction angle). Likewise, with
medial transposition of the elements, a significantly
lower hip adduction moment and frontal-plane JRF
were recorded during stance phase. This is in agreement with a previous study which showed that maximum isometric hip adduction moment decreases with
increasing hip abduction angle.29 Hip abductor
muscles’ moment arm has been shown to increase
continually from 30 degrees of hip adduction to 45

Comparison of Hip Kinetics and Kinematics at Peak 2 of GRF (n ¼ 12)

COP Position
Kinetics
Hip Adduction Moment
at Peak 2 [N-mm/kg]
Magnitude of Resultant
Frontal-Plane JRF at
Peak 2 [N/kg]
Kinematics
Hip Adduction Angle at
Peak 2 [Degrees]
Angle between Resultant
Frontal-Plane JRF at
Peak 2 and the
Horizontal [Degrees]

M
629.37 (159.2)
8.02 (0.56)

0.42 (3.46)
85.66 (3.72)

N
676.19 (149)

L
677.95 (165.68)a(p ¼ 0.009)

NB
669.48 (135.25)

8.19 (0.45)b(p ¼ 0.021)

7.99 (0.41)

8.00 (0.61)

0.13 (3.19)

0.03 (3.63)

0.53 (3.18)

85.48 (2.97)b(p ¼ 0.042)

84.41 (3.63)a(p ¼ 0.001)

Mean (standard deviation) of kinetic and kinematic parameters associated with peak 2 of GRF (n ¼ 12);
comparison with medial element position; b ¼ p value <0.05 for comparison with lateral element position.

86.31 (3.39)b(p ¼ 0.021)

a

¼ p value <0.05 for
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Table 4.

Correlations Between Hip Kinetic and Kinematic Parameters (n ¼ 12)

Adduction moment peak1
Adduction angle @ peak 1

Adduction moment peak 2
Adduction angle @ peak 2

Adduction Angle @ Peak 1

Frontal-Plane JRF @ Peak 1

0.5 (p ¼ 0)

0.39 (p ¼ 0.006)
0.057 (p ¼ 0.703)

Adduction angle @ peak 2

Frontal-plane JRF @ peak 2

0.298 (p ¼ 0.04)

0.513 (p ¼ 0)
0.362 (p ¼ 0.011)

Correlations r (p) between selected kinetic and kinematic parameters recorded at peaks 1 and 2 of GRF.

degrees of abduction.26 This could clarify the above
findings, where relative hip abduction shifts the femoral insertion of the hip abductors to a more lateral
position, thus increasing the moment arm of these
muscles, resulting in a decrease in the external hip
adduction moment required to counteract the body
weight moment and maintain the pelvis parallel to the
ground (Fig. 1b). A decrease in hip abductor muscle
force acting about the hip joint, as seen by the
decrease in hip adduction moment, would therefore
decrease the frontal-plane JRF. We speculate that
subjects in this study adopted a gait strategy intended
to maintain a constant effective base of support (i.e.,
the horizontal distance between the biomechanical
elements, measured as step width using the force
plates). When the elements where shifted medially,
subjects assumed a more abducted hip gait in order to
maintain base of support, and as a result the hip JRF
was significantly reduced.
Another important finding was that medial transposition of the biomechanical elements caused the frontal-plane JRF vector to become more vertical. This
phenomenon may have occurred because of the more
neutral angle (adduction angle approaching closer to
zero degrees) with the medial configuration. In this
case, the more neutral angle may have reduced the
forces being transferred along the horizontal axis in
conjunction with the reduction in abductor muscles’
force. It must be noted, however, that the change in
the JRF angle between device configurations, although
statistically significant, was very small and may not
be substantial.
Hip joint OA is one of the most common joint
disorders in the United States and in Europe and is a
leading cause of disability in the elderly, with more
than 200,000 total hip replacements performed annually in the United States, according to the American
Association of Orthopaedic Surgeons. Although the
pathogenesis of OA is not completely understood, there
is substantial evidence that biomechanical factors play
a pivotal role in disease progression.20,30 Compressive
and shear stresses on a joint may be a major mechanism for mechanical failure of cartilage as seen in
degenerative diseases.31,32 Nevertheless, for the purpose of treating hip OA, advice concerning appropriate
footwear is based on expert opinion alone.13 In this
study, walking with the medial configuration of the
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2014

202

apparatus significantly reduced frontal-plane JRF.
Moreover, this intervention also significantly reduced
peak 1 of the adduction moment. In a cohort of
subjects scheduled for total hip replacement, peak hip
adduction moment was associated with an accelerated
joint space narrowing of the contralateral hip.33 Peak
hip adduction moment was also suggested to be a
major determinant of the peak hip contact force.34
This further emphasizes that a COP displacement
which reduces adduction moment and joint loads may
also lead to a slowing or stopping of joint space
narrowing in hip OA patients. In this study, however,
due to the scarcity of studies validating the biomechanical factors of cartilage degeneration in the
hip, we did not use the observed reduction in adduction moment as the main outcome of the COP manipulation, but rather the reduction in JRF. It has been
established that OA in general, and hip OA in particular, has onset/progression associated with excessive
joint loads.20,30,35–39 We therefore used the adduction
moment as an intermittent parameter to explain our
observed reduction in JRF. Under a quasistatic assumption during stance phase, the external adduction
moment is equal and opposite to the internal abductor
muscles’ moment. Thus if, as we suggested, abductor
muscle force is reduced in the medial condition, this
would be reflected by a reduction in the external
adduction moment as was observed. We thus suggest
that a reduction in abductor muscle force, as seen by
the reduction in external adduction moment, contributed to the reduction in JRF that we observed.
Footwear-generated manipulation of joint mechanics by means of wedged insoles, which essentially shift
the COP along the medio-lateral foot axis, is a common
and accepted therapy for knee OA. They may reduce
pathologically enhanced moments about the knee,
thereby reducing load on the diseased joint compartment.40,41 However, shoe wedges revealed no effect on
hip kinetics or kinematics in knee OA patients42 and
healthy subjects.12 In contrast, the present study
revealed significant impact on hip joint kinetics and
kinematics with medio-lateral COP manipulation.
This may be due to a more extreme displacement of
COP compared to wedges. The degree of displacement
of COP using the device of our study can be adjusted
continuously in a large portion of the transverse plane
of the foot, whereas the degree of displacement using
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wedges is constant and determined by the angular
incline of the insole. Additionally, the convexity of the
elements attached to the shoe sole of the device of this
study induces an unstable platform that the user must
adapt to. In order to maintain stability, the device
may “force“ the user to walk in such a way that he/she
must adopt the new COP along with the associated
altered gait and neuromuscular pattern. We believe
that the unique design of the device which merges
both a custom-positioned COP along with an element
of instability may be the reason that we were successful in showing statistically significant results, where
the studies using shoe wedges failed to do so.
Several limitations arising from the current study
should be noted. Firstly, employment of the apparatus
with no elements attached was defined as a control.
This setting was elected to ensure consistency of the
kinematic model (biomechanical elements were attached and modulated without repositioning of the
retro-reflective markers). The flat rather than curved
bottom presents a more stable contact interface and
could result in lesser demands on the neuromuscular
system to balance. To limit this potential bias, the
neutral configuration was used as a reference and a
secondary control for evaluation of the medial and
lateral configurations. Nevertheless, it should be noted
that the COP in the neutral axis was medially deviated by 6.27 mm with respect to the control.1 In addition,
it should be emphasized that the participants in this
study comprised a distinctive homogeneous cohort
(i.e., healthy, young male adults). These results are
therefore valid only for individuals with characteristics similar to those of the tested group. Further
studies are needed before these findings can be
extended to other populations. In addition, the absolute difference of the presented gait parameters between COP conditions in some cases, though
statistically significant, was relatively small. We demonstrated statistical significance of hip kinetics and
kinematics of the four walking conditions measured at
peak 1 of the GRF, whereas there was relatively minor
significance at peak 2. Previous studies have reported
greater variability of gait parameters at peak 2, which
may account for this.1,43 Additionally, we acknowledge
that our small sample size may present a limitation.
Despite this, we found statistical significance between
COP conditions of the tested parameters. In addition,
patients served as their own controls for each walking
condition, while the test setting did not change (i.e.,
markers remained fixed and were not moved and
testing was performed on the same day). We believe
that this further validates our results despite the
small sample size, as we eliminated factors such as
marker movement, between-day variability, and variability among different control and test subjects. Past
studies used to analyze hip kinetics and kinematics in
different walking conditions have used similar sample
sizes.10,44–47 We also acknowledge that anatomical
variations in the neck of the femur among subjects
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would likely impact the hip kinetics. This is a bias
shared by all gait analysis studies of this type. Again,
since subjects served as their own control we believe
our results show the true relative relationship between
COP manipulation and hip joint kinetics and kinematics. We also acknowledge that positioning of the FNC
for the neutral control position was subjective with
respect to the physiotherapist who positioned the
elements of the device based on observational gait
analysis to achieve this condition. Nevertheless, since
each subject served as their own control for the
different walking conditions we tested, we believe that
if there was a small error in the positioning of the
FNC, it would not greatly affect the relationship of
the tested parameters in the control compared to the
medial and lateral COP configurations. Lastly, the use
of a straightforward inverse dynamics approach to
calculate external joint forces, described in the literature in detail,24,25,48–50 although very commonly used
in gait analysis studies of lower-limb joints,43,51–54
presents a well-known limitation. This method likely
underestimates the JRF to some extent since muscle
and soft tissue dynamics are not taken into account.
Several studies have attempted to use musculoskeletal
models with a combined inverse dynamics approach to
estimate these dynamics, however these models are
also not without limitations as they are frequently
unvalidated, rely on many assumptions, and have
been shown in many instances to substantially overestimate joint forces.55 Regardless, we are confident that
any error incurred in our results due to assumptions
made by the inverse dynamics model would be adequately controlled for by our experimental protocol
since subjects served as their own controls in the
manner aforementioned. We thus expect that, despite
this limitation, the outcome of our study in which a
medially displaced COP reduces the frontal-plane hip
joint force would not be affected by a potential
underestimation of the joint force.
Finally, it is necessary to declare that we do not
intend for the reader to draw any immediate clinical
conclusions from the results of this study. This study
was strictly a pilot study whose objective was to
analyze the relationship between specific COP displacements in the frontal plane and the resulting
changes in kinematics and kinetics of the hip, and to
determine if these changes would be statistically
significant. We intend that the statistical significance
found for our results illuminate certain aspects of the
effect of footwear-generated biomechanical manipulation of the hip joint on biomechanical parameters of
the hip, and be used as a foundation for further
research, including research in a pathological cohort.
Although we have exhibited that a medial COP
reduces the frontal-plane JRF in our study cohort,
this result must first be confirmed in a cohort of
subjects with degenerative hip disease before making
the claim of clinical implications. Nevertheless, the
results presented are still valid and could contribute
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to the knowledge in the field of biomechanics and
footwear design.
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Abstract
Background: Unstable sole designs have been used as functional or therapeutic tools for improving body stability
during locomotion. It has been suggested that the narrow base of support under the feet generate perturbations
that challenge the instability of different joints during motion, thereby forcing the body to modify its movement in
order to maintain a stable gait. The purpose of the present study was to explore the correlation between the
stability of the footwear-device and the magnitude of perturbation conveyed during gait.
Methods: Various levels of dynamic instability were achieved using a novel foot-worn platform with two adjustable
convex rubber elements attached to its sole. A total of 20 healthy male adults underwent direct in-shoe pressure
measurements while walking with the footwear device. Foot center of pressure (COP) and stride to stride variability
measures were extracted to examine the correlation between the magnitude of the instability and the imposed
perturbations during gait.
Results: A counterintuitive but significant correlation was found between stride to stride variability and the
instability of the biomechanical elements. Moreover, there was significant correlation between the instability of the
elements and the perturbations found in the COP trajectory. The linear model describing this correlation was found
to be statistically significant.
Conclusion: There was significantly negative correlation between the level of instability induced by the shoe
design and the amount of perturbations conveyed during gait. This suggests that the external perturbation must
remain within a certain range limit. Exceeding this limit can negatively affect the treatment and probably lead to
opposite results.
Keywords: Gait, Foot center of pressure, Plantar pressures, Unstable shoe design

Background
In recent years, a novel therapeutic approach to musculoskeletal pathologies, centered on neuromuscular reeducation, has emerged and has been the focus of a vast
amount of research [1–3]. The principal behind these
therapeutic interventions is that the neurological system
controlling locomotion is plastic and, given accurate
stimuli, can generate enhanced motor activation patterns
that can compensate for anatomical pathologies which
compromise gait [4].
It has been suggested that perturbation can generate
the appropriate stimuli to improve proprioception and
to adopt altered motor control strategies during gait.
* Correspondence: khoury.mona@gmail.com
1
Biorobotics and Biomechanics Lab (BRML), Faculty of Mechanical
Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel
Full list of author information is available at the end of the article

Footwear-generated biomechanical manipulations have
been commonly utilized for this objective [5]. Acting as
an interface between the feet and the ground, footwear
can manipulate sensory feedback information originating
from the plantar surface of the foot and generate these
stimuli. The idea behind these designs is to introduce
controlled diminished support, thereby challenging joint
stability and balance control, a strategy that may allow
users to develop motor skills adequate to protect their
joints from potentially harmful loads during functional
activities [6].
Several unsteady shoe designs have been developed
and have been reported to produce favorable outcomes
of functional activity and pain reduction [6–10]. Findings related to the effect of the MBT unstable shoe sole
showed that wearing these shoes in a standing position

© 2015 Khoury et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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increases the movement amount of the trajectory of the
center of pressure (COP) [3]. Erhat et al. reported that
training with the partial stiffness sole shoe in patients suffering from knee osteoarthritis (OA) resulted in decreased
knee adductor moment [8]. Recent studies by our group
have focused on a novel foot-worn biomechanical device
(APOS therapy) which consists of a foot-worn platform
with two convex-shaped rubber elements attached to its
sole. The elements are available in different levels of convexity and can be shifted and rotated in any position
under the sole of the shoe to allow various biomechanical
manipulations. We found that controlled shifts of the elements can significantly alter the location of the foot COP
[11], thereby influencing kinetic and kinematic parameters
of gait for both healthy individuals and OA patients [12].
Moreover, the convex nature of the elements gives the device slight unsteadiness when worn and, since subjects
can wear the device while walking, the device induces dynamic perturbations during walking. It was suggested that
repetitive and programmed use of the device may lead to
motor learning and gait corrections in patients suffering
from knee osteoarthritis (OA) [1, 2, 5, 11, 12].
However, the effect of the instability of the elements
on the level of perturbation generated has yet to be
established. It is well accepted that perturbation manifests as stride to stride variation of gait parameters as
well as in the trajectory of the foot’s COP [11]. Therefore,
we devised the current study to explore the association
between the stability of the foot-device and the magnitude
of perturbation conveyed during gait. We hypothesized
that increasing the instability would be reflected in stride
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to stride gait variability (STSV) as well as in the magnitude
of fluctuations of the COP trajectory.

Methods
Participants

The study cohort was comprised of 20 healthy male volunteers without any known history of injury or any postural or
skeletal disorder which could affect normal posture or gait.
All participants had an equivalent shoe size (French 43), a
right dominant leg and a similar anthropometric profile. The
participants’ mean ± SD age was 24 years ± 11 months,
height was 176.1 ± 3.29 cm, and body mass was 68.8 ±
6.67 kg. Approval of the local Ethics Committee Ha'Emek
Medical Center (Afula-Israel) was obtained and informed
consent was given by all participants.
The biomechanical system

The biomechanical device (APOS-Medical and Sports
Technologies Ltd., Herzliya, Israel) utilized in this study
has been previously described in detail [11]. In brief, the
device comprises a foot-worn platform with two adjustable convex rubber elements attached to its base, one
under the hind foot and one under the forefoot (Fig. 1).
The convex nature of the elements gives the device a
slight unsteadiness when worn. The convexity of the elements increases as the height of the elements increases.
A variety of elements of different heights can be attached
and interchanged on the device. For the purposes of the
current study we utilized four different heights. Each
height defined different level of stability. Elements with a
height of 7.3, 9.2, 10.8 and 12.2 mm defined Level 1, 2, 3

Fig. 1 Biomechanical platform and the rubber elements with four different convexities
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and 4 accordingly. Were level 1 was defined as the lowest instability and level 4 the highest instability.
Experimental protocol

Prior to testing, participants were functionally assessed
by a physiotherapist and were asked to walk several minutes with the shoe-device, in order to become accustomed to it. Then, through observations of the subject’s
walk and his feedback regarding the comfort of use during walking, a qualified physiotherapist defined the
“functional neutral configuration” (FNC) to which the elements were fixed throughout the whole experiment.
For healthy users, FNC was defined as the position of
the elements in which the apparatus exerts the least valgus, varus, dorsal or plantar torque about the ankle. This
procedure has been previously described [11, 13]. Four
successive plantar pressure testing were performed, each
with a different stage of instability as defined earlier. The
only difference between the testing conditions was the
convexity of the elements.
All measurements were applied while the participant
walked over a flat 30 m long surface, at a constant selfselected velocity. At the beginning of each experiment
we have captured the typical walking speed for each participant and then fixed a metronome to that rhythm so
that the walking velocity remains constant during all experiment conditions. All conditions were tested in arbitrary order on the same day. To insure uniformity of
testing conditions, all subjects were provided with the
same biomechanical system and all calibrations of the
biomechanical device were performed by the same
physiotherapist.
Data acquisition and processing

Plantar pressure testing was applied using the Pedar-x
Pressure-measurement system (Novel Electronics, St.
Paul MN, USA) which consists of 2.5 mm thickness insoles incorporating a matrix of 99 pressure-sensitive
capacitive insoles which can be placed into the subject’s
footwear to measure pressure during gait. The sensors
were sampled at a rate of 100 Hz. Foot COP data was extracted and analyzed for the dominant leg using Matlab.
Stride to stride variability (STSV) was defined for each
of the testing condition as standard deviation in stance
length for each testing condition and directly extracted
from the Pedar system.
Moreover, we defined two measures to examine if the
level of instability was reflected in the foot COP trajectory. The first measure was the perturbations of the
COP data and was calculated as the root mean square
change in medial-lateral position of the COP during
each stance phase. Mean values were calculated for each
level of instability as the average value of all steps in the
same trial. The second measure was defined as the mean
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medio-lateral location of the COP trajectory and was
evaluated for four sub-phases of the stance phase: loading response (LR): 0 to 10 %; mid-stance (MS): 10 to
30 %; terminal stance (TS): 30 to 50 %; and pre-swing
(PS): 50 to 60 %. Values were averaged over all steps.
To determine if the stage of instability affected STSV
and both COP measures, three linear mixed effect
models were fitted. In one model, STSV was the
dependent covariate with element height as fixed effect
factor and patient’s effect as the random effect. The second linear model included COP perturbations as the
dependent covariate and element height as fixed effect
with patient’s effect as random factor. In the third
model, the mean COP location was the dependent covariate with element height and gait sub-phase as fixed
effect factors and patient’s effect as the random effect. A
p-value of less than 0.05 was considered to be statistically significant. All pvalues reported are two sided.

Results
The first linear model describing STSV as depending on
the level of instability is STSV = 2.45 − 0.055 × Height
which means that for every mm of element height there
was 0.055 mm less variability in the stance length. This
is statistically significant (p = 0.048).
The linear model for COP perturbations as depending
on the level of instability is Pert = 0.44 − 0.005 × Height.
The slope is statistically significant (p = 0.005). This
means that for every mm of biomechanical element
height the perturbations decreases by 0.005 mm.
Mean values and standard deviations of the mean
COP measured with four different levels of convexity are
presented in Table 1. The COP trajectory throughout
the stance shifted medially as the stage of instability induced by the biomechanical element was increased. A
linear model for the shift as a function of element height
and gait stage was COP = A + B × Conv. The intercept
(A) changed with gait stage being 56.28, 53.09, 46.09 and
40.89 mm for stages LR, MS, TS and PS, respectively.
The Slope was −0.21 mm (±0.09) for each mm of height
of the biomechanical elements. This means that for each
mm of height the COP shifted medially by 0.21 mm.
This was found to be statistically significant (p = 0.001).
2
The model fit the data well (R = 0.796, overall model
p = 0.001). In all the gait stages, the effect of the stage of
instability on COP position was similar, i.e. the interaction
terms were not statistically significant and were excluded
from the model. The linear model for each gait stage and
the COP position are presented in Fig. 2.
Discussion
Unsteady sole designs have become increasingly popular
as both therapeutic and functional tools. The goal of this
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Table 1 Mean ± std. dev values of the medio-lateral COP in mm (n = 20) at different levels of instability (height of different elements)
Stance sub-phase
Element height

Loading response

Midstance

7.3 mm

54.35

±1.88

51.5

±3.05

44.33

±3.71

38.61

±3.74

9.2 mm

54.26

±2.45

51.23

±3.42

44.36

±3.52

38.53

±3.35

10.8 mm

54

±2.21

50.57

±2.66

43.56

±2.86

38.25

±3.09

12.2 mm

53.82

±2.37

49.95

±2.92

42.72

±3.02

38.03

±3.32

design is to generate perturbation during gait. The results
of the current study offer a quantitative correlation between the convex design of the sole of the shoe and the
magnitude of perturbation conveyed. In contrast to the
study hypothesis, a negative association was found between the height of the biomechanical element and the
perturbations induced by the shoe. Our results showed
that, with increasing the height of the elements by 1 mm,
there was 0.055 mm less stance to stance variability, and
0.005 mm less perturbations in the foot COP.
Analysis of the COP locus, on the other hand, demonstrated that, with the same increase in the convexity of
the elements, a 0.21 mm medial shift in the COP trajectory occurred. We speculate that this change of trajectory location may explain the above results and indicate
that coping with increased unsteadiness occurs via inversion of the ankle joint, which results in a medial COP
shift and diminished perturbations.
A similar finding was reported by Han et al. who investigated the effect of high-heeled shoes on planter

Terminal stance

Preswing

pressure data and found that the COP locus was inwardly (medially) displaced during the stance phase of
high-heeled gait compared to flat heeled gait [14]. They
also found that heel height reduces the contact area of
the total plantar surface and the contact width of the
mid-foot. It may be arguable whether assumptions concerning ankle joint motion can be made from observations of the COP patterns alone or not. However, it is
self evident that pronation of the foot increases the total
contact area. If the use of high heels reduces the plantar
surface area, it can be inferred that the foot becomes
more plantar flexed and supinated. This supports our assumption that an increased level of instability emboldens
inversion of the subtalar joint. Future studies incorporating ankle joint kinematics and kinetics together with
COP examinations could provide more validity to these
speculations [4].
It should be noted that the velocity was set to the normal walking pace of each patient and was constant during the whole experiment in all four testing conditions,

Fig. 2 Mean COP M-L location vs biomechanical elements height, according to gait stage. The points represent mean COP for each element
(height) at each gait stage. The linear models show that as the height increases (level of instability), the COP moves medially. This effect is similar
for every gait stage. COP center of pressure, M-L mediolateral, LR loading response, MS mid-stance, TS terminal stance, PS preswing
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so that the effect of velocity on COP and spatiotemporal
measures can be excluded.
Putting the results together, we conclude that increasing
the instability of the shoe results in less perturbations in
the COP trajectory, less stride to stride variability, and a
medially locked COP. If it is correct to assume that higher
convexity causes more instability when worn during gait
then, our speculation is that, at some point, the external
manipulation becomes extreme so that, in order to maintain stable and safe progression, the body is forced to
make modifications that result in a mechanical stop of the
ankle joint at the eversion position. Increased activity of
the foot evertors takes the foot away from its medial plane
and results in a medially displaced COP [15].
Attending to the outcomes of this study, external footbased manipulations should be used in moderation. Extreme steep designs can lead [16] to increased reactions
to maintain stability during gait and, therefore, might
negatively affect the treatment. Investigating smaller
convexities, although not available by the system we
used for this research, might have given the opposite
and more intuitive result.
Reduced ability to control balance during gait (e.g.,
older individuals) is expected to affect these relations
and, therefore, should be further studied. Moreover,
Nigg et al.investigated gender differences in lower extremity gait kinematics and kinetics when using unstable
shoes and reported that gender effects should be taken
into consideration if functional or therapeutic effects of
unstable shoes are assessed. Their results suggest that
women and men use different strategies to control the
ankle joint when walking in unstable shoes and, therefore, are expected to affect COP patterns [16].
It should be noted that the results of the current study
are valid only for individuals with characteristics similar
to those of the study cohort (i.e. healthy, young male
adults). Further studies are required to validate these
findings in other populations.
It should also be noted that the biomechanical testing
was performed shortly after the device was first used by
the participants. Continued usage of such an apparatus
may lead to substantial gait adaptations and could influence the outcome of these interventions.
Finally, it should be noted that the apparatus was
employed at neutral position as a base condition for the
experiment. This was set by a trained physiotherapist
who watched the patients walk and moved the elements
untill a minimum varus/valgus moment was achieved.
We are aware of the limitations of this method, however,
it has been previously used [5]. The position of the FNC
remained constant during the whole experiment. We
only changed the elements convexity and compared the
differences so that each patient was a control of himself.
Moreover, there was no control condition. All conditions
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included the convex elements from the least to the most
convex. This is because the sole of the shoe is too rigid
to be used without the elements and therefore could not
function as control.
Future studies considering the interaction effect between the convexity and the location of these elements
are needed for better understanding of the foot COP
and its relation to the apparatus utilized. Another limitation of the apparatus shoe design which should be
pointed out, is that it provides ankle stability that could
affect the motion and the joints and alter our results.
Nevertheless, the current study is unique in that it offers
a quantitative correlation between the instability (height)
of the elements and the amount of perturbation produced during gait and brings a whole new aspect for the
use of unstable therapeutic devices that can be extremely
important for practitioners.

Conclusions
The current study examines the correlation between the
instability of the shoe design and the amount of perturbations produced during gait.Understanding the effect of
the shoe instability on the generated perturbatios is cruitial for understanding the strategy of utilizing such devices and the expected compliance of users. The findings
of this research could therefore, have great implications
on the apparatus device and practice.
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ABSTRACT: Loading/excessive loading of the hip joint has been linked to onset and progression of hip osteoarthritis. Footweargenerated biomechanical manipulation in the frontal plane has been previously shown in a cohort of healthy subjects to cause a specific
gait adaption when the foot center of pressure trajectory was shifted medially, which thereby significantly reduced hip joint reaction
force. The objective of the present study was to validate these results in a cohort of female bilateral hip osteoarthritis patients. Sixteen
patients underwent gait analysis while using a footworn biomechanical device, allowing controlled foot center of pressure manipulation,
in three para-sagittal configurations: medial, lateral, and neutral. Hip osteoarthritis patients exhibited similar results to those observed
in healthy subjects in that a medial center of pressure led to an increase in inter-maleolar distance while step width (i.e., distance
between right and left foot center of pressure) remained constant. This adaptation, which we speculate subjects adopt to maintain base
of support, was associated with significantly greater hip abduction, significantly decreased hip adduction moment, and significantly
reduced joint reaction force compared to the neutral and lateral configurations. Recommendations for treatment of hip osteoarthritis
emphasize reduction of loads on the pathological joint(s) during daily activities and especially in gait. Our results show that a medially
deviated center of pressure causes a reduction in hip joint reaction force. The present study does not prove, but rather suggests, clinical
significance, and further investigation is required to assess clinical implications.  2016 Orthopaedic Research Society. Published by
Wiley Periodicals, Inc. J Orthop Res
Keywords: center of pressure; footwear-generated biomechanical manipulations; gait analysis; hip osteoarthritis; frontal-plane
kinetics and kinematics of the hip

Hip osteoarthritis (OA) is one of the most common
pathologies affecting the elderly with an immense
social, economic, and personal burden. It is a chronic
debilitating progressive disease characterized by pain,
stiffness, loss of articular cartilage and joint space
narrowing, formation of osteophytes, and significant
gait and physical function abnormalities. It has been
estimated by several epidemiologic studies to affect
6.7–9.7% of people over the age of 45 in the United
States.1,2 As a result of increasing life expectancy and
the obesity crisis, the need for total hip arthroplasty
(THA) is expected to grow 174%, to 572,000 per year by
2030 in the United States alone, with actual numbers
to date suggesting that this is an underestimation.3
Although the precise pathogenesis of OA is unknown,
based on significant research, biomechanical factors play
a critical role in its onset and progression.4,5,6–10 Specifically, excessive loading of the osteoarthritic joint may
be detrimental.7 Mechanical failure of cartilage is caused
by compressive and shear stresses on the joint.11,12
Thus, among the recommended non-pharmacologic and
non-surgical treatments for hip OA, reduction of joint
load in gait and daily activities is emphasized.13
Footwear-generated biomechanical manipulation of
lower limbs has been the focus of significant research.
This manipulation shifts the foot’s center of pressure
trajectory, thus, changing the locus and orientation
of the ground reaction force (GRF). This affects bioCorrespondence to: Deborah Solomonow-Avnon (T: þ972549203982;
F: þ97248295711; E-mail: dsolo@tx.technion.ac.il)
# 2016 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.

mechanics of all joints in the lower limbs starting with
the ankle and progressing to the knee and hip.14–18 Our
previous research has shown that external knee adduction moment and medial-compartment joint loads are
reduced in the knee in both healthy14 and medial
compartment knee OA patients.19 Recently, in a pilot
study conducted on a cohort of healthy males, we used
a novel biomechanical device capable of controlled foot
center of pressure (COP) manipulation to examine the
effects of medio-lateral COP displacement on kinematics and kinetics of the hip joint.16 We showed that hip
joint reaction force is significantly reduced with a
medial displacement of COP in this cohort. Subjects
maintained a constant step width (distance between
right and left foot COP) during medio-lateral COP
manipulation, while increasing or decreasing intermaleolar distance (distance between lateral maleoli), in
order to maintain a constant base of support (Fig. 1c).
With a medially displaced COP, subjects increased
inter-malleolar distance (IMD) via increasing hip abduction. Also observed was a concurrent decrease in
external hip adduction moment, as well as an 8%
decrease in frontal-plane hip joint reaction force (JRF)
at the peak load-bearing portion of stance phase. We
speculated that the mechanism for the decrease in
frontal-plane JRF was as follows (Fig. 1a and b):
� medial shift in COP,
� increase in IMD/hip abduction in order to maintain
base of support,
� suggested increase in abductor muscle moment
arm20 and hence decrease in abductor muscle force
required to maintain level pelvis,
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Figure 1. (a) Standard free body diagram of normal hip joint,
(b) superimposed free body diagram (in blue) for medially shifted
COP with demonstrated increased hip abduction, increased hip
abductor muscle moment arm, decreased abductor muscle force,
and decreased resultant JRF (illustration is exaggerated for
visual clarity), and (c) demonstration of study finding in which
subjects maintain constant base of support (distance between
biomechanical elements’ centers) for medial and lateral configurations while consequently increasing IMD for medial compared
to lateral configuration. M, hip abductor muscle force; b, abductor muscle moment arm; K, body weight minus weight of
ipsilateral limb; a, body weight moment arm; R, resultant joint
reaction force (Figure adapted from ref.16).

� decrease in external hip adduction moment signifying decrease in abductor muscle force,
� decrease in frontal-plane hip JRF.
The present study also focused on the frontal-plane
hip kinematic and kinetic parameters’ response to
frontal-plane COP shift. As in our previous aforementioned study,16 we elected to assess frontal-plane hip
parameters only. Although sagittal parameters and
the sagittal component of the JRF are likely affected
by the COP manipulation as well, we focused on the
frontal plane only for several reasons. The hip joint
has an important well-defined function in the frontal
plane of the body in that it must act as a fulcrum to
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016
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keep the pelvis parallel to the floor while walking.
This is specifically true in single limb support. The hip
abductor muscles contract to produce a moment that
will balance the body weight, while keeping a level
pelvis (Fig. 1a). We use these frontal-plane hip biomechanical principles to explain the study outcomes.
In addition, a substantial part of the work in gait is
done in the frontal plane,21 with abductor muscles’
action in the frontal plane contributing a major
element to hip joint force.22–24 Also, there is relatively
minimal movement in the frontal plane during gait,
such that the hip can be modeled using a quasistatic
approximation. Although calculations of hip kinematics and kinetics in this study did take into account
dynamic factors, being that they are not negligible in
reality, we used the simplified frontal-plane free body
diagram of the hip to explain our results. We therefore
elected to isolate the frontal-plane effects on the hip
joint so that we could refer, in our explanations and
speculations of the results, to the static model, and
attribute changes in the gait parameters directly to
the underlying biomechanical function of the hip
in this plane. Finally, our previous study on healthy
subjects focused on frontal-plane changes in kinematics and kinetics of the hip due to COP manipulation.16
The present study is a validation study for the
previous study, and therefore must focus on the same
parameters that were reported previously.
The objective of the present study is to validate the
results of our pilot study in a cohort of female bilateral
hip osteoarthritis patients. We hypothesize that medial and lateral configurations of the biomechanical
device elements will shift the COP trajectory accordingly. Further, we hypothesize that JRF will be
decreased in the same manner exhibited in healthy
subjects. Specifically, we hypothesize that a medial
translation of the COP will cause an increase in IMD,
while maintaining the same step width, in order to
maintain base of support, an increase in hip abduction
(decrease in adduction), a decrease in external hip
adduction moment, and a resulting decrease in frontalplane hip JRF. We further hypothesize that a medial
COP configuration will increase single support duration
and decrease double support duration signifying a
decrease in pain due to decreased joint loading.

METHODS
Participants
Sixteen females with bilateral hip osteoarthritis (Age ¼
63.5 � 6.3 years, Height ¼ 159.7 � 5.61 cm, Body mass ¼ 73.3
� 17.5 kg, K-L Grade (more symptomatic leg) ¼ 2.9 � 0.5, K-L
Grade (less symptomatic leg) ¼ 2.6 � 0.6) were recruited from
a cohort of patients enrolled in a clinical trial in the
Department of Orthopedics at Rambam Medical Center,
Haifa, Israel, and Ha’Emek Medical Center, Afula Israel,
investigating the longitudinal effects of biomechanical training with COP modulation on gait kinetics and kinematics.
Data for the present study was collected before initiation of
the clinical trial. All patients had symptomatic bilateral hip
OA according to the American College of Rheumatology
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criteria for hip OA, with radiographic evidence of Kellgren–
Lawrence grade 2 or greater.25,26 Exclusion criteria were any
orthopedic, musculoskeletal, or neurological pathology, previous surgery of the back and lower limbs, any other comorbidities affecting the back and lower limbs, any problems
maintaining balance, history of recurrent falls, any condition
that makes the patient susceptible to falls, loss of balance, or
injury, and use of a walking aid. Approval of the Ethics SubCommittee was obtained and informed consent was given by
all participants. The study was registered in the NIH clinical
trial registration system (NCT01450254). The purpose and
methods of the study were explained to the subjects.
The Biomechanical System
The APOS biomechanical device (APOS System, APOS—
Medical and Sports Technologies Ltd., Herzliya, Israel) was
used. A detailed description of the device was previously
reported.14 In brief, COP manipulation is accomplished using
a platform in the form of a shoe in which two adjustable
convex-shaped biomechanical elements are attached to the
feet by means of a shoe sole specially designed with two
mounting rails (Fig. 2a).27 The convex elements can be
moved in a continuous fashion in the transverse plane of the
foot. They can be moved along the mounting rails, as well as
swiveled about their attachment to the mounting rails. Once
positioned in the desired locations, they are locked in place
by a dedicated bolt using an Allen wrench. The location of
the bolt may also be seen in Figure 2 as a small hole on the
bottom of each convex element.
Experimental Protocol
The study is a case series with level of evidence 4. The
experimental protocol used in the study is consistent with
that outlined in detail in our previous studies using the
biomechanical device.14–16,19 The functional neutral configuration (FNC) was custom-defined and documented by a single
trained physiotherapist. The physiotherapist had 10 years of
experience in observational gait analysis at the start of the
study. In addition, she was rigorously trained on how to
position the device elements for the study by a physiotherapist who worked on several other published studies on the
knee and foot with similar experimental protocols to the
present study.14,15,19,27 The FNC was defined for each subject
as the position of the elements in which the least varus,
valgus, plantar, and dorsal torque was exerted by the
apparatus about the ankle.14,27 The physiotherapist set the
position of this configuration by observing the subjects’ gait
and making adjustments until she was satisfied that the
proper positioning was achieved. The medial and lateral
COP configurations were defined as 0.8 cm medial and 1.5 cm
lateral deviations of the biomechanical elements from the
neutral sagittal axis (Fig. 2c and d).
Subjects were given a several-minute period prior to data
acquisition to walk at a comfortable self-selected speed in the
biomechanical device in order to become accustomed. After
the accustomization period, gait analyses were performed
in the three COP conditions—medial (M), neutral (N), and
lateral (L)—at random order on the same day.
Data Acquisition and Processing
Three-dimensional motion analysis was performed using an
8-camera Vicon motion analysis system (Oxford Metrics Ltd.,
Oxford, UK) for kinematic data capture, at a sampling frequency
of 100 Hz. GRFs were recorded by two 3-dimensional AMTI

Figure 2. (a) Biomechanical device with adjustable elements in
(b) neutral, (c) lateral, and (d) medial configurations (Figure
adapted from ref.16).

OR6-7-1000 force plates placed in tandem in the center
of a 10 m walkway, at a sampling frequency of 1,000 Hz.
Kinematic and kinetic data were collected simultaneously
while subjects walked over the walkway. A standard marker
set was used to define joint centers and axes of rotation.28
A knee alignment device (KAD; Motion Lab Systems Inc., Baton
Rouge, LA) was used to estimate three-dimensional alignment
of the knee flexion axis during a static trial. Joint angles
were calculated based on marker locations using “PlugInGait”
(Oxford Metrics Ltd., Oxford, UK), and joint forces and
torques were calculated via “PlugInGait” using inverse dynamic
analyses from kinematic data and force plate measures. Joint
moments and forces were normalized for body mass.
Various gait parameters were recorded with respect to
each of the three device configurations. Parameters are
reported for both the more symptomatic leg (MS-Leg), as
reported by the patient, and the less symptomatic leg (LSLeg). The two distinct time points of the two peaks of the
frontal-plane ground reaction force (FGRF) during stance
phase were found. Peak 1 of the FGRF represents loadJOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016
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bearing, while peak 2 represents push-off. We elected to
calculate the gait parameters discussed below at these two
time points since visual examination of all of the data
revealed that the two peaks in FGRF were identifiable in all
gait trials of all subjects, and these peaks closely coincided
with peaks in the JRFs and adduction moment. The COP
offset was calculated as the perpendicular distance from the
GRF coordinates on the force plates to the neutral sagittal
foot axis (line connecting the toe and heel markers). The
offset was then reported as the COP offset in the M and L
conditions from the N condition at the time of peaks 1 and 2
of the FGRF, as well as the average COP offset from N
during the entire stance phase. Additionally, the following
parameters were calculated at peaks 1 and 2 of the FGRF:
the hip joint adduction angle, external adduction moment,
frontal-plane hip JRF (i.e., the inter-segmental force between
the thigh and pelvis segments in the link-segment model),
and JRF angle (i.e., the angle formed by the frontal-plane
JRF and the transverse pelvic plane). The JRF angle was
calculated trigonometrically given the vertical and mediolateral components of the JRF vector, using the horizontal
line as the reference line. In addition, the following spatiotemporal parameters were calculated: Step width, intermalleolar distance (IMD), single support duration, double
support duration, speed, and cadence. Step width was
calculated as the distance between COPs of the right and left
foot by means of the force plates, while IMD was calculated
as the distance between the lateral ankle markers, located
on the lateral malleoli, at peak 1 of the right and left foot
GRFs for the same steps on the force plates.
Statistical Analysis
The Wilcoxon signed-rank test was used as a paired test to
compare each variable between different shoe component
configurations (M, N, and L). A p-value below 0.05 is considered statistically significant.

RESULTS
COP Parameters
Results for COP parameters are shown in Table 1. The
average stance phase COP, COP at peak 1 of FGRF,
and COP at peak 2 of FGRF were significantly offset
in both the MS-Leg and LS-Leg in all 16 subjects from
that in the neutral device configuration. The offset for
M and L was in the direction corresponding to the
shift in the biomechanical device elements.
Spatio-Temporal Parameters
Results for spatio-temporal parameters are shown in
Table 2. Step width was significantly increased 9% on
average with L compared to N. IMD was significantly
increased 7% with M compared to N and 10% compared to L. Single support duration was significantly
increased 2% with M compared to L for the MS-Leg.
Double support duration was significantly decreased
4% with M compared to L. Speed and cadence did not
differ significantly between the three biomechanical
device configurations.
Hip Kinetics and Kinematics
Figure 3a–c shows a subject’s representative graphs
of hip adduction/abduction angle, adduction/abduction
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016
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Table 1. COP Offset Parameters for
Configurations (With Respect to N) (n ¼ 16)
COP Position

M

COP Offset Parameters
Average stance phase COP offset (mm)
MS-Leg
6.03 (2.45)
(p < 0.001)�
LS-Leg
6.05 (2.38)
(p < 0.001)�
COP offset at peak 1 of FGRF (mm)
MS-Leg
5.84 (2.55)
(p < 0.001)�
LS-Leg
5.59 (3.19)
(p < 0.001)�
COP offset at peak 2 of FGRF (mm)
MS-Leg
5.62 (2.97)
(p < 0.001)�
LS-Leg
5.64 (2.34)
(p < 0.001)�

M

and

L

L

�7.42 (2.88)
(p < 0.001)�
�8.00 (3.42)
(p < 0.001)�
�6.29 (2.99)
(p < 0.001)�
�5.91 (3.86)
(p < 0.001)�
�8.09 (2.95)
(p < 0.001)�
�9.22 (3.75)
(p < 0.001)�

Mean (standard deviation) of COP offset parameters for MS-Leg
and LS-Leg reported as offset relative to neutral element
position.
�
p-value < 0.05 for comparison with the neutral element position.
Positive values indicate medial COP offset, while negative values
indicate lateral COP offset.

moment, and frontal-plane JRF versus percent stance
phase, respectively, in the three different walking
conditions for the MS-Leg. For the particular subject,
there is an evident reduction in adduction angle
(increase in abduction) (Fig. 3a) with the M configuration from around the middle of loading response
throughout terminal stance. The adduction moment
and frontal-plane JRF (Fig. 3b and c) follow a similar
pattern around the time of the first peak in which
there is a reduction in these parameters with the M
configuration from around the end of loading response
to around the middle of midstance. From this point,
there is a slight reduction in adduction moment with
M throughout most of terminal stance. Figure 3 represents a patient for which reduction of frontal-plane
JRF in the medial COP is greater than the cohort
average for the purpose of visual clarity. The magnitude of the reduction in this figure does not represent
the reduction for all patients in the cohort. Average
reduction of the JRF for the cohort is reported below.
Results for values of the kinetic and kinematic
parameters tested in the different device configurations, recorded at the time of 1st and 2nd peaks of
the FGRF, are listed in Tables 3 and 4, respectively.
On average, the hip adduction angle at peak 1 was
significantly reduced with the M configuration for the
MS-Leg by 21% compared to N and 19% compared to
L, as well as for the LS-Leg by 26% compared to N
and 22% compared to L. Correspondingly magnitude
of the adduction moment was significantly reduced
with the M configuration for the MS-Leg and LS-Leg
by 5% and 8%, respectively, compared to N. The
frontal-plane JRF was significantly reduced with the
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Table 2. Spatio-Temporal Parameters (n ¼ 16)
COP Position
Spatio-temporal parameters
Step width (m)

M

N

L

0.14 (0.04)

0.15 (0.04)

36.48 (2.97)
(p ¼ 0.040)a
37.32 (2.43)
25.97 (3.85)
(p ¼ 0.008)a
0.93 (0.12)
100.3 (8.8)

IMD (cm)

19.12 (3.83)

Single support duration (% stance phase)
MS-Leg

0.14 (0.04)
(p ¼ 0.008)b
17.86 (3.92)
(p ¼ 0.006)a

37.33 (3.57)

37.10 (2.07)

LS-Leg
Double support duration (% stance phase)

37.69 (1.92)
24.99 (4.34)

37.84 (2.37)
25.08 (4.05)

Speed (m/s)
Cadence (steps/min)

0.94 (0.12)
100.7 (9.3)

0.94 (0.13)
100.3 (9.5)

17.34 (3.97)
(p ¼ 0.026)a

Mean (standard deviation) of spatio-temporal parameters.
a
p-value < 0.05 for comparison with medial element position.
b
p-value < 0.05 for comparison with lateral element position.

M configuration for the MS-Leg by 2% compared to
N and for the LS-Leg by 2% and 3%, respectively,
compared to N and L. The angle between the resultant
frontal-plane JRF and the horizontal pelvis line
(Hilgenreiner’s line) was significantly increased (JRF
became more vertical) with M for the MS-Leg by 1%
compared to L and significantly decreased with L by
1% compared to N. For the LS-Leg, the JRF angle was
significantly increased with M by 1% compared to N
and 1% compared to L, and significantly decreased
with L by 1% compared to N.
At peak 2 of the FGRF, the adduction moment,
adduction angle, and frontal-plane JRF did not differ
significantly between any of the COP conditions for
either limb. The angle between the resultant frontalplane JRF and the horizontal pelvis line was significantly increased with M for the MS-Leg by 1%
compared to L, and significantly decreased with L by
1% compared to N. For the LS-Leg JRF angle was
significantly increased with M by 2% compared to
L, and significantly decreased with L by 1% compared
to N.

DISCUSSION
In accordance with our hypothesis, medio-lateral displacement of the elements of the biomechanical device
caused a corresponding shift in the COP trajectory.
The results presented in this study validate our
previous results in healthy young male subjects.
Specifically we show a quantitative relationship between COP manipulation in the frontal-plane foot axis
and hip joint kinetics and kinematics in a cohort of
female bilateral hip OA patients. In accordance with
the hypothesis, a medial displacement of COP caused
a corresponding increase in IMD, while step width
remained constant. Accordingly, hip adduction angle
was decreased (increase in abduction angle), hip external adduction moment was decreased, and hip joint
frontal-plane joint reaction force was decreased. With

respect to spatiotemporal results, single support duration was increased and double support decreased. The
results were observed in both the more symptomatic
and less symptomatic limb.
In the present study, as observed in the pilot study
on healthy subjects, we found an increase in joint
reaction force angle (direction became more vertical)
with the medial center of pressure. We speculated
that this may have occurred due to less force being
transferred along the horizontal axis as a result of the
change in hip kinematics, as well as the reduced
abductor muscle force required to maintain a level
pelvis. Specifically, we believe that the angle became
more vertical due to a decrease in both the vertical
and medio-lateral vector components of the frontalplane joint reaction force. Although this result seems
contrary to the illustration of Figure 1b, there are
several valid explanations in which we see that
the result is not a contradiction of the model. The
figure shows that as a result of increased hip abduction in the medial COP, the line of action of the
abductor muscles is rotated clockwise, and the resultant joint reaction force vector becomes more horizontal. However, as stated in the figure legend, the figure
is greatly exaggerated for illustration purposes. In
reality, the change in abduction angle with the medial
center of pressure is quite small and may lead to a
very subtle change, if one occurs, in the line of action
of the hip abductors. Additionally, Figure 1 is a very
simplified static equilibrium model, known as Pauwels’
model, of a very complex human musculoskeletal
system.29 Many studies use this model to explain
general hip joint biomechanics and abductor muscles’
function.20,30–35 Since movement in the frontal plane
of the body during gait is relatively minimal, a
quasistatic approximation can be assumed. We use
this assumption to speculate that the static equilibrium principles of Figure 1 can be used to explain
the underlying mechanism of the reduction in joint
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016
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Figure 3. Representative graph of (a) adduction/abduction
angle, (b) adduction/abduction moment, and (c) frontal-plane JRF
for the three walking conditions versus percent stance phase.

reaction force in the medial center of pressure. In
reality, gait in the frontal plane is dynamic, and
calculations of the kinetic parameters of the present
study take this into account. Also, the simple model of
Figure 1 shows only abductor muscles which must
counteract the moment produced by the body weight.
In reality we also have co-contraction from adductor
muscles, as well as response from viscoelastic tissues
such as tendons, ligaments, and cartilage, which
would impact the measured parameters. Hence, although we use Figure 1 to explain the main study
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016
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outcome, actual measured and calculated hip parameters surely cannot be expected to adhere strictly to
this model. Ultimately, manipulation of this angle by
means of a footworn device may have clinical significance. For example, patients with medial or superomedial hip OA (loss of cartilage in the medial or
supero-medial aspect of the hip joint, respectively)
may benefit from rotating the joint force in the frontal
plane to a more vertical position thus reducing loads
on the more diseased area of the hip. This however
cannot be concluded from the present study and
requires further investigation.
It must be noted that, as expected, changes in the
gait parameters between the foot center of pressure
configurations, although statistically significant, were
small. Foot center of pressure was shifted 0.8 and
1.5 cm from the neutral configuration in the medial
and lateral configurations, respectively, and thus in
order to maintain base of support, inter-malleolar
distance must be increased or decreased by the same
amount. Indeed we see that inter-malleolar distance
changed on the order of approximately 1 cm between
the medial and neutral center of pressure configurations. This would translate into a very small increase
in hip abduction angle as seen, and subsequently small
changes in all other parameters including hip joint
reaction force.
In this study, we found a 2% average decrease in
joint reaction force with the medial configuration
compared to the other two device configurations. This
can be interpreted as a 2% decrease in percent of body
weight that loads both joints. Loads on the hip joint
have been measured to reach two to over five times
body weight in gait.36–39 For the cohort in this study,
this would translate into average loads of 147–367 kg
(or 1,442–3,600 N) on each joint. A 2% reduction in
this load would reduce peak loads during each step by
an average of 3–7 kg (or 29–72 N) on each hip joint.
However, clinical significance of this load reduction
requires further investigation.
In addition, the 2% reduction in joint force that we
observed with a medial device configuration was
relative to the neutral device configuration which we
defined as the control condition. This configuration
does not reflect the patient’s native condition while
walking without the device. We elected not to have a
secondary control such as a regular shoe or a barefoot
condition, as these conditions represent entirely different walking conditions than those induced by the
device, and parameters tested in these conditions
would not contribute to proving/disproving the hypothesis. Specifically, the convexivity of the device elements induces an element of instability thus “forcing”
the user to adapt to the center of pressure configuration set by the device elements, and the associated
biomechanical changes, in order to maintain stability.
Contrary to this, regular shoes or barefoot represent
more stable walking conditions and thus have substantially less demands on the neuromuscular system. It
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Table 3. Hip Kinetics and Kinematics at Peak 1 of FGRF (n ¼ 16)
COP Position

M

N

Kinetics
Hip adduction moment at peak 1 (N-mm/kg)
MS-Leg
674.89 (182.00)
LS-Leg

718.16 (172.68)

Magnitude of resultant frontal-plane JRF at peak 1 (N/kg)
MS-Leg
8.37 (0.36)
LS-Leg

8.48 (0.44)

Kinematics
Hip adduction angle at peak 1 (degrees)
MS-Leg
2.48 (3.00)

L

712.51 (193.91)
(p ¼ 0.017)a
776.83 (178.31)
(p ¼ 0.002)a

689.20 (206.51)

8.50 (0.30)
(p ¼ 0.039)a
8.68 (0.45)
(p ¼ 0.003)a

8.46 (0.38)

3.13 (3.00)
(p ¼ 0.026)a
LS-Leg
2.54 (3.69)
3.43 (4.32)
(p ¼ 0.020)a
Angle between resultant frontal-plane JRF at peak 1 and the horizontal (degrees)
MS-Leg
86.17 (2.77)
85.80 (3.05)
(p ¼ 0.001)b
LS-Leg
85.92 (4.70)
85.37 (5.26)
(p ¼ 0.034),a
(p ¼ 0.044)b

742.57 (188.55)

8.75 (0.61)
(p ¼ 0.011)a
3.06 (2.64)
(p ¼ 0.023)a
3.25 (3.88)
(p ¼ 0.039)a
84.95 (2.56)
(p ¼ 0.0004)a
84.87 (4.75)
(p ¼ 0.0005)a

Mean (standard deviation) of kinetic and kinematic parameters associated with peak 1 of FGRF for MS-Leg and LS-Leg.
a
p-value < 0.05 for comparison with medial element position.
b
p-value < 0.05 for comparison with lateral element position.

would therefore not be surprising to find significantly
different gait parameters in these conditions as compared to the device configurations, however, this is not
relevant to the present study. In addition, subjects
underwent testing in the biomechanical device only in
order to maintain consistency of the kinematic model.
In the device conditions, reflective markers remained

in the same place, while the device elements on the
shoe sole were shifted only. This allowed us to
accurately attribute even small changes in gait parameters directly to the foot center of pressure shift. Our
ultimate interest beyond the scope of this study is to
assess gait while not wearing the biomechanical device
before and after undergoing gait training in such a

Table 4. Hip Kinetics and Kinematics at Peak 2 of FGRF (n ¼ 16)
COP Position

M

N

L

Kinetics
Hip adduction moment at peak 2 (N-mm/kg)
MS-Leg
675.70 (272.03)
675.27 (258.00)
LS-Leg
762.72 (186.67)
779.71 (175.76)
Magnitude of resultant frontal-plane JRF at peak 2 (N/kg)
MS-Leg
8.41 (0.37)
8.48 (0.31)
LS-Leg
8.39 (0.53)
8.45 (0.56)
Kinematics
Hip adduction angle at peak 2 (degrees)
MS-Leg
1.89 (3.64)
1.92 (3.42)
LS-Leg
1.72 (3.66)
1.98 (3.51)
Angle between resultant frontal-plane JRF at peak 2 and the horizontal (degrees)
MS-Leg
83.62 (5.03)
83.50 (4.81)
(p ¼ 0.0004)b
LS-Leg
81.71 (3.79)
81.32 (3.64)
(p ¼ 0.002)b

675.41 (280.50)
770.05 (200.48)
8.43 (0.34)
8.37 (0.54)

1.86 (3.41)
1.84 (3.5)
82.68 (4.95)
(p ¼ 0.0005)a
80.43 (3.78)
(p ¼ 0.0004)a

Mean (standard deviation) of kinetic and kinematic parameters associated with peak 2 of FGRF for MS-Leg and LS-Leg.
a
p-value < 0.05 for comparison with medial element position.
b
p-value < 0.05 for comparison with lateral element position.
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device (i.e., assessing results of motor learning after
gait training with the device set to medial center of
pressure configuration).
We must also note that, as hypothesized, a medial
center of pressure shift caused an increase in intermalleolar distance while step width remained constant. Contrary to the hypothesis, step width in the
lateral configuration was significantly increased compared to the neutral configuration while inter-malleolar
distance did not change. This may have occurred for
several reasons. One reason for this may be that a
decrease in inter-malleolar distance would result in
the limbs being too close together and cause rubbing of
the thighs during gait. Another reason may be that
a decrease in inter-maleolar distance and subsequent
increase in adduction angle would cause a painful
increase in joint reaction force, and thus patients
maintain inter-maleolar distance. These possible reasons, however, are speculative and would require
further investigation to confirm. The results show that
indeed, there was no significant difference between
the adduction/abduction angle, moment, or frontalplane JRF when comparing the lateral configuration
to the neutral control. This result reinforces that the
change in adduction angle may play an important role,
via reduction in abductor muscle forces, in the reduction of the joint reaction force as speculated in our
previous study16 as well as in the present study.
Contrary to the laterally deviated center of pressure,
a reduction of joint reaction force was achieved in
both limbs when the center of pressure was shifted
medially.
A noteworthy result from this study is that gait
parameters at the time of peak 1 of the frontal-plane
ground reaction force changed significantly with the
COP shift, while parameters at peak 2, other than
the joint reaction force angle, did not show any significance. This finding is consistent with our previous
studies using the biomechanical device.14,16 This may
have several explanations. Firstly, it has been suggested that there is greater variability of gait parameters at peak 2, and this may have contributed to the
statistical insignificance.14,40 Secondly, at peak 1 of the
frontal-plane ground reaction force, the foot center of
pressure is located approximately under the heel, and
therefore is defined primarily by the heel element of
the device. In this case, the ground reaction force
passes approximately through the length of the limb.
This may allow maximal effect of the center of pressure
configuration. At peak 2 of the frontal-plane ground
reaction force, the foot center of pressure is located
under the forefoot element of the device, and is thus
primarily defined by this element. In this case, the
ground reaction force does not pass through the limb
but rather anterior to the limb. This may render the
center of pressure element less effective in influencing
frontal-plane hip parameters. Finally, at peak 1, the
limb is in a relatively more passive state during
the weight acceptance stage of the gait cycle and may
JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016
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be more influenced by center of pressure changes.
Contrary to this, at peak 2 the limb is in a relatively
more active state during the push-off stage of the gait
cycle and may be less susceptible to biomechanical
manipulation due to center of pressure changes.
Several limitations of this study must be acknowledged. Firstly, gait testing was performed shortly after
patients were outfitted with the biomechanical device.
Thus results exhibited in this study may not reflect
results that would be obtained after a long period of
usage of the device in each center of pressure configuration. Also, subjective hip pain was not measured in
each COP condition along with the objective kinematic, kinetic, and spatiotemporal parameters of the
study. Such measures would undoubtedly be valuable
from a clinical perspective. Measuring subjective pain
in the present study, however, was not feasible. Medial
and lateral COP configurations of the device presented
patients with an unusual walking condition which
would likely make it difficult for patients to assess
immediate pain relief, especially when presented with
several of these conditions consecutively. Additionally,
the device, in its intended clinical use, is a gait
training device which patients use over the course of
an extended period of time. It works on the principle
of motor learning, such that by training (walking) in
the device for a set period of time daily, the neuromuscular system is “retrained” to walk in a more normal
or more beneficial gait. Therefore, subjective pain
should be assessed after a longer time span. This,
however, was beyond the scope of the study. Another
noteworthy element of the study methods is that the
positioning of the device elements is subjective with
respect to the physiotherapist who positioned them.
She positioned the elements, based on observational
gait analysis, to achieve the most accurate neutral
configuration position. Nevertheless, due to the study
design, in which subjects served as their own control
in comparing between study outcomes in the different
COP configurations, if there was a small error in
positioning the elements in the neutral configuration,
this would not substantially affect the ultimate outcome of the study. Due to the study design, we also
would not expect variation in anthropometric measurements between subjects, such as height and foot
size, and between-subject variation in joint structure
to affect the study outcome since we report the
averages of within-subject results. Finally, the results
of this study pertain only to the distinct cohort of older
female bilateral hip osteoarthritis patients.
It must be noted, given the potential clinical significance of the study results, that the device is not
indicated in patients with extreme balance problems
or other health conditions that render the patient
exceptionally prone to falls or injury. There were no
balance problems, trips, or falls during the course of
the present study, and the device elements were kept
within a range deemed stable by a pilot investigation.
It must also be declared that the device has been

FOOTWEAR-GENERATED HIP BIOMECHANICAL MANIPULATIONS

proven safe for patients for whom it is indicated,
including the elderly, and is FDA and CE approved.
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4. Specific Muscle Activation
“The effect of manipulation of the center of pressure of the foot during
gait on the activation patterns of the lower limb musculature”
“Foot center of pressure manipulation and gait therapy influence lower
limb muscle activation in patients with osteoarthritis of the knee”
“Neuromuscular response of hip-spanning and low back muscles
to medio-lateral foot center of pressure manipulation during gait”
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a b s t r a c t
Background: Therapeutic devices that manipulate the center of pressure (COP) of the foot can induce
kinetic and kinematic changes in gait. Appropriate changes in joint moments and muscle activation during gait have been proven to be beneﬁcial for patients with neuromuscular and orthopedic disorders. The
purpose of this study was to investigate the effect of different COP positions during gait on the activity of
the lower limb musculature of healthy subjects.
Methods: A novel foot-worn biomechanical device that allows controlled manipulation of the COP during
gait was used. Twelve healthy males underwent EMG analyses of the key muscles of the leg while wearing the device. The trials were carried out at six COP positions relative to neutral conﬁguration: anterior,
posterior, medial, lateral, dorsi ﬂexion and plantar ﬂexion.
Results: The EMG activity of the lateral gastrocnemius varied signiﬁcantly with COP during terminal
stance (p = 0.023) and preswing (p = 0.020), the tibialis anterior during load response (p = 0.019) and midstance (p = 0.004), the biceps femoris during terminal stance (p = 0.009) and the vastus lateralis during
initial contact (p = 0.010).
Conclusion: There are signiﬁcant changes in the muscle activity of the lower limb in response to manipulation of the COP of the foot during gait.
 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Pathologies such as patellofemoral pain syndrome (PFPS) and
osteoarthritis (OA) are common musculoskeletal conditions (Dixit
et al., 2007; Hogenmiller and Lozada, 2006). Therapists have
turned to new devices that can manipulate a patient’s foot center
of pressure (COP) in order to decrease pain and improve function.
The most prominent of these have been footwear-derived biomechanical devices. Investigators have deﬁned the effects of some
of these COP manipulations on kinetic patterns. Wedged insoles,
for example, have been suggested to shift the location of the COP
in the coronal plane, thereby altering resulting torques from the
foot proximally (Kakihana et al., 2005; Maly et al., 2002; Xu
et al., 1999). Application of wedge insoles has been reported to decrease the load and the magnitude of the adduction moment at the
medial compartment of the knee joint in healthy and arthritic subjects (Kakihana et al., 2005; Crenshaw et al., 2000; Ogata et al.,
1997; Yasuda and Sasaki, 1987). In two previous studies we analyzed the kinetic outcomes of a novel biomechanical apparatus
that allows for controlled manipulation of the COP during gait.
Adjusting the COP in the coronal plane (i.e., from medial to lateral)

⇑ Corresponding author. Tel.: +972 4 8292087; fax: +972 4 8295711.

E-mail addresses: yuliag@technion.ac.il, ygenis@gmail.com (Y. Goryachev).

correlated with signiﬁcant changes in the knee adduction moment
during stance (Haim et al., 2008). Likewise, manipulation of the
COP in the sagittal plane (i.e., from posterior to anterior) signiﬁcantly related with ankle dorsiﬂexion torque and knee extension
torque during stance (Haim et al., 2010).
The current study is an extension of the studies reported in
(Haim et al., 2008, 2010). In the current study we analyze the electromyography (EMG) data that was collected during the study described above (Haim et al., 2008, 2010), that is the kinematic,
kinetic and electromyography data were collected simultaneously.
Moreover, for consistency with the results reported in our previous
works, we used the same methods at the same timeframes during
the gait cycle so that the kinematic, kinetic and EMG phenomena
could be correlated.
There have been several studies on the effects of COP changes
on lower limb musculature activation. In a study by Mulavara
et al. (1994), patients leaning forward moved their COP anteriorly
and increased activation of their gastrocnemius (GC) muscle. Patients leaning backward moved their COP posteriorly and increased
activation of their tibialis anterior (TA) muscle. In a study by Krishnamoorthy et al. (2004), patients who were asked to release a load
from extended arms showed a forward shift in the COP.
To date, investigators have not examined the activation of the
lower limb muscles in response to precisely controlled manipulation of the COP in multiple planes. This can be done using the novel

1050-6411/$ - see front matter  2010 Elsevier Ltd. All rights reserved.
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biomechanical device we applied in previous studies (Haim et al.,
2008, 2010). Moreover, the biomechanical device manipulation is
patient speciﬁc and the COP can be maintained throughout gait;
thus, the changes in muscle activation can be measured dynamically. The purpose of this work is to determine the speciﬁc changes
in activation of key muscles of the lower limb in response to
manipulation of the COP in the coronal and sagittal planes in
healthy individuals.
We hypothesized that coronal shifts of the COP would correspond with activation changes of coronal muscles in a way that
compensates for the perturbation (i.e., a medial COP shift will
cause an increase in the activation of laterally positioned muscles)
and that a sagittal COP shift will correspond with activation
changes of sagittal muscles, in order to maintain force and torque
equilibrium within the lower kinematic chains.
2. Methods
2.1. Participants
The study population was comprised of 12 healthy male volunteers with equivalent shoe size (French 43) and a similar anthropometric proﬁle (i.e., weight, height and dominant leg). The patients’
mean ± SD age was 25.95 ± 2.48 years, height was 177.35 ±
3.52 cm and weight was 74.04 ± 4.12 kg. Exclusion criteria were
any orthopedic musculoskeletal or neurological pathology or any
orthopedic injury or trauma in the 12 months preceding the study.
Approval of the Ethics Sub-Committee was obtained and all participants gave informed consent.
2.2. Biomechanical system
A biomechanical device (APOS System, APOS–Medical and
Sports Technologies Ltd., Herzliya, Israel) that allows controlled
manipulation of the COP (Haim et al., 2008, 2010) was used in
the study (Fig. 1). The device consists of two convex-shaped biomechanical elements attached to each foot. One is located under
the hindfoot region and the other is located under the forefoot region. The elements are attached to the foot using a platform in the

form of a shoe. The platform is equipped with a specially designed
sole, consisting of two mounting rails. These enable ﬂexible and
continuous positioning of each element in multiple planes under
each region. A shift of the elements in coronal and sagittal planes
shifts the COP in the coronal and sagittal planes, respectively
(Haim et al., 2008, 2010). The system was generously donated by
the manufacturer prior to the study. A pilot study was conducted
to assess the stability of the apparatus. It determined that, for
healthy adults, satisfactory walking stability can be kept within
the range of 1.8 cm posterior and 1.8 cm anterior, 1.5 cm medial
and 2 cm lateral deviation of the biomechanical elements from
the neutral sagittal axis.
2.3. Experimental protocol
Prior to the study, one physician performed a functional assessment of all subjects. A qualiﬁed physiotherapist calibrated the biomechanical device. First, positioning of the elements for the
‘‘functional neutral conﬁguration’’ (FNC) was determined and documented. The FNC was deﬁned as the position in which the apparatus exerted the least valgus, varus, dorsal or plantar torque about
the ankle in the individual being examined. The FNC was determined from observation during the subject’s walk and from subject
feedback regarding comfort of use while walking. The neutral conﬁguration was used as a baseline to calibrate the other positions
for the study, i.e., the other positions were determined with respect
to it so that minor errors in determining the FNC were consistent
throughout the measurements and therefore could be ignored.
The conﬁgurations checked during the experiment were anterior,
posterior, medial, lateral, dorsi ﬂexion and plantar ﬂexion. Anterior
and posterior conﬁgurations were deﬁned as 1.5 cm anterior and
1.5 cm posterior deviation of the biomechanical elements along
the neutral sagittal axis. Medial and lateral conﬁgurations were deﬁned as 0.8 cm medial and 1.5 cm lateral deviation of the biomechanical elements from the neutral sagittal axis. Dorsi ﬂexion
and plantar ﬂexion were deﬁned as 3 cm elevation of the front
and back of the shoe platform, respectively (Fig. 2). In order to become accustomed to the effect of the shoe and the experimental
procedure, subjects were asked to walk at a self-selected velocity

Fig. 1. Biomechanical system consisting of a foot-worn platform with mounting rails and moveable elements with height-adjustable bases.
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Fig. 2. Calibration of the elements on the base of the biomechanical device: (a) Plantar ﬂexion conﬁguration (hindfoot element elevated); (b) dorsal ﬂexion conﬁguration
(forefoot element elevated); (c) neutral sagittal conﬁguration; (d) elements removed; (e) lateral sagittal axis conﬁguration; (f) medial sagittal axis conﬁguration; (g) anterior
conﬁguration; (h) posterior conﬁguration. This study presents muscle activity in lateral, medial, anterior, posterior, dorsi and plantar ﬂex conﬁgurations only.

for several minutes prior to data collection. During this ‘‘training’’
period, a metronome was tuned to correspond to the subject’s
self-selected velocity. The metronome was then used throughout
the data collection to ensure consistent cadence.
The biomechanical device was calibrated only once for each position. Subjects were asked to walk over a 10-m walkway in their
pre self-selected speed. Six trials of each condition were collected
per subject for averaging and consistency. All conditions were
tested in random order on the same day.

2.4. Data acquisition and processing
A Surface EMG ZeroWire system (Aurion Ltd., Italy) was used to
measure the activity of all the following muscles: lateral gastrocnemius (LG), medial gastrocnemius (MG), vastus lateralis (VL), vastus
medialis (VM), tibialis anterior (TA), semitendinosus (ST) and biceps femoris (BF). The system includes a set of wireless surface
EMGs that can be attached comfortably to the participant’s skin.
After cleaning the skin with isopropyl alcohol, one EMG recording
electrode (10–1000 Hz, 16 bit resolution on all measurements) was
ﬁxed properly to each muscle by an experienced physician according to the ‘‘surface EMG for non-invasive assessment of muscles’’
(SENIAM) recommendations for surface EMG placement (Hermens
et al., 1999). EMG data were recorded simultaneously for all muscles continuously throughout the six trials for each COP position.
The kinematic data was recorded by an eight camera Vicon motion
tracking system and the ground reaction forces were recorded by
two 3-dimensional AMTI OR6-7-1000 force plates. Similar to Croce
(1986) and Haim et al. (2008, 2010) all analyses were performed

for the dominant leg, which was the right leg for all study
participants.
All data were acquired simultaneously by Vicon Nexus software
(Oxford Metrics Ltd., Oxford UK) and exported to MATLAB™ software for analysis. The EMG signals were sampled at 120 Hz. The
EMG signal envelope was calculated. The EMG envelope is usually
calculated according to a standard protocol (Langzam et al., 2006;
Nigg et al., 2005). Data were analyzed in a similar fashion to the
protocol of Langzam et al. First, a high pass ﬁlter (HPF) of 10 Hz
(Butterworth, 4th order) was carried out to remove motion artifacts. The signal was then rectiﬁed and the peak envelope was extracted. A low pass ﬁlter (LPF) of 15 Hz (Butterworth, 4th order)
was then carried out.
Each step of the gait cycle was divided into stance and swing, as
measured by the force plates. All calculations were performed for
stance only. The time scale of the stance was normalized from 0%
to 100%. The stance period was divided into several phases with respect to time: initial contact (IC; 0–2%), load response (LR; 0–10%),
midstance (MS; 10–30%), terminal stance (TS; 30–50%), preswing
(PS; 50–60%) and terminal contact (TC; 60–100%) (Haim et al.,
2008, 2010).
Using a protocol similar to Edwards et al. (2008), an average rectiﬁed value (ARV) for the EMG of each muscle during each phase of
the stance period was obtained by calculating the integral of the
graph pertaining to a speciﬁc phase. As suggested by Edwards et al.
(2008), within subject normalization was not needed for the data because participants acted as their own control and all procedures
were performed in the same session, without the electrode positions
being altered. For all stance phases, ARVs of six trials under each condition were averaged for each subject to get a representative value.
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Table 1
Chi-square and signiﬁcance values for lower limb muscles over the 6 COP positions in each phase of stance.

ST Chi-square
p value
BF Chi-square
p value
VM Chi-square
p value
VL Chi-square
p value
LG Chi-square
p value
MG Chi-square
p value
TA Chi-square
p value

Initial contact (IC)

Load response (LR)

Midstance (MS)

Terminal stance (TS)

Preswing (PS)

Terminal contact (TC)

0.600
0.896
3.960
0.266
3.866
0.569
15.191
0.010*
6.720
0.242
6.175
0.29
4.600
0.204

0.720
0.868
1.582
0.664
6.114
0.295
10.743
0.057
2.514
0.774
7.779
0.169
9.960
0.019*

4.200
0.241
6.164
0.104
5.657
0.341
8.971
0.110
6.229
0.285
5.753
0.331
13.080
0.004*

7.320
0.062
11.509
0.009*
10.514
0.062
9.314
0.097
13.086
0.023*
7.156
0.209
4.320
0.229

2.520
0.472
6.600
0.086
4.686
0.455
9.657
0.086
13.429
0.020*
1.338
0.931
3.240
0.356

4.320
0.229
2.236
0.525
8.4
0.136
7.543
0.183
1.657
0.894
5.130
0.400
0.600
0.896

Chi-square values were calculated using Friedman’s test.
The LG varied signiﬁcantly with COP position in TS and PS phases of stance. The TA varied signiﬁcantly in LR and MS. The BF varied signiﬁcantly in TS. The VL varied
signiﬁcantly in IC.
*
p 6 0.05 was considered statistically signiﬁcant.

Table 2
Mean ± SD ARV values for LG over 6 COP positions in Terminal Stance and Preswing.

Lateral gastrocnemius
Terminal stance
Lateral gastrocnemius
Preswing

Anterior
ARV

Posterior
ARV

Dorsi ﬂex
ARV

Plantar ﬂex
ARV

Lateral
ARV

Medial
ARV

0.503 ± 0.331

0.465 ± 0.281

0.505 ± 0.335

0.399 ± 0.250

0.418 ± 0.288

0.554 ± 0.361

0.659 ± 0.468

0.583 ± 0.417

0.686 ± 0.395

0.551 ± 0.396

0.563 ± 0.351

0.795 ± 0.569

Mean ± SD ARV values are in mV.

Table 3
Mean ± SD ARV values for TA over 4 COP positions in Load Response and Midstance.

Tibialis anterior
Load response
Tibialis anterior
Midstance

Anterior
ARV

Posterior
ARV

Dorsi ﬂex
ARV

Plantar ﬂex
ARV

3.052 ± 1.042

3.779 ± 1.371

3.588 ± 1.816

3.812 ± 1.459

1.651 ± 0.901

2.115 ± 1.016

1.747 ± 1.026

2.452 ± 1.338

Mean ± SD ARV values are in mV.

Then parameter values of different COP conditions were compared
for every phase of stance.
2.5. Statistical analysis
Friedman tests were used to compare the EMG activity of MG,
LG, VM and VL muscles across lateral, medial, anterior, posterior,
dorsi ﬂexion and plantar ﬂexion positions and ST, BF, TA muscles
across anterior, posterior, dorsi ﬂexion and plantar ﬂexion positions in each speciﬁc phase of stance. A p value of less than 0.05
was considered as statistically signiﬁcant. All analyses were performed using SPSS (version 17.0).
3. Results1
The primary muscles which average rectiﬁed activity varied
with COP were the distal muscles – LG, MG and TA. The LG and
TA varied signiﬁcantly with COP, the MG did not. LG showed significant change with COP in the TS ({2 = 13.086, p = 0.023) and PS
1
Gait phases and events reported here correspond to the events reported in Haim
et al. (2008, 2010).
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({2 = 13.429, p = 0.020) phases of stance, the TA varied signiﬁcantly with COP in the LR ({2 = 9.960, p = 0.019) and MS
({2 = 13.080, p = 0.004) phases of stance. The proximal muscles
showed similar tendencies to the distal ones but the inﬂuence of
the COP on the muscle activity was not as evident. The BF varied
signiﬁcantly with COP during TS ({2 = 11.509, p = 0.009), and the
VL varied signiﬁcantly with COP during IC ({2 = 15.191,
p = 0.010). The activation changes in all the other muscles in all
phases of stance did not differ signiﬁcantly with COP variation.
The results of statistical analysis are presented in Table 1; ARVs
of the LG and TA in the stance phases when signiﬁcant changes
were found are presented in Tables 2 and 3.
The LG and TA showed unique changes in speciﬁc COP positions.
The LG showed signiﬁcantly more activation in the medial COP position. More speciﬁcally, in the PS phase, the average rectiﬁed EMG
activity of the LG showed a 41% increase (from 563 to 795 lV) in
activity when the COP was shifted from the lateral to the medial
position. Fig. 3a illustrates the ARV of the LG in the different COP
positions during the PS phase of stance in box plots. The activity
of the muscle was signiﬁcantly lower in the lateral, posterior and
plantar ﬂex positions in comparison to its activity in the medial,
anterior and dorsi ﬂex positions, respectively, in TS and PS phases
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Fig. 3. Average rectiﬁed values (ARV) of the EMG activity of lower limb muscles in
speciﬁc phases of gait in response to center of pressure (COP) manipulations during
walking are presented in a box plot. The line in the center of the box represents the
median value, the box represents the inter-quartile range and the whiskers
represent the range. The circle indicates an outlier observation. The number of the
observation is stated. (a) LG muscle activity over all COP positions in the preswing
phase of the stance period of gait. (b) MG muscle activity over all COP positions in
the load response phase of the stance. (c) TA muscle activity over four COP positions
in the midstance phase of the stance period of gait.

of stance. Fig. 4a illustrates the EMG activity of the LG muscle for
one person averaged over six steps in the lateral and medial COP
positions. The activity of the LG was lower in the lateral COP position throughout the entire stance period. It can be observed in
Fig. 4a that the activity of the LG was maximal in the middle of
the stance phase; therefore, the signiﬁcant changes of activation
were observed during the terminal stance and the preswing.
Fig. 4b illustrates the mean ARV of the LG in all stance phases.
Fig. 4b(1) shows that LG activity was similar in the medial and lateral
COP positions for the beginning of the stance period but increased in
the medial COP position in all the following phases. Fig. 4b(2) shows
that LG activity was similar in the anterior and posterior COP

Fig. 4. Changes in activity of lower limb muscles over the entire stance period of
gait in response to center of pressure (COP) manipulations during walking (a) EMG
activity of the lateral gastrocnemius muscle of one subject over the entire stance
period of gait during ambulation in the lateral vs. medial COP positions. (b)
Averaged ARV of the lateral gastrocnemius muscle over the entire stance period of
gait. (1) Ambulation in the lateral vs. medial COP positions; (2) ambulation in the
anterior vs. posterior COP positions; (3) ambulation in the dorsi ﬂexion vs. plantar
ﬂexion COP positions. (c) EMG activity of the tibialis anterior muscle of one subject
over the entire stance period of gait during ambulation in the anterior vs. posterior
COP positions.

positions for the initial and terminal phases of stance but increased
in the anterior COP position in all other phases. Fig. 4b(3) illustrates

229

338

Y. Goryachev et al. / Journal of Electromyography and Kinesiology 21 (2011) 333–339

that the LG activity was similar in the dorsi ﬂexion and plantar
ﬂexion COP positions for the initial phase of stance but increased
in the dorsi ﬂexion COP position in all following phases.
The TA showed signiﬁcantly more activation in the posterior
COP position. More speciﬁcally, in the in the MS phase, the TA
showed a 28% increase (from 1650 to 2115 lV) in activity when
the COP was shifted from the anterior to the posterior position.
Fig. 3c shows that the TA was signiﬁcantly less active in the posterior and dorsi ﬂexion positions than in the anterior and plantar ﬂexion positions. Fig. 4c illustrates the EMG activity of the TA for one
subject averaged over six steps. The TA activity was higher in the
posterior COP position compared to the anterior position throughout the entire stance phase. It can be seen in Fig. 4c that the activity
of the TA was higher in the initial and terminal stance phases;
therefore, the signiﬁcant changes of activation were observed in
load response and midstance.
Lastly, the MG showed a consistent non-signiﬁcant increase in
activation in the lateral compared to the medial COP position, in
the anterior compared to the posterior COP position and in the dorsi ﬂexion compared to the plantar ﬂexion COP position (Fig. 3b).
4. Discussion
The study examined the dynamic effects of COP manipulation
during walking on the lower limb musculature. Variation of COP
during walking was found to be associated with signiﬁcant
changes, mostly in distal muscles, speciﬁcally in the LG and TA.
The changes in COP were made at the distal end of the limb using
a shoe platform and, as such, the majority of the changes in muscle
activation were seen distally.
As we initially hypothesized, a coronal COP shift was found to
correlate with an activity change of the lateral and medial muscles,
and a sagittal COP change was found to correlate with the anterior
and posterior muscles. These results can be explained from
mechanical (i.e., joints moments Haim et al., 2008, 2010) and anatomical perspectives. The GC is located on the posterior part of the
calf. An anterior COP, therefore, should cause an increase in activation of the GC in an attempt to balance the leg. Similarly, the activation of TA, which is located in the anterior calf, should increase in
a posterior COP. This cause and effect was demonstrated by the
present study and by Mulavara et al. (1994). In that study, the
authors reported that an anterior COP shift increased the activation
of the GC muscle, while a posterior shift increased activation of the
TA muscle. These same changes were observed in the present study
during walking. The results of the present study expand on the
ﬁndings of Mulavara et al. and demonstrate that these associations
between muscle activation and COP position can be maintained
during gait. Moreover, literature on the natural dynamic changes
in the lower limb during gait without shoes has documented very
similar changes in lower limb electromyograms in response to natural changes in COP during gait (Whittle, 2003).
In the present study, the GC was further split into LG and MG.
Results showed that LG decreased in activation with a lateral shift
in COP. This can also be explained mechanically and anatomically
since, in a lateral COP, the LG should decrease in activation in an
attempt to balance the leg. Similarly, the MG decreased in activation with a medial shift in COP. This latter effect, however, was
not statistically signiﬁcant. The reason for differences in the intensity of change between the LG and MG has yet to be determined.
We suspect that the reason for this difference comes from the fact
that the mechanical axis acting as the foot passes medial to the
knee joint center during gait (Haim et al., 2008). This natural lack
of symmetry between the medial and lateral compartments might
be the reason for the signiﬁcant changes in the LG activity with lateral and medial COP shifts as opposed to the evident, but non-signiﬁcant, changes in MG activity with the same COP shifts.
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The results of the present study may offer clinically relevant
implications to several musculoskeletal pathologies. A COP manipulation can be applied, for example, to patients who suffer from
foot drop, since these individuals suffer from weakness in the
anterior leg muscles responsible for dorsiﬂexion of the foot (Gefen,
2001). In this case, these patients may beneﬁt from a posterior
manipulation of the COP during gait in order to increase the activity of anterior compartment muscles. A device that can induce increased GC activation, like the one described in our study, may also
be a useful tool for training for OA patients, since it has been shown
that ankle muscle strength plays an important role in maintaining
dynamic balance in subjects with knee OA (Hsieh et al., 2008).
However, further studies should be made to verify these
suggestions.
Several limitations to the current study should be noted. Firstly,
the changes in muscle activation during different COP shifts were
not compared to a control conﬁguration. This may include the device without any elements or with elements conﬁgured to a neutral COP. In the neutral COP position, the leg is more balanced
than in the shifted COP positions; thus, the muscle work aimed
to maintain balance is reduced. The same is true when the elements are removed (Haim et al., 2008). In addition, the subjects
in the present study were young healthy males. As such, the results
of the study are valid only for subjects with characteristics similar
to this group. Further studies are needed before these ﬁndings can
be extended to other populations, especially patients with neuromuscular disorders. We currently have studies underway with this
goal in mind.
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a b s t r a c t
Background: Foot center of pressure (COP) manipulation has been associated with improved gait patterns. The purpose of this study was to determine lower limb muscle activation changes in knee osteoarthritis patients, both immediately after COP manipulation and when COP manipulation was combined
with continuous gait therapy (AposTherapy).
Methods: Fourteen females with medial compartment knee osteoarthritis underwent EMG analyzes of
key muscles of the leg. In the initial stage, trials were carried out at four COP positions. Following this,
gait therapy was initiated for 3 months. The barefoot EMG was compared before and after therapy.
Results: The average EMG varied signiﬁcantly with COP in at least one phase of stance in all examined
muscles of the less symptomatic leg and in three muscles of the more symptomatic leg. After training,
a signiﬁcant increase in average EMG was observed in most muscles. Most muscles of the less symptomatic leg showed signiﬁcantly increased peak EMG. Activity duration was shorter for all muscles of the less
symptomatic leg (signiﬁcant in the lateral gastrocnemius) and three muscles of the more symptomatic
leg (signiﬁcant in the biceps femoris). These results were associated with reduced pain, increased function and improved spatiotemporal parameters.
Conclusions: COP manipulation inﬂuences the muscle activation patterns of the leg in patients with knee
osteoarthritis. When combined with a therapy program, muscle activity increases and activity duration
decreases.
 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Osteoarthritis (OA) is the most prevalent form of arthritis and
occurs most commonly in the knee joint (Hogenmiller and Lozada,
2006). OA of the knee is one of the most common causes of disability in the elderly, affecting over 21 million people in the United
States alone (Dillon et al., 2006; Felson et al., 1997). Patients with
OA of the knee usually complain of pain, stiffness, poor function
and muscle weakness (Hogenmiller and Lozada, 2006). Indeed,
studies have shown that the muscle activity in the lower limb
of patients with knee OA is below normal (Childs et al., 2004;
Mc Alindon et al., 1993). Additionally, researchers have found that
patients with knee OA have a longer duration of muscle
contraction in comparison to healthy controls (Childs et al.,
2004; von Tscharner and Valderrabano, 2010).
⇑ Corresponding author. Address: Faculty of Mechanical Engineering, TechnionIsrael Institute of Technology, Haifa 32000, Israel. Tel.: +972 4 8295945.
E-mail addresses: ygenis@gmail.com, yuliag@techunix.technion.ac.il (Y. Goryachev).

Several studies have shown that muscle activity in knee OA can
be improved through strength training, neuromuscular stimulation
and standard rehabilitation exercises (Suetta et al., 2004; Graham
and Fisher, 2003; Tal-Akabi et al., 2007). Other studies have shown
that agility and perturbation training can improve the gait patterns
of patients with knee OA (Elbaz et al., 2010; Fitzgerald et al., 2002;
Hurley, 2003). Laterally wedged foot orthoses have been used for
many years to treat medial compartment knee OA, which is the
most common type of knee OA (Graham and Fisher, 2003). These
orthoses have been shown to improve the pathological kinetics
and kinematics in knee OA (Kerrigan et al., 2002). Previous studies
have suggested that these orthoses act by shifting the center of
pressure (COP) in the foot, leading to a reduction in the moment
arm of the knee adduction moment (KAM) and thus the KAM itself
(Maly et al., 2002).
In two previous studies, Haim et al. (2008, 2010) introduced a
unique biomechanical device that is thought to combine COP shifts
with agility and perturbation training. This device is a foot-worn
platform with two adjustable convex rubber elements attached
to its base. Through adjustment of the elements, the device is

1050-6411/$ - see front matter  2011 Elsevier Ltd. All rights reserved.
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capable of changing the patient’s COP during walking. In addition,
the convex design of the two elements causes a reduction in the
base of support of the patient thereby creating minor perturbations
during walking that may challenge the neuromuscular control
(AposTherapy). These authors (Haim et al., 2008, 2010; Goryachev
et al., 2011) showed that the device inﬂuences the kinetics, kinematics and muscle activation in the lower extremity of healthy
individuals. For example, a signiﬁcant correlation between the
magnitude of the KAM and the coronal orientation of the COP
was found in these individuals (Haim et al., 2008). In addition, signiﬁcant changes in the EMG activity of the distal muscles of the
lower limb were observed in response to coronal and sagittal
COP manipulations (Goryachev et al., 2011).
Several studies have examined the inﬂuence of prolonged therapy with this device in knee OA patients (Elbaz et al., 2010; Bar-Ziv
et al., 2010). These researchers (Elbaz et al., 2010; Bar-Ziv et al.,
2010) have found that such a therapy program was able to significantly improve the spatiotemporal gait parameters, pain, function
and quality of life of the patients, as assessed by means of the selfreported Western Ontario and McMaster Osteoarthritis Index
(WOMAC, Roos et al., 1999). However, the inﬂuence of the intervention on objective gait metrics has not yet been determined.
Our institute has a complex research project (No.
NCT00724139) to analyze the effect of AposTherapy on different
biomechanical parameters of subjects with knee OA. The purpose
of the project is twofold. First, the project aims to determine how
speciﬁc changes in foot COP directly and immediately inﬂuence
kinetics, kinematics and muscle activation in the lower limb. Second, the project aims to determine how a prolonged therapy program, with patient-speciﬁc calibration of the device, inﬂuences
barefoot kinetics, kinematics and muscle activation in the lower
limbs of these patients. Haim et al. (2011) summarized the direct
inﬂuence of COP shifts induced by the biomechanical device on
the kinetic and kinematic gait parameters. They found that modulation of the COP coronal trajectory from medial to lateral offset resulted in a signiﬁcant reduction of the KAM, similarly to the
healthy population study (Haim et al., 2008).
In the present study we analyzed the changes in muscle activity
during gait of these patients. This report provides both the results
of the immediate inﬂuence of COP manipulation and the effect of
3 month training therapy. Speciﬁcally, since patients with knee
OA have been shown to have lower muscle activity and longer
duration of muscle contraction compared to healthy individuals
(Childs et al., 2004; Rasch et al., 2007; von Tscharner and Valderrabano, 2010), the study aimed to determine if the therapy
program could return some of these changes toward normal.
Self-reported measurements (WOMAC), and spatiotemporal gait
parameters (gait velocity, cadence and step length) were taken to
validate our results.
The study was designed to test the hypothesis that COP modiﬁcations in the coronal plane will immediately and signiﬁcantly alter the activity of medial and lateral muscles of the lower limb and
that, following training, muscle activity in each muscle will increase while the duration of muscle activity will decrease.

2. Methods
2.1. Participants
The study cohort was comprised of 14 female patients with
equivalent shoe sizes and similar anthropometric proﬁles. The patients’ mean ± SD age was 59.9 ± 6.2 years, height was
160.7 ± 6.3 cm and weight was 77.4 ± 8.9 kg. Inclusion criteria
were symptomatic bilateral medial compartment knee OA for at
least 6 months, fulﬁllment of the American College of Rheumatol-
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ogy (ACR) criteria for OA of the knee (Altman et al., 1986) and
radiographic signs of OA in the medial compartment of the knee
of grade two or greater on the Kellgren & Lawrence (K&L) scale
(Kellgren and Lawrence, 1957). Exclusion criteria included any
other orthopedic musculoskeletal or neurological pathology, prior
knee surgery (excluding arthroscopies), signiﬁcant co-morbidities
affecting the back, hip or foot, other major systemic diseases and
an inability to ambulate without the use of a walking aid. Subjects
were recruited from the Department of Orthopedics, Ha’Emek
Medical Center, in Afula, Israel. Approval from the Ethics Sub-Committee was obtained. The study was registered in the NIH clinical
trial registration system (No. NCT00724139). The purpose and
methods of the study were explained to the subjects and all participants gave written informed consent prior to the study.

2.2. The biomechanical system
The biomechanical device (APOS System, APOS–Medical and
Sports Technologies Ltd., Herzliya, Israel) utilized in the study
has been described previously (Haim et al., 2008). The device consists of two convex-shaped biomechanical elements attached to
each foot using a platform in the form of a shoe (Fig. 1). The elements can be adjusted to speciﬁc settings that induce speciﬁc
COP patterns in the foot during gait. The devices used in the study
were generously donated by the manufacturer prior to the study.

2.3. Experimental protocol
2.3.1. COP manipulation
All subjects enrolled in the study were instructed to refrain
from using any analgesic medication for a 2-week washout period
prior to the study. In the ﬁrst part of this study, the biomechanical
device was calibrated to several COP settings for each patient to
determine the immediate effects of each COP setting on the muscle
activity in the lower limb. A single trained physiotherapist performed each calibration. The ﬁrst setting was the ‘‘functional neutral sagittal axis’’, deﬁned as the position in which the apparatus
conveyed the least valgus or varus torque at the ankle in that speciﬁc individual (Fig. 1b). The device was also worn without any elements (control conﬁguration; Fig. 1c), lateral sagittal axis (both
elements moved 1.2 cm laterally from the neutral sagittal axis;
Fig. 1d) and at a medial sagittal axis (both elements moved
0.8 cm medially from the neutral sagittal axis; Fig. 1e). A pilot trial
conducted to assess the stability of the apparatus determined that
satisfactory walking stability for healthy adults can be maintained
within the range of 1.5 cm medial and 2 cm lateral deviation of the
biomechanical elements from the neutral sagittal axis (Haim et al.,
2008). Muscle activation was measured at each COP conﬁguration.
The conﬁgurations were tested in a random order on the same day.

2.3.2. Therapy program
In the second part of the study the biomechanical device was
used as part of a therapy program (AposTherapy, Elbaz et al.,
2010) for the same patients to determine the muscle activation
changes in barefoot walking after the treatment. At the beginning
of the training program the device was appropriately calibrated to
each patient by a trained physiotherapist, and the patients were instructed to follow a treatment protocol similar to that reported by
Elbaz et al. (2010). In brief, this protocol includes walking with the
device on a daily basis in gradually increasing periods of time, until
30 min of walking per day is reached. Muscle activation testing
was carried out during barefoot walking at baseline and after
3 months of therapy.
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Fig. 1. The biomechanical platform set at several COP conﬁgurations. (a and b) Functional neutral sagittal axis conﬁguration, deﬁned as the position in which the apparatus
conveyed the least valgus or varus torque at the ankle in that speciﬁc individual. (c) Device without any elements (control conﬁguration). (d) Lateral sagittal axis
conﬁguration. (e) Medial sagittal axis conﬁguration.

2.4. Data acquisition and processing
Gait analysis for each subject was performed at the Biorobotics
and Biomechanics Lab (BRML) of the Faculty of Mechanical Engineering at Technion-Israel Institute of Technology. Surface EMG
ZeroWire system (Aurion Ltd., 10–4000 Hz, 16 bit resolution on
all measurements) was used to record the muscle activity of lower
limb muscles. The activity of all the following muscles was recorded: lateral gastrocnemius (LG), medial gastrocnemius (MG),
vastus lateralis (VL), vastus medialis (VM), tibialis anterior (TA),
semitendenosis (ST), and biceps femoris (BF). The EMG recording
electrodes were bipolar, disposable, pre-gelled Ag/AgCl surface
electrodes (Noraxon USA Inc.). Each electrode was ﬁxed properly
to each muscle belly by an experienced physician according to
the ‘‘surface EMG for non-invasive assessment of muscles’’ (SENIAM) recommendations for surface EMG placement (Merletti and
Hermens, 2000).
The EMG data was collected while the subjects walked over a
10 m walkway at a self-selected velocity. A metronome was used
to ensure consistent cadence throughout the trial. Six walks at each
conﬁguration were collected per subject for averaging. In the therapy program investigation, six walks while barefoot were collected
per subject for averaging both before therapy and after the therapy
program. The EMG signals were sampled at 240 Hz and then exported to MATLAB™ for data processing.
The EMG envelopes were calculated according to standard procedures (Langzam et al., 2006; Nigg et al., 2006). First, a high pass
ﬁlter of 10 Hz (Butterworth, 4th order) was carried out to remove
motion artifacts. The signal was then rectiﬁed and the peak envelope was extracted. A low pass ﬁlter of 15 Hz (Butterworth, 4th order) was then carried out. Similarly to Clancy et al. (2004), the
onset and termination of muscle contraction was deﬁned as the instant when the envelope increased or decreased from the baseline
activity. The detection was carried out manually by a trained physician. To avoid any bias in marking onset and termination times,
the signals were randomly presented to the observer on a normalized time scale. The physician was blind to the source of the ﬁle
(before or after training, identity of the subject, etc.). Manual muscle activation detection was found to be more valid then the detection by a computerized analysis system (Di Fabio, 1987).

Each step was divided into stance and swing, as measured by
the force plates (AMTI OR6-7-1000). All calculations were performed for the stance phase. The time scale of the stance was normalized from 0% to 100%. The stance period was divided into
several phases with respect to time: initial contact (IC; 0–2%), load
response (LR; 0–10%), midstance (MS; 10–30%), terminal stance
(TS; 30–50%), preswing (PS; 50–60%) and terminal contact (TC;
60–100%) (Perry, 1992). The EMG data for each leg was analyzed
separately. The data for the more symptomatic knee leg, as selected by the patient, was termed the ‘more symptomatic leg’ the
other leg was termed the ‘less symptomatic leg’.
2.4.1. Parameters calculated in the COP manipulation investigation
Using a protocol similar to Edwards et al. (2008) an average rectiﬁed value (ARV) for the EMG of each muscle during each phase of
the stance period was obtained by calculating the integral of the
graph pertaining to a speciﬁc phase. The integral value was then
divided by the time duration of the segment. The EMG activity of
each muscle during each phase of stance was compared in four
conﬁgurations of the device: control, neutral, medial and lateral.
Within subject EMG normalization was not needed because participants acted as their own control and all procedures were performed in the same session (Edwards et al., 2008; Soderberg and
Knutson, 2000).
2.4.2. Parameters calculated in the training program investigation
The EMG activity of each muscle during each phase of stance of
barefoot walking was compared before and after three months of
therapy. In addition to ARV, a normalized activity duration (NAD)
was calculated as the time from initiation to termination of activation normalized to the gait cycle time, and a peak activity (PA) value was calculated as the peak value of the EMG envelope during
stance. Since the electrodes had to be reapplied to the patients at
the end of therapy, some differences in the EMG signal could have
arisen that were not caused by the therapy itself. To minimize
these differences between the baseline and endpoint, the system
calibration and electrodes placement before and after therapy
were kept identical. In addition, all subjects acted as their own control and each muscle was compared to itself. Normalization of the
EMG data could therefore only affect the magnitude but not the
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consistency of the results and, consequently, was not applied in the
pre- to post-training comparison.

x 10

-4

Lateral Castrocnemius Less Symptomatic Knee - PS

3

2.5. Statistical analysis
2.5

ARV [Volt/sec]

In the COP manipulation investigation, Friedman tests were
used to determine statistically signiﬁcant differences in the ARVs
of all subjects in different gait stages between the control, neutral,
medial and lateral conﬁgurations, and post hoc tests were calculated for subgroup comparisons by the Wilcoxon non-parametric
test adjusting for p-value smaller than 0.05. In the therapy program
investigation, Wilcoxon tests were used to compare signiﬁcant
changes between the pre- and post-training parameters. A probability of less than or equal to 0.05 was considered as statistically
signiﬁcant. All analyzes were performed by a biostatistician using
SPSS (version 13.0).
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3. Results
3.1. COP manipulation
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In the COP manipulation investigation, the ARV in each of the
six phases of stance was compared in four COP conﬁgurations: lateral, medial, neutral and control. In the less symptomatic leg, almost all muscles varied signiﬁcantly with COP in at least one
phase of stance. Speciﬁcally, there were signiﬁcant differences in
ARV across the COP conﬁgurations for the lateral gastrocnemius
in the midstance (p < 0.001), terminal stance (p < 0.001), preswing
(p = 0.001) and terminal contact (p < 0.001) phases, for the tibialis
anterior in the terminal stance (p = 0.039), for the medial gastrocnemius in the loading response (p = 0.011), for the biceps femoris
in the midstance (p = 0.007) and terminal stance (p = 0.005) phases
and for the semitendenosis in the terminal stance (p = 0.028). In
the more symptomatic leg, signiﬁcant differences in ARV across
the COP conﬁgurations for the lateral gastrocnemius were found
in the terminal stance (p = 0.005), preswing (p = 0.002) and terminal contact (p = 0.032) phases of stance, for the tibialis anterior in
the preswing (p = 0.010) and for the vastus lateralis in the initial
contact (p = 0.050). The results are presented in Table 1.
When the lateral gastrocnemius was examined speciﬁcally, it
was found that the highest ARV values were observed for medial
COP shifts, and the lowest ARV values were observed for lateral
COP shifts. The ARV at the neutral COP fell between these two extremes and the ARV at the control conﬁguration fell slightly below
that of the neutral conﬁguration (Fig. 2). The application of post

medial

2

1.5

1

0.5
lateral

medial

neutral

control

Fig. 2. Average rectiﬁed EMG values for the lateral gastrocnemius muscle during
the preswing (PS) phase of stance in box plots (a) less symptomatic; (b) more
symptomatic knees. Lateral, medial, neutral and control represent the four COP
conﬁgurations examined. ⁄(+) = outlier.

hoc tests to the lateral gastrocnemius of the less symptomatic leg
revealed signiﬁcant differences between the medial and lateral

Table 1
The average rectiﬁed values (mean (SD) [104 V/s]) for each lower limb muscle in speciﬁc phases of stance compared across center of pressure conﬁgurations.
More symptomatic

LG (MS)
LG (TS)
LG (PS)
LG (TC)
TA (MS)
TA (TS)
TA (PS)
MG (LR)
BF (MS)
BF (TS)
ST (TS)
VL (IC)
VL (MS)

Less symptomatic

Lateral

Medial

Neutral

Control

p value

0.83
0.64
0.93
0.71
1.48
0.76
0.41
0.74
0.63
0.33
0.41
0.66
1.30

0.98
0.90
1.26
1.20
1.42
0.74
0.65
0.82
0.87
0.39
0.77
0.60
1.26

0.96
0.87
1.25
1.10
1.41
0.71
0.57
0.90
0.87
0.42
0.46
0.68
1.43

0.78
0.74
1.09
0.99
1.28
0.69
0.48
0.64
0.74
0.38
0.37
0.81
1.42

0.094
0.005*
0.002*
0.032*
0.972
0.677
0.010*
0.197
0.272
0.457
0.195
0.050*
0.356

(0.43)
(0.27)
(0.46)
(0.33)
(1.04)
(0.56)
(0.31)
(0.51)
(0.35)
(0.23)
(0.23)
(0.38)
(0.97)

(0.52)
(0.33)
(0.50)
(0.41)
(1.04)
(0.54)
(0.45)
(0.67)
(0.52)
(0.25)
(1.24)
(0.31)
(0.86)

(0.62)
(0.34)
(0.67)
(0.34)
(0.84)
(0.52)
(0.33)
(0.72)
(0.59)
(0.30)
(0.20)
(0.36)
(0.99)

(0.47)
(0.34)
(0.42)
(0.37)
(0.73)
(0.47)
(0.26)
(0.49)
(0.48)
(0.25)
(0.19)
(0.38)
(0.93)

LG (MS)
LG (TS)
LG (PS)
LG (TC)
TA (MS)
TA (TS)
TA (PS)
MG (LR)
BF (MS)
BF (TS)
ST (TS)
VL (IC)
VL (MS)

Lateral

Medial

Neutral

Control

p value

1.10
0.80
1.06
1.02
1.25
0.65
0.31
1.14
0.71
0.31
0.33
0.56
0.87

1.35
1.12
1.57
1.37
1.17
0.59
0.50
0.94
1.14
0.53
0.38
0.65
1.25

1.18
0.95
1.20
1.24
1.22
0.48
0.27
0.76
0.75
0.37
0.21
0.73
1.07

0.86
0.91
1.15
1.23
0.99
0.38
0.36
0.94
0.79
0.31
0.26
0.77
1.24

<0.001*
<0.001*
0.001*
<0.001*
0.053
0.039*
0.052
0.011*
0.007*
0.005*
0.028*
0.071
0.053

(0.58)
(0.38)
(0.54)
(0.26)
(0.60)
(0.36)
(0.27)
(0.98)
(0.44)
(0.18)
(0.36)
(0.19)
(0.41)

(0.56)
(0.35)
(0.72)
(0.43)
(0.58)
(0.28)
(0.32)
(0.66)
(0.71)
(0.38)
(0.26)
(0.23)
(0.80)

(0.45)
(0.31)
(0.50)
(0.32)
(0.47)
(0.31)
(0.26)
(0.52)
(0.39)
(0.26)
(0.15)
(0.34)
(0.52)

(0.36)
(0.35)
(0.44)
(0.40)
(0.41)
(0.37)
(0.23)
(1.04)
(0.71)
(0.30)
(0.16)
(0.37)
(0.79)

Notes: LG = lateral gastrocnemius; TA = tibialis anterior; MG = medial gastrocnemius; BF = biceps femoris; ST = semitendenosis; VL = vastus lateralis; IC = initial contact;
LR = loading response; MS = mid-stance; TS = terminal stance; PS = pre-swing; TC = terminal contact.
*
p 6 0.05 was considered statistically signiﬁcant.
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Table 2
Clinical outcome via self-reported subjective questionnaires.

WOMAC
Pain
Stiffness
Function

Baseline

After 3 months

p value

4.55 ± 2.30
5.84 ± 3.41
4.88 ± 2.37

1.71 ± 1.28
2.73 ± 2.07
2.04 ± 1.52

<0.001
0.0085
<0.001

Notes: Outcome measures: Western Ontario and McMaster Osteoarthritis Index
(WOMAC) questionnaire (0–10 cm scale). Mean values are presented as mean ± SD.

conﬁgurations in the terminal stance, preswing and terminal contact phases (all p < 0.001).

3.2. Training program
Patient self-reported WOMAC pain scores and function scores
revealed a signiﬁcant improvement after 3 months of training.
Subjects reported signiﬁcant pain relief with a mean difference of
2.84 cm (decreased by 64%, p < 0.001). On the WOMAC function
scale, the subjects reported a signiﬁcant improvement with a mean
decrease of 2.84 cm (decreased by 51%, p < 0.001). The extent of
improvement in the level of pain and function corresponded with
the OARSI–OMERACT criteria for clinical response to treatment
(Pham et al., 2004). The results are presented in Table 2.
A small but signiﬁcant increase was found in the gait velocity
(increase by 7.74%, from 1.03 ± 0.11 to 1.12 ± 0.13 m/s, p = 0.012)
and step length (increase by 3.18%, from 0.58 ± 0.052 to
0.605 ± 0.06 m, p = 0.006) after training. No signiﬁcant difference
was found in the cadence.
All muscles measured in both limbs showed greater peak activity. The increase in activity was signiﬁcant for the lateral gastrocnemius (increased by 144%; p = 0.004), vastus medialis (increased
by 108%; p = 0.006), tibialis anterior (increased by 79%;
p = 0.004), semitendenosis (increased by 112%; p = 0.006), and vastus lateralis (increased by 72%; p = 0.026) in the less symptomatic
leg, and for the medial gastrocnemius (increased by 106%;
p = 0.050) in the more symptomatic leg. The results are presented
in Table 3.
All muscles in the less symptomatic leg showed a lower normalized activity duration after three months of training. The decrease
was signiﬁcant only for the lateral gastrocnemius (decreased by
17%; p = 0.006). In the more symptomatic leg, the normalized
activity duration of the tibialis anterior, medial gastrocnemius
and biceps femoris decreased after the training but the normalized
activity duration of the lateral gastrocnemius, vastus medialis,
semitendenosis and vastus lateralis increased. A statistically

signiﬁcant difference was found only for the biceps femoris (decreased by 14%; p < 0.001). These results are presented in Table 3.
An illustration of EMG adaptation for the lateral gastrocnemius
muscle in the less symptomatic leg after training for one subject is
presented in Fig. 3. This ﬁgure demonstrates the increase in peak
activity and decrease in normalized activity duration after training.
The ARV of all muscles in almost all phases of stance increased
in both legs after 3 months of training. This change was signiﬁcant
for the less symptomatic leg in the lateral gastrocnemius during
loading response (p = 0.032), midstance (p = 0.003) and terminal
stance (p = 0.033) (average increase by 69%), in the vastus medialis
during initial contact (p = 0.002), loading response (p = 0.024), midstance (p = 0.030), terminal stance (p = 0.042), and preswing
(p = 0.013) (average increase by 48%), in the tibialis anterior during
loading response (p = 0.042), midstance (p = 0.012) and terminal
stance (p = 0.034) (average increase of 48%) and in the semitendenosis during initial contact (p = 0.042), loading response
(p = 0.011), terminal stance (p = 0.024) and terminal contact
(p = 0.020) (average increase by 51%). For the more symptomatic
leg the change was signiﬁcant in the lateral gastrocnemius during
preswing (p = 0.024) (increase by 30%), in the vastus medialis during terminal stance (p = 0.014), preswing (p = 0.002) and terminal
contact (p = 0.010) (average increase by 66%), in the tibialis anterior during preswing (p = 0.042) (increase by 40%), in the medial
gastrocnemius during initial contact (p = 0.037) and loading response (p = 0.027) (average increase by 50%) and in the semitendenosis during initial contact (p = 0.024) (increase by 70%). These
results are presented in Table 4.
4. Discussion
The inﬂuence of COP manipulation and perturbation therapy
program (AposTherpy) on muscle activation in medial knee OA patients was investigated in this study. Although several studies have
reported on the beneﬁts of this novel training in knee OA patients
before (Elbaz et al., 2010; Bar-Ziv et al., 2010), the inﬂuence of the
training on muscle activation had not yet been examined. The
present study consisted of two parts. First the study aimed to measure lower limb muscle activation changes in knee OA patients in
response to four COP conﬁgurations. Second, the study aimed to
measure barefoot lower limb muscle activation before and after a
3-month gait perturbation-training program with a patient-speciﬁc COP conﬁguration.
In the ﬁrst part of the study, the ARV of all muscles in the less
symptomatic leg varied signiﬁcantly with COP in at least one phase
of stance. In the more symptomatic leg, signiﬁcant ARV changes
with COP were observed for the lateral gastrocnemius, tibialis
anterior and vastus lateralis. When examining the lateral

Table 3
The peak activity (PA) (mean (SD) [104 V/s]) and normalized activity duration (NAD) (mean (SD) [101 s]) for muscles of the lower limb before and after 3 months of training.
More symptomatic

PA
Baseline
3
Months
NAD
Baseline
3
Months

Less symptomatic

LG

VM

TA

MG

BF

ST

VL

LG

VM

TA

MG

BF

ST

VL

4.40
(3.17)
5.10
(4.61)

4.26
(6.38)
4.67
(3.81)

3.86
(2.86)
5.23
(5.13)

5.05*
(3.94)
10.4*
(8.51)

2.13
(1.26)
4.09
(5.86)

4.03
(3.36)
7.04
(8.31)

2.81
(2.41)
4.37
(4.17)

3.39*
(1.50)
8.26*
(8.74)

2.32*
(2.17)
4.83*
(2.98)

4.30*
(2.83)
7.71*
(6.37)

6.30
(8.89)
9.60
(7.71)

3.01
(2.84)
6.47
(7.22)

2.75*
(1.91)
5.83*
(4.77)

1.89*
(1.09)
3.25*
(1.31)

4.65
(1.03)
4.67
(0.92)

3.98
(0.81)
4.07
(1.17)

2.22
(0.94)
1.97
(0.69)

4.28
(1.08)
3.83
(1.41)

4.27*
(0.89)
3.73*
(1.0)

3.41
(1.02)
3.46
(0.68)

4.06
(1.08)
4.17
(1.25)

5.04*
(0.83)
4.42*
(0.93)

3.83
(0.80)
3.49 (0.
97)

1.85
(0.74)
1.85
(0.81)

5.30
(0.37)
4.05
(1.46)

3.92
(0.78)
3.79
(0.85)

3.88
(1.11)
3.56
(0.71)

4.07
(0.79)
3.51
(0.70)

Notes: LG = lateral gastrocnemius; TA = tibialis anterior; MG = medial gastrocnemius; BF = biceps femoris; ST = semitendenosis; VL = vastus lateralis; VM = vastus medialis.
p 6 0.05 was considered statistically signiﬁcant.
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Fig. 3. Electromyographic changes in the lateral gastrocnemius in the less symptomatic leg for one subject before and after 3 months of training. The EMG amplitude is
presented over time (percent of stance). The thick gray line is the mean amplitude before therapy and the thick black line is after therapy. The dashed gray lines are standard
deviation before therapy and the thin whole black lines are after therapy. The normalized activity duration (NAD) is presented as well.

gastrocnemius muscle speciﬁcally, it was observed that its ARV
EMG increased substantially when the COP was shifted medially
and decreased substantially when the COP was shifted laterally

(Fig. 2). This change was also observed in our previous study on
healthy individuals (Goryachev et al., 2011). This observation can
be explained by the kinetic changes with COP reported by Haim

Table 4
The average rectiﬁed values (mean (SD) [104 V/s]) for each lower limb muscle in speciﬁc phases of stance before and after 3 months of training.
Phase of stance

More symptomatic leg

Less symptomatic leg

LG

VM

TA

MG

ST

LG

VM

TA

MG

ST

Baseline
3 Months
p

0.47 (0.37)
0.62 (0.47)
0.267

1.99 (3.85)
1.89 (2.76)
0.232

1.62 (0.61)
2.40 (1.37)
0.168

0.70 (1.0)
1.27 (1.35)
0.037*

0.79 (0.33)
2.72 (4.14)
0.024*

0.44 (0.34)
2.20 (4.11)
0.109

0.56 (0.36)
1.32 (0.74)
0.002*

2.01 (0.72)
2.83 (2.28)
0.204

0.48 (0.41)
0.80 (1.10)
1

0.95 (0.47)
1.67 (1.17)
0.042*

LR
Baseline
3 Months
p

1.61 (1.56)
1.91 (2.58)
0.903

2.41 (3.98)
2.35 (3.11)
0.232

2.47 (1.3)
4.01 (3.41)
0.094

1.66 (2.36)
3.84 (4.33)
0.027*

1.29 (0.77)
3.14 (4.15)
0.153

1.20 (1.05)
3.82 (5.18)
0.032*

0.99 (0.64)
1.88 (0.93)
0.024*

3.15 (1.77)
4.84 (3.67)
0.042*

1.09 (1.18)
2.73 (3.63)
0.562

1.21 (0.65)
2.54 (1.84)
0.011*

MS
Baseline
3 Months
p

2.03 (2.24)
2.13 (2.57)
0.952

1.53 (1.60)
2.47 (1.80)
0.084

1.51 (1.66)
1.82 (1.16)
0.376

2.74 (2.81)
5.40 (4.59)
0.084

1.60 (1.49)
3.24 (4.70)
0.426

1.28 (0.93)
4.96 (7.19)
0.003*

1.30 (1.65)
1.76 (0.76)
0.030*

1.12 (0.62)
2.26 (2.45)
0.012*

2.74 (4.02)
5.21 (4.82)
0.562

0.98 (0.90)
0.27 (2.33)
0.008*

TS
Baseline
3 Months
p

1.21 (0.95)
1.24 (0.69)
0.715

0.64 (0.45)
1.23 (0.88)
0.014*

0.59 (0.43)
0.81 (0.48)
0.168

1.24 (0.47)
1.65 (1.03)
0.695

0.51 (0.44)
1.34 (2.12)
0.426

0.98 (0.30)
2.89 (3.94)
0.033*

0.69 (0.67)
1.32 (1.30)
0.042*

0.31 (0.29)
0.74 (0.51)
0.034*

1.58 (1.31)
2.57 (1.18)
0.218

0.78 (1.10)
1.83 (2.18)
0.024*

PS
Baseline
3 Months
p

1.35 (0.52)
1.92 (1.10)
0.024*

0.22 (0.19)
0.93 (0.84)
0.002*

0.39 (0.27)
0.65 (0.36)
0.042*

1.32 (0.72)
1.30 (0.81)
0.695

0.21 (0.28)
0.20 (0.20)
1

1.43 (0.63)
2.74 (2.69)
0.216

0.37 (0.36)
1.11 (1.90)
0.013*

0.29 (0.24)
0.39 (0.41)
0.638

1.59 (1.31)
2.14 (0.48)
0.093

0.37 (0.55)
0.79 (1.27)
0.358

TC
Baseline
3 Months
p

1.02 (0.28)
1.39 (0.75)
0.268

0.16 (0.09)
0.61 (0.72)
0.010*

0.36 (0.22)
0.40 (0.22)
0.455

0.98 (0.42)
1.17 (0.84)
0.557

0.13 (0.14)
0.21 (0.21)
0.216

1.21 (0.47)
1.61 (0.84)
0.340

0.31 (0.26)
0.73 (0.98)
0.153

0.30 (0.21)
0.33 (0.18)
0.677

1.24 (0.51)
1.44 (0.50)
0.437

0.17 (0.13)
0.43 (0.43)
0.020*

IC

Notes: LG = lateral gastrocnemius; TA = tibialis anterior; MG = medial gastrocnemius; BF = biceps femoris; ST = semitendenosis; VM = vastus medialis; IC = initial contact;
LR = loading response; MS = mid-stance; TS = terminal stance; PS = pre-swing; TC = terminal contact.
*
p 6 0.05 was considered statistically signiﬁcant.
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et al. (2011). Their study reports that a medial COP shift increases
the knee adduction moment. It is therefore logical to assume that
the lateral gastrocnemius activity would increase in a medial
COP shift in order to counteract this moment. The EMG changes
in the ﬁrst part of the study were also greater for the distal muscles
of the lower limb. This observation is supported by the previous
study on healthy individuals, which also showed greater changes
in the distal muscles (mostly in the lateral gastrocnemius and tibialis anterior) with COP than in the proximal muscles (Goryachev
et al., 2011).
In the second part of the study, the ARV of almost all muscles
signiﬁcantly increased in at least one phase of stance in both
legs after 3 months of therapy. All muscles in both legs also
showed greater peak activity (signiﬁcant increase in the lateral
gastrocnemius, tibialis anterior, vastus medialis, semitendenosis
and vastus lateralis in the less symptomatic leg, medial gastrocnemius in the more symptomatic leg). This supports the initial
hypothesis that muscle activity would increase with training.
These ﬁndings are also supported by previous studies that reported an increase in the muscular activity after training in subjects with OA (Suetta et al., 2004; Graham and Fisher, 2003; TalAkabi et al., 2007). In addition, the training led to a lower duration of activity in most of the muscles examined. A quicker force
development is necessary to maintain daily stability in ambulation and to prevent falling (Suetta et al., 2004). In a previous
study, Childs et al. (2004) showed that OA subjects tend to have
longer muscle activation than healthy subjects. For subjects with
one healthy leg and one leg affected by OA, von Tscharner and
Valderrabano (2010) showed that the activation timing of most
of the examined muscles was earlier in the OA leg than in the
healthy one. An additional study by Suetta et al. (2004) found
that strength training increased the rate of contractile force
development in subjects after hip replacement procedure. In
light of these ﬁndings, it is reasonable to assume that the patients in the present study developed a healthier muscle activation strategy after therapy.
Another interesting observation was that the less symptomatic
leg showed greater changes than the more symptomatic leg in both
parts of the study. This observation is supported by a previous
study that reported that healthy individuals consistently showed
more signiﬁcant increases in EMG activity than knee OA patients
when treated with exactly the same resistance training program
(Graham and Fisher, 2003).
The self-reported measurements (WOMAC) signiﬁcantly improved after training, with patients reporting reduced pain and
stiffness and greater function. Increased gait velocity and step
length were also observed after training. In addition, these changes
were associated with improved kinetic and kinematic parameters,
the most prominent of which were reduction in knee adduction
moment magnitude and increased range of motion at the knee, this
data will be published in the future. Our ﬁndings support the ﬁndings of other studies that also showed improvements in gait
parameters, pain, function and quality of life in knee OA patients
treated with this form of therapy (Elbaz et al., 2010; Bar-Ziv
et al., 2010).
There are several limitations to the present study. Firstly, the
study cohort was relatively small. Secondly, since no normalization
procedure on the data was performed, the ARV and peak EMG values are valid for this study only and cannot be compared to other
studies. However, there was a consistent increase of ARV and peak
EMG after training for almost all examined muscles, so it is reasonable to assume that it was induced by the training and not by the
varying factors of signal acquisition. Lastly, the current study focused speciﬁcally on females with medial compartment knee OA
and therefore the results are applicable only to subjects with characteristics similar to those of the study group.

5. Conclusions
COP manipulation directly inﬂuences the muscle activation patterns of the lower limb in patients with knee OA, in addition the
present study has shown that, when patient-speciﬁc COP manipulation is combined with a 3-month perturbation gait-training program (AposTherapy), the EMG activity of the lower limb muscles
increases and the duration of muscle activity decreases overall,
leading to more normal activation patterns.
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a b s t r a c t
Background: Footwear-generated medio-lateral foot center of pressure manipulation has been shown to
have potential positive effects on gait parameters of hip osteoarthritis patients, ultimately reducing
maximum joint reaction forces. The objective of this study was to investigate effects of medio-lateral foot
center of pressure manipulation on muscle activity of hip-spanning and back muscles during gait in
bilateral hip osteoarthritis patients. Methods: Foot center of pressure was shifted along the mediolateral foot axis using a foot-worn biomechanical device allowing controlled center of pressure manipulation. Sixteen female bilateral hip osteoarthritis patients underwent electromyography analysis while
walking in the device set to three parasagittal configurations: neutral (control), medial, and lateral.
Seven hip-spanning muscles (Gluteus Medius, Gluteus Maximus, Tensor Fascia Latae, Rectus Femoris,
Semitendinosis, Biceps Femoris, Adductor Magnus) and one back muscle (Erector Spinae) were analyzed.
Magnitude and temporal parameters were calculated. Results: The amplitude and temporal parameter
varied significantly between foot center of pressure positions for 5 out of 8 muscles each for either the
more or less symptomatic leg in at least one subphase of the gait cycle. Conclusion: Medio-lateral foot
center of pressure manipulation significantly affects neuromuscular pattern of hip and back musculature
during gait in female hip bilateral osteoarthritis patients.
 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Hip osteoarthritis (OA) is a chronic, debilitating, painful, and
progressive disorder affecting a large amount of the population
and having a great economic burden. Symptomatic hip OA is estimated to have a prevalence of 9.2% (9.3 female, 8.7 male) for those
over 45 years of age (Helmick et al., 2003). Radiological evidence
can be detected in most people over the age of 55 (Kellgren and
Lawrence, 1958). Cost of hospital expenditures for total hip
replacements in 2009 was estimated at $13.7 billion (Murphy
and Helmick, 2012).
Hip OA is associated with radiographic evidence of pathology in
the joint and gait that significantly deviates from normal. The
abnormal gait is accompanied by neuromuscular patterns that also
deviate from those of healthy people (Sims et al., 2002). Specific
descriptions of muscle activation patterns in bilateral hip OA are
⇑ Corresponding author. Tel.: +972 549203982; fax: +972 48295711.
E-mail address: dsolo@tx.technion.ac.il (D. Solomonow-Avnon).

lacking in the literate. General neuromuscular abnormalities, however, are observed with hip OA, including muscle weakness and
atrophy, due to disuse, pain, and joint dysfunction, causing potential joint instability, lack of support of the joint, and progression of
OA (Garstang and Stitik, 2006; French et al., 2008). These gait
changes may not only affect the pathological joint(s). Pathologically altered lumbar kinematics may lead to low back pain or lumbar dysfunction (Bejek et al., 2006; Watelain et al., 2001). Current
clinical recommendations for the treatment of hip OA include
reduction of load on the pathological joint(s) as well as muscle
strengthening exercises (Zhang et al., 2008).
In our previous studies on the knee in both healthy and knee OA
patients, it was shown that medio-lateral foot center of pressure
(COP) manipulation decreases knee adduction moment and joint
loads, known to play a major role in onset/progression of knee
OA (Haim et al., 2008, 2011). This was associated with significant
simultaneous effects on the neuromuscular pattern of lower-limb
musculature (Goryachev et al., 2011a, 2011b). Recently, in a pilot
study on healthy subjects, medio-lateral foot COP manipulation

http://dx.doi.org/10.1016/j.jelekin.2016.02.010
1050-6411/ 2016 Elsevier Ltd. All rights reserved.
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was shown to significantly affect hip kinetics and kinematics and
ultimately reduce maximum hip joint reaction force during gait
(Solomonow-Avnon et al., 2015). In a subsequent validation study
in the same cohort of female bilateral hip OA patients as the present study, we observed the same significant changes in hip kinetics, kinematics, and joint reaction force in both the more
symptomatic and less symptomatic limb (Solomonow-Avnon
et al., 2016). Given the important potential clinical implications
of this finding, the present study therefore investigated the
simultaneous response of neuromuscular patterns in several hipspanning muscles and one back muscle to provide a basis for further investigation of precise neuromuscular response patterns to
COP manipulation.
The objective of this study was to investigate the impact of
medio-lateral COP manipulation on neuromuscular patterns of
the hip and back musculature. Specifically, we wished to investigate which of these muscles, of both the more symptomatic and
less symptomatic limb, are able to be influenced by frontal-plane
COP modulation. We hypothesized that medio-lateral COP manipulation would have a direct significant influence on electromyography (EMG) patterns of the hip-spanning and back muscles during
various phases of the gait cycle.
2. Methods
2.1. Participants
Sixteen females with bilateral hip OA (Age = 63.5 ± 6.3 yrs,
Height = 159.7 ± 5.6 cm, Body mass = 73.3 ± 17.5 kg, Kellgren–
Lawrence grade for more symptomatic leg = 2.93 ± 0.46,
Kellgren–Lawrence grade for less symptomatic leg = 2.6 ± 0.63)
were recruited from a cohort of patients enrolled in a clinical trial
in the Department of Orthopedics at Rambam Medical Center,
Haifa, Israel and Ha’Emek Medical Center, Afula, Israel, investigating the longitudinal effects of biomechanical training with COP
modulation on gait and EMG parameters. Data for the present
study was collected before initiation of the clinical trial. All
patients had symptomatic bilateral hip OA according to the American College of Rheumatology criteria for hip OA, with radiographic
evidence of Kellgren–Lawrence grades 2–4 (Altman et al., 1991;
Kellgren and Lawrence, 1957). All patients had a more symptomatic joint, which was indicated by the patients at the start of
the study. Exclusion criteria were any orthopedic, musculoskeletal,
or neurological pathology, previous surgery of the back and lower
limbs, any other co-morbidities affecting the back and lower limbs
and gait, and use of a walking aid. Approval of the Ethics SubCommittee was obtained and informed consent was given by all
participants. The purpose and methods of the study were
explained to the subjects.
2.2. The biomechanical system
The APOS biomechanical device (APOS System, APOS—Medical
and Sports Technologies Ltd. Herzliya, Israel) was used and was
previously described in detail (Haim et al., 2008). In brief, COP
manipulation is accomplished using a platform in the form of a
shoe in which two adjustable convex-shaped biomechanical
elements are attached to the feet by means of a shoe sole specially
designed with two mounting rails (Fig. 1(a)).
2.3. Experimental protocol
The experimental protocol used in the study is consistent with
that outlined in detail in our previous studies using the biomechanical device (Goryachev et al., 2011a, 2011b). The functional
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Fig. 1. (a) Biomechanical device with adjustable elements in (b) neutral, (c) lateral,
and (d) medial configurations.

neutral configuration (FNC) was custom-defined and documented
by a single trained physiotherapist (Haim et al., 2008). The FNC
was defined for each subject as the position of the elements in
which the least varus, valgus, plantar, and dorsal torque was
exerted by the apparatus about the ankle. The medial and lateral
COP configurations were defined as 0.8-cm medial and 1.5-cm lateral deviations, respectively, of the biomechanical elements from
the neutral sagittal axis (line connecting centers of biomechanical
elements in the FNC) (Fig. 1(b–d)).
Subjects were given a several-minute period prior to data
acquisition to walk at a comfortable self-selected speed in the
biomechanical device in order to become accustomed. After the
accustomization period, EMG data were acquired simultaneously
with kinetic and kinematic data, used in another study
(Solomonow-Avnon et al., 2016), using Vicon Nexus software
(Oxford Metrics Ltd., Oxford UK). Data were recorded while subjects walked over a 10-m walkway at their comfortable selfselected speed in the three COP conditions – medial (M), neutral
(N), and lateral (L) – at random order on the same day. Six to ten
walking trials were performed in each COP condition.

2.4. Data acquisition and processing
A Surface EMG ZeroWire system (Aurion Ltd., Italy) was used to
measure the activity of the following muscles bilaterally: gluteus
medius (GMed), gluteus maximus (GMax), tensor fascia latae
(TFL), rectus femoris (RF), semitendinosus (ST), biceps femoris
(BF), erector spinae (ES), and adductor magnus (AM). Wireless surface electrodes were attached comfortably to the patients’ skin.
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After cleansing the skin with isopropyl alcohol, two disposable
Ag/AgCl Skintact W-60 60-mm EMG recording electrodes
(10–1000 Hz, 16 bit resolution) were fixed properly to each muscle
with a 2-cm inter-electrode distance according to the ‘‘surface
EMG for non-invasive assessment of muscles’’ (SENIAM) recommendations for surface EMG placement for all muscles (Hermens
et al., 1999) except adductor magnus. Adductor magnus EMG electrodes were placed according to Gazendam and Hof, 2007. Fig. 2
shows an illustration of a subject with approximate electrode locations. EMG data were recorded simultaneously for all muscles during each trial for each COP condition. Analyses were performed for
each leg, one leg being more symptomatic (MS-Leg) and the other
less symptomatic (LS-Leg), as reported by the patient at the start of
the study. EMG signals were sampled at 1000 Hz and stored on a
computer. The EMG signals were bandpass filtered in the range
of 10–500 Hz. The signals were subsequently full-wave rectified
and smoothed with a 200-ms moving average filter.
All calculations were performed for stance phase only. The time
scale of the stance phase was normalized from 0% to 100%. The
stance phase was divided into several substages with respect to
time: loading response (LR; 0–16.7%), midstance (MS; 16.7–50%),
terminal stance (TS; 50–83.3%), and preswing (PS; 83.3–100%)
(Perry, 1992).
One magnitude and one temporal parameter were calculated.
For each subject, parameters for all trials in each walking condition
were averaged in order to obtain one parameter value for each COP
condition. Root mean square EMG (RMS-EMG) was calculated as
the square root of the mean square value during each period of
stance phase (LR, MS, TS, PS). As suggested by Edwards et al.
(2008), within subject normalization of the data was unnecessary
because measurements in each COP condition were compared to
each other and to those of a base configuration for each patient,
and all testing was performed in the same session without repositioning of the electrodes. In addition, above-threshold activity
duration (ATAD) was calculated. In order to calculate ATAD, first,
for each of the 16 muscles (8 different muscles measured
bilaterally), filtered EMG for all walking trials in the L device
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configuration was plotted in the same figure. A threshold was
chosen by manually placing a horizontal line across the plotted
EMG such that there was a distinct period(s) of minimum EMG
activity under the threshold line and a distinct period(s) of EMG
activity above the threshold line. ATAD was then calculated for
each walking trial for all COP conditions as the number of samples
of filtered EMG above the threshold divided by the total number of
samples in stance phase. This process was repeated for each individual muscle. Figs. 3 and 4 show graphs of a representative
patient’s smoothed EMG versus percent stance phase with the
chosen threshold on each graph for the MS-Leg and LS-Leg, respectively, for the muscles for which ATAD was statistically significant.
In order to ensure high quality of data, electrode sites were
visually inspected after each gait trial to make sure they remained
in place and did not become detached/partially detached. In two
instances (in one patient for AM bilaterally, in one patient for TFL
on one side) electrode detachment was observed during testing
in the third COP condition. In these cases data and statistical analysis are reported for 15 out of the 16 patients in the cohort, as
retesting in all COP conditions would have caused excess physical
stress to these particular patients.
2.5. Statistical analysis
The Wilcoxon signed-rank test was used as a paired test to compare each variable between different shoe component configurations (M, N, L). A p-value below 0.05 is considered statistically
significant.
3. Results
Fig. 5 summarizes the general outcome reported below in
greater detail. Table 1 shows results for RMS-EMG for the MS-Leg
and LS-Leg for each COP condition for the hip-spanning muscles
in the substages of stance phase for which there was statistical significance. RMS-EMG values for all of the 7 hip-spanning muscles in

Fig. 2. Illustration of front and back view of a subject with approximate electrode locations for all tested muscles.
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Fig. 3. Smoothed EMG vs. % stance phase for all walking trials in each COP condition for GMed, AM, and ES of the MS-Leg showing the threshold for calculation of ATAD for
one representative patient. MS-Leg = More Symptomatic Leg; L = Lateral COP configuration; N = Neutral COP configuration; M = Medial COP configuration.

each substage of stance phase is provided as supplemental material.
Table 2 shows results for RMS-EMG for the MS-Leg and LS-Leg for
each COP condition in each substage of stance phase for the back
muscle (ES). Table 3 shows the results for ATAD for each COP condition for all 8 muscles tested for the MS-Leg and LS-Leg.

16% increased with lateral compared to neutral during loading
response. RMS-EMG for ES was 6% increased with medial compared to neutral during midstance.

3.1. MS-Leg RMS-EMG

ATAD for GMax, TFL, RF, ST, and BF did not vary significantly
between the 3 COP configurations for the MS-Leg. ATAD for GMed
was 8% increased with medial compared to neutral. ATAD for AM
was 22% increased with lateral compared to neutral. ATAD for ES
was 7% increased with medial compared to lateral.

RMS-EMG for GMed, TFL, RF, ST and AM did not vary significantly between the 3 COP configurations for the MS-Leg. RMSEMG for GMax was 20% increased with medial compared to neutral
during midstance. For BF it was 72%, 118%, and 236% increased
with medial compared to netural during midstance, terminal
stance, and preswing, respectively. RMS-EMG for BF was also
138% increased with lateral compared to neutral during preswing.
For ES it was 14% and 21% increased with medial compared to lateral during midstance and preswing, respectively. For ES it was 6%
increased with lateral compared to neutral during terminal stance.
3.2. LS-Leg RMS-EMG
RMS-EMG for GMed, GMax, RF, BF and AM did not vary significantly between the 3 COP configurations for the LS-Leg. RMSEMG for TFL was 76% increased with medial compared to neutral
during midstance. RMS-EMG for ST was 8% increased with medial
compared to lateral during loading response. RMS-EMG for ES was
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3.3. MS-Leg ATAD

3.4. LS-Leg ATAD
ATAD for GMed, GMax, ST, BF, and AM did not vary significantly
between the 3 COP configurations for the LS-Leg. ATAD for TFL was
11% increased with medial compared to neutral. ATAD for RF was
9% decreased with medial compared to lateral. ATAD for ES was
14% increased with lateral compared to neutral.
4. Discussion
In accordance with the hypothesis, there was significant evidence of change in neuromuscular pattern of hip-spanning and
back muscles during gait with medio-lateral foot center of pressure
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Fig. 4. Smoothed EMG vs. % stance phase for all walking trials in each COP condition for TFL, RF, and ES of the LS-Leg showing the threshold for calculation of ATAD for one
representative patient. LS-Leg = Less Symptomatic Leg; L = Lateral COP configuration; N = Neutral COP configuration; M = Medial COP configuration.

Fig. 5. Muscle diagram of front and back view of lower body summarizing general study findings. Only tested muscles are labeled. Red, blue, green, and yellow dots indicate
RMS-EMG significantly affected by medio-lateral COP manipulation during loading response, midstance, terminal stance, and preswing, respectively. Orange shading
indicates significant changes in ATAD (Above Threshold Activity Duration) with medio-lateral COP manipulation. For illustration purposes, the right leg is defined as the more
symptomatic leg (MS-Leg) and the left as the less symptomatic leg (LS-Leg).
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Table 1
Mean(standard deviation) of RMS-EMG in mV of the hip-spanning muscles for each of the three COP conditions in substages of stance phase for the MS-Leg and LS-Leg.
M

N

L

GMax MS

MS-Leg
LS-Leg

0.030(0.032)
0.131(0.255)

0.025(0.025)a(p=0.049)
0.152(0.345)

0.040(0.054)
0.120(0.239)

TFL MS

MS-Leg
LS-Leg

0.459(0.821)
0.065(0.065)

0.237(0.485)
0.037(0.036)a(p=0.018)

0.400(0.821)
0.072(0.115)

ST LR

MS-Leg
LS-Leg

0.145(0.409)
0.172(0.432)

0.123(0.350)
0.182(0.525)

0.157(0.454)
0.159(0.410)a(p=0.015)

BF MS

MS-Leg
LS-Leg
MS-Leg
LS-Leg
MS-Leg
LS-Leg

0.499(1.218)
0.205(0.398)
0.412(1.073)
0.167(0.349)
0.454(1.104)
0.178(0.341)

0.290(0.952)a(p=0.030)
0.278(0.907)
0.189(0.593)a(p=0.049)
0.176(0.625)
0.135(0.401)a(p=0.017),b(p=0.010)
0.185(0.626)

0.414(1.176)
0.145(0.291)
0.336(1.046)
0.091(0.267)
0.321(0.996)
0.130(0.413)

TS
PS

RMS-EMG values for muscles and substages of stance phase for which statistical significance was observed are reported in the table only. LR = Loading Response;
MS = Midstance; TS = Terminal Stance; PS = Preswing; M = Medial COP configuration; L = Lateral COP configuration; N = Neutral COP configuration; MS-Leg = More Symptomatic Leg; LS-Leg = Less Symptomatic Leg.
a
p value <0.05 for comparison with medial element position.
b
p value <0.05 for comparison with lateral element position.

Table 2
Mean(standard deviation) of RMS-EMG in mV of the back muscle for each of the three
COP conditions in each substage of stance phase for the MS-Leg and LS-Leg.

Table 3
Mean(standard deviation) of ATAD in units of % of stance phase for each of the three
COP conditions for all muscles tested in each substage of stance phase for the MS-Leg
and LS-Leg.

M

N

L

MS-Leg
LS-Leg

0.108(0.217)
0.104(0.217)

0.094(0.174)
0.081(0.171)b(p=0.015)

0.090(0.170)
0.094(0.197)

M

N

L

GMed

MS

MS-Leg
MS-Leg

0.074(0.161)
0.072(0.172)

0.068(0.140)
0.068(0.171)a(p=0.030)

0.065(0.140)a(p=0.020)
0.073(0.185)

MS-Leg
LS-Leg

78.6 (9.6)
68.2(16.6)

73.0(13.5)a(p=0.013)
62.6(14.8)

76.9(11.0)
67.0(16.0)

GMax

TS

MS-Leg
MS-Leg

0.087(0.165)
0.085(0.186)

0.089(0.166)b(p=0.044)
0.084(0.186)

0.094(0.177)
0.084(0.183)

MS-Leg
LS-Leg

55.2(9.8)
58.5(17.2)

56.8(18.7)
49.2(17.9)

60.0(16.9)
56.4(19.0)

TFL

PS

MS-Leg
MS-Leg

0.105(0.198)
0.101(0.192)

0.097(0.177)
0.103(0.197)

0.087(0.157)a(p=0.030)
0.096(0.171)

MS-Leg
LS-Leg

66.8(26.8)
67.5(18.3)

60.6(25.1)
60.8(17.7)a(p=0.000)

73.6(17.8)
63.4(15.4)

RF

MS-Leg
LS-Leg

64.0(17.1)
47.2(17.1)

64.2(19.6)
46.2(21.8)

65.5(16.9)
52.1(14.2)a(p=0.044)

ST

MS-Leg
LS-Leg

57.5(12.3)
59.8(19.2)

56.5(17.0)
54.1(21.5)

54.5(15.6)
57.8(18.5)

BF

MS-Leg
LS-Leg
MS-Leg
LS-Leg

67.0(28.0)
59.1(25.8)
73.2(12.4)
62.2(14.2)

54.8(26.2)
58.9(20.1)
69.2(13.3)
54.9(15.9)b(p=0.015)

65.3(21.4)
52.9(22.0)
68.6(11.0)a(p=0.010)
62.7(15.5)

MS-Leg
LS-Leg

71.1(20.4)
64.7(16.6)

58.9(25.1)b(p=0.022)
62.3(23.5)

72.1(19.0)
69.8(16.7)

ES LR

LR = Loading Response; MS = Midstance; TS = Terminal Stance; PS = Preswing;
M = Medial COP configuration; L = Lateral COP configuration; N = Neutral COP
configuration; MS-Leg = More Symptomatic Leg; LS-Leg = Less Symptomatic Leg.
a
p value <0.05 for comparison with medial element position.
b
p value <0.05 for comparison with lateral element position.

ES

manipulation. To the best of our knowledge such a quantitative
association between foot center of pressure manipulation along
the medio-lateral foot axis and EMG parameters of the hipspanning and back muscles measured in this study has not been
previously reported. Root mean square EMG for the more symptomatic leg changed significantly in 2 hip extensor muscles (GMax,
BF)and the back muscle (ES) during various periods of stance phase
with foot center of pressure shift, while above-threshold activity
duration changed significantly in one abductor muscle (GMed),
one adductor muscle (AM), and the back muscle (ES). For the less
symptomatic leg, root mean square EMG of one abductor/rotator
muscle (TFL), one extensor muscle (ST), and the back muscle (ES)
varied significantly with foot center of pressure shift, while
above-threshold activity duration varied significantly in one
abductor/rotator muscle (TFL), one flexor muscle (RF), and the back
muscle (ES).
Several findings of the present study should be acknowledged.
With respect to hip-spanning muscles, for which the magnitude
parameter was significantly affected by COP shift (GMax, BF, TFL,
and ST), only a medial shift in COP achieved statistically significant
changes with respect to the neutral condition in all instances,
except for one (BF), in which both medial and lateral shifts were
significantly different from neutral. This is in agreement with our
previous study showing that hip kinetics and kinematics collected
simultaneously with the EMG data of the present study, were
almost entirely affected by a medial COP shift only (SolomonowAvnon et al., 2016). We speculated that this occurred due to a
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AM

M = Medial COP configuration; L = Lateral COP configuration; N = Neutral COP
configuration; MS-Leg = More Symptomatic Leg; LS-Leg = Less Symptomatic Leg.
a
p value <0.05 for comparison with medial element position.
b
p value <0.05 for comparison with lateral element position.

possible unstable walking condition that would have resulted with
the biomechanical device elements deviated laterally, and the
associated changes in hip kinematics that were hypothesized in
the previous study. Another noteworthy finding is that neuromuscular patterns did not change in a similar significant fashion bilaterally. With respect to the hip-spanning muscles, significant
changes were observed in the magnitude parameter for the more
symptomatic side for GMax and BF, while changes were observed
in the less symptomatic side for TFL and ST.
Contrary to the hip-spanning muscles, significant changes in the
magnitude parameter were observed bilaterally for the back muscle (ES). This may indicate neuromuscular response pattern to COP
shift that is unique to patients with bilateral hip disease in which
one joint is more symptomatic than the other. Back pain and
pathology, a common comorbidity in hip OA patients (Ben-Galim
et al., 2007; Offierski and MacNab, 1983; Stupar et al., 2010), is a
significant predictor of subsequent hip OA-related pain and disability, resulting in a deteriorated hip OA prognosis (Stupar et al.,
2010). This suggests that concomitant treatment of hip OA and
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back pain can improve prognosis. The present study shows
significant magnitude and temporal effects of medio-lateral COP
manipulation on the erector spinae muscles throughout various
stages of stance phase. Further investigation is required to
characterize precise changes in neuromuscular activity in the trunk
muscles due to COP manipulation and to assess their effects on
back pain. Although a direct clinical association of the changes in
the back muscle exhibited in the present investigation is beyond
the scope of this study, we have shown that muscle activity of
the back can be influenced by noninvasive footwear-generated
COP manipulation, and this has substantial potential for clinical
implications.
The results indicate that a medially deviated COP significantly
increases muscle activity bilaterally throughout various stages of
stance phase. In our study of the hip kinetics/kinematics data
collected simultaneously with the EMG data of the present study,
we found that a medial COP bilaterally reduced frontal-plane hip
joint reaction force (Solomonow-Avnon et al., 2016). We would
therefore expect that a medial COP would reduce activity of the
hip-spanning muscles rather than increase it. However, in our previous study, the significant reduction in joint reaction force was
found at its first peak (load acceptance), where joint force is at a
maximum. The present study investigated average muscle activity
measures during the four substages of stance phase (loading
response, midstance, terminal stance, and preswing) and not at a
specific point. Therefore, we may speculate that joint reaction force
was reduced with a medial COP at its maximum, where the joint
endures the highest forces, but that muscle activity was generally
increased in the muscles aforementioned throughout various
stages of stance. This may have important clinical implications that
warrant further investigation. The muscles that span the hip have
an important function in stabilizing the joint to prevent excess
movement and sublaxity of the joint and to support the joint.
The significant increase in RMS-EMG and ATAD seen in the present
study with a medial COP throughout various stages in stance bilaterally in the pathological limbs may improve physical function by
stabilizing the joint and decreasing movement between the
femoral head and acetabulum. Although this may increase the joint
reaction force throughout various stages of stance phase, we have
shown that this force is reduced at a point where the force reaches
a maximum. The results of the present study together with those of
the simultaneous study of kinetics and kinematics warrant further
research with an eye toward clinical applications.
It is necessary to acknowledge that an explanation for the specific significant changes in neuromuscular pattern observed in this
study is beyond the scope of the study. The scope of the study
was an investigation of the potential to influence neuromuscular
pattern of the muscles tested using medio-lateral foot center of
pressure manipulation. Although the results present potential for
clinical implication, they do not prove direct clinical significance
and would require further study. The study does however add to
the understanding of biomechanical and neuromuscular effects of
medio-lateral foot center of pressure manipulation on the bilateral
osteoarthritic hip joints.
Several limitations of the study must be acknowledged. Firstly,
the study included a distinct cohort of older female bilateral hip
osteoarthritis patients and results are thus valid only for patients
with similar characteristics. Secondly, the temporal parameter
did not measure times of onset and offset but rather times of activity above a threshold chosen by visual observation and unique to
each patient. Review of the data showed that detection of precise
onset/offset times could not be accomplished due to variation of
neuromuscular patterns between patients. Additionally, overall
muscle activity duration could not be calculated in a precise manner by selecting a threshold value equation for all patients above
which muscles were considered active. Regardless, increase or
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decrease in the parameter of this study represents a longer or
shorter duration of muscle activity, respectively, above a threshold.
Since patients in the study served as their own control, we believe
that the temporal parameter of this study is useful.
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Objective: To describe a novel classiﬁcation method for knee osteoarthritis (OA) based on spatiotemporal
gait analysis.
Methods: Gait analysis was initially performed on 2911 knee OA patients. Females and males were
analyzed separately because of the inﬂuence of body height on spatiotemporal parameters. The analysis
included the three stages of clustering, classiﬁcation and clinical validation. Clustering of gait analysis to
four groups was applied using the kmeans method. Two-thirds of the patients were used to create a
simpliﬁed classiﬁcation tree algorithm, and the model’s accuracy was validated by the remaining onethird. Clinical validation of the classiﬁcation method was done by the short form 36 Health Survey
(SF-36) and Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) questionnaires.
Results: The clustering algorithm divided the data into four groups according to severity of gait difﬁculties. The classiﬁcation tree algorithm used stride length and cadence as predicting variables for
classiﬁcation. The correct classiﬁcation accuracy was 89.5%, and 90.8% for females and males, respectively. Clinical data and number of total joint replacements correlated well with severity group assignment. For example, the percentages of total knee replacement (TKR) within 1 year after gait analysis for
females were 1.4%, 2.8%, 4.1% and 8.2% for knee OA gait grades 1e4, respectively. Radiographic grading by
Kellgren and Lawrence was found to be associated with the gait analysis grading system.
Conclusions: Spatiotemporal gait analysis objectively classiﬁes patients with knee OA according to disease severity. That method correlates with radiographic evaluation, the level of pain, function, number of
TKR.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Knee osteoarthritis (OA) is the most common joint disease, with
an estimated prevalence of 30% in individuals over 60 years of age1.
Due to the effect of a continually graying population, it is expected
that nearly one-half of the US adult population will develop
symptomatic knee OA by the age of 85 years2. Populations in both
developed and undeveloped countries share the effects of aging,
making the problem a global one.

* Address correspondence and reprint requests to: A. Mor, AposTherapy Research
Group, Herzliya 46733, Israel. Tel: 972-9-9615101; Fax: 972-9-9615134.
E-mail addresses: avie@apostherapy.com (A. Elbaz), amitm@apostherapy.com,
researchdept10@gmail.com (A. Mor), ganitm@apostherapy.com (G. Segal), debbi.
ronen@gmail.com (R. Debi), shazar@sheba.health.gov.il (N. Shazar), amirherm@
gmail.com (A. Herman).

The diagnosis of knee OA and subsequent treatment decisionmaking are currently based on the clinical presentation together
with the ﬁndings on standard knee radiography3e6. The American
Society of Rheumatology has established diagnostic criteria based
on those ﬁndings7. They report that the sum of the sensitivity (91%)
and speciﬁcity (86%) is highest when using combined clinical and
radiological criteria. The classiﬁcation criteria and arthroscopically
deﬁned cartilage damage were also found to be correlated8. A
grading system for knee OA based solely on radiography has also
been suggested in order to determine the relative severity of the
condition6.
Gait analysis has become an important methodology in the
study of knee OA9e16. Several studies have characterized the differences in gait patterns between patients with knee OA compared
to healthy subjects, including differences in spatiotemporal parameters (speciﬁcally, slower walking velocity, shortened step
length and lower cadence) and in kinetics and kinematics
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variables9,11,17. The use of gait analysis for characterizing disease
severity has recently evolved. Gait parameters enable an objective
measure that reﬂects the functional capabilities of the patient
regardless of physical/imaging ﬁndings, unlike static evaluations of
the knee joint. In 2006 Thorp et al. concluded that the differences
between mild and moderate symptomatic radiographic knee OA
are not only structural but also functional, based on the magnitude
of load in the medial knee joint expressed as knee adduction
moment18. Other studies report different gait parameters that
correlate with OA severity including knee kinetics and kinematics19e22. A recent review and meta-analysis by Mills et al., found
that spatiotemporal parameters are good indicators for knee OA
severity23. Debi et al.24 and Elbaz et al.25 attempted to classify knee
OA functional severity according to a simple spatiotemporal gait
evaluation. More speciﬁcally, they evaluated the percentage of
single limb support (SLS) from the gait cycle (GC). Their studies
were the ﬁrst to classify the functional severity of knee OA according to spatiotemporal gait parameters. However, those studies
were carried out on a relatively small sample size (about 120 each),
they focused on a single spatiotemporal gait measurement and
classiﬁcation was arbitrarily based on quintiles25.
One aim of this paper is to present a novel classiﬁcation system
for knee OA based on spatiotemporal gait analysis parameters that
is more objective and more accurate than previous classiﬁcations
(questionnaire or radiographic based) in order to better serve as a
standard for OA classiﬁcation and clinical decision-making.
Another aim is to compare the new classiﬁcation to (1) the information derived from two standardized clinical questionnaires (2)
the number of total knee replacements (TKRs) and (3) radiologic
knee OA classiﬁcation by Kellgren and Lawrence.
Materials and methods
The protocol was approved by the Institutional Helsinki Committee Registry (Helsinki registration number 141/08, NIH protocol
no. NCT00767780). A retrospective analysis of AposTherapy (blinded) dataset was performed. The initial study population included
3136 patients who were diagnosed with knee OA according to the
American College of Rheumatology (ACR) criteria7 by their treating
physician and were referred to a single therapy center due to knee
OA: 2433 (77.5%) had bilateral OA, 299 (9.5%) had left knee OA and
404 (13.0%) had right knee OA. Two-hundred and twenty-ﬁve patients (7.1%) were excluded due to previous knee replacement,
meniscectomy or some other diagnosis (e.g., ﬁbromyalgia, lupus,
etc.), leaving an overall total of 2911 patients in this analysis. Data
were retrieved on their general characteristics, such as gender,
body mass index (BMI) and age. Patients’ radiographic imaging was
scored based on the Kellgren and Lawrence grading classiﬁcation6.
In addition, each patient had undergone a computerized gait
analysis to evaluate spatiotemporal parameters and completed two
clinical questionnaires to evaluate their quality of life and subjective levels of pain, stiffness and function.
Gait analysis
Measurements of spatiotemporal gait parameters were performed by a computerized walking mat (GaitMatTMII system, E.Q.,
Inc. Chalfont, PA, USA)26. Patients were asked to walk four times on
the mat from one end to the other at a self-selected speed. The
mean value of the four walks was calculated for each of the
following parameters: velocity (cm/s), cadence (steps/min), step
and stride lengths (cm), base of support (BOS) (cm) and step time
(s). In addition, all GC phases were measured as absolute values and
as % GC: swing time, stance time, SLS time, and double limb support
(DLS) time. All parameters were measured separately for each leg.

252

In the parameters for which both legs were measured separately,
the measurements that reﬂected lower performances were chosen.
For example, the minimum value of SLS of either the right or left leg
was selected for analysis.
Self-assessment questionnaires
We used two questionnaires that are commonly used in the
assessment of pain, function (Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)) and quality of life (short
form 36 Health Survey (SF-36)) of patients with knee OA27e30. Responses to the WOMAC questionnaire are by a visual analogue scale
(VAS) ranging from 0 to 100 mm, with 0 mm indicating no pain or no
limitation in function and 100 mm indicating the most severe pain
or the greatest limitation in function. The SF-36 is scored between
0 and 100, with 0 indicating the worst quality of life and 100 indicating the best quality of life.
Statistical methods
Data analysis was performed by an experienced Biostatistician
(AH) using the software R 2.11.1 (Vienna, Austria). Categorical
variables are presented as count (percent). Continuous variables are
presented as mean (standard deviation (SD)). Data analysis was
performed separately for males and females10,31. The data analysis
included three steps: clustering, classiﬁcation and clinical validation of the classiﬁcation model.
Clustering was performed by the ‘kmeans’ method using the
following gait measurements as the clustering parameters: stride
length, cadence, BOS, stance (% GC), and SLS (% GC). Clustering to
three, four and ﬁve groups were tried. In this method, random
group centers are chosen and each data point is attributed to each
group center according to its distance from each center. New group
centers are calculated based on this attribution. These two steps are
repeated several times until convergence is achieved. This procedure produces several groups based on the clustering of the data.
Classiﬁcation was done by means of classiﬁcation and regression
tree (CART) model, using the Tree library in R. Each dataset according to gender was randomly divided to train-set and test-set
with the ratio of 2:1. The train-set was used to construct a classiﬁcation tree with all the aforementioned parameters contained in
the clustering model. The tree model automatically chose the
parameter and cutoff point which best divided the data and
decreased classiﬁcation errors. The test-set was then used to
examine correct classiﬁcation rates.
Clinical validation was done by analyzing the clinical questionnaires according to classiﬁcation group. Lower functional levels and
higher pain and TKR rates were expected for higher knee OA
functional severity grades. Comparisons of categorical variables
between groups were done by the chi-square test. Comparisons of
continuous variables were done by the KruskaleWallis rank test for
several groups.
Kellgren and Lawrence classiﬁcation of radiographs was used to
evaluate the patients’ radiographic characteristics of the knee OA6.
Whenever classiﬁcation was available for both knees the severe
score was used. The distribution of radiographic grading was
compared between gait analysis grading groups. The cumulative
probability functions were compared between groups to establish
stochastic orders between gait analysis grading groups. The chi-bar
test for stochastic order was used to test for stochastic orders.
Stochastic orders mean that a patient with a poorer gait pattern has
a higher probability to have a worse radiographic grade than a
patient with better gait pattern.
A P value <0.05 was considered to be statistically signiﬁcant. All
reported P values are two-sided.
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Fig. 1. Classiﬁcation tree for knee OA functional severity grade by spatiotemporal gait parameters e females. The level of accuracy in model classiﬁcation is 89.5%. Cadence is
measured in steps/min. StLen ¼ minimum (left or right) stride length (cm).

Results
A cohort of 2911 patients with knee OA were analyzed, including
1210 males (41.5%) and 1701 females (58.5%) whose mean age was
70.0 (SD 21.8) and 60.5 (SD 16.5) years, respectively. The classiﬁcation trees according to gender (Figs. 1 and 2) demonstrated that
stride length was the primary parameter separating knee OA
groups and that cadence represented a secondary parameter for
ﬁne tuning between grades. Importantly, the classiﬁcation trees of
males and females were highly similar. The accuracy of the classiﬁcation rates was 90.8% (95% CI 87.5e94.1%) for males and 89.5%
(95% CI 86.8e92.1%) for females. All misclassiﬁcations were off by a
margin of error of 1, e.g., grade1 might have been classiﬁed as grade
2, but never as grade 3 or 4.
Clinical and gait parameters according to knee OA functional
severity grades are presented for males in Table I and for females
in Table II. The WOMAC score for the combined genders was
higher as the knee OA functional severity grade increased
(P ¼ 0.0001). Analysis of the SF-36 questionnaire by its eight
domains is presented for males and females in Figs. 3 and 4,
respectively. Similar to the WOMAC score, the overall SF-36
score decreased as the knee OA functional grade increased
(P ¼ 0.0001).
We also analyzed the rates of TKRs among the four functional
severity grades spanning a period of 30 months from baseline
assessment with the purpose of examining whether there was

any correlation between them. It emerged that higher functional
grades of knee OA were associated with higher rates of TKR (P ¼
0.0095). The speciﬁc rates of TKR were 1.4% (95% CI ¼ 0e2.9%),
2.8% (1.4e4.1%), 4.1% (1.8e6.3%) and 8.2% (3.5e12.8%) for knee OA
functional severity grades 1e4, respectively, among the females,
while they were 1.1% (95% CI ¼ 0e2.3%), 2.2% (0.8e3.5%), 2.8%
(0.9e4.6%) and 4.9% (1.7e8.0%) for knee OA functional severity
grades 1e4, respectively, among the males.
Radiographic classiﬁcation by Kellgren and Lawrence was
available for 733 (25.18%) patients, of which 488 (61.11%) were
females and 285 (38.89%) were males. Kellgren and Lawrence
classiﬁcation distribution was 120 (16.4%), 224 (30.6%), 234
(31.9%) and 155 (21.1%) for OA functional severity grades 1e4,
respectively. The distribution of radiographic grades by OA
functional severity grades is presented in Table III. Stochastic
orders were found in the distribution of radiographic grades
between OA functional severity grading groups (chi-bar square
test, P-value < 0.0001, Fig. 5). This means that higher functional
severity OA grade is associated in probability with higher OA
radiographic grade.
Discussion
We describe a novel classiﬁcation and grading system for knee
OA based on a functional computerized gait test evaluation of
spatiotemporal parameters. We describe the connection between

Fig. 2. Classiﬁcation tree for knee OA functional severity grade by spatiotemporal gait parameters e males. The level of accuracy in model classiﬁcation is 90.8%. Cadence is
measured in steps/min. StLen ¼ minimum (left or right) stride length (cm).

253

Author's personal copy

460

A. Elbaz et al. / Osteoarthritis and Cartilage 22 (2014) 457e463

Table I
Demographic, WOMAC, SF-36 and gait parameter distribution by knee OA functional
severity grade e females*

Age (yr)
BMI
Height (cm)
TKR/available
data (%)
Time to TKR
(months)
WOMAC-pain
WOMACfunction
WOMACstiffness
WOMAC-overall
SF-36 physical
score
SF-36 mental
score
Velocity (cm/s)
Step length (cm)
Cadence
(step/min)
Stride length (cm)
BOS (cm)
Step time (s)
Swing time
(% GC)
Stance time
(% GC)
SLS (% GC)
DLS (% GC)

Grade 1
No. ¼ 287
(16.8%)

Grade 2
No. ¼ 727
(42.7%)

Grade 3
No. ¼ 451
(26.5%)

Grade 4
No. ¼ 236
(13.8%)

P value

55.6 � 14.5
27.6 � 4.7
164.4 � 5.7
3/208 (1.4)

58.5 � 16.8
30.1 � 5.6
160.1 � 6.2
15/535 (2.8)

62.7 � 16.1
32.6 � 6.4
158.4 � 6.6
13/312 (4.1)

68.0 � 15.1
32.9 � 6.2
155.4 � 6.2
11/133 (8.2)

0.0001
0.0001
0.0001
0.0095

11.7 � 0.3

13.6 � 6.5

13.9 � 7.0

9.1 � 5.4

0.2404

36.9 � 22.2
29.9 � 21.5

45.2 � 22.6 55.8 � 22.4 59.2 � 19.1 0.0001
42.1 � 22.9 55.3 � 22.4 62.0 � 18.8 0.0001

36.6 � 27.9

47.6 � 28.6 56.9 � 29.0 61.8 � 26.7 0.0001

31.9 � 20.6
52.2 � 16.4

43.2 � 21.9 55.5 � 21.5 61.3 � 18.1 0.0001
46.5 � 16.7 38.7 � 16.3 32.3 � 14.9 0.0001

65.5 � 17.9

59.9 � 18.4 51.8 � 18.7 45.4 � 19.4 0.0001

112.6 � 12.3 93.7 � 8.6
60.7 � 3.2
52.0 � 2.8
73.2 � 6.1
70.8 � 5.2

74.8 � 7.4
45.3 � 3.0
64.7 � 6.3

54.8 � 10.7 0.0001
35.6 � 5.2 0.0001
59.0 � 7.5 0.0001

122.6 � 6.2
5.1 � 2.6
0.54 � 0.04
39.7 � 1.5

105.7 � 5.4
6.3 � 2.8
0.56 � 0.04
38.4 � 1.7

92.5 � 5.7
7.5 � 3.0
0.61 � 0.06
36.8 � 1.9

73.6 � 9.1
9.4 � 3.2
0.66 � 0.09
35.4 � 3.7

0.0001
0.0001
0.0001
0.0001

61.4 � 1.7

62.8 � 1.7

65.1 � 2.2

68.4 � 4.1

0.0001

38.7 � 1.7
21.6 � 3.12

37.2 � 1.7
24.4 � 3.1

35.0 � 2.1
28.2 � 3.6

31.8 � 3.7
33.1 � 6.5

0.0001
0.0001

The values are given as mean and the standard deviation. P values represent
comparisons between the four OA gait grades.
* BMI ¼ body mass index; TKR ¼ total knee replacement; SF-36 ¼ short form 36
Health Survey; BOS ¼ base of support; SLS ¼ single limb support; DLS ¼ double limb
support; GC ¼ gait cycle.

the proposed functional classiﬁcation, clinical subjective questionnaires and radiographic grading of knee OA. We ﬁnd that the
three are directly related, i.e., higher OA functional severity grade is
associated with higher radiographic grade and higher reported
disability. Currently, knee OA severity is evaluated via radiographic
grading and self-assessment questionnaire. These methods are
limited as radiographic grading has poor inter and intra reliability
and also poor correlation with the patients symptoms, whereas the
questionnaires lack objectivity. This work however uses objective,
computerized measures to evaluate functional severity. We believe
that the simplicity of the classiﬁcation enables the adoption of
spatiotemporal gait analysis as a part of the in-ofﬁce clinical examination of patients with knee OA to evaluate their functional
severity status.
Knee OA severity is currently classiﬁed according to radiographic imaging assessment of the knee joint together with clinical
assessment of the patient’s complaints of knee joint pain7. To date,
there is no assessment of functional status to complete the medical
assessment of a patient with knee OA. Patient testimony is subjective and may be held up to suspicion, but, at the same time, what
may appear radiologically and clinically as an OA knee grade 1 may
actually cause considerable pain and greater than predicted functional restriction. It had been recently suggested that applying easy
to measure objective spatiotemporal gait parameters may help to
determine the functional condition of the patient24,25. Interestingly,
a recent review and meta-analysis by Mills et al. concluded that
spatiotemporal parameters, speciﬁcally stride duration and
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Table II
Demographic, WOMAC, SF-36 and gait parameters distribution by knee OA functional severity grade e males*

Age (yr)
BMI
Height (cm)
TKR/available
data (%)
Time to TKR (mo)
WOMAC-pain
WOMAC-function
WOMAC-stiffness
WOMAC-overall
SF-36 physical
health
SF-36 mental
health
Velocity (cm/s)
Cadence (step/min)
Step length (cm)
Stride length (cm)
BOS (cm)
Step time (s)
Swing (% GC)
Stance (% GC)
SLS (% GC)
DLS (% GC)

Grade 1
No. ¼ 286
(23.6%)

Grade 2
No. ¼ 431
(35.6%)

Grade 3
No. ¼ 307
(25.3%)

Grade 4
No. ¼ 186
(15.3%)

P value

52.8 � 18.6
30.9 � 24.2
176.1 � 7.1
2/179 (1.1)

56.9 � 20.2
31.6 � 19.6
172.5 � 7.8
6/276 (2.2)

58.8 � 23.4
30.6 � 5.3
170.0 � 6.8
6/215 (2.8)

60.2 � 26.3
32.3 � 7.2
166.2 � 9.3
6/122 (4.9)

0.0001
0.0001
0.0001
0.0402

12.4
29.4
24.6
29.2
25.9
57.9

14.8
35.1
32.2
34.1
32.9
53.8

9.7 � 6.18
44.8 � 22.9
41.1 � 24.3
45.7 � 29.4
42.2 � 23.2
48.3 � 17.7

11.0
51.0
52.2
29.6
51.7
41.2

0.762
0.0001
0.0001
0.0001
0.0001
0.0001

�
�
�
�
�
�

11.8
20.8
20.9
26.0
20.3
16.6

�
�
�
�
�
�

7.8
20.3
21.3
26.9
20.3
17.0

�
�
�
�
�
�

6.6
24.7
24.8
31.0
23.8
16.6

69.2 � 16.3

65.5 � 17.2 60.5 � 19.1 54.3 � 19.7 0.0001

120.7 � 12.7
71.7 � 5.5
66.2 � 3.9
134.2 � 7.9
6.3 � 2.7
0.55 � 0.04
39.6 � 1.4
61.6 � 2.3
38.4 � 2.3
22.0 � 3.2

101.7 � 8.6
69.9 � 5.4
57.0 � 2.7
116.1 � 5.0
6.9 � 2.7
0.56 � 0.04
38.9 � 1.6
62.4 � 1.6
37.5 � 2.4
23.6 � 3.6

84.6 � 7.4
66.5 � 5.9
49.5 � 2.6
101.6 � 4.5
7.6 � 2.6
0.59 � 0.05
38.2 � 1.8
63.6 � 1.7
36.4 � 1.7
25.4 � 3.1

64.9 � 11.1
61.7 � 7.2
40.4 � 5.1
83.7 � 9.7
8.6 � 3.4
0.64 � 0.08
36.8 � 2.6
66.2 � 2.9
33.9 � 2.7
29.4 � 4.7

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

The values are given as mean and the standard deviation. P values represent
comparisons between the four OA gait grades.
* BMI ¼ body mass index; TKR ¼ total knee replacement; SF-36 ¼ short form 36
Health Survey; BOS ¼ base of support; SLS ¼ single limb support; DLS ¼ double limb
support; GC ¼ gait cycle.

cadence, better reﬂect knee OA severity than kinematic and kinetic
measures23. However, to the best of our knowledge, there is only
one publication in which the researchers suggested the need for a
functional classiﬁcation of knee OA severity, which is based on
spatiotemporal measures25. A previous report measured one gait

Fig. 3. Domains of the short form short form 36 Health Survey (SF-36) according to
knee OA functional severity grade e females. The P value for all domains is <0.0001.
Domains: D1 ¼ physical function; D2 ¼ pain; D3 ¼ role limitation due to physical
health; D4 ¼ energy; D5 ¼ emotional well-being; D6 ¼ role limitation due to mental
health; D7 ¼ social function; D8 ¼ general health.
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Fig. 4. Domains of the short form 36 Health Survey (SF-36) according to knee OA
functional severity grade e males. The P value for all domains is <0.0001. Domains:
D1 ¼ physical function; D2 ¼ pain; D3 ¼ role limitation due to physical health;
D4 ¼ energy; D5 ¼ emotional well-being; D6 ¼ role limitation due to mental health;
D7 ¼ social function; D8 ¼ general health.
Table III
Knee OA functional severity grade by Kellgren & Lawrence radiographic grade
Gait
grade 1
X-ray
X-ray
X-ray
X-ray
Total

grade
grade
grade
grade

1
2
3
4

26
35
31
13
105

Gait
grade 2

Gait
grade 3

(3.5%)
54 (7.4%)
31
(4.8%) 101 (13.8%) 58
(4.2%)
96 (13.1%) 73
(1.8%)
44 (6.0%)
58
(14.3%) 295 (40.2%) 220

Gait
grade 4

(4.2%)
9
(7.9%)
30
(10.0%) 34
(7.9%)
40
(30.0%) 113

(1.2%)
(4.1%)
(4.6%)
(5.5%)
(15.4%)

Total
120
224
234
155
733

(16.4%)
(30.6%)
(31.9%)
(21.1%)
(100.0%)

parameter (SLS) to classify knee OA functional severity while using
arbitrary divisions according to quintiles25. According to that classiﬁcation, a low value of SLS would be associated with poorer
function and increased pain, and, as the value of SLS increases, the
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level of pain and extent of functional limitation will decrease. The
current work differs from previous works as it has better statistical
methodology and a larger sample size, making it more sound and
valid. The classiﬁcation model proposed in the current study uses
two additional spatiotemporal parameters, i.e., stride length and
cadence, to classify knee OA functional severity, as well as a
different statistical methodology. According to our model, a shorter
stride length with lower cadence is indicative of a higher functional
severity grade disease (more severe knee OA), while a longer stride
length with higher cadence is indicative of a lower functional
severity grade of disease (less severe knee OA). The results of our
current study showed that clinical parameters of pain, function and
quality of life as well as the rates of TKR were all correlated with the
functional severity grade of knee OA. Speciﬁcally, a more severe
grade correlated with more deteriorated parameters and a higher
rate of TKR surgery. This model had a high rate of accuracy, i.e.,
90.8% for males and 89.5% for females, and misclassiﬁcations were
off by a margin of error of only 1.
An interesting ﬁnding is the symmetry between the classiﬁcation trees. The cadence cutoff point value used is the same
throughout each grade. Furthermore, there is a similarity between
the male and female representations: differences in stride length
values range between 5 and 10 cm and cadence increases by 5
steps/min, probably due to height differences.
Another important ﬁnding is the relations between the Kellgren
and Lawrence radiographic classiﬁcation and the proposed gait
analysis classiﬁcation. The radiographic grade is associated (in
probability) to the gait analysis grading system. This means that
higher radiographic grades have a higher probability for higher
functional severity grade. The vice versa statement also holds e
lower radiographic grade has higher probability for lower functional severity grade. This ﬁnding cannot be overemphasized, it
offers a holistic view of the clinical presentation of knee OA
including gait features, clinical subjective questionnaires and
radiographic evaluation.
We are aware of several limitations to this study. First, all the
patients were examined at a single referral therapy center, a feature
that might have skewed the classiﬁcation and clinical outcome
towards worse results. Second, this work is based solely on
spatiotemporal gait analysis. Although incorporating a three-

Fig. 5. Association between radiographic grade and knee OA functional severity grade. Fig. 5 shows that the OA functional severity grades have ordered cumulative probability
functions. More speciﬁcally, this ﬁgure shows show that functional grade 1 has higher cumulative probability function (CPF) than grade 2 which have higher CPF than grade 3 which
has higher CPF than grade 4. This means that they are ordered in probability which implies that higher (worse) OA functional grades have higher probability of having high (worse)
radiographic grades and vice versa.
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dimensional analysis might ﬁnd stronger indicators for disease
severity, the use of spatiotemporal parameter enables a low-cost,
rapid and easy way to evaluate gait. Third, stride length was
found to be an indicator of disease severity but it correlates with a
patient’s height. However, the classiﬁcation used in the current
study separates males and females (a primary cause for height
difference) to eliminate height differences between genders.
Another limitation is the fact that other confounders, such as
BMI and age were excluded from the classiﬁcation. It can be seen
that there were differences in the above mentioned parameters
between the classiﬁcation groups. The correlation between BMI,
age and knee OA incidence and progression is well documented32,33
and characterizes knee OA patients. It may be argued that the difference between groups in BMI reﬂects the fact that higher BMI led
to a more severe knee OA functional severity grading. However, we
did not consider these parameters as cofounders as we believe that
they are part of the patient’s proﬁle, are reﬂected in his gait pattern
and should not be disregarded.
Height was included as the denominator for using the variable
normalized stride length in one of the models tried. However the
classiﬁcation algorithm preferred stride length as a differentiating
variable over normalized stride length.
Conclusion
The simplicity of the classiﬁcation described in the current study
enables the adoption of spatiotemporal gait analysis as a part of the
in-ofﬁce clinical examination of patients with knee OA. It offers a
user-friendly and completely objective way to evaluate and grade
knee OA patients. Further studies are warranted to evaluate the
clinical implications of this novel classiﬁcation so that it will have
future use for reporting results in knee OA treatment and clinical
decision-making.
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Abstract
Purpose. To investigate the correlation between single limb support (SLS) phase (% of gait cycle) and the Western Ontario
and McMaster University Osteoarthritis Index (WOMAC) questionnaire and Medical Outcomes Study 36-Item ShortForm Health Survey (SF-36 Health Survey) in patients with knee osteoarthritis (OA).
Method. A prospective observational study was employed with 125 adults with bilateral medial compartment symptomatic
knee OA who underwent a physical and radiographic evaluation. Velocity, step length and SLS were assessed by a
computerised mat (GAITRite). Patients completed the WOMAC and SF-36 Health Survey questionnaires.
Results. Statistical analysis examined the correlations between SLS and both questionnaires, between Kellgren & Lawrence
(K&L) scores and both questionnaires and between SLS correlations and K&L correlations. We found significantly stronger
correlations between SLS and WOMAC-pain, WOMAC-function, the SF-36 pain sub-category, velocity and step length
than between K&L scores and these parameters (Pearson’s r ¼ 0.50 vs. 0.26, 0.53 vs. 0.34, 0.50 vs. 023, 0.81 vs. 0.33, 0.77
vs. 0.37, respectively; all p 5 0.05). Significant differences in SLS were found over WOMAC-pain, WOMAC-function and
SF-36 overall score quartiles (p 5 0.05 for all).
Conclusion. We recommend integrating SLS as an objective parameter in the comprehensive evaluation of patients with
knee OA.

Keywords: Single limb support, osteoarthritis, gait, WOMAC, SF-36

Introduction
In order to understand and assess the symptoms and
functional severity of patients suffering from knee
osteoarthritis (OA), clinicians and researchers use
validated self-evaluation questionnaires such as the
Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) and the Medical Outcomes Study 36-Item Short-Form Health Survey
(SF-36 Health Survey) [1,2]. Nevertheless, there is a
lack in accurate, objective, non-invasive and simple
clinical tools for assessing knee OA in terms of
functional independence and performance.
In recent years, researchers have gained an
increased understanding of important biomechanical
gait pattern changes that occur during the pathogenesis and progression of knee OA [3–5]. Studies

comparing the gait spatio-temporal parameters of
patients with knee OA with those of healthy individuals have shown that patients with knee OA tend to
have a slower walking speed, shorter step length and
shorter single limb support (SLS) [4,6,7].
The SLS value is a percent of the gait cycle that
corresponds to the time spent on one limb while the
contralateral limb swings forward. In healthy populations, this phase accounts for 38–40% of the gait
cycle [8]. While a relationship has yet to be clearly
established between decreased loads due to pain and
decreased SLS values, studies have shown that
patients with knee OA attempt to avoid pain by
decreasing loads from the affected joint [9]. A patient
can achieve this by decreasing the SLS phase and
increasing the double limb support (DLS) phase. A
valid assumption is, therefore, that patients with knee
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OA demonstrate lower SLS values because they are
trying to alleviate their pain. The same may be true for
walking speed and stride length. We have shown in a
previous study, however, that while walking speed is a
parameter that can be consciously controlled by the
patient, the SLS is less sensitive [10].
In order to confirm whether this is a valid and
feasible parameter for clinical assessment of knee OA,
SLS must first be compared to the gold standard
questionnaires currently being used for evaluating
knee OA. The purpose of this study was to examine
the correlation between the SLS phase and the
WOMAC questionnaire and SF-36 Health Survey.
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Methods
Study participants
This was a prospective observational study on 125
patients with bilateral medial compartment knee
OA. Patients were recruited to the study from the
Orthopaedic Outpatient Clinic at Assaf Harofeh
Medical Centre in Zerifin, Israel during their routine
quarterly examination. Patients were also recruited
from AposTherapy Centre in Herzliya, Israel during
their first visit to the clinic. Patients arrived for the
first visit at the hospital or clinic due to complaints of
knee pain. The protocol was approved by Assaf
Harofeh Medical Centre Institutional Helsinki Committee Registry (Helsinki registration number 185/
07, NIH protocol no. NCT00599729). All patients
volunteered and gave written informed consent
before entering the study.
Eligibility was defined as having symptomatic knee
OA for at least 6 months, fulfilling the ACR clinical
criteria for OA of the knee [11], and having radiographically assessed OA of the knee according to the
K&L scale [12]. Exclusion criteria were acute septic
arthritis, inflammatory arthritis and corticosteroid
injection within 3 months of the study, avascular
necrosis, history of knee buckling or recent knee
injury, joint replacement, neuropathic arthropathy,
increased tendency to fall due to neurological disorders, lack of physical or mental ability to perform
or comply with the study procedure, and history of
pathological osteoporotic fracture. Patients were
examined by an orthopaedic surgeon at each site to
determine eligibility.

and questionnaires). The radiographs were obtained
using a standardised technique [13]. Briefly, the
images were 458 posteroanterior flexion weight-bearing radiographs. Patients were instructed to flex both
knees to 458 and make an effort to distribute their
weight evenly on the two extremities. Toes were
pointed straight ahead and the patellae touched the
film cassette. The radiographic machine was positioned 101.6 cm away from the cassette. While all
patients had lateral view radiographs, the K&L scoring
was conducted on the tibio-femoral joint since this
was the most symptomatic area in all patients. In
addition, patients underwent a physical examination
and anthropometric measurements of height, weight
and leg length (measured from the tip of the greater
trochanter to the floor through the lateral melleolus in
an upright standing position) [14]. The gait spatiotemporal parameters were measured with a computerised walkway system (GAITRite, CIR Systems
Inc.). The computerised system is an electronic
walkway mat 4.87 m long. The spatio-temporal parameters are measured, processed and stored on a PC
computer running the GAITRite Platinum software
(version 3.9). Patients were instructed to walk barefoot
at a self-selected speed since previous studies have
shown that this speed gives consistent gait parameters
results [15,16]. Patients were instructed to walk 3 m
before and after the walkway mat to allow sufficient
acceleration and deceleration time outside the measurement area. Each gait test included six walks and
the mean value of the six walks was calculated for each
parameter. Following the gait test patients completed
the WOMAC questionnaire and the SF-36 Health
Survey. Since the gait test only takes 3 min to complete
it is reasonable to assume that no fatigue will occur that
could affect the results of the questionnaires.
A valid Hebrew translation of the WOMAC Index
VAS scale questionnaire was used (version 3.1) [17].
Results range from 0 cm–10 cm, where 0 indicates
no pain, stiffness and functional limitation and 10
indicates severe pain, stiffness and functional limitation. A valid Hebrew translation of the SF-36
original Likert scale was used [18]. The results range
between 0 and 100, where 0 indicates poor quality of
life and 100 indicates excellent quality of life.
The following parameters were evaluated: radiographic assessment according to K&L grading
scale, SLS (% gait cycle), gait velocity (cm/s), step
length (cm), WOMAC-pain, WOMAC-function and
quality of life using the SF-36 Health Survey subcategories.

Protocol
All patients were radiographically assessed based on
their most recently available radiograph by the senior
author (N.H.) using the K&L scale. The senior author
was blinded to the data collection process (gait analysis
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Statistical analysis
For each patient, the leg with the lowest mean
SLS value was chosen for comparison to the
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questionnaire data and this value was used for all
analyses. SLS represents the phase in the gait cycle
when the body weight is entirely supported by one
limb while the contralateral limb swings forward.
Therefore, we assumed that the knee with the lowest
SLS value would have greater difficulty bearing
loads. The K&L data for this same leg were also
used for comparison to the questionnaire data. Data
were analysed using SPSS statistic software (version
17.0). The distributions of gait characteristics were
examined using the Kolmogorov–Smirnov nonparametric test. Descriptive statistics were calculated
for all continuous parameters. Pearson correlations
and 95% confidence intervals for the correlation
coefficients were calculated in order to demonstrate
the correlation between WOMAC-pain, WOMACfunction and SF-36 scales and measures of knee OA
severity (K&L and SLS). Values of r � 0.25 were
considered low, values of 0.25 5 r � 0.50 were
considered moderate and values of r � 0.75 were
considered high [19]. Comparisons between the
correlation coefficients of the questionnaires (WOMAC-pain, WOMAC-function and SF-36 scales) to
SLS and to K&L were conducted according to Meng
et al. [20]. SLS means were compared over quartiles
of the WOMAC scores using the one way analysis of
variance (ANOVA) test. Differences in SLS medians
were demonstrated in box plots. All statistical tests
were two-sided. The level of significance for all
statistical tests was set at p 5 0.05.

Results
Patient characteristics are presented in Table I. Gait
velocity and step length were normalised to leg
length in order to eliminate the effect of leg length on
these parameters [21]. While preferable in analysis,

Table I. Baseline patient characteristics (n ¼ 125).

Male gender
Age (years)
Height (cm)
Weight (kg)
Body mass index
(BMI) (kg/m2)
Left leg length (cm)
Right leg length (cm)
K&L* Scale Grade 1
K&L Scale Grade 2
K&L Scale Grade 3
K&L Scale Grade 4
*Kellgren & Lawrence.

Mean

SD

46

26
32
35
32

Percentage
(%)
37

65.9
160
82.1
31.9

11.2
8.7
15.8
5.9

83.0
82.9

5.9
5.8

these normalised values did not affect the correlation
results. Results of the spatio-temporal parameters
and the questionnaires scores are summarised in
Tables II and III, respectively.
The correlations between the K&L score and
WOMAC-pain, WOMAC-function and SF-36 subcategories were low to moderate, while the correlations between the SLS and the questionnaires were
moderate. The correlations between SLS and the
questionnaires were significantly stronger than the
correlations between the K&L and the questionnaires. High correlations were also found between
SLS and both normalised velocity and normalised
step length. All correlation results are summarised in
Table IV.
We further investigated the mean SLS value in
WOMAC-pain, WOMAC-function and SF-36 overall score (Tables V–VII). It can be seen that as the
level of pain and functional limitation increases, the

Table II. Spatio-temporal parameters measured by gait analysis.
Parameter
Velocity (cm/s)
Normalised velocity
(cm/s/leg length)
Cadence (steps/min)
Step length left (cm)
Step length right (cm)
Normalised step length
left (cm/leg length)
Normalised step length
right (cm/leg length)
Single limb support left
(% gait cycle)
Single limb support right
(% gait cycle)

Minimum

Maximum

Mean (SD)

25.8
0.33

147.9
1.73

94.3 (23.0)
1.13 (0.3)

65.8
21.1
19.1
0.27

131.3
77.3
76.2
0.86

0.25

0.88

105.3
52.9
53.4
0.63

(12.6)
(9.3)
(9.3)
(0.1)

0.64 (0.1)

24.0

42.4

36.5 (3.3)

25.0

42.9

36.9 (3.1)

Table III. WOMAC osteoarthritis index and SF-36 health survey
scores.

Total
Frequency

3

20.8
25.6
28
25.6

Parameter
WOMAC
Pain
Function
SF-36
Physical functioning
Role limitation due to
physical health
Role limitation due to
emotional problems
Energy/fatigue
Emotional well being
Social functioning
Pain
General health

Minimum

0
0

Maximum

9.6
9.6

Mean (SD)

4.4 (2.6)
4.4 (2.7)

0
0

100
100

46.4 (25.4)
47 (40.6)

0

100

63.9 (41)

100
100
100
100
91.7

55.4
70.3
73.5
46.3
58.6

0
12
0
0
12.5

(22.0)
(18.3)
(25.7)
(26.3)
(16.9)
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Table IV. Correlation between the WOMAC-pain, WOMAC-function, SF-36 sub-categories, normalised velocity, normalised step length
parameters and both K&L scale and SLS.
Parameter

K&L{ Grading Scale (0–4), r{

95% CI

Single limb support, r{

95% CI

0.26
0.34

0.07–0.4
0.17–0.48

70.50
70.53

70.62 to 70.35
70.63 to 70.37

70.39
70.15**
70.23
70.21
70.33
70.37

70.53 to 70.23
70.32 to –0.03
70.39 to 70.06
70.37 to 70.04
70.48 to 70.16
70.51 to 70.21
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WOMACx
Pain
Function
SF-36{
Physical functioning
Energy/fatigue
Pain
General health
Normalised velocity
Normalised step length

0.34–0.61
0.16–0.48
0.36–0.62
0.20–0.50
0.74–0.86
0.69–0.83

0.01
0.03
0.25
0.06
�0.01
0.12
50.01
50.01

*p values refer to significant differences between Pearson correlation coefficients of the questionnaires to SLS and to K&L according to the
method of Meng et al.
**Not statistically significant (p ¼ 0.154).
{
Kellgren and Lawrence.
{
r ¼ Pearson correlation coefficient.
x
Western Ontario and McMaster University Osteoarthritis Index.
{
Medical outcomes study 36-item short-form health survey.

Table V. Distribution of mean SLS values over WOMAC-pain
quartiles.

Table VII. Distribution of mean SLS values over SF-36 overall
score quartiles.

WOMAC*-pain (cm) quartiles

SLS{ (%){
95% C.I.

SF-36* Overall Score quartiles

Q1

Q2

Q3

Q4

Q1

Q2

Q3

Q4

�2.1

2.1–4.5

4.5–6.2

�6.2

�40

40–55

55–71

�71

37.7
37.0–38.5

36.1
35.1–37.1

35.5
34.5–36.5

33.4
32.0–34.7

32.9
31.6–34.2

35.4
34.4–36.3

36.8
35.8–37.8

37.7
37.0–38.4

SLS{ (%){
95% C.I.

*Western Ontario and McMaster University Osteoarthritis Index.
{
Single limb support.
{
One-way ANOVA test. Significance level was set at p 5 0.05.
Significant differences in SLS were found over the quartiles.

*Medical outcomes study 36-item short-form health survey.
{
Single limb support.
{
One-way ANOVA test. Significance level was set at p 5 0.05.
Significant differences in SLS were found over the quartiles.

Table VI. Distribution of mean SLS values over WOMACfunction quartiles.

categories further elucidates the correlations reported above.

WOMAC*-function (cm) quartiles

SLS{ (%){
95% C.I.

Q1

Q2

Q3

Q4

�2.3

2.3–4.4

4.4–6.5

�6.5

37.9
37.2–38.7

36.4
35.5–37.3

34.6
33.7–35.4

33.8
32.3–35.2

{

Western Ontario and McMaster University Osteoarthritis Index.
Single limb support.
{
One-way ANOVA test. Significance level was set at p 5 0.05.
Significant differences in SLS were found over the quartiles.
{

mean SLS decreases (all p 5 0.05). Additionally, as
the quality of life increases (SF-36 overall score), the
mean SLS increases (p 5 0.05). This relationship is
further illustrated in the box plots showing the
median SLS in WOMAC-pain (Figure 1a), WOMAC-function (Figure 1b) and SF-36 overall score
quartiles (Figure 1c). This distribution in the quartile
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0.49
0.33
0.50
0.36
0.81
0.77

p*

Discussion
The purpose of this study was to examine the
correlation of an objective gait parameter with the
level of pain and function and with the quality of life
perception of patients suffering from knee OA. Since
the ability of the radiographic assessment to reflect
the functional and dynamic condition of patients
with knee OA is limited, we found it important to
add an objective, non-invasive parameter that will
help evaluate the functional severity of knee OA.
The gait pattern differences between healthy
individuals and patients with knee OA illustrate the
impact of the disease on mobility parameters [6].
Specifically, Brandes et al. reported lower SLS values
in both limbs among patients with knee OA
compared to SLS values of healthy individuals [7].
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We assumed that patients with severe pain and
functional limitation will have lower SLS values,
whereas patients with minimal pain and functional
limitation will demonstrate higher SLS values. The
current study found moderate correlations between
the SLS parameter and the WOMAC-pain, WOMAC-function and the sub-categories of the SF-36
Health Survey questionnaires. When examining the
correlation between two independent variables (SLS
and WOMAC-pain) that reflect OA severity from a
different perspective it is expected that a moderate
correlation can be considered to be a good correlation. In contrast, the correlation between two
identical measurements (i.e. two different blood
pressure gauges) that measure the same parameter
would be expected to be much higher.
These results indicate that SLS can express the
level of pain and functional limitation of patients
with knee OA and may also reflect a patient’s
functional condition during different daily tasks.
SLS may, therefore, be a helpful tool for examining
knee OA functional severity clinically. Evaluations of
structural severity, however, such as a K&L assessment, are still important in examining knee OA.
Future studies should further examine the role of
SLS as a clinical objective indicator for the severity of
knee OA.
Previous studies have reported that patients with
knee OA walk slower and have a shorter step
length compared to healthy age-matched individuals
[6,7]. It may, therefore, seem that simple gait tests
monitoring gait velocity, such as ‘time up and go’
tests, are enough to evaluate a patient’s functional
ability. But as with self-evaluation questionnaires,
such tests do not have independency since patients
can consciously control their gait velocity and step
length. SLS on the other hand is less sensitive to
changes and is probably more difficult for the patient
to voluntarily control [10].
This study had limitations with regard to the study
population. Only patients with clinical and radiographic knee OA were included in this study [11]. It
would have been preferable to recruit patients
experiencing knee pain and functional limitations
that do not have radiographic evidence of knee OA.
Examining the correlations between SLS and pain,
function and quality of life in patients reporting knee
pain without radiographic symptoms might help in
identifying early stages of knee OA disease that are
not yet reflected in radiographic evaluation. For this
reason our analysis of SLS as a functional severity
assessment tool is limited only to patients having
structural OA deformities.
The findings of this study suggest that inclusion of
an objective measurement tool such as spatiotemporal parameters and particularly SLS can help
in evaluating knee OA severity, effectiveness of

treatment and might even help in disease management. Furthermore, SLS may serve as a simple
follow-up measurement in patients already diagnosed with and in those being treated for knee OA
and other disorders. A medical practitioner may,
therefore, find it beneficial to send patients for
inexpensive gait.

Conclusions
SLS correlated with WOMAC-pain, WOMACfunction, SF-36, velocity and step length. We found
stronger correlations between SLS and WOMACpain, WOMAC-function and SF-36 pain than
between K&L scores and these parameters. Therefore, we recommend integrating the SLS as an
objective parameter in the comprehensive evaluation
of a patient with knee OA. Further investigation
is needed regarding the use of SLS as a clinical
indicator for the functional severity of knee OA.
Declaration of interest: The authors report no
declarations of interest. The authors alone are
responsible for the content and writing of the paper.
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a b s t r a c t
There is a lack in objective measurements that can assess the symptoms of knee osteoarthritis (KOA). In a
previous study it was shown that pain and function are in higher correlation with the single-limb support gait
parameter than with radiographic KOA stage. Single limb support represents a phase in the gait cycle when
the body weight is entirely supported by one limb, while the contra-lateral limb swings forward. The purpose
of this study was to further examine the relationship between single-limb support and the level of pain and
function in patients with KOA. 125 adults with bilateral KOA underwent a physical and radiographic
evaluation, and completed the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
and the SF-36 health survey. Patients walked barefoot at a self-selected speed on a computerized mat.
Statistical analysis was used to divide the patients into quintiles based on single-limb support phase value and
determine the differences in WOMAC and SF-36 scores between quintiles. Signiﬁcant differences were found
in WOMAC and SF-36 sub-category scores between the single-limb support quintiles. The means of the
WOMAC-pain and WOMAC-function sub-categories decreased gradually over single-limb support quintiles
(P b 0.001), and the means of the SF-36 sub-categories increased gradually over the quintiles (P b 0.001).
Results show that single-limb support quintiles can help determine the level of pain, function and quality of
life in patients with KOA. These results suggest that single-limb support quintiles may be added as an
additional scale for generally assessing the symptomatic stage of KOA.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Patients suffering from knee osteoarthritis (KOA) experience knee
pain, stiffness and decreased range of motion, all of which affect their
body locomotion. These symptoms can signiﬁcantly limit daily
activities and lead to a loss of functional independence [1]. Patients
express these limitations in terms of pain, function and quality of life.
The clinical assessment of KOA therefore includes self-evaluation
questionnaires to help qualify the symptoms of pain, function and
quality of life. These include the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), the SF-36 health survey
and others [2,3]. These questionnaires, however, subjectively measure
the severity of KOA symptoms.

☆ The study was approved by the Institutional Helsinki Committee Registry at Assaf
Harofeh Medical Center, Zeriﬁn, Israel (Helsinki registration number 185/07, NIH
no. NCT00599729).
⁎ Corresponding author. Department of Orthopedic Surgery, Assaf Harofeh Medical
Center, P.O. Beer Yaacov, Zeriﬁn 70600, Israel. Tel.: +972 8 9779432; fax: +972
8 9779434.
E-mail address: debbi.ronen@gmail.com (R. Debi).

The American College of Rheumatology (ACR) has attempted to
use radiographic ﬁndings to objectively measure the severity of
symptomatic KOA. Their classiﬁcation guidelines integrate the
radiographic assessment with other clinical ﬁndings [4,5]. These
guidelines, however, are limited because the interpretation of radiographic ﬁndings is by nature subjective and has intra and inter
observer error [6].
Measurements of gait can objectively assess an individual's
function. Studies have shown differences in gait patterns between
patients with KOA and healthy individuals. Speciﬁcally, differences
were found in the gait parameters of self-selected speed, step length
and single limb support (SLS) (% of gait cycle) [7–9]. SLS represents a
phase in the gait cycle when the body weight is entirely supported
by one limb, while the contra-lateral limb swings forward. This phase
usually accounts for 38–40% of the gait cycle [10,11]. In a previous
study it was shown that pain and function are in higher correlation
with SLS than with radiographic KOA stage. The purpose of this study
was to further examine the relationship between single-limb support
and the level of pain and function in patients with KOA. Speciﬁcally,
the study was designed to test the hypothesis that SLS will decrease as
pain and function worsen in patients with KOA.

0968-0160/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.knee.2010.12.004
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2. Methods
2.1. Study population
A total of 125 patients participated in this study (79 women and 46
men; mean age (SD), 66 (SD 11.2) years, mean body mass index, 31.9
(SD 5.9)). All patients signed a written informed consent before
entering the study. The protocol was approved by the Institutional
Helsinki Committee Registry (Helsinki registration number 185/07,
NIH protocol no. NCT00599729). The study was conducted at the
Orthopedics Outpatient Clinic of Assaf Harofeh Medical Center in
Zeriﬁn, Israel and at the AposTherapy Center in Herzliya, Israel.
Eligibility was deﬁned as having symptomatic KOA for at least
6 months, qualifying under the American College of Rheumatology
clinical criteria for OA of the knee [5], and having radiographically
assessed KOA according to the Kellgren and Lawrence scale [12].
Exclusion criteria included the following: acute septic arthritis,
corticosteroid injection within 3 months of the study, avascular
necrosis, inﬂammatory arthritis, history of knee buckling, recent
knee injury, neuropathic arthropathy, increased tendency to fall, lack
of physical or mental ability to perform or comply with the study
procedure, a history of pathological osteoporotic fractures, spinal or
vascular claudication, and symptomatic degenerative arthritis in
lower limb joints other than the knees.
2.2. Protocol
All participants were instructed to refrain from taking pain
medication, including paracetamol and NSAIDs, for a period of
3 days prior to the examination. All patients underwent a physical
examination, including manual muscle testing to verify neurological
deﬁcits as a contraindication to patient inclusion, and a radiographic
evaluation conducted by the senior orthopedic surgeon. Measurements of height, weight and leg length were taken. The leg length was
measured from the tip of the greater trochanter to the ﬂoor through
the lateral malleolus in upright standing position [13]. Patients were
required to walk barefoot at a self-selected speed on a computerized
mat (GAITRite®, CIR Systems Inc.). Patients walked 3 m before and
after the walkway mat to allow sufﬁcient acceleration and deceleration time outside the measurement area. Six trials were conducted
and acquired data was stored for further analysis. The mean value of
the six trials was calculated for each parameter. Following the gait test
patients were asked to complete the WOMAC Osteoarthritis Index and
the SF-36 health survey.
The following gait parameters were evaluated: SLS (% gait cycle),
normalized velocity (cm/s/leg length), normalized step length (cm/leg

length), cadence (steps/min) and toe out angle (degrees). The original
gait velocity and step length were normalized to leg length in order
to eliminate the effect of height differences between patients. The
WOMAC was divided into two categories: pain and function. These
scales are scored from 0 cm to 10 cm, with 0 = no pain and 10 = worst
pain. The SF-36 quality of life health survey is divided into eight subcategories: physical functioning, role limitation due to physical health,
role limitation due to emotional problems, energy/fatigue, emotional
well being, social functioning, pain and general health. The score
ranges from 0 to 100, with higher scores indicating a better state of
health and quality of life.

2.3. Statistical analysis
Data was analyzed using SPSS statistic software version 17.0.
The distributions of gait characteristics were examined using the
Kolmogorov–Smirnov non-parametric test. Based on the results we
used parametric or nonparametric statistical tests. The relationship
between gait parameters and the WOMAC Osteoarthritis Index and
the SF-36 health survey were analyzed using the Spearman or Pearson
correlation with 95% conﬁdence intervals (CI). Values of r ≤ 0.25 were
considered low, values of 0.25 b r ≤ 0.50 were considered moderate
and values of r ≥ 0.75 were considered high [14]. We further used
partial linear correlation tests to adjust for age and BMI.
A quintile analysis was then carried out in order to clarify the
presentation of the correlations between SLS and the questionnaire
results. This analysis would help reveal any non-linear changes (i.e.
exponential) that occur within SLS at very high or very low data
points in the questionnaire outcomes. The SLS value of the six walks
between limbs was used to divide the patients into quintiles of equal
sample size. Quintiles were generated by ranking the lowest values of
SLS and creating 5 groups of equal sample size. The reason for taking
the lowest SLS value was the assumption that patients will complete
the questionnaire according to their worst symptom perception and
therefore, the worse SLS value should be included in the analysis. The
Kruskal–Wallis test was used to evaluate differences between groups
in the nonparametric subcategories of the SF-36 quality of life health
survey (role limitation due to physical health, role limitation due to
emotional problems, and social functioning). One way analysis of
variance (ANOVA) tests were used in continuous variables with
normal distribution to evaluate decreasing or increasing trend
between the groups followed by polynomial contrasts to evaluate
the signiﬁcance of the linear trend. All statistical tests were two-sided.
A P value of ≤0.05 was considered to be statistically signiﬁcant for all
statistical tests.

Table 1
Correlations and partial correlation between the gait parameters and the WOMAC Osteoarthritis Index and the SF-36 health survey.

WOMAC-pain
WOMAC-function
WOMAC-stiffness
SF-36 overall score
Physical functioning
Energy/fatigue
Emotional well being
Pain
General health
Limitation due to physical healtha
Limitation due to emotional problemsa
Social functioninga

SLS
r [95% CI]

Cadence
r [95% CI]

Left toe out angle
r [95% CI]

Right toe out angle
r [95% CI]

−0.50 (−0.62,−0.36)
−0.53 (−0.65,−0.39)
−0.39 (−0.53,−0.23)
0.53 (0.39,0.65)
0.49 (0.34,0.61)
0.33 (0.16,0.48)
0.29 (0.12,0.44)
0.50 (0.36,0.62)
0.36 (0.20,0.50)
0.41 (0.25,0.55)
0.39 (0.23,0.53)
0.24 (0.07,0.40)

−0.39 (−0.53,−0.23)
−0.42 (−0.56,−0.26)
−0.23 (−0.39,−0.06)
0.44 (0.29,0.57)
0.42 (0.26,0.56)
0.28 (0.11,0.43)
0.30 (0.13,0.45)
0.41 (0.25,0.55)
0.32 (0.15,0.47)
0.31 (0.14,0.46)
0.32 (0.15,0.47)
0.23 (0.06,0.39)

0.19 (0.02,0.35)
0.19 (0.02,0.35)
0.11 (−0.07,0.28)
−0.13 (−0.30,0.05)
−0.14 (−0.31,0.04)
−0.04 (−0.21,0.14)
0.04 (−0.14,0.21)
−0.21 (−0.37,−0.04)
−0.10 (−0.27,0.08)
−0.14 (−0.31,0.04)
−0.04 (−0.21,0.14)
−0.13 (−0.30,0.05)

0.17 (−0.01,0.34)
0.18 (0.01,0.35)
0.06 (−0.12,0.23)
−0.12 (− 0.29,0.06)
−0.14 (− 0.31,0.04)
−0.12 (− 0.29,0.06)
− 0.04 (− 0.21,0.14)
−0.14 (− 0.31,0.04)
−0.003 (−0.18,0.17)
−0.05 (−0.22,0.13)
−0.10 (−0.27,0.08)
−0.15 (−0.32,0.03)

SLS = single limb support.
r represents the Pearson correlation coefﬁcient between gait parameters and the outcome measures.
P values for all correlations are signiﬁcant and P b 0.05. Correlations between SLS and the outcomes were greater than all other correlations. No signiﬁcant correlations were found
between the left and right toe out angles and the measured outcomes.
a
These outcomes did not have a normal distribution and were examined using a Spearman's rank correlation coefﬁcient.
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3. Results
The correlations between the gait parameters (SLS, cadence, and left and right toe
out angles) and WOMAC-pain, WOMAC-function and the eight sub-categories of the
SF-36 are summarized in Table 1. The results for the partial linear correlation tests
adjusted for age and BMI were similar to the non-adjusted values (data not shown).
Moderate signiﬁcant correlations were found between WOMAC-pain and WOMACfunction and SF-36 pain and physical functioning sub-categories and the SLS phase.
Figs. 1 and 2 present the correlation between WOMAC pain and WOMAC function over
SLS. All other gait parameters aside toe out angle showed signiﬁcant correlations with
the questionnaire results. All these correlations were lower than the correlations
between SLS and the questionnaires.
The patients were divided into ﬁve SLS quintiles in order to further evaluate and
clarify the correlations between SLS and the questionnaire outcomes. The quintiles
were divided as follows: Q1 = b33% (N = 25, mean age 72 (SD 10.4) years, mean body
mass index 35 (SD 6.0)); Q2 = 33% b SLS ≤ 35.5% (N = 26, mean age 66 (SD 11.2) years,
mean body mass index 33 (SD 5.9)); Q3 = 35.5% b SLS ≤ 37% (N = 25, mean age
65 (SD 10.0) years, mean body mass index 33 (SD 5.2)); Q4 = 37% b SLS ≤ 38.5%
(N = 24, mean age 64 (SD 8.7) years, mean body mass index 31 (SD 6.4)); and
Q5 = SLS N 38.5% (N = 25, mean age 61 (SD 12.9) years, mean body mass index
27 (SD 3.0)). Signiﬁcant differences were found between SLS quintiles in age and BMI
(one-way ANOVA test, P b 0.01) (data not shown).
Overall, the means of the WOMAC-pain and WOMAC-function scores decreased
gradually over the SLS quintiles from the ﬁrst to the ﬁfth quintile (Table 2), and the
means of the SF-36 sub-category scores (Table 3) and the means of the gait parameter
values increased gradually over these quintiles (Table 4).

4. Discussion
We hypothesized that the SLS parameter of a gait analysis would
reﬂect KOA symptoms and functional condition as evaluated by selfevaluation questionnaires. In order to examine the role of SLS, the
range of SLS values was divided into quintiles that potentially
represent 5 stages of severity. The data distribution of pain and
function and the distribution of the gait parameters over these
quintiles supported our hypothesis. Lower SLS values corresponded
signiﬁcantly with worse KOA symptoms of pain, function and quality
of life as measured by self-evaluation questionnaires. A signiﬁcant
increase in KOA functional severity was also seen in objective
evaluations of functional performance as measured by the velocity
and step length parameters of the gait analysis. This was demonstrated in the distribution of these parameters over the SLS quintiles.
A question left open by this study is whether SLS is better than gait
velocity or step length at predicting KOA symptomatic severity. Gait
velocity and step length are part of the gait velocity equation:
Velocity = Step length × Cadence. The ﬁndings of a previous study of
ours give preliminary answers to this question at least in regard to gait
velocity. Our ﬁndings showed that walking in two different gait
velocities did not correspond with signiﬁcant differences in SLS of
patients with KOA [15]. It may be assumed, therefore that SLS is more

Fig. 2. Scatter plot comparing single limb support and WOMAC function in Knee OA.

stable and less controllable by patients with KOA, as opposed to gait
velocity, which constantly changes in response to fatigue, times of the
day, decisions of patient and many more factors.
The results of this study are reﬂective of the ﬁndings of similar
studies. As in our study, other researchers have found that patients
change their gait in response to OA in either the hip or knee [16].
Previous studies have also shown that patients with KOA speciﬁcally
have a shorter SLS phase, shorter step length and slower gait velocity
compared to healthy individuals [1,8,9]. The ﬁndings of these studies
and ours suggest that SLS may reﬂect a patient's ability to bear loads
on a limb with KOA. A patient with severe pain and dysfunction is
expected to decrease loads from the affected limb by decreasing SLS
phase. This may help explain why our results showed a strong
association between SLS and knee OA symptomatic severity (pain and
function).
This study had some limitations. The study design enabled a ﬁrst
and basic understanding of SLS as a parameter that can help evaluate
the level of functional severity of patients with KOA. The study results
showed that SLS correlates with the level of pain, function and quality
of life of patients with KOA. We did not however measure this
correlation over a period of time. Future studies should compare the
changes in SLS with the changes in self-evaluation questionnaires and
in radiographic grading over speciﬁed amounts of time in order to
determine the true predictive value of SLS scores.
In conclusion, we have found that single limb support increases
consistently with improvements in pain and function in patients with
KOA. The results suggest that a gait analysis would be a good addition
to an analysis of KOA. We recommend that healthcare workers use
the quintiles implemented in this study as an assistive tool for the

Table 2
WOMAC-pain, WOMAC-function and WOMAC-stiffness distribution in the SLS
quintiles. Results are presented as mean (SD) [95% conﬁdence interval].
SLS quintile
(% of gait cycle)

WOMAC-pain
(0–10 cm)

Q1 (b 33%)
6.3 (1.81) [5.6–7.1]
Q2 (33%–35.5%)
4.7 (2.1) [3.8–5.6]
Q3 (35.5%–37%)
5.0 (2.6) [4.0–6.1]
Q4 (37%–38.5%)
3.0 (2.2) [2.1–4.0]
Q5 (N 38.5%)
2.7 (2.1) [1.8–3.6]
P-for-trend over quintiles: P b 0.01
Fig. 1. Scatter plot comparing single limb support and WOMAC pain in Knee OA.

WOMAC-function
(0–10 cm)

WOMAC-stiffness
(0–10 cm)

6.6 (2.0)
5.1 (2.0)
4.8 (2.8)
3.0 (2.4)
2.6 (2.5)

6.0
4.7
4.4
3.3
2.2

[5.8–7.4]
[4.3–5.9]
[3.6–5.9]
[2.0–4.1]
[1.6–3.6]

(3.1) [4.8–7.3]
(2.9) [3.6–5.9]
(3.2) [3.1–5.7]
(3.1) [2.0–5.6]
(2.9) [1.1–3.4]

SLS = single limb support; Q = quintile.
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Table 3
SF-36 health survey sub-categories distribution over the SLS quintiles. Results are presented as mean (SD) [95% conﬁdence interval].
SLS
(% of gait cycle)

Physical function
(0–100)

Q1 (b 33%)
23.6
Q2 (33%–35.5%)
40.8
Q3 (35.5%–37%)
53.0
Q4 (37%–38.5%)
56.9
Q5 (N 38.5%)
58.4
P over quintiles: P b 0.01a
SLS
(% of gait cycle)

(15.0)
(18.1)
(27.4)
(24.3)
(23.7)

[17.4–29.8]
[33.4–48.1]
[41.7–64.3]
[46.6–67.1]
[48.6–68.2]

Emotional well being
(0–100)

Q1 (b 33%)
62.2
Q2 (33%–35.5%)
65.2
Q3 (35.5%–37%)
68.8
Q4 (37%–38.5%)
79.8
Q5 (N 38.5%)
76.2
P over quintiles: P b 0.01b

(18.9)
(17.7)
(19.4)
(14.8)
(15.3)

[54.5–70.0]
[58.1–72.4]
[60.8–76.8]
[73.5–86.0]
[69.9–82.5]

Role limitation due to physical health
(0–100)

Role limitation due to emotional problems
(0–100)

Energy/fatigue
(0–100)

24.0
33.7
56.0
53.1
69.0

44.0
53.8
66.0
72.2
84.0

43.0
51.7
53.8
66.7
62.6

(26.5) [13.1–34.9]
(41.8) [16.8–50.5]
(37.0) [40.7–71.3]
(42.5) [35.2–71.1]
(39.1) [52.9–85.1]

(39.3)
(42.2)
(42.1)
(42.5)
(27.4)

Social functioning
(0–100)

Pain
(0–100)

63.0
66.8
77.0
84.9
76.5

25.3
37.0
53.1
56.3
60.6

(24.6) [52.8–73.2]
(26.4) [56.1–77.5]
(25.2) [66.6–87.4]
(24.4) [74.6–95.2]
(23.5) [66.8–86.2]

(20.1)
(21.5)
(24.8)
(29.2)
(18.7)

[27.8–60.2]
[36.8–70.9]
[48.6–83.4]
[54.3–90.2]
[72.7–95.3]

(20.2)
(22.8)
(24.3)
(17.9)
(17.5)

[34.7–51.3]
[42.5–60.9]
[43.8–63.8]
[59.1–74.2]
[55.4–69.8]

General health
(0–100)
[17.0–33.6]
[28.3–45.7]
[42.9–63.3]
[43.9–68.6]
[52.9–68.3]

48.5
57.1
58.3
63.5
66.0

(15.9)
(17.2)
(17.7)
(12.8)
(16.2)

[41.9–55.1]
[50.1–64.0]
[51.0–65.6]
[58.1–67.0]
[59.3–72.7]

SLS = single limb support; Q = quintile.
a
The Kruskal–Wallis test was used to evaluate differences between groups in the role limitation due to physical health and role limitation due to emotional problems
subcategories of the SF-36 quality of life health survey because they were nonparametric. Other variables were evaluated using one-way ANOVA tests.
b
The Kruskal–Wallis test was used to evaluate differences between groups in the social functioning subcategory of the SF-36 quality of life health survey because it was
nonparametric. Other variables were evaluated using one-way ANOVA tests.

Table 4
Gait velocity and step length distribution in the SLS quintiles. Results are presented as
mean (SD).
SLS
(% of gait cycle)

Velocity
(cm/s)

Q1 (b 33%)
63.8 (15.5)
Q2 (33%–35.5%)
85.8 (15.5)
Q3 (35.5%–37%)
101.6 (13.9)
Q4 (37%–38.5%)
106.1 (14.8)
Q5 (N 38.5%)
115.1 (11.6)
P-for-trend over quintiles: P b 0.01

Left step length
(cm)

Right step length
(cm)

41.1
50.2
56.1
56.9
60.3

42.1
50.6
55.6
58.2
60.9

(8.0)
(5.5)
(6.4)
(6.9)
(5.8)

(8.1)
(5.4)
(7.0)
(6.3)
(6.0)

SLS = single limb support; Q = quintile.

assessment of KOA functional severity. We also recommend that
future studies examine SLS in other groups of patients, such as hip OA
patients and hip and knee arthroplasty candidates, and examine the
changes in SLS in response to pain relief and as a measure to evaluate
improvement in gait patterns following a rehabilitation program.
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Analysis of knee flexion characteristics and how
they alter with the onset of knee osteoarthritis:
a case control study
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Abstract
Background: The purpose of this study was to examine the differences in gait profile between patients with knee
osteoarthritis (OA) and healthy control and to create motion characteristics that will differentiate between them.
Methods: Twenty three patients diagnosed with knee OA and 21 healthy matched controls underwent a gait test
using a sensor system (gaitWALK). Gait parameters evaluated were: stride duration, knee flexion range of motion
(ROM) in swing and stance. T-Test was used to evaluate significant differences between groups (P < 0.05).
Results: Patients with knee OA had significant lower knee flexion ROM (10.3° ± 4.0°) during stance than matched
controls (18.0° ± 4.0°) (p < 0.001). Patients with knee OA had significant lower knee flexion ROM (54.8° ± 5.5°)
during swing than matched controls (61.2° ± 6.1) (p = 0.003). Patients with knee OA also had longer stride duration
(1.12 s ± 0.09 s) than matched controls (1.06 s ± 0.11 s), but this was not statistically significant (p = 0.073). Motion
characteristics differentiate between a patient with knee OA and a healthy one with a sensitivity of 0.952 and a
specificity of 0.783.
Conclusions: Significant differences were found in the gait profile of patients with knee OA compared to matched
control and motion characteristics were identified. This test might help clinicians identify and evaluate a knee
problem in a simple gait test.
Keywords: Osteoarthritis, Gait, Electronic measurement systems

Background
Osteoarthritis (OA) is by far the most common form of
arthritis. Around 2.5% of the adult population suffer
from OA of the hip or knee, most of whom are over 45
and this increases to 10% for women over 75 [1]. The
main symptoms are pain and limitation in function,
which normally leads to changes in gait patterns to accommodate the pain [2].
Because the prevalence of knee OA is high and increasing in the adult population, a means of early diagnosis is being sought. Current diagnosis in an
orthopaedic clinic is done using a standard X-ray machine, and the level of degeneration is assessed. One
common grading score for hip and knee OA is the
Kellgren and Lawrence score [3]. However, it is very
* Correspondence: ganitm@apostherapy.com
3
AposTherapy Research Group, 1st Abba Even Blvd, Herzliya 46733, Israel
Full list of author information is available at the end of the article

difficult to quantify this, particularly at the early stages.
Previous studies have reported that changes to the knee
joint occur even before radiographic changes are
detected [4-6]. Shakoor et al. reported in 2003 that knee
loading at the contralateral limb increases following hip
arthroplasty and increase the rate of developing knee
OA [6]. Furthermore, previous studies have stressed the
poor correlation between radiographic changes and
symptoms of pain and function [7,8]. Researchers and
clinicians are seeking a method of ascertaining the functional severity of the OA, which ideally can be used
alongside X-ray data, to detect early stage OA [9].
Biomechanics plays an important role in the progression of knee OA and many studies have been carried out
in gait laboratories to ascertain which parameters are affected for people suffering with knee OA compared to
healthy subjects [2,10]. Many papers have concluded
that reduction in gait velocity is a prominent change in

© 2013 McCarthy et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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patients with knee OA compared to healthy controls
[11,12]. However, it is also recognised that there are
many other conditions where gait velocity is reduced, including age, and therefore velocity itself cannot be a
good discriminator for OA [13]. There is comprehensive
evidence that the maximum knee flexion angle in stance
is reduced (the limb is more extended) with the severity
of the OA when compared to normal subjects, and some
suggest that this is in order to care for and prevent knee
OA progress [14-16].
Most studies of knee joint kinematics and kinetics
have been performed in a dedicated gait laboratory. Although providing detailed information, the procedure is
expensive and time-consuming, requiring subjects to be
brought to the laboratory [17]. There is a lack of measuring systems that may be used in clinics or taken out
into the community. Portable walkways provide information of the spatio-temporal characteristics of gait [18,19].
However, this does not measure knee joint movement,
which may supply additional information concerning the
patient’s condition. Inertial measurement units (IMUs)
are now being used more commonly to assess gait, and
do enable knee kinematics to be investigated in an outpatient clinic [20].
The growing interest in early detection of knee OA
(prior to structural changes) and objective functional assessment of patients with knee OA were the basis for
this study. The current study had three aims. First, to
provide further evidence to support the claim that patients with knee OA demonstrate altered gait pattern
compared to matched controls, and specifically to examine the differences between groups in knee flexion angle
during the stance and the swing phases. The second aim
was to demonstrate that knee motion can be measured
using a sensor based system that can be used in a clinic,
rather than in a gait laboratory. Finally, the third aim
was to draw a set of criteria that would differentiate between patients with knee OA and matched controls,
based on the knee flexion angle during the stance phase.

Methods
Overall, 44 people participated in this study. Twenty
three patients with a mean ± sd age of 65.1 ± 7.7 years
and a mean BMI of 28.7 ± 3.7 were diagnosed with medial compartment knee OA (14 females, 9 males). 15 patients had bilateral knee OA and 9 patients had
unilateral knee OA. Average duration of symptoms was
12.3 ± 6.5 months (6–24 months), which is thought to
represent a cohort of patients with early signs of knee
OA. Inclusion criteria were: 1. Patients suffering from
symptomatic knee OA at the medial compartment for at
least six months, fulfilling the American College of
Rheumatology (ACR) clinical criteria for OA of the knee
[21]. According to Altman et al., clinical classification of
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a patient with knee OA will be if the patient present at
least 3 of the following 6 clinical findings: age >50 years,
morning stiffness <30 minutes duration, crepitus on active motion, tenderness of the bony margins of the joint,
bony enlargement noted on examination, and a lack of
palpable warmth of the synovium.
Exclusion criteria were: 1. Acute septic arthritis; 2. Inflammatory arthritis; 3. Corticosteroid injection within
3 months of the study; 4. Avascular necrosis of the knee;
5. History of knee buckling or recent knee injury; 6. Joint
replacement; 7. Neuropathic arthropathy; 8. History of
pathological osteoporotic fracture; 11. Symptomatic degenerative arthritis in lower limbs joints other than the
knees. The head researcher used these criteria to determine the inclusion or exclusion of patients from the
existing database. Patients were recruited from the
AposTherapy Center, Herzliya, Israel. The study protocol
was approved by the institutional Helsinki Committe of
Assaf Harofeh Medical Center, Zerifin, Israel. Twenty
one healthy people served as controls. Their mean ± sd age
was 71.3 ± 6.1 years (17 females, 4 males), and mean ± sd
BMI was 25.5 ± 2.9. These people were recruited from staff
and volunteers working at the Royal National Orthopaedic
Hospital, London, UK. The study protocol was approved
by the University College London research ethics committee. Consent was obtained from both the patients and
healthy volunteers.
Measuring system

The gait profile was measured using inertial sensors
mounted onto the lower limbs and associated analysis
software, provided by European Technology for Business
Ltd [22]. The system used in this trial comprised four
sensor modules, a laptop and four straps. The sensors
are IMUs and contain 3 orthogonal gyroscopes and 3 orthogonal accelerometers, as used by Cooper et al. in an
earlier study on joint angles [23]. The sensors contain a
precision clock and a memory storage device card (SD
card) and data is gathered from each sensor at 102.4Hz.
Figure 1 shows a volunteer walking with the 4 sensors
inserted into pockets integrated into the straps.
Protocol

The four sensors were time stamped and synchronised
using the Poseidon software on the laptop. The sensors
were then disconnected from the laptop. Each person
was asked to stand whilst the straps were put on to the
thigh and calf of each leg. The location of the straps on
the calf was at the level of the belly of the gastrocnemius
muscle, with the sensor being located on the lateral side
of the calf. Location of the straps on the thigh was on
the proximal end of the thigh, just bellow the greater
trochanter, with the sensors being located on the lateral
side of the thigh. Then one sensor was switched on and
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walking steadily for at least 7 strides, which is approximately 8 m. The software then calculates the typical
stride, i.e. the stride with lowest error to all other
strides, shaded darker in the plot in Figure 2. Previous
studies confirmed that stride-to-stride variability during
walking is low [24] and hence the analysis of the typical
stride is considered valid. The following parameters
were calculated: Knee flexion ROM during stance phase
(deg), knee flexion ROM (deg) during swing phase, and
stride time (s).
Statistical analysis

Statistical analysis was performed using SPSS Version
19. Group differences for age, BMI and stride duration
were assessed using Student’s t-test. Differences for knee
angle characteristics were assessed using ANOVA to
compare controls and OA and non-OA knees in the patients. Receiver operator characteristic (ROC) analysis
was performed on data from controls and OA knees to
determine the extent to which measurements could differentiate between the two groups.

Figure 1 Volunteer walking with the IMUs strapped to the
thigh and shank.

located into the appropriate pocket. The strap was then
fastened securely over the pocket. This was repeated for
all four sensors. The sensors were all aligned to the line
of the limb segment by eye, on both the thigh and calf.
No attempt was made to align them exactly as only the
range of motion (ROM) of the knee flexion angle in
swing and stance over a stride were required for this
study. Any misalignment of the sensor to the segment
would introduce an offset to the joint angle, but would
not affect the ROM or profile. Any misalignment around
the body (from the sagittal towards the coronal plane)
would introduce a small error in the ROM (<2% for
±100). The person was then asked to stand stationary for
5 seconds, to calibrate the sensors. The patient was
asked to walk at his/herself-selected speed on a 20 meters level surface. At the end of the test the sensors were
removed from their pockets, switched off and then
connected to the laptop for analysis.
Data analysis

The analysis of the data was done using the Poseidon
software installed on the laptop [22]. The software calculates the knee joint angle for the entire test. From this
the section was chosen for analysis, where the person is

Results
There was no significant difference in gender distribution between patients with knee OA and healthy controls (λ2 = 2.12, p >0.1). A significant difference between
patients with knee OA and healthy controls was found
in BMI. Patients with knee OA had higher a BMI value
compared to healthy controls (28.7 ± 3.74 and 25.5 ± 2.9,
respectively, p = 0.004). There was no significant difference in BMI between females and males with knee OA
as well as between healthy females and healthy males. In
addition, there was no significant difference in age between healthy females and healthy males. There was,
however a significant difference in age between females
and males with knee OA. Males with knee OA were
slightly younger than females with knee OA (60.0 ± 5.0
and 68.4 ± 7.4, respectively).
The knee profile was examined for the 21 healthy volunteers and 23 patients. An example is provided for one
of each in Figure 3.
Data are summarised in Table 1. High correlation was
found between left and right knees for both controls and
patients with bilateral OA (r ~ 0.82), hence left and right
data were averaged for these subjects. For patients with
unilateral OA, data for the OA limb was included with
the data for subjects with bilateral OA, and the data for
the unaffected limb was analysed separately. Overall, 39
OA knees, 42 control knees and 9 non-OA knees were
analysed. ANOVA showed statistically significant differences between the groups (controls, OA knees and nonOA knees in OA patients) for both swing and stance
flexion ROM; post-hoc analysis confirmed differences
between controls and OA knees (p < 0.001 for stance
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Figure 2 Typical knee angle profile obtained during the test procedure. The darker shaded area shows the most typical stride during the
test, which is used for subsequent analysis.

phase and p = 0.003 for swing phase), but no statistical
difference between the non-OA knees and either the
controls or OA knees. There was no statistically significant difference in stride duration between the control
and OA subjects (p = 0.073), although patients with knee
OA walked slower.
Gender analysis was carried in order to examine
whether the aforementioned significant differences in
knee angles are related to gender. Similar trends were
found in both females and males with differences in
knee flexion ROM during swing (P = 0.006 for females,
P = 0.08 for males) and knee flexion ROM during stance
(P = 0.001 for females, P = 0.02 for males). This suggests
that gender was not a confounder to the results of this
study.
Scatter plots of the knee flexion ROM data for the OA
and control knees are shown in Figure 4; it can be seen
that there is considerable overlap between the controls
(group 1) and those with knee OA (group 2) for the
knee flexion ROM in swing, whereas there is little overlap between the two groups for knee flexion ROM in
stance.
ROC analysis of the data is shown in Figure 5, with
the area under the curve being 0.914 for stance knee
flexion ROM, and 0.741 for swing knee flexion ROM.
The ROC analysis indicated that a cut-off value of 13.6°
of flexion ROM in stance could discriminate between

controls and patients with OA with a specificity of 0.952
and a sensitivity of 0.783.
ROC analysis was also preformed on females and
males separately. For females, the area under the curve
being 0.987 for stance knee flexion ROM, and 0.773 for
swing knee flexion ROM. For males, the area under the
curve being 0.889 for stance knee flexion ROM, and
0.722 for swing knee flexion ROM. This indicates that
stance knee flexion ROM is a strong predictor of OA
even when male and female data are analysed separately.
We also examined the relationship between stance knee
flexion ROM and BMI. Within each group, there was a
very slight but non-significant decrease in knee stance
flexion ROM with BMI (ROM = −0.277*BMI + 16.76
(OA); ROM = −0.248*BMI + 24.34 (control)). Although
neither of these regressions are significant, the similarity
of the regression coefficients and the difference in the
intercepts suggests that difference in BMI is not a
confounding factor.

Discussion
The purpose of the current study was to characterize the
gait profile of patients with knee OA compared to
matched controls using a new measuring system that
can be applied in clinic settings rather than laboratory
settings. In addition, this study tried to determine a set
of motion characteristics that would differentiate

Figure 3 Examples of a typical stride for a control subject and one with bilateral osteoarthritis. The blue trace is the left knee and the
green trace is the right knee.
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Table 1 Gait profile differences between patients with knee OA and healthy controls
Duration (s)

Flexion ROM in swing (°)

Flexion ROM in stance (°)

OA knees

1.12 (0.09)

54.8 (5.5)*

10.25 (4.0)*

Non OA knees

-

57.6 (4.6)

14.08 (4.3)

Controls

1.06 (0.11)

61.2 (6.1)*

18.04 (4.0)*

* Indicates statistically significant difference between OA and control knees (p < 0.001).
Results are presented as mean (sd).

between a healthy person and a person suffering from
knee OA. The results showed significant differences between the gait profile of patients with knee OA compared to matched controls, further supporting existing
literature [2,10,14-16,25]. Furthermore, a specific gait
parameter was found to be a good discriminator between a healthy knee motion and a pathologic one.
Patients with knee OA showed decreased stride time
compared to matched control, though this did not reach
statistical significance (p = 0.073). This finding supports
previous papers that have reported that patients with
knee OA walk slower than matched controls [16,26]. Patients with knee OA showed decreased knee flexion
ROM during stance phase (39.7%) compared to controls.
This gait change has been reported in previous studies
that examined the changes in gait patterns between patients with knee OA and healthy controls [14-16]. This
difference is sought to be a compensation strategy of
knee OA patients in response to pain; the peak flexion
in stance coincides with the peak knee flexion moment,
which has also been shown to be reduced in OA [15].
This may be achieved by reduction of quadriceps force,
known as quadriceps avoidance strategy, and is consistent with observations of quadriceps weakness in patients
with OA [27]. There is disagreement in the current literature regarding the correlation between gait velocity
and knee motion. Previous studies have reported that
patients with knee OA demonstrate reduced knee motion during walking compared to healthy controls alongside the reduction in gait velocity [11]. A more recent

study, however by Bejek et al. 2006, examined the effect
of different walking speed on gait parameters in healthy
subjects and in patients with knee OA [12]. Their results supported previous studies and showed that patients with knee OA demonstrate reduced knee motion
compared to healthy controls in varying gait speeds.
Interestingly, knee ROM and maximum knee flexion
during walking changed significantly with changes in
gait velocity within healthy patients, but not within knee
OA patients. Based on their results an OA knee will
present reduced motion during walking regardless to
gait velocity compared to a healthy knee, hence we assumed knee motion is a better indicator to detect a
pathological knee. The results of this study supported
this assumption.
Few studies have investigated the differences in knee
angle during the swing phase between patients with knee
OA and healthy controls. In the current study, a statistically significant difference between group means for the
knee joint ROM during swing phase was found. A considerable overlap between the groups in the above mentioned parameter was seen (Figure 4), leading to the
conclusion that this measurement is poor at discriminating between knee OA patients and controls. Kaufman
et al. reported a non-significant difference in swing
flexion ROM angle [2], though the magnitude of the difference appears similar to that reported in this paper,
where significant difference has been shown. It has been
suggested that reduced knee flexion ROM in the swing
phase (characterised as ‘stiff knee’ gait pattern) is caused

Figure 4 Scatter plot of ROM knee flexion in swing (°) and ROM knee flexion in stance (°) for typical stride: controls = Group
1; OA = Group2.
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Figure 5 ROC plots for knee flexion ROM in swing (left plot) and stance (right plot). The areas under the curves are 0.741 (swing)
and 0.913 (stance).

by over activity of the rectus femoris [28]. Future studies
should further examine the differences between patients
with knee OA and healthy controls in knee joint angle
during the swing phase of walking.
There is growing evidence that knee OA begins before
radiographic changes are detected [4-6]. From a biomechanical point of view this includes changes in knee
loading [6] and muscle activation [29]. Researchers
therefore are trying to find tests that will help in the
early detection of knee OA in order to start treatment
as early as possible and delay, stop or even reverse disease progression. Three dimensional gait analysis has
been shown to detect differences between knee OA patients and controls and is considered a reliable test
[2,10,14-16,25]. This analysis, however is cumbersome
both from the patients point of view (long test, usually
with minimal wearing) and from the examiner point of
view (long test, numerous data, difficulty in understanding the report etc.) [17]. Recently, Elbaz et al. have suggested single limb support (a spatio-temporal parameter)
to be an indicator for disease severity [9]. Spatio-temporal
parameters however, do not include measurements of
joint motion and might miss important information. The
current study suggest a new test that measures knee motion in a simple way that can be applied widely in clinical
settings. The current study found one parameter, knee
flexion ROM during stance phase, which can be a discriminator between patients with knee OA and matched
healthy controls. A threshold value has been determined
and was able to detect 78.3% of OA knees and 95.2% of
healthy knees. Future studies should further investigate
and support this finding.
Some limitation should be acknowledged. First, a
radiographic evaluation of knee joint structural changes
was missing. Patients were diagnosed with knee OA
based on the American College of Rheumatology (ACR)
clinical criteria [24]. We recommend that future studies
will examine the differences in gait profile with this
system in different knee joint deformity groups, as
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determined by x-ray. Secondly, this study showed that
knee flexion ROM can be a good discriminator between
patients with knee OA and healthy controls, even in
cases were gait velocity is similar. This study did not discuss the gait profile of other pathological population.
Theoretically, two different pathologic populations might
present the same altered knee motion compared to
healthy people. This test, therefore should always accompany a clinical assessment and anamnesis alongside
other evaluation tests (X-ray, objective spatio-temporal
gait analysis). Furthermore, future studies should examine and characterized the knee profile of other pathologies and compare them with the knee profile of an OA
knee. It is also acknowledged that measurements were
performed at two different sites, with the OA patients
measured in Israel, and the age-matched controls in the
UK. We have, however, compared data on comparable
young age-matched controls measured at the two sites,
and found no differences in any of the gait parameters,
and therefore do not consider that the use of two different sites has introduced any systematic error.

Conclusions
This analysis of people with knee OA has confirmed previous findings that knee flexion ROM on load is reduced
with the onset of knee OA. It has also demonstrated that
this parameter can serve as a good discriminator between patients with knee OA and controls. It might also
be sensitive enough to detect changes over time in response to treatment. Finally, this test can be applied in
clinical environment.
Abbreviations
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6. Additional Scientific Evidence
“Differences in gait patterns, pain, function and quality of life between
males and females with knee osteoarthritis: a clinical trial”
“Sex and Body Mass Index Correlate With Western Ontario and
McMaster Universities Osteoarthritis Index and Quality of Life Scores
in Knee Osteoarthritis”
“Differences in gait pattern parameters between medial and anterior
knee pain in patients with osteoarthritis of the knee”
“Gait metric profile of 157 patients suffering from anterior knee pain.
A controlled study”
“The Reliability of a Gait Analysis Mat in Assessing Patients with
Knee Osteoarthritis”
“Gait metric profile and gender differences in hip osteoarthritis
patients. A case controlled study”
“Clinical outcomes following ankle fracture: a cross-sectional
observational study”
“The correlation between radiographic knee OA and clinical symptoms
– do we know everything?”
“Deviations in gait metrics in patients with chronic ankle instability: a
case control study”
“Gait characteristics and quality of life perception of patients
following tibial plateau fracture”
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Abstract
Background: The aim of this study was to gain a deeper understanding of the gender differences
in knee osteoarthritis (OA) by evaluating the differences in gait spatio-temporal parameters and
the differences in pain, quality of life and function between males and females suffering from knee
OA.
Methods: 49 males and 85 females suffering from bilateral medial compartment knee OA
participated in this study. Each patient underwent a computerized gait test and completed the
WOMAC questionnaire and the SF-36 health survey. Independent t-tests were performed to
examine the differences between males and females in age, BMI, spatio-temporal parameters, the
WOMAC questionnaire and the SF-36 health survey.
Results: Males and females had different gait patterns. Although males and females walked at the
same walking speed, cadence and step length, they presented significant differences in the gait cycle
phases. Males walked with a smaller stance and double limb support, and with a larger swing and
single limb support compared to females. In addition, males walked with a greater toe out angle
compared to females. While significant differences were not found in the WOMAC subscales,
females consistently reported higher levels of pain and disability.
Conclusion: The spatio-temporal differences between genders may suggest underlying differences
in the gait strategies adopted by males and females in order to reduce pain and cope with the loads
acting on their affected joints, two key aspects of knee OA. These gender effects should therefore
be taken into consideration when evaluating patients with knee OA.
Trial Registration: The study is registered in the NIH clinical trial registration, protocol No.
NCT00599729.
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Background

Osteoarthritis (OA) is the most prevalent form of arthritis
in the elderly. Studies have shown that symptomatic knee
OA is more prevalent in women than in men [1-3]. On the
other hand, in some countries the gender difference in the
prevalence of symptomatic knee OA is low or non-existent
[4]. Radiographic knee OA, however, is much more prevalent in women than in men in comparison to symptomatic knee OA. For example, in the United States the
prevalence of radiographic knee OA in adults ages 60 and
older is 42.1% in women and 31.2% in men [4]. In Japanese patients 60-69 years of age the prevalence of radiographic knee OA is 57.1% in women and 35.2% in men
[5]. This is not surprising considering that females have a
higher risk of developing knee OA and functional disabilities compared to males [6-8]. OA is particularly disabling
in weight bearing joints, such as the knees and hips. Ultimately, pain, stiffness and decreased range of motion lead
to a loss of functional independence in daily tasks such as
rising from a chair, climbing stairs and walking [9].
Males and females with knee OA have different gait patterns that are expressed in kinematic and kinetic parameters. Gender differences exist in the knee flexion angle, in
the knee external moments (sagital, frontal and transverse
plane) and in the knee internal moments (sagital and
transverse plane) [10,11]. Concerning spatial and temporal aspects, McKean et al. found that while both males and
females walk at the same self-selected speed and have the
same stance time, males walk with a greater stride length
in comparison to females [11].
Reviewing the gender differences in the healthy population reveals conflicting findings regarding the kinetic and
kinematic parameters of gait. Some studies indicate that
there are no gender differences in knee joint kinetics
[12,13], while another study reports different kinematics
between genders during gait [14]. The literature is also
unclear regarding the differences in the stride characteristics between healthy genders. Some studies declare that
there are no gender differences in the stride characteristics
during walking [15,16]. On the other hand, some report
that males and females walk at the same walking speed,
but that females walk with a shorter step length [17,18],
and some conclude that females walk more slowly than
males and have a shorter step length [19,20]. Assuming
that there are some gender differences in gait characteristics, it is important to understand these differences among
patients with knee OA as they may explain the higher rate
of knee OA in females compared to males.
There is still insufficient data regarding gender differences
in certain spatio-temporal parameters that may be clinically relevant. Information on single limb support (SLS)
(% Gait Cycle), for example, is scarce, yet this parameter
may differ between genders. This is an important parame-
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ter because it represents the ability of the patient to bear
single loads on the affected joint. Therefore, a further and
deeper understanding of the differences between genders
in SLS and other spatio-temporal parameters may help
elucidate additional differences in gait patterns between
males and females with knee OA.
Pain is a major symptom of knee OA and although gender
differences in pain experience have been previously examined, results remain unclear. Some studies indicate that
females report more severe clinical pain than males, while
other studies have not found differences in pain levels
between genders [21-24]. In addition, it is also known
that patients with knee OA appraise their quality of life as
lower compared to healthy age-matched individuals
[25,26]. While some studies have shown that females with
chronic pain feel more depressed than males [24,27], to
our knowledge there is no data on the differences in quality of life perception between genders with knee OA.
The purpose of this study was to further examine the gender differences in patients with knee OA by evaluating the
differences in gait spatio-temporal parameters, pain, quality of life, and function between males and females with
knee OA. We hypothesized that males and females will
present differences in some of the spatio-temporal parameters. Furthermore, if differences are found in the SLS
phase we believe that differences will also be found in the
level of pain (lower SLS values will correspond with
higher pain levels, and vice versa).

Methods

Study participants
This study was approved by the Institutional Helsinki
Committee Registry (Helsinki registration number 185/
07, NIH protocol No. NCT00599729). All patients gave
written informed consent before entering the study.
Patients were recruited from the Orthopedics Outpatient
Clinic of Assaf Harofeh Medical Center in Zerifin, Israel,
and from the APOS Therapy Center in Herzliya, Israel.
Patient eligibility was defined as symptomatic bilateral
knee OA in the medial compartment for at least six
months, fulfillment of the American College of Rheumatology (ACR) clinical criteria for OA of the knee [28], and
radiographically assessed OA of the knee according to the
Kellgren and Lawrence (K&L) scale [29].

Exclusion criteria were acute septic arthritis, corticosteroid
injection within 3 months of the study, avascular necrosis,
inflammatory arthritis, history of knee buckling, recent
knee injury, neuropathic arthropathy, increased tendency
to fall, lack of physical or mental ability to perform or
comply with the study procedure, a history of pathological osteoporotic fractures, spinal or vascular claudication,
and symptomatic degenerative arthritis in lower limb
joints other than the knees. All patients underwent a gross
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motor function measure (GMFM) conducted by the senior orthopedic surgeon. All participants were instructed to
refrain from taking pain medication, including paracetamol and NSAID's, for a period of 3 days prior to the examination.
Protocol
All patients underwent a physical examination and most
underwent a radiographic evaluation by the senior author
(N.H.). The radiographs were obtained using a standardized technique [30]. Briefly, the images were 45 degree
posteroanterior flexion weight-bearing radiographs.
Patients stood with their weight equally distributed on the
two extremities and with both knees flexed to 45 degrees.
Toes were pointed straight ahead and the patellae touched
the film cassette. The radiograph machine was positioned
101.6 cm away from the cassette. Measurements of height,
weight and leg length (measured from the tip of the
greater trochanter to the floor through the lateral melleolus in an upright standing position) were also collected
[31].

All patients were required to walk barefoot at a selfselected speed on a computerized mat (GAITRite® system,
CIR Systems Inc. Peekskill, NY, USA). The reliability and
validity of the computerized mat have been previously
reported to be good to excellent [32,33]. Patients walked
three meters before and after the walkway mat to allow
sufficient acceleration and deceleration time outside the
measurement area. Patients walked 6 times on the computerized mat and the mean value of the 6 walks was calculated for each parameter. Following the gait test,
patients completed the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) questionnaire and the SF-36 health survey.
The following spatio-temporal parameters were evaluated: absolute velocity (m/s), normalized velocity (m/s/
leg length), cadence (steps/min), step length (m), normalized step length (m/leg length), swing phase (% gait
cycle), stance phase (% gait cycle), single limb support
phase (SLS) (% gait cycle), double limb support phase
(DLS) (% gait cycle), base of support (m), and foot placement angle (deg).
The WOMAC questionnaire was divided into three categories: pain, stiffness and function. The SF-36 health survey
was divided into 8 subcategories: physical functioning,
role limitation due to physical health, role limitation due
to emotional health, energy, emotional well being, social
functioning, pain and general health.
Statistical analysis
Data were analyzed with SPSS software version 14.0. The
sample size was defined according to a power calculation
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that tested (2-tailed) the null hypothesis that the two population means were equal using the independent t-test.
The study will have power of at least 80% to yield a statistically significant result. For SLS the minimal relevant difference was 1.5 with a standard deviation of 2.0 and 3.0
for males and females, respectively.
Independent t-tests were performed to compare males
with females for continuous variables: age, BMI, spatiotemporal parameters, the WOMAC questionnaire and the
SF-36 health survey. The chi-square test was calculated for
the relationship between K&L grade and gender. Spearman correlations were calculated to find linear relationships between single limb support, WOMAC-pain,
WOMAC-function and SF-36 health survey. Multiple bar
graphs demonstrated the persistent differences between
genders in ordinal level of age and BMI, following
kruskal-Wallis nonparametric tests. Level of significance
was set at P ≤ 0.05, and was two-tailed.

Results

134 patients suffering from bilateral knee OA of the
medial tibiofemoral compartment participated in this
study, 49 males (36%) and 85 females (64%). Since knee
OA is more prevalent in females than in males [1-3] these
figures were found acceptable. There were no significant
differences in age, height, weight, BMI and K&L grading
scale between genders. Normal GMFM was found in all
patients.
Table 1: Comparison of patient characteristics (mean (SD))

Males
(n = 49)

Females
(n = 85)

P*

Age

66.9 (12.3)

67.5 (9.8)

0.7

Height (m)

1.68 (0.7)

1.54 (1.8)

<0.001

Weight (kg)

87.2 (15.5)

75.6 (15.5)

<0.001

BMI (kg/m2)

30.6 (5.1)

31.8 (5.8)

0.2

K&L Grade 1

8

13

K&L Grade 2

8

17

K&L Grade 3

11

24

K&L Grade 4

13

22

0.93

* P ≤ 0.05.
Independent t-tests were performed to examine gender differences in
age, height, weight and BMI. A Chi-square test was calculated for the
relationship between K&L grade and gender. The latter test covers
the entire distribution of K&L scores.
BMI - Body Mass Index
K&L - Kellgren and Lawrence radiographic grading scale
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9 females and 7 males did not comply with the required
radiographic evaluation during the course of the study.
Their grading was therefore excluded from the radiographic comparison. The radiographic comparison was
carried out only to characterize the study population. We
categorized the missing data as missing at random (MAR)
and therefore assumed that the distribution with these
patients included would remain the same. Furthermore
the focus of our study was on the functional evaluation of
knee OA. As such, the radiographic data, which is by
nature static, did not affect the interpretation of the
results. For these reasons we chose not to take new radiographs. Patient characteristics are presented in Table 1.
Gait velocity and step length were normalized to leg
length to eliminate the effect of the leg length differences
that were found between genders. No differences were
found in normalized velocity, normalized step length and
cadence between genders. Significant differences were

found in the gait cycle phases: stance, swing, SLS, DLS and
in the foot placement angle (Table 2).
No significant differences between genders were found in
the WOMAC pain, stiffness and function categories or in
the overall score. Nevertheless, the mean score for each of
the WOMAC categories and the overall score were higher
in females compared to males and the p-values for the categories were all close to the significance threshold (P ≤
0.05) (Table 3).
Significant differences were found in the following SF-36
subcategories: Role limitation due to physical health,
energy, emotional well being and general health. Males
consistently reported significantly higher values compared to females in the above categories. While the subcategories of physical function, role limitation due to
emotional health, social functioning and pain were not
significantly different between genders, male reported
higher values in all these categories (Table 3).

Table 2: Gender differences in gait parameters (mean (SD))

Males

Females

P*

Velocity (m/s)

0.99 (0.19)

0.87 (0.24)

<0.001

Normalized Velocity (m/s/leg length)

0.11 (0.02)

0.10 (0.03)

0.52

Cadence (steps/Min)

105.4 (9.45)

102.8 (14.7)

0.25

Left

0.06 (0.009)

0.06 (0.008)

0.96

Right

0.06 (0.008)

0.063 (0.01)

0.33

Left

37.7 (2.1)

36.1 (3.4)

0.001

Right

37.0 (2.8)

35.9 (3.8)

0.05

Left

62.2 (2.1)

63.9 (3.4)

0.001

Right

63.0 (2.8)

64.1 (3.8)

0.05

Left

37.0 (2.8)

35.8 (3.8)

0.03

Right

37.7 (2.1)

36.2 (3.4)

0.003

Left

25.3 (3.9)

28.0 (6.7)

0.004

Right

25.4 (3.9)

28.2 (6.8)

0.004

Left

8.5 (6.0)

5.4 (5.3)

0.003

Right

9.9 (5.2)

6.8 (5.2)

0.001

Normalized Step Length (m/leg length)

Swing (% Gait Cycle)

Stance (% Gait Cycle)

Single Limb Support
(% Gait Cycle)

Double Limb Support (% Gait Cycle)

Toe Out Angle (Deg)

* P ≤ 0.05.
Independent t-tests were performed to compare males with females for continuous variables. The left and right limbs values included in the table
represent the more affected limb of the patients.
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A further examination of the differences between genders
revealed a significant difference in the SLS mean value
between genders after dividing males and females into tertiles according to their BMI (females and males; P < 0.01
and P = 0.02 respectively) and age (females and males; P
= 0.03 and P = 0.03, respectively). This analysis was conducted in order to further examine and understand the
changes in SLS according to the tertile distribution of age
and BMI, two parameters that are known to correlate well
with knee OA severity [34,35]. Figures 1 and 2 illustrate a
consistent difference in SLS phase between genders in the
tertile distribution of age and BMI. The SLS values shown
are for the left limb, although similar results were seen for
the right limb. The correlations between the SLS parameter and the WOMAC-pain, WOMAC-function and SF-36
quality of life subcategories are presented in Table 4.

and females did not differ in the parameters of normalized velocity, normalized step length and cadence. These
findings are in partial agreement with the findings of a
previous study by McKean et al. [11]. McKean et al. found
no gender differences in walking speed, but found gender
difference in step length while our study did not. A possible explanation for this discrepancy is that in the study of
McKean et al. males were significantly taller than females,
yet the data was not normalized, as it was in our study, to
eliminate the effects of height on the data. A study by Kerrigan et al. reported that healthy males who walked at the
same walking speed as females demonstrated lower
cadence and longer step length than did the females [14].
In the current study we found that males and females with
knee OA walked at the same walking speed and had similar cadence and step length.

Discussion

A possible explanation for these changes might relate to
the nature of OA disease. It is possible that by reducing
their step length and increasing their cadence, males were
able to reduce the impact loading from their affected

One of the purposes of this study was to add new information regarding the gait spatio-temporal parameters of
males and females with knee OA. We found that males

Table 3: Gender differences in the level of pain and quality of life (mean (SD))

Males

Females

P*

WOMAC - Pain (VAS Scale - cm)

4.0 (2.4)

4.6 (2.4)

0.12

WOMAC - Stiffness (VAS Scale - cm)

3.4 (3.1)

5.0 (4.3)

0.12

WOMAC - Function (VAS Scale - cm)

4.0 (2.6)

4.8 (2.6)

0.11

WOMAC Final Score (VAS Scale - cm)

3.98 (2.4)

4.78 (2.52)

0.07

Physical Functioning

47.75 (24.32)

42.28 (25.16)

0.22

Role Limitation Due to Physical Health

52.04 (40.45)

37.95 (38.72)

0.04

Role Limitation Due to Emotional Health

62.58 (42.29)

55.82 (44.20)

0.39

Energy

61.53 (18.60)

49.93 (23.90)

0.004

Emotional Well Being

74.04 (17.79)

66.93 (21.00)

0.04

Social Functioning

73.46 (26.22)

67.62 (28.69)

0.24

Pain

47.60 (26.76)

42.01 (25.02)

0.23

General Health

66.14 (18.21)

57.71 (19.61)

0.01

WOMAC Categories

SF-36 Categories

*P ≤ 0.05
WOMAC - 24 questions in a format of VAS scale. Five questions representing pain, two questions representing stiffness and 17 questions
representing function. Lower scores indicate better conditions.
SF-36 quality of life health survey - the score range is between 0-100. Higher scores indicate a better condition.
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Figure
SLS
values
1 of males and females, after dividing BMI into tertiles
SLS values of males and females, after dividing BMI into tertiles. Significant difference were found in the BMI tertiles
(P < 0.01 and P = 0.02 for males and females, respectively). SLS values are consistently lower in females. Females and males with
higher BMI values have greater difficulty maintaining single limb loads. This is illustrated by the decreased SLS values in both
genders as BMI increases.
limb. This is physically plausible since decreasing step
length causes a decrease in the vertical ground reaction
forces (assuming no change in gait velocity) [36]. This
might be a general strategy adopted by males in order to
reduce loads from their affected joints.
The results of the current study demonstrate gender differences in several spatio-temporal parameters, indicating a
difference in gait patterns between genders with knee OA
that correlates with the differences in the level of pain,
function, and quality of life. Although normalized gait
velocity, normalized step length and cadence did not differ between males and females, significant differences
were found in the gait cycle phases: stance, swing, SLS and
DLS. Males had a smaller stance and DLS, and a larger
swing and SLS compared to females.

SLS (a % of gait cycle) expresses a unique phase in the gait
cycle when the body weight is entirely supported by one
limb while the contralateral limb swings forward. In the
healthy population, this phase accounts for 38-40% of the
gait cycle [37,38]. A previous study showed that there are
lower SLS values in both limbs among patients with knee
OA compared to the SLS values of healthy individuals
[39].
We hypothesized that the difference in SLS between genders in the current study is a result of different perceptions
of pain. We assumed that higher pain would lead females
to avoid supporting their entire body weight on the
affected limb. This would therefore decrease their SLS and
increase their DLS. To examine this hypothesis we calculated the correlation between the SLS phase and the level
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of pain, function and quality of life. We found moderate
correlations for all parameters with no significant differences between genders. While our results showed no significant difference in the WOMAC pain scores between
males and females, females always reported higher levels
of pain compared to males. Future studies should examine the differences in pain between genders in greater
depth in order to determine if a true difference exists.
We also thought that the difference in SLS may be due to
gender differences in body mass index and radiographically assessed OA severity levels (K&L). This hypothesis
was eventually rejected since no such differences were
found between genders in this study.

http://www.biomedcentral.com/1471-2474/10/127

We further examined the SLS differences in BMI and age
tertiles, which are two parameters that correlate with knee
OA severity. It was found that that BMI and age are
inversely related to SLS value.
Males and females in the current study presented different
foot placement angles during walking. This was an interesting finding since this parameter is particularly relevant
to patients suffering from knee OA. A previous study analyzed the relationship between the toe out angle parameter during gait and knee OA [40]. Walking with a higher
toe out angle shifts the ground reaction force vector closer
to the center of the knee joint, thus decreasing the
moment arm acting to adduct the knee joint. Theoreti-

Figure
SLS
values
2 of males and females, after dividing age into tertiles
SLS values of males and females, after dividing age into tertiles. Significant difference were found in the age tertiles (P
= 0.03 and P = 0.03 for males and females, respectively). SLS values are consistently lower in females. Older females and males
have greater difficulty maintaining single limb loads. This is illustrated by the decreased SLS values in both genders as age
increases.
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Table 4: Correlations between SLS and WOMAC-pain, WOMAC-function and quality of life

Parameter

Single Limb Support - r
Females
Males

P*
Females

P*
Males

WOMAC - Pain

0.46

0.5

<0.001

<0.001

WOMAC - Function

0.47

0.55

<0.001

<0.001

SF-36

0.49

0.59

<0.001

<0.001

* P ≤ 0.01

cally, this should help decrease loads on a joint affected by
knee OA [41-43]. In the current study males walked with
a greater toe out angle than females. Although this study
did not measure the forces and moments acting on the
knee joint, males may have adopted a greater toe out
angle as a strategy of decreasing loads from the affected
compartment. Another method of decreasing loads on a
joint is to reduce SLS. This strategy may have been
adopted by females since they demonstrated lower SLS
values compared to males.

This discrepancy highlights the importance of a comprehensive evaluation of a patient with knee OA using a variety of assessment tools, especially objective functional
parameters that are able to reveal gender differences. It
would be logical to include reported level of pain and
function (WOMAC) and spatio-temporal parameters
measured in a gait analysis test, specifically SLS and foot
placement angle, as these are objective functional tools
that were able to find gender difference in knee OA in this
study.

These results suggest that different methods of evaluation
may be used in either male or female patients. With regard
to male patients, the toe out angle gait parameter may be
used as a measure of the functional severity of knee OA.
On the other hand, clinicians may be able to use the SLS
gait parameter to measure the functional severity of knee
OA in female patients. Future studies should examine the
gender differences in SLS and foot placement angle to
help elucidate the unique relationship between these
parameters and the forces and moments acting on the
body.

This study had some limitations that withhold more
established conclusions regarding the study's findings.
First, a kinetic analysis of the patients during gait was not
carried out. Integrating the current study findings on the
gender differences in both SLS and toe out angle with
kinetic data would have provided better information
regarding the external adduction forces acting on the knee
joint. Second, the studied population was limited to
patients suffering from bilateral knee OA of the medial
compartment for at least 6 months. Information regarding the specific length of time that the patients had been
suffering from OA is important, since this may have influenced the results. We recommend that future studies
incorporate this time factor into the study design. We also
recommend an extensive examination of the correlation
between the SLS phase and the toe out angle using a
kinetic analysis of patients with knee OA.

The data from the self-reported questionnaires revealed
differences between genders in the perception of pain,
function and quality of life. Females reported a significantly poorer quality of life compared to males and probably had higher levels of pain and disability compared to
males. A study by Tsai found that although females
reported higher levels of pain intensity and had a greater
depressive tendency compared to males, the pain intensity during walking did not differ between genders [44]. In
addition, a study by Rollnik et al. showed that females
with chronic pain were more depressed than males [27].
Overall, these studies and the current study suggest that
females may experience worse symptoms of knee OA
compared to males. Interestingly, our results showed that
males and females did not differ in their radiographic
assessment of OA severity. This paradox supports numerous studies that questioned the correlation between the
radiographic assessment and the functional condition of
a patient with knee OA [45,46].

Conclusion

There are significant gender differences in most of the spatio-temporal gait parameters of patients with knee OA,
specifically in all of the gait cycle phases (stance, swing,
DLS and SLS) and in the foot placement angle. Some of
these differences suggest that males and females adopt different gait strategies in response to OA disease. When evaluating patients with knee OA these gender effects should
be taken into consideration. We also found that females
have a poorer quality of life perception than males. Our
results highlight the importance of using a variety of tools,
especially objective functional parameters, when evaluating knee OA severity. More research is recommended on

Page 8 of 10
(page number not for citation purposes)

288

BMC Musculoskeletal Disorders 2009, 10:127

the gender differences in SLS, toe out angle, pain, function
and kinetic parameters.
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Osteoarthritis Index and quality of life scores in knee osteoarthritis. Arch Phys Med Rehabil 2011;92:1618-23.
Objective: To examine the associations of sex, body mass
index (BMI), and age with knee osteoarthritis (OA) symptomatic severity.
Design: A cross-sectional retrospective analysis.
Setting: Patients completed the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) questionnaire and Medical Outcomes Study 36-Item Short-Form Health
Survey (SF-36). Data were acquired from a stored database of
a private therapy center.
Participants: Patients (N1487) with symptomatic knee OA
were evaluated.
Interventions: Not applicable.
Main Outcome Measures: WOMAC questionnaire and SF-36.
Results: BMI correlated significantly with worse knee OA
symptoms for all WOMAC and SF-36 subcategories (all
P.001). Age correlated significantly with worse symptoms
only for WOMAC function and SF-36 physical functioning
(P.001 and P.009, respectively). A significant difference
across BMI quintiles was found for all WOMAC and SF-36
subcategories (all P.01). Women showed worse knee OA
symptoms in all WOMAC and SF-36 subcategories (all
P.001). There was a significant interaction of sex by BMI in
WOMAC pain and WOMAC function (P.01 and P.02,
respectively).
Conclusions: Based on the results of this analysis, it can be
concluded that women and patients with a higher BMI with
knee OA are at a greater risk for worse symptoms.
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NEE OSTEOARTHRITIS (OA) is the most common type
K
of OA, with an estimated 12.1% of adults in the United
States suffering from pain and functional limitations. Many
1

studies have attempted to identify factors that are associated
with symptomatic knee OA. The most important of these
include sex, body mass index (BMI), and age.1-3
With regard to sex, several studies have shown that radiographic knee OA is more prevalent in women than in men. In the
United States, the prevalence of radiographic knee OA in adults
older than 60 is 42.1% in women and 31.2% in men.1 In Japanese
patients aged 60 to 69 years, the prevalence of radiographic knee
OA is 57.1% in women and 35.2% in men.4 With regard to the
prevalence of symptomatic knee OA, the Third National Health
and Nutritional Examination Study in the United States (1991–
1994) found that the prevalence of symptomatic knee OA did not
differ by sex.1 Other studies have examined whether sex differences exist in symptoms among patients already with knee
OA.2,3,5 In a previous study,2 we found no significant sex differences in symptomatic knee OA severity. This finding, however,
may have been due to the small sample size relative to the national
studies.2 Two large national studies in Finland (1996) and France
(2009) found that women were associated with greater knee OA
pain and disability.3,5 As a whole, these studies suggest that there
is a possible association between sex and knee OA severity and
that, if a relationship indeed exists, the specific symptomatic
parameters predicted by sex must be clearly defined.
In contrast to sex, research on the association between BMI
and symptomatic knee OA is more consistent. The French5 and
Finnish3 national studies and the Third National Health and
Nutritional Examination Study1 all found a strong link between
BMI and knee OA disability. As early as 1992, Felson et al6
predicted that a 2 BMI unit reduction in women could reduce
the risk for developing knee OA symptoms. This was confirmed by Coggon et al,7 who found that BMI is one of the
greatest risk factors in knee OA development and that a 5kg
loss could dramatically reduce a patient’s need for surgery.
Although the association between BMI and symptomatic knee
OA is strong, the association may not be linear across all BMI
levels. In addition, few studies have examined the strength of
this association within different sexes. In 1 study in 1988,
Felson et al8 suggested that the correlation between BMI and
knee OA disability is stronger in women.
With regard to age, most knee OA epidemiologic studies
have shown that radiographic and symptomatic knee OA is

List of Abbreviations
BMI
OA
SF-36
WOMAC

body mass index
osteoarthritis
Short Form 36 Health Survey Questionnaire
Western Ontario and McMaster Universities
Osteoarthritis Index
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much more prevalent in the elderly, specifically individuals 60
years of age and older.1,3-5 There are 2 studies that have shown
that knee OA prevalence is even greater in patients 85 years of
age and older.1,4 It has yet to be determined if and how the
severity of knee OA worsens with age among patients with
symptomatic knee OA.
The objective of this study was to examine the sex differences
in knee OA symptomatic severity and the associations between
age and BMI with knee OA symptomatic severity. The association
between age and BMI and knee OA severity were examined using
a correlation analysis. The association between BMI and knee OA
were examined in greater depth through an analysis over BMI into
quintiles. The analysis over quintiles between BMI and knee OA
symptoms was also compared between sexes through interactive
models. Knee OA symptomatic severity was evaluated by the
Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) visual analog scale and the Medical Outcomes Study
36-Item Short-Form Health Survey (SF-36) quality of life health
survey.
METHODS
Design
This was a retrospective cross-sectional survey of OA symptoms reported by patients with knee OA, who were evaluated
for treatment at the All Phases of Step Cycle Therapy Center,
Israel. Data were collected retrospectively from a secure database system.
Recruitment of Participants
The clinic treats patients throughout Israel using a customized biomechanical gait therapy for patients with musculoskeletal disorders. The majority of patients arrive from Tel
Aviv and Haifa. The database was reviewed for all knee OA
patients arriving to the clinic for an initial visit during July
2007 to October 2009. There were 10,554 patients registered in
the AposTherapy database between these dates. Excluded from
analysis were 5528 patients with other lower-extremity pathologies, 1570 patients with unilateral knee OA, and 1969 patients
due to other exclusion criteria. There were 1487 patients eligible for analysis in the present study.
All patients provided written informed consent prior to the
study using forms approved by the investigators’ institutional
review board. Inclusion criteria included: patients suffering
from symptomatic bilateral knee OA of the medial compartment for at least 6 months and qualifying under the American
College of Rheumatology clinical criteria for OA of the knee.9
Exclusion criteria included: acute septic arthritis, inflammatory
arthritis, corticosteroid injection within 3 months of the study,
avascular necrosis of the knee, history of knee buckling or
recent knee injury, any joint replacement, neuropathic arthropathy, tendency to fall, lack of physical or mental ability to
perform or comply with the study procedure, history of pathologic osteoporotic fracture, symptomatic degenerative arthritis
in lower limb joints other than the knees, spinal, or vascular
claudication, and other lower-extremity problems. This protocol is similar in style to that used by the French5 and Finnish3
national studies.
During the initial visit at the clinic, patients completed the
WOMAC questionnaire10,11 and the SF-3612 in a private room,
and the therapy staff recorded their age and measured their
BMI. These surveys were chosen because these are the most
commonly used questionnaires to evaluate the symptoms of
knee OA13 and were used by previous studies that examined
sex, age, and BMI in knee OA patients.2,5 Both questionnaires
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are supported by evidence of reliability, validity, and responsiveness to symptoms.14
The WOMAC is a self-administered questionnaire consisting of
questions answered on a visual analog scale from 0mm to 100mm.
A score of 0mm reflects an absence of the symptom. The questionnaire consists of sets of questions on pain, function, and
stiffness that analyze subscales as well as add for a total score.10
A valid Hebrew translation of the WOMAC questionnaire (version 3.1) was used in the present study.15
The SF-36 is a quality of life questionnaire. A valid Hebrew
translation of the SF-36 original Likert scale was used.16 The
results range between 0 to 100, where 0 indicates poor quality
of life and 100 indicates excellent quality of life. The questionnaire is divided into 8 subcategories: physical functioning,
role limitation due to physical health, role limitation due to
emotional health, energy/fatigue, emotional well-being, social
functioning, pain, and general health.
Ethical Approval
This study was approved by the Helsinki Committee of
Assaf Harofeh Medical Center in Zerifin, Israel. The registration number is 141/08. The study’s NIH clinical trial registration number is NCT00767780.
Statistical Analysis
Data were analyzed with SPSS software version 17.0.a The
distributions of WOMAC and SF-36 subcategories were first
examined using histograms and the Kolmogorov-Smirnov nonparametric test. The results of the surveys, age, and BMI were
measured as continuous variables and were described with
meanSD. Sex was measured as a categorical variable. BMI
was also divided into categorical levels in additional statistical
analyses.
Sex differences in knee OA severity were examined using
the differences calculated in WOMAC and SF-36 subcategories between men and women. Differences were described by
means and 95% confidence intervals, and were tested with an
independent t test.
Associations between age and BMI with knee OA severity
were determined by nonparametric Spearman rank correlation
calculations between age, BMI, and the WOMAC and SF-36
subcategories.
The association between BMI and knee OA severity was
then examined over BMI quintiles. The Kruskal-Wallis 1-way
analysis of variance by ranks test was calculated to test for
differences in the WOMAC and SF-36 subcategories between
quintiles of BMI. This test demonstrates whether the relationship between BMI and knee OA symptoms is linear across all
BMI levels.
The association between BMI and knee OA was also compared between sexes. A univariate general linear model was
performed to analyze the WOMAC pain and function subcategories by 2 factors: BMI quintile and sex. Using this general
linear model procedure, we investigated interactions between
BMI and sex for the WOMAC subcategories. The interaction
test demonstrates whether the differences in BMI quintiles are
equivalent among men and women. This analysis was applied
successfully in a previous study of ours which examined differences between BMI quintiles in gait parameters in both men
and women.2
A P value of .05 or less was considered statistically significant for all statistical tests.
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Table 1: Differences in Knee OA Symptomatic Severity Between Sexes

Questionnaire

WOMAC

SF-36

Women

Men

Subcategory

Mean  SD

Mean  SD

Mean Difference

T test for Equality of Means
95% CI

P*

Pain
Stiffness
Function
Physical functioning
Role limitation due to physical health
Role limitation due to emotional health
Energy/fatigue
Emotional well-being
Social functioning
Pain
General health

45.323.2
46.429.6
43.323.3
46.522.1
35.337.0
56.740.7
55.219.8
65.519.1
67.026.7
45.322.6
58.417.8

34.721.2
35.026.9
32.121.7
56.021.8
48.738.7
65.738.3
61.118.4
71.316.9
74.323.3
53.321.9
62.016.3

10.6
11.4
11.2
9.6
13.4
9.0
5.9
5.9
7.3
8.0
3.6

8.2 to 13.0
8.3 to 14.4
8.8 to 13.6
12.0 to 7.3
17.4 to 9.4
13.2 to 4.8
8.0 to 3.9
7.8 to 3.9
10.0 to 4.6
10.4 to 5.7
5.4 to 1.8

.001
.001
.001
.001
.001
.001
.001
.001
.001
.001
.001

NOTE. Total number of women was 950; the total number of men was 537.
Abbreviation: CI, confidence interval.
*P was set to P.05.

RESULTS
Participant Characteristics
This was a cross-sectional analysis of 1487 patients (950
women and 537 men) who came to 1 therapy clinic with
symptomatic knee OA. The mean age was 61.910.6 years,
and the mean BMI was 30.96.2kg/m2.
Sex
A significant difference was found between sexes for all
WOMAC and SF-36 subcategories. Women patients with knee
OA reported significantly worse symptoms than men in all
knee OA questionnaire subcategories. Results are presented in
table 1.
BMI and Age
An increase in BMI correlated significantly with worse knee
OA severity (an increase in all WOMAC subcategories and a
decrease in all SF-36 subcategories). The highest correlations
were for WOMAC function and SF-36 physical functioning
(r.245 and r.260, respectively). An increase in age, however, only correlated significantly with an increase in WOMAC

function and a decrease in SF-36 physical functioning. Results
are presented in table 2.
A significant difference across BMI quintiles was found for
all subcategories of the WOMAC and SF-36 questionnaires.
Results demonstrated worse knee OA severity in all parameters
by progressive quintiles of BMI (tables 3 and 4). On the other
hand, a significant difference was found across the age quintiles only for the subcategories of WOMAC function and SF-36
energy/fatigue (P.044 and P.031, respectively) (data not
shown).
Interaction Effect of Sex by BMI
The different WOMAC pain and function scores over BMI
quintiles in men versus women can be seen in figures 1 and 2,
respectively. The effect of BMI on women was much greater and
more linear than for men. Women demonstrated significantly
greater differences in WOMAC pain and function by BMI quintile
than men (F3.2, P.01; F2.9, P.02, respectively).
DISCUSSION
This was a cross-sectional survey of 1487 knee OA patients.
Results showed that men and women differed in all question-

Table 2: Correlations Between BMI and Age With Knee OA Symptomatic Parameters
BMI
Questionnaire

WOMAC

SF-36

Age

Subcategory

Correlation Coefficient*

P

Correlation Coefficient*

P†

Pain
Stiffness
Function
Physical functioning
Role limitation due to physical health
Role limitation due to emotional health
Energy/fatigue
Emotional well-being
Social functioning
Pain
General health

.180
.172
.245
.260
.085
.110
.115
.085
.101
.145
.130

.001
.001
.001
.001
.001
.001
.001
.001
.001
.001
.001

.028
.023
.090
.068
.008
.026
.042
.046
.005
.002
.038

.275
.385
.001
.009
.750
.322
.109
.077
.843
.952
.144

NOTE. Total participants for BMI and age was 1487.
Abbreviations: BMI, body mass index; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; SF-36, Short Form 36 Health
Survey Questionnaire.
*Nonparametric Spearman rank correlations.
†
P.05 was considered statistically significant.
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Table 3: WOMAC Categories Distributed Over BMI Quintiles†
BMI Quintile*
WOMAC
(0–100 score)
Pain
Stiffness
Function

Q1 (n298)

Q2 (n297)

Q3 (n297)

Q4 (n297)

Q5 (n298)

All Patients (N1487)

P

34.422.5 (31.8–37.0)
33.727.2 (30.6–36.8)
31.122.5 (28.6–33.7)

41.522.8 (38.9–44.1)
41.829.2 (38.4–45.1)
36.721.6 (34.2–39.1)

39.522.5 (36.9–42.0)
40.928.8 (37.6–44.2)
38.123.6 (35.4–40.8)

44.622.6 (42.0–47.2)
46.328.3 (43.1–49.5)
43.823.4 (41.2–46.5)

47.422.8 (44.8–50.0)
48.829.9 (45.4–52.2)
46.822.3 (44.2–49.3)

41.523.1 (40.3–42.6)
42.329.2 (40.8–43.8)
39.323.3 (38.1–40.5)

.001
.001
.001

NOTE. Values are mean  SD (95% confidence interval) unless otherwise stated.
*BMI quintile groups: Q1, 26.2; Q2, 26.3–29.0; Q3, 29.1–31.9; Q4, 32.0 –35.7; Q5, 35.8.
Kruskal-Wallis 1-way analysis of variance by ranks test.

†

naire subcategories of symptomatic knee OA, with women
reporting worse symptoms. The correlation and Kruskal-Wallis
calculations complemented each other and demonstrated that
BMI, rather than age, was correlated with all measures of knee
OA symptomatic severity. An examination of the interaction
effect of sex on the association between BMI and knee OA
symptomatic severity showed that the association was significantly stronger among women.
These results demonstrate that women and greater BMI are
related to worse knee OA symptoms, because these parameters
were associated with worse symptoms in all questionnaire
subcategories. Age, on the other hand, only was associated
with worse functional subcategories of both questionnaires.
This was unexpected because previous research has shown that
both knee OA pain and functional disability are much more
prevalent in the elderly.1,4 The results of this study may therefore imply that only the onset of knee OA pain and functional
disability are correlated with age. Once a patient has symptomatic knee OA, his or her functional limitations will worsen with
age while his or her pain will not. This is supported by other
studies that have shown that age is associated specifically with
poor functional outcomes.17,18
Knee OA symptoms were found to worsen with a higher
BMI for all symptomatic questionnaire subcategories. The association between weight and knee OA has been shown in
many population-based studies such as ours.1,3,5-8 BMI, in our
study, correlated the greatest with functional subcategories of
both questionnaires, specifically WOMAC function and SF-36
physical functioning. This may be due to an increase in mechanical stress because of the increased weight. Other causes
may be changes in metabolic elements or lack of physical
fitness.19
Women reported worse knee OA symptoms than men in all
symptomatic questionnaire subcategories. Some previous stud-

ies have found that no significant sex differences exist in
symptomatic knee OA.1,2,4 The results of the present study
complement the findings of other national studies that showed
the opposite are true.3,5 Some researchers believe that sex
differences are not due to worse knee OA but rather to a greater
sensitivity to pain in women.20 Others have suggested that the
differences are due to more recurrent pain in women.21
When the BMI association was adjusted to account for the
effect of sex, it was found that women showed greater knee OA
symptoms at higher BMI levels compared with men. This
demonstrates that sex has an interaction effect on the association between BMI and knee OA symptoms. In women, there
was a relatively constant increase in the levels of pain and
functional limitation as BMI increased. There was, however, a
slight drop in symptoms in the third BMI quintile. In men, the
association between BMI and knee OA symptoms seems to
appear at a BMI level of 32kg/m2. In addition, there were
greater differences in symptoms between BMI quintiles in
women than in men. These findings are supported by the
Felson et al8 study that showed a significant difference in the
effects of BMI between women and men on obesity. Investigators have attempted to analyze whether the effect of BMI is
a cause for the sex differences that are observed in knee OA
symptoms. A study by Davis et al22 showed that while BMI is
a major cause for sex differences in knee OA. This may be due
to poorer adjustments to BMI among women compared with
men.23
The results of our study suggest that the most important
factors correlating with the severity of knee OA symptoms are
sex and BMI. Specifically, women patients with a high BMI
should be expected to show greater symptoms of knee OA.
Moreover, the positive correlation between BMI and knee OA
symptoms is greater in women. Therefore, a weight loss plan
should be recommended to patients suffering from knee OA,

Table 4: SF-36 Categories Distributed Over BMI Quintiles
BMI Quintile*
SF-36 Categories (0–
100 score)
Physical functioning
Role limitation due
to physical health
Role imitation due to
emotional health
Energy/fatigue
Emotional well-being
Social functioning
Pain
General health

Q1 (n298)

Q2 (n297)

Q3 (n297)

Q4 (n297)

Q5 (n298)

All Patients
(N1487)

P†

59.721.7 (57.2–62.2)

51.721.0 (49.3–54.1)

50.822.0 (48.3–53.3)

45.021.5 (42.5–47.4)

42.422.1 (39.9–45.0)

49.922.5 (48.8–51.0)

.001

46.139.2 (41.6–50.5)

42.238.2 (37.8–46.5)

39.538.3 (35.1–43.9)

36.036.6 (31.8–40.2)

36.737.8 (32.4–41.1)

40.138.2 (38.2–42.0)

.034

67.238.0 (62.9–71.6)
61.018.4 (59.0–63.1)
70.316.8 (68.4–72.2)
73.625.2 (70.7–76.5)
53.922.3 (51.4–56.5)
62.515.8 (60.7–64.3)

61.839.2 (57.3–66.3)
57.619.2 (55.4–59.8)
67.219.2 (65.0–69.4)
69.625.1 (66.7–72.4)
49.022.7 (46.4–51.6)
61.516.7 (59.6–63.4)

58.341.5 (53.5–63.0)
58.218.6 (56.1–60.4)
68.218.1 (66.2–70.3)
70.826.1 (67.9–73.8)
48.722.8 (46.1–51.3)
59.717.6 (57.7–61.7)

56.940.3 (52.3–61.5)
55.619.9 (53.3–57.9)
67.418.8 (65.2–69.5)
68.225.1 (65.3–71.1)
46.121.7 (43.6–48.6)
59.117.4 (57.1–17.4)

55.340.4 (50.7–59.9)
54.120.9 (51.7–56.5)
64.719.4 (62.5–66.9)
65.826.8 (62.8–68.9)
43.322.6 (40.8–45.9)
55.918.8 (53.8–58.1)

59.940.1 (57.9–61.9)
57.319.5 (56.3–58.3)
67.618.5 (66.6–68.5)
69.625.8 (68.3–70.9)
48.222.7 (47.1–49.4)
59.717.4 (58.9–60.6)

.012
.001
.021
.002
.001
.001

NOTE. Values are mean  SD (95% confidence interval) unless otherwise stated.
*BMI quintile groups: Q1, 26.2; Q2, 26.3–29.0; Q3, 29.1–31.9; Q4, 32.0 –35.7; Q5, 35.8.
†
Kruskal-Wallis 1-way analysis of variance by ranks test.
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especially for women. This is supported by previous studies
that have shown that a 2-point BMI reduction or a 5kg loss
could dramatically reduce the problems associated with knee
OA.6,7 This advice is even more critical for patients that spend
extended time hospitalized for knee OA or other comorbidities.
On the other hand, these associations may not be as critical for
patients undergoing rigorous rehabilitation programs for
knee OA.
Study Limitations
Due to the vast patient population of the present study, the
results are limited in their impact on different patient groups
within knee OA. This is important, considering the great variability in patients with knee OA. The patient population could
have been divided according to radiographic knee severity, age,
duration of knee OA symptoms, occupation, and several other
parameters. The patient population was also restricted to patients with bilateral knee OA. Therefore, the implication of
these results on patients with unilateral knee OA is limited. The
interpretation of the sex differences witnessed in the present
study is also limited because many of these factors could
account for the sex differences as well.
In addition, the primary measures of knee OA symptomatic
severity in our study were self-evaluation questionnaires. It
may have been helpful to include other methods of evaluating
knee OA severity. Kellgren and Lawrence scoring of knee OA
radiographs is a common method for evaluating knee OA
structural severity. In addition, gait analysis has recently
emerged as an objective and convenient method for evaluating
knee OA functional severity. The present study may have
benefited if age, sex, and BMI were compared with gait measures of knee OA and Kellgren and Lawrence scoring of knee
radiographs. A comparison between these knee OA severity
measures and psychosocial variables, such as self-efficacy and
depression, could also add extra value to the results of the
study. These variables and factors, such as comorbidity, may
have a great influence on knee OA severity. Future research
may benefit from a case-control study design that examines the
relationship between knee OA symptoms and other variables.

Fig 1. Graph showing the interaction effect of sex on the association between BMI quintiles and WOMAC pain. Sex was found to
have a significant interaction effect on the association between BMI
and WOMAC pain. Women showed greater pain at higher BMI
levels compared with men. In women, there was a relatively constant increase in the level of pain as BMI increased. There was,
however, a slight drop in pain in the third BMI quintile. In men, the
association between BMI and pain seems to appear at a BMI level of
32kg/m2. There also appears to be a drop in symptoms for men in
the third BMI quintile. In addition, there were greater differences in
pain levels between BMI quintiles in women than in men. Abbreviation: VAS, visual analog scale.

Fig 2. Graph showing the interaction effect of sex on the association between BMI quintiles and WOMAC function. Sex was found to
have a significant interaction effect on the association between BMI
and WOMAC function. Women showed worse function at higher
BMI levels compared with men. In women, there was a relatively
constant increase in functional limitation as BMI increased. There
was, however, a slight drop in the third BMI quintile. In men, the
association between BMI and function seems to appear at a BMI
level of 32kg/m2. There also appears to be a drop in symptoms for
men in the third BMI quintile. In addition, there were greater differences in functional levels between BMI quintiles in women than in
men. Abbreviation: VAS, visual analog scale.

CONCLUSIONS
Being a woman and increased BMI correlated with worse
symptoms of knee OA as evaluated by the WOMAC questionnaire and SF-36. The relationship between BMI and knee OA
symptomatic severity was stronger in women than in men.
Increased age only weakly correlated with an increase in knee
OA functional severity. These findings are important in caring
for and advising patients with knee OA, especially women and
overweight patients. Current and future interventions for knee
OA should be designed or adjusted in order to address these
factors as well.
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a b s t r a c t
Background: Patients with osteoarthritis of the knee have unique spatiotemporal gait alterations. These gait
changes have not yet been differentiated according to the location of knee pain. The purpose of this study
was to compare the gait patterns of patients with symptomatic knee osteoarthritis that exhibit either anterior
or medial joint pain.
Methods: 240 Patients with knee osteoarthritis were evaluated at one therapy center. Patients were divided
into two groups according to the location of greatest pain in their worse knee. Patients underwent a computerized spatiotemporal gait analysis. Differences in gait patterns between the two knee pain locations were
also examined within each gender.
Findings: Compared with patients with pain in the anterior knee compartment, those with pain in the medial
knee compartment exhibited a signiﬁcantly slower walking speed (P b 0.01), shorter step length (P b 0.01),
lower single-limb-support phase (P b 0.01). These differences are witnessed mainly between the females in
each group, whereas males differed only in single-limb-support.
Interpretation: The results of this study suggested underlying gait differences in the nature of medial and anterior knee pain. Furthermore, gender differences in gait may exist between patients with medial knee pain
compared to patients with anterior knee pain.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Diagnosing and gauging the severity of knee osteoarthritis (OA) is
a highly debated topic. Historically, knee OA has been evaluated by a
combination of radiographic imaging techniques, physical examination and self-evaluation questionnaires (Altman et al., 1986). Recent
studies have also shown that gait measurements may be a valuable
functional measure of knee OA (Kaufman et al., 2001).
Studies have shown differences in spatiotemporal gait patterns between knee OA patients and healthy individuals. Patients with knee OA
demonstrate a slower walking velocity, shorter step length and decreased
single-limb-support (SLS) (Brandes et al., 2008; McKean et al., 2007;
Mundermann et al., 2005). SLS represents the phase in the gait cycle
when the body weight is entirely supported by one limb, while the
☆ The study is registered at clinicaltrials.gov, identiﬁer NCT00767780, http://www.
clinicaltrials.gov/ct/show/NCT00457132?order=1.
⁎ Corresponding author at: Department of Orthopedic Surgery, Barzilay Medical
Center, 3rd Hahistadrut St., Ashkelon, 78278, Israel.
E-mail address: researchdept10@gmail.com (R. Debi).

contra-lateral limb swings forward. Previous studies have shown a
poor–moderate correlation between SLS and self-reported knee OA
symptoms (Debi et al., 2011; Elbaz et al., 2011). Debi et al. (2011)
reported a correlation of −0.5 and −0.53 between SLS and WOMAC
pain and WOMAC function, respectively. Elbaz et al. (2011) reported a
correlation of −0.5 and −0.49 between SLS and SF-36 pain and SF-36
physical function, respectively. Another study also showed correlations
between walking velocity and step length and self-reported knee OA
symptoms (Nebel et al., 2009). A correlation of −0.16 was found between pain and velocity and correlations of −0.24 and −0.20 were
found between WOMAC function and velocity and step length, respectively (Nebel et al., 2009).
Patients with OA of the knee often complain of pain in speciﬁc locations of the knee. The three classic locations of pain are in the medial,
anterior and lateral compartments (Altman et al., 1986). Medial compartment pain is by far the most prevalent location, with an estimated
75% of patients complaining of pain in this location (Altman et al.,
1986; Koshino and Machida, 1993; McAlindon et al., 1992; Saito et al.,
2002). This is explained by the fact that the medial compartment of
the tibiofemoral joint carries a 2.5 times greater load than other

0268-0033/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
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compartments during walking (Morrison, 1970; Schipplein and
Andriacchi, 1991). Idiopathic medial compartment knee OA is classiﬁed
by medial compartment radiographic changes and usually accompanied with medial knee pain (McAlindon et al., 1992; Miyazaki et al.,
2002). Anterior knee OA pain is often related to patella-femoral knee
OA changes and accounts for approximately 20% of knee OA pain
(Davies et al., 2002; Koshino and Machida, 1993; Saito et al., 2002). Anterior knee OA is classiﬁed by anterior compartment radiographic
changes, which are most often due to malalignment in the patellofemoral joint (Elahi et al., 2000; McAlindon et al., 1992). Lateral knee
pain is associated with lateral knee OA changes and accounts for the
least number of knee OA cases (5%) and usually develops secondary to
injury to the lateral compartment, inﬂammatory connective tissue disease and other causes (Felson et al., 2002; McAlindon et al., 1992).
To the best of our knowledge, there is no published data describing spatiotemporal gait patterns according to pain location. The purpose of this study is to characterize and determine gait patterns of
knee OA patients with medial and anterior knee pain. Since greater
loads are distributed biomechanically across the medial knee compartment during walking, the study was designed to test the hypothesis that patients with pain in the medial compartment of the knee
joint will have signiﬁcantly worse gait patterns compared to patients
with pain in the anterior compartment of the knee joint.
2. Methods
This was a retrospective cross-sectional observational study assessing spatiotemporal gait parameters in patients with symptomatic
knee OA with medial or anterior knee pain. The sample population
used for data collection sought treatment at the AposTherapy Center
in Herzilya, Israel, where patients from the entire country are treated.
Inclusion criteria for the study were symptomatic bilateral knee OA
for at least 6 months according to the American College of Rheumatology clinical guidelines (Altman et al., 1986) and medial or anterior
knee pain. Exclusion criteria were acute septic arthritis, corticosteroid
injection within 3 months of the study, avascular necrosis, inﬂammatory arthritis, history of knee buckling, recent knee injury, neuropathic arthropathy, a history of pathological osteoporotic fractures, spinal
or vascular claudication and symptomatic degenerative arthritis in
lower limb joints other than the knees. This study was approved by
the Helsinki Committee of Assaf Harofeh Medical Center in Zeriﬁn,
Israel (Institutional registration number: 141/08; NIH clinical trial
registration number: NCT00767780).
Patients meeting the study criteria were separated according their
pain location in their most symptomatic limb. A total of 740 patients
with bilateral knee OA arrived at the therapy center between April
and September 2009. Of these, 240 patients met the study criteria.
170 patients had exclusively medial knee pain and 70 patients had
exclusively anterior knee pain.
During the patients' ﬁrst visit at the center, data were collected on
age, gender and location of knee pain. The location of pain was recorded
by asking patients which knee is more painful and in which area of that
knee is the pain most severe. A spatiotemporal gait analysis was also
performed on each patient that evaluated the following parameters:
walking velocity (cm/s), step length (cm) in both limbs and SLS (%
gait cycle (GC)) in both limbs. The Gait Mat system (E.Q., Inc. Chalfont,
PA) was used to measure these spatiotemporal parameters.
2.1. Statistical analysis
Data were analyzed with SPSS software version 19.0. The signiﬁcance levels were set at 0.05. Means and standard deviations were
generated for all continuous variables. The distributions of gait characteristics were examined using the Kolmogorov–Smirnov nonparametric test. A Mann–Whitney test was used to compare the spatiotemporal gait pattern parameters and patient characteristics of
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subjects with pain in the medial compartment of the knee to subjects
with pain in the anterior compartment of the knee. A two-way analysis
of covariance analyzed the differences in gait parameters for the main effects of pain location and gender adjusted for gait velocity as a co-variate.

3. Results
Data included 240 patients, 170 with medial pain location and 70
with anterior pain location. In both groups there is 56% female. Patient characteristics of the medial and anterior pain groups in average
age (years), height (m), weight (kg) and BMI (kg/m 2), by gender, are
presented in Table 1. The medial and anterior pain groups differed
signiﬁcantly in all spatio-temporal gait parameters measured
(Table 2). Patients with medial knee pain had a shorter step length
in both limbs (less by 2.6 cm and 2.5 cm in the more affected and
less affected limb, respectively), a smaller SLS in both limbs (less by
1.5% GC and 1.2% GC in the more affected and less affected limb, respectively) and a slower walking velocity (less by 9.0 cm/s).
Further analyses by gender using the Mann–Whitney test demonstrated signiﬁcant differences between the females in each group in
all gait parameters. Compared with females with pain in the anterior
knee compartment, females with pain in the medial knee compartment had a shorter step length in both limbs (less by 4.2 cm and
4.0 cm in the more affected and less affected limb, respectively), a
smaller SLS in both limbs (less by 1.8% GC and 1.4% GC in the more affected and less affected limb, respectively) and a slower walking velocity (less by 11.6 cm/s). Compared with males with pain in the
anterior knee compartment, males with pain in the medial knee compartment had a shorter step length in both limbs (less by 0.5 cm and
0.4 cm in the more affected and less affected limb, respectively), a
smaller SLS in both limbs (less by 1.2% GC and 0.9% GC in the more
affected and less affected limb, respectively) and a slower walking velocity (less by 5.5 cm/s). These differences were signiﬁcant only in the
SLS of the more affected limb (P = 0.012). In comparison to the females in each group, the males showed higher values in all gait parameters in both limbs. Figs. 1–3 present the group differences in
SLS, walking velocity and step length according to gender.
In addition, a GLM univariate procedure was used to perform an
analysis of covariance, to assess the effect of group and gender on
SLS, controlling for gait velocity. The signiﬁcant differences were
maintained even when controlling for gait velocity (F= 5.31, P = 0.022).

Table 1
Patients' characteristics. Results are presented as frequencies and mean (SD).
Pain
Location
Total

Males

Females

Frequency Age
Medial

170

Anterior

70

Medial

75

Anterior

31

Medial

95

Anterior

39

Height

62.4 (9.8) 163.6
(10.0)
62.5 (8.6) 164.6
(9.5)
61.5
171.5
(10.7)
(7.6)
63.0 (8.7) 169.6
(9.1)
63.2 (9.0) 157.5
(6.9)a
62.2 (8.7) 160.3
(7.8)a

Weight

BMI

83.7
(17.4)
82.1
(20.6)
89.0
(14.9)
85.5
(22.6)
79.5
(18.1)
79.3
(18.7)

31.2
(5.8)
30.6
(5.4)
30.2
(4.4)
30.3
(4.4)
32.0
(6.5)
30.9
(6.1)

Patients with medial knee pain were similar to patients with anterior knee pain in all
patients' characteristics. No signiﬁcant differences were found between the two knee
pain groups in males.
a
Signiﬁcant differences were found between the females of each group in height
(P = 0.05). No signiﬁcant differences were found between females of each knee pain
group in all other patients' characteristics.
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Table 2
Gait characteristics of patients with medial knee pain vs. anterior knee pain. Results are presented as mean (SD).
Gait Parameters

Step length more affected (cm)
Step length less affected (cm)
SLS more affected (% GC)
SLS less affected (% GC)
Velocity (cm/s)

Total

Males

Females

Medial

Anterior

P

Medial

Anterior

P

Medial

Anterior

P

51.8
52.1
36.4
37.3
87.6

54.4
54.6
37.9
38.5
96.6

P = 0.02
P = 0.03
P b 0.01
P b 0.01
P b 0.01

56.1
56.2
37.1
37.7
95.2

56.6 (6.4)
56.6 (5.8)
38.3 (2.8)
38.6 (1.7)
100.7 (13.9)

P = 0.74
P = 0.79
P = 0.01
P = 0.08
P = 0.19

48.5
48.9
35.8
37.0
81.7

52.7
52.9
37.6
38.4
93.3

P b 0.01
P b 0.01
P b 0.01
P b 0.01
P b 0.01

(9.3)
(9.2)
(3.0)
(2.8)
(21.0)

(6.9)
(7.2)
(2.2)
(1.8)
(15.8)

(9.3)
(9.1)
(2.4)
(2.3)
(21.4)

(7.8)
(7.9)
(3.3)
(3.0)
(18.8)

(6.8)
(7.9)
(2.4)
(1.9)
(16.5)

Abbreviations: SLS = single limb support; GC = gait cycle.
Total—signiﬁcant differences were found between patients with medial knee pain and patients with anterior knee pain in all gait parameters; Males—no signiﬁcant differences were
found between males with medial knee pain and males with anterior pain, except for signiﬁcant differences in the SLS of the more affected knee; Females—signiﬁcant differences
were found between females with medial pain and females with anterior pain in all gait parameters.

4. Discussion
When evaluating a patient with knee OA, it is important to use objective parameters to assess the severity of knee OA and note any improvements due to medication(s) or therapy. The clinical implication
in previous works is that gait parameters that can be measured in a
simple manner can be used to help make such assessments. In this
work, it is shown that there are signiﬁcant differences in gait parameters based on pain location. Thus, when assessing patients with knee
OA using gait studies, it is important to be mindful of the speciﬁc location of the patient's knee pain since gait patterns will vary with
this location. When analyzing knee OA, clinicians should also be
mindful not only of differences in gait depending on pain location,
but also of varying presentation in gait patterns depending on gender.
Although small, the differences observed between subjects with
pain in the medial compartment of the knee and subjects with pain
in the anterior compartment of the knee appear to be clinically significant. A previous study by Elbaz et al. (2011) classiﬁes SLS into 5 clinically signiﬁcant quintiles according to pain, function, quality of life
and other gait parameters, with higher quintiles signifying a better
clinical outlook. According to the study, the differences in SLS observed in this study place the two pain groups to different quintiles.
Subjects with pain in the medial compartment fall into quintile 3
and subjects with pain in the anterior compartment fall into quintile
4. According to this, patients with medial knee pain are likely to suffer
from higher levels of pain, functional limitation and poorer quality of
life compared to patients with anterior knee pain.
The worse gait characteristics (SLS, step length and velocity) seen in
the medial pain group compared to the anterior pain group, may be
explained by the underlying pathomechanism in each case. Due to the
anatomic alignment of the tibiofemoral joint, the medial tibiofemoral
compartment carries greater loads than other knee compartments during walking (Johnson et al., 1981; Schipplein and Andriacchi, 1991).
When there is pain in this compartment the body will likely attempt

to relieve the pain by adopting compensatory mechanisms to reduce
loads from this compartment (antalgic gait, reduces SLS values, etc.).
Other studies have shown that patients with medial knee OA have
gait compensatory mechanisms such slower walking speed, shorter
step length and shorter SLS times as compared to control groups
(Kaufman et al., 2001; McKean et al., 2007; Mundermann et al., 2005).
This is logical since these changes will reduce the time the entire body
weight is supported by only one limb.
On the other hand, anterior knee pain in OA is usually caused by
anterior knee OA, which affects the patello-femoral joint. This joint
is important during deeper ﬂexion of the knee that is seen in activities
such as stair climbing (Brindle et al., 2003) and squatting (Wallace et
al., 2002). Therefore patients with anterior knee pain may not show
as many changes in the temporal-distance gait pattern parameters,
such as SLS, as would patients with medial knee pain.
A previous study examined the differences in gait between males
and females with medial knee OA and showed that females show signiﬁcantly lower SLS than males (Debi et al., 2009). Debi et al. (2009)
considered this as a gender-speciﬁc compensatory mechanisms to
medial compartment knee OA: females decrease SLS and males use
other mechanisms. The present study supports these ﬁndings since
females with medial knee pain and females with anterior knee pain
both had lower SLS values than males. The present investigation
also found that males with medial pain showed worse SLS values in
the more affected limb than did males with anterior pain. From the
ﬁndings of Debi et al. (2009), the lower SLS values in males with medial knee pain compared with males with anterior knee pain were
surprising and suggest that males also compensate to knee OA by decreasing SLS when their pain is found in the medial compartment of
the knee. In comparison, females with medial knee pain also showed
lower SLS values than females with anterior knee pain. This suggests
that females of both groups compensate by decreasing SLS but that females with medial knee pain will, as with males, make use of this
strategy to a greater degree.

Fig. 1. Group differences in single-limb-support (SLS) (% GC) of the more affected knee
across genders.Females show lower SLS values than males in both knee pain groups.
Both male and female patients with medial knee pain show lower SLS values than patients with anterior pain.

Fig. 2. Group differences in walking velocity (cm/s) across genders.Females have a
slower walking velocity than males in both knee pain groups. Both male and female patients with medial knee pain walk slower than patients with anterior pain.
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Fig. 3. Group differences in step length (cm) of the more affected knee across genders.Females show shorter step length values than males in both knee pain groups.
Both male and female patients with medial knee pain show shorter step length values
than patients with anterior pain.

There were several limitations to the present study. First, by
nature of design, the study did not incorporate any structural evaluations of the knee joint. The study instead focused on the symptomatic
complaints of the patients. A radiograph, however, could have helped
match the results of the present study to the structural severity of the
knee to determine if associations exist between the level of degeneration of the joint and the differences in gait patterns. In addition, the
study only used location of greatest pain to separate groups instead of
the severity of pain itself. By dividing groups further according to the
severity of pain, the study may have been able to show important
changes that occur during high levels of pain. Severity of knee OA
pain is usually measured by self-evaluation questionnaires. It may
have been found that certain aspects of questionnaires are more relevant in certain pain locations. For example, questions on walking may
be more relevant for medial knee pain while questionnaires on stair
climbing may be more relevant for anterior knee pain. The study
can also be improved by adding a more detailed gait analysis that includes kinetic and kinematic measurements and would help elucidate
other potential differences, especially among males, between the two
knee pain location groups.

5. Conclusion
Patients with medial knee OA pain suffer from worse spatiotemporal gait parameters than patients with anterior knee OA pain.
They walk slower, have shorter step length and shorter SLS phase. Differences also exist within each gender. Females with medial pain had
worse gait in all parameters compared to females with anterior pain,
while males with medial pain only showed lower SLS values in the
more affected limb. Based on the results of this study, any gait analysis
evaluating knee OA patients should take gender and perceived location
of pain into consideration.
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a b s t r a c t
Purpose: Gait metric alterations have been previously reported in patients suffering from anterior knee pain
(AKP). Characterization of simple and measureable gait parameters in these patients may be valuable for
assessing disease severity as well as for follow-up. Previous gait studies in this population have been comprised of relatively small cohorts and the ﬁndings of these studies are not uniform. The objective of the
present study was to examine spatio-temporal gait parameters in patients with AKP in comparison to
symptom-free controls. Furthermore, the study aimed to examine the relationship between self-reported
disease severity and the magnitude of gait abnormalities.
Methods: 157 patients with AKP were identiﬁed and compared to 31 healthy controls. Patients were evaluated
with a spatiotemporal gait analysis via a computerized mat, the Western Ontario and McMaster Osteoarthritis
Index (WOMAC) questionnaire and the Short Form (SF)-36 health surveys.
Results: AKP patients walked with signiﬁcantly lower velocity (15.9%) and cadence (5.9%), shorter step length
(9.5%), stride length (9.6%), and showed signiﬁcant differences in all gait cycle phases (P b 0.05 for all). Study
group reported higher levels of pain (96%), functional limitation (94%), and poorer perception of mental
quality of life (30%) (P b 0.05 for all).
Conclusion: Signiﬁcant differences were found between the spatiotemporal gait proﬁle of AKP patients and
symptom-free matched controls. In addition, an association was found between subjective disease severity
and gait abnormalities. These ﬁndings suggest the usefulness of gait parameters, alongside with the use of
self-evaluation questionnaires, in identifying deviations of these patients from healthy population.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Anterior knee pain (AKP) is a common complaint, affecting 25–
36% of the general population [1–3]. AKP was reported as the cause
of up to 40% of all visits to physiotherapy clinics for knee pain [4–6].
Symptoms often become chronic, with 94% of patients continuing to
experience pain up to four years after initial presentation and 25%
reporting signiﬁcant symptoms up to 20 years later [7].
Currently there are no consensuses for classiﬁcation and nomenclature of AKP [8,9]. Multiple clinical conditions have been described
in association with AKP [10]. Likewise, numerous physical signs and
ﬁndings have been described by different authors [10]. Historically
the term “patello-femoral pain syndrome” was utilized for subjects
complaining of anterior knee pain in whom no other diagnosis could
be made. This term, however, has been disputed and has gone out of

⁎ Corresponding author at: Department of orthopedic surgery, Sourasky Medical
Center, 6 Weizmann Street, Tel Aviv, 64239, Israel. Tel.: + 972 52 4262129(mobile);
fax: + 972 9 9615134.
E-mail address: amirhaim@gmail.com (A. Haim).

favor due to inconsistencies in diagnostic criteria [8,9]. Nonetheless
most investigators agree that the etiology of AKP in some patients
arises from the retropatellar or peripatellar region and is related to
faulty lower limb mechanics and poor neuromuscular control. These
include, patellar mal tracking and imbalance between the vastus medialis and vastus lateralis [11], increased femoral internal rotation [12],
increased hip adduction [13], weakness of hip external rotators and
abductors and increased foot pronation. These have all been implicated with the pathomechanics of this syndrome [14].
Alterations in knee kinetics and kinematics were previously
reported in association with AKP; subjects with AKP were found to
display a reduced knee extensor moment during the loading response
phase (LR) of the stance [15,16], and a reduced peak vertical ground
reaction force (GRF) [17]. Reduced knee ﬂexion during LR has been
reported in some studies [17,18], but not in others [11,16,19]. The
above-mentioned studies, however, were comprised of relatively
small cohorts. Moreover, the results reported in these studies are
not uniform. The study of gait in this population contributes to the
understanding of the pathomechanics of this pathology and is important for developing new treatment strategies. In addition, deﬁning
variations in gait of these patients can offer objective clinical data
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for assessment of disease progression and outcomes of treatment
modalities.
The current study was therefore devised to examine alterations in
gait metrics associated with AKP. We hypothesized that signiﬁcant
differences would be found between the spatiotemporal gait proﬁle
of AKP patients and matched controls. We further hypothesized that
subjective disease severity (as determined by pain and function
self-evaluation questionnaires) would be associated with more severe
gait abnormalities.
2. Materials and methods
The protocol was approved by the Institutional Helsinki Committee
Registry (Helsinki registration number 141/08, NIH protocol no.
NCT00767780).
2.1. Participants
This was a retrospective study. A search for patients diagnosed
with AKP by referring physician was performed on the research database of AposTherapy Center in Herzliya, Israel. Between April 2009
and September 2011, 740 patients diagnosed with AKP were referred
to the center and were enrolled in the database. Of them, 389 patients
had completed gait testing, physician physical examination and
ﬁlled out self-reported clinical surveys. Inclusion criteria for the
study group included: anterior knee or retro-patellar pain for over
3 months; pain reproducible pain upon carrying out at least two of
the following functional activities: stair ascent or descent, squatting,
kneeling, prolonged sitting or isometric quadriceps contraction; tenderness on palpation of the patella, or pain with stepping down or
double leg squatting. Exclusion criteria were severe systemic diseases, lower extremity orthopedic surgery, infection, concomitant
injury or pain from the hip, lumbar spine, or other knee structures;
previous knee surgery, and knee joint effusion. A total of 157 patients
who met these criteria were identiﬁed (66 women and 91 men):
mean age (SD) was 30.3 (5.0) years and mean (SD) BMI was
23.6 (3.3) kg/m2. Of them, 90 patients had bilateral knee involvement. In these cases all analyses were completed for the more severely
symptomatic knee, as indicated by the patient. The control group consisted of 31 healthy subjects (14 women and 17 men) who underwent
a parallel investigative protocol and were matched for age and gender:
mean age (SD) was 31.9 (3.8) years, mean (SD) BMI was 22.5 (2.9)
(Table 1).
2.2. Data acquisition and processing
All data were drawn from participants' ﬁles. During their ﬁrst visit
to the therapy center patients underwent systematical assessment.
A physical examination, including manual muscle testing to verify
neurological deﬁcits, was conducted by a certiﬁed physical therapist.
Anthropometric measurements of height and weight were captured.
Measurement of spatiotemporal gait patterns was carried out via a

Table 2
Gait Spatiotemporal parameters of patients with AKP and controls. Results are presented as mean (SD).

Velocity (cm/s)
Cadence (steps/min)
Step length (cm)
Stride length (cm)
Base of support (cm)
Swing (% GC)
Stance (% GC)
Single limb support (% GC)
Double limb support (% GC)

AKP

Control

P⁎

115.3 (16.2)
109.4 (9.1)
63.1 (6.0)
126.3 (12.2)
5.5 (2.9)
39.6 (1.6)
60.4 (1.6)
39.6 (1.4)
20.7 (2.7)

133.6
115.8
69.1
138.4
4.9
40.8
59.2
40.4
18.8

b 0.001
0.001
b 0.001
b 0.001
0.273
b 0.001
b 0.001
0.007
b 0.001

⁎ Signiﬁcance level was set to P ≤ 0.05.

computerized mat (GaitMat system, E.Q., Inc. Chalfont, PA). The GaitMat
II uses pressure sensitive switches situated 15 mm apart. A personal
computer attached to the GM samples the state of each switch every
5 ms. Thus, the spatial resolution of the system is 15 mm and the
temporal resolution is 5 ms [20]. Barker et al. tested the reliability and
validity of this system reported that the standard errors of measurement (SEM) values for interswitch distances ranged from 0.02334 to
0.27187 cm and test–retest reliability intraclass correlation coefﬁcient
value of 0.99, indicating excellent reliability. Likewise, Palombaro et al.
reported gait speed SEM values of 0.04 m/s for habitual speed and
0.05 m/s for fast gait speed and minimal detectable change values of
0.08 m/s for habitual gait speed and 0.10 m/s for fast gait speed [21].
Patients were asked to walk barefoot at a self-selected speed. Patients
walked 3 m before and after the walkway mat to allow sufﬁcient acceleration and deceleration time outside the measurement area. Four trials
were conducted and acquired data was stored for further analysis. The
mean value of the four trials was calculated for each of the following
parameters: velocity (cm/s), step length (cm), cadence (steps/min),
stride length (cm), base of support (cm), swing (% gait cycle (GC)),
stance (% GC), single limb support (% GC) (SLS) and double limb support
(% GC) (DLS).
Differences in pain, function and quality of life perception were
evaluated using the Western Ontario and McMaster Osteoarthritis
(WOMAC) Index and SF-36 Health Survey. The WOMAC questionnaire is a visual analog scale (VAS) ranging from 0 to 100 mm, with
0 mm indicating no pain or limitation in function and 100 mm indicating the most severe pain or limitation in function. The SF-36 is
scored between 0 and 100, with 0 indicating the worst quality of
life and 100 indicating the best quality of life.
All patients were instructed to refrain from taking pain medications, including paracetamol and NSAIDs, for a period of 3 days prior
to the clinical and gait evaluation.

Table 1
Patient characteristics.
Gender
distribution (%)

AKP
(n = 157)
Control
(n = 31)
P⁎

Males

Females

58%

42%

55%

45%

0.75

Age
(years)

Height
(m)

Weight
(kg)

BMI
(kg/m2)

30.3
(5.0)
31.9
(3.8)
0.086

1.72
(0.09)
1.73
(0.09)
0.809

70.5
(13.7)
67.5
(12.6)
0.275

23.6
(3.3)
22.5
(2.9)
0.082

⁎ Signiﬁcance level was set to P ≤ 0.05.
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(16.1)
(9.4)
(6.2)
(12.0)
(2.3)
(1.3)
(1.3)
(1.6)
(2.3)

Fig. 1. Gait velocity in AKP and controls.
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Table 3
Male and female gait spatiotemporal parameters of AKP patients and controls. Results are presented as mean (SD).
Females

Velocity (cm/s)
Cadence (steps/min)
Step length (cm)
Stride length (cm)
Base of support (cm)
Swing (% GC)
Stance (% GC)
Single limb support (% GC)
Double limb support (% GC)

Males

AKP

Control

N = 66

N = 14

116.1 (17.5)
112.6 (9.7)
61.7 (6.5)
123.4 (11.5)
4.4 (2.8)
39.9 (1.6)
60.1 (1.6)
39.9 (1.6)
20.2 (2.9)

128.6 (12.1)
116.4 (8.1)
66.1 (4.5)
132.7 (8.4)
4.3 (2.4)
40.7 (1.2)
59.3 (1.2)
40.7 (1.2)
18.6 (2.1)

P⁎

0.013
0.14
0.007
0.006
0.938
0.067
0.067
0.085
0.049

P⁎

AKP

Control

N = 91

N = 17

114.7 (15.3)
107.1 (7.9)
64.1 (6.2)
128.4 (12.2)
6.3 (2.8)
39.4 (1.6)
60.6 (1.6)
39.4 (1.2)
21.1 (2.4)

137.8 (18.1)
115.4 (10.7)
71.7 (6.4)
143.1 (12.7)
5.3 (2.1)
40.8 (1.4)
59.2 (1.4)
40.2 (1.9)
19.0 (2.6)

b0.001
0.006
b0.001
b0.001
0.185
0.002
0.002
0.141
0.002

⁎ Signiﬁcance level was set to P ≤ 0.05.

2.3. Statistical analysis
All statistical analyses were carried out by an independent biostatistician. Mean values and standard deviations were calculated for
all continuous measurements. The distributions of gait characteristics
and the questionnaire scales were examined using the Kolmogorov–
Smirnov non-parametric test. Based on the results parametric or nonparametric statistical tests were applied. A Chi-Square test was used
to analyze gender differences between the groups. Non-parametric
Mann–Whitney tests were used for comparison of self-reported pain
and functional data and spatiotemporal parameters between the two
groups. We further analyzed data for male and female subjects disjointedly to examine trends between these subgroups. A probability of less
than 0.05 was considered as statistically signiﬁcant. The relationship
between gait parameters, the WOMAC Index and the SF-36 health
survey was examined using the Spearman or Pearson correlation.
Values of r ≤ 0.25 were considered low, values between 0.25 and 0.50
were considered moderate and values of r ≥ 0.75 were considered
high. All analyses were performed using SPSS (version 19.0).
3. Results
The two groups differed signiﬁcantly in the gait parameters of velocity, cadence,
step length, stride length, swing, stance, SLS, DLS (Table 2). On average, walking
velocity was 18.3 cm/s lower in the AKP patients relative to controls (Fig. 1). Cadence
was 6.4 steps/min lower in AKP subjects. Step and stride length were considerably
lower in the AKP group (6.0 cm and 12.1 cm, respectively). A signiﬁcant, albeit small
(2%), reduction in the single limb support phase was found in the AKP group. Likewise,
stance phase was approximately 2% longer in these patients.
Separate analyses of male and female patients revealed that these trends were
similar in both genders (Table 3). Nonetheless, the slower gait velocity and shorter
step length and stride length were more substantial in male AKP patients.

The scores on WOMAC-pain and WOMAC-function subscales were signiﬁcantly
higher in the study group compared to controls (Fig. 2). Likewise, all eight subcategories of the SF-36 health survey, as well as the integrated physical score and mental
score, were signiﬁcantly lower in the study group (Table 4).
Separate male and female analyses of AKP subjects demonstrated that these trends
were similar in both genders (Table 5). Female subjects, however, reported higher pain
levels and functional limitation than controls.
Spearman's correlation analysis performed with gait values, as objective measures,
and subjective pain and functional scores in AKP subjects are presented in Table 6.
There was a signiﬁcant negative correlation between gait velocity and stride length
to WOMAC pain and WOMAC function scores, and between step length to WOMAC
pain scores. This correlation, however, was relatively weak.

4. Discussion
The present study examined the spatiotemporal gait parameters
and self-evaluation questionnaires in a relatively large cohort of
patients with AKP. The results presented indicate that gait metrics
signiﬁcantly differ in patients AKP with respect to healthy controls.
The results present an outline of the proﬁle of these parameters
in patients suffering from this syndrome. Gait alterations were previously reported in association with this pathology. Past studies, however, were conducted on substantially smaller groups. In the present
study, AKP patients were found to walk with approximately 10%
lower step and stride length and approximately 5% lower cadence and
14% slower walking velocity. Brechter and Powers reported that the
average free walking speed was 17% slower, average stride was 8%
shorter and cadence was 8% lower in only 20 AKP patients compared
to a control group [16]. Another study also found a trend towards reduced gait velocity in patients with AKP when compared to control [18].
Table 4
WOMAC questionnaire and SF-36 health survey results of AKP patients and controls.
Results are presented as mean (SD).
AKP

Fig. 2. WOMAC-pain and WOMAC function in AKP patients and controls.

Control

WOMAC (0–100)
Pain
Stiffness
Function

30.1 (22.6)
19.5 (24.0)
17.7 (17.9)

SF-36 (0–100)
Physical function
Pain
Limitation due to physical problems
Limitation due to emotional problems
Energy/Fatigue
Social functioning
Emotional well being
General health
Physical score
Mental score

65.1
50.4
39.5
64.8
53.9
76.5
69.1
65.1
54.8
65.9

(20.3)
(21.7)
(37.5)
(42.1)
(18.1)
(24.0)
(16.8)
(17.6)
(16.3)
(17.4)

1.2 (2.2)
0.3 (0.8)
1.1 (3.6)

97.4
91.7
96.8
97.9
71.5
97.1
79.4
81.7
87.8
85.5

(4.3)
(10.9)
(10.7)
(8.3)
(12.7)
(6.4)
(10.6)
(10.6)
(5.3)
(5.7)

P⁎
b 0.001
b 0.001
b 0.001

b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001
b 0.001

⁎ Signiﬁcance level was set to P ≤ 0.05.
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Table 5
Male and female WOMAC questionnaire and SF-36 health survey results of AKP patients and controls. Results are presented as mean (SD).
Females

Males

AKP

Control

N = 66

N = 14

WOMAC (0–100)
Pain
Stiffness
Function

34.1 (23.2)
23.2 (26.8)
20.6 (18.2)

SF-36 (0–100)
Physical function
Pain
Limitation due to physical problems
Limitation due to emotional problems
Energy/Fatigue
Social functioning
Emotional well being
General health
Physical score
Mental score

62.6
46.1
33.0
63.1
52.8
74.6
67.1
64.9
51.9
64.5

P⁎

1.7 (2.5)
0.6 (1.1)
0.8 (1.8)

(19.5)
(21.7)
(34.9)
(43.0)
(16.7)
(25.2)
(18.3)
(18.3)
(15.5)
(18.2)

97.5
91.8
96.4
97.6
69.1
98.0
80.3
79.2
86.8
84.8

(4.3)
(9.5)
(13.4)
(8.9)
(10.3)
(5.2)
(11.6)
(10.3)
(5.9)
(5.6)

P⁎

AKP

Control

N = 91

N = 17

b 0.001
b 0.001
b 0.001

27.3 (21.9)
16.8 (21.4)
15.5 (17.5)

0.8 (1.8)
0.06 (0.1)
1.2 (4.6)

b0.001
b0.001
b0.001

b 0.001
b 0.001
b 0.001
b 0.001
0.001
b 0.001
0.002
b 0.001
b 0.001
b 0.001

66.9
53.5
44.2
65.9
54.7
77.9
70.6
65.3
56.9
66.9

97.4
91.6
97.1
98.0
73.5
96.3
78.6
83.8
88.7
86.1

b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
0.010
b0.001
b0.001
b0.001

(20.8)
(21.3)
(38.7)
(41.6)
(19.1)
(23.1)
(15.5)
(17.2)
(16.6)
(16.8)

(4.4)
(12.3)
(8.3)
(8.1)
(14.4)
(7.3)
(10.0)
(10.7)
(4.7)
(5.8)

⁎ Signiﬁcance level was set to P ≤ 0.05.

These gait alterations may reﬂect a strategy to reduce in vivo knee
stress. Walking speed, SLS time and knee range of motion are directly
associated with knee contact forces during gait. The slower gait velocity of patients with AKP is thought to be a protective mechanism
suggested to reduce quadriceps reactive forces, and therefore, to
decrease the patellofemoral contact forces [19].
Gait velocity and stride length signiﬁcantly correlated with subjective pain and function scores, suggesting that these parameters
could be utilized for qualitative evaluation of AKP patients. We have
recently reported SLS to be a valuable and sensitive parameter,
which is directly associated to severity of knee OA [22]. In the present
study SLS were approximately 2% lower in the study group.
The diagnosis and evaluation of patients presenting with AKP
comprises a clinical challenge. Several radiographic measures have
been linked with this syndrome [23–25]. On the other hand, Laprade
and Culham, who compared several radiographic parameters in these
patients and in healthy controls, found no signiﬁcant differences
between the two groups [26]. Likewise, various physical examination
tests have been used to diagnose AKP [27–30]; however, reports of
their scientiﬁc validity are scarce and most common physical examination tests lack sensitivity for AKP. Moreover, signs and symptoms
described for AKP lack a quantitative dimension, thus assessment
and follow-up of these patients are obtained via subjective clinical
tools (e.g. WOMAC pain score) that are inﬂuenced by a variety of
non-physiological factors. The results of the current study present
objective data for evaluation of these patients and may be highly
useful for reassessment of patients during the course of the disease.
Both male and female patients exhibited similar trends in both
objective gait measures and in subjective self-reported parameters.
Interestingly, while gait deviations were more profound for male

subjects, subjective pain level and functional impairment were more
substantial in females. This may highlight the importance of objective
gait evaluation in female patients.
Several minor limitations in the current study should be noted.
Firstly, only spatiotemporal gait data were gathered. Surely a threedimensional gait analysis would offer far greater information regarding the kinematics and kinetics of the lower limb. Nevertheless, the
primary outcome measurements of this study were objective gait
parameters that can be easily obtained with relatively low cost, thus
making them ideal in clinical practice. Another limitation of this
study is that data were collected retrospectively from the AposTherapy database. Since all patients in this database were referred there
for treatment, a possible selection bias may have occurred. Finally,
the current study focused on a unique group (i.e., young subjects
with similar anthropometric characteristics). These results are therefore applicable only for subjects with characteristics similar to those
of the study cohort.
In conclusion, as we hypothesized, signiﬁcant differences were
found between the spatiotemporal gait proﬁle of AKP patients and
matched controls. Furthermore, subjective disease severity (as determined by pain and function self-evaluation questionnaires) is clearly
associated with more severe gait abnormalities.
Funding
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Table 6
Correlation⁎ between gait parameters and symptoms of pain, function and QOL.
WOMAC-pain

Velocity (cm/s)
Step length (cm)
Stride length (cm)
Swing (% GC)
Stance (% GC)
Single limb support (% GC)
Double limb support (% GC)

SF-36 physical score

SF-36 mental score

Females

Males

All

Females

Males

All

Females

Males

All

Females

Males

− 0.19⁎
− 0.23
− 0.23⁎

− 0.35⁎
−0.31⁎
−0.32⁎

− 0.31⁎
− 0.33⁎
−0.33⁎

−0.06⁎
− 0.20⁎
− 0.19⁎

−0.25⁎
−0.19
− 0.21
− 0.08
0.08
− 0.18
0.14

− 0.28⁎
−0.31⁎
− 0.29⁎

0.13
0.07
0.05
0.11
−0.11
0.001
− 0.06

0.28⁎
0.20
0.19
0.20
− 0.20
0.16
− 0.20

0.39⁎
0.31⁎
0.29⁎
0.30⁎
−0.30⁎

0.17
0.07
0.04
0.13
− 0.13
− 0.01
− 0.08

0.23⁎
0.20
0.18
0.20
− 0.20
0.09
− 0.16

0.30⁎
0.22⁎
0.19
0.24⁎
0.24⁎

0.02
− 0.02
− 0.01
− 0.005

− 0.07
0.07
−0.15
0.12

⁎ Correlation is signiﬁcant at 0.05level (2-tailled).
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WOMAC-function

All

− 0.16
0.16
− 0.08
0.13

− 0.02
0.02
− 0.06
0.05

− 0.15
0.15
− 0.09
0.13

0.09
− 0.19⁎

0.06
0.14
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Abstract
Introduction:
Prior to using a given method of assessing alterations in the measured variables, there is a
need to evaluate the method’s reliability and validity. There is no published data on the GAITRite
system’s reliability in patients with knee OA The purpose of this study was to examine the
reliability of a computerized mat (GAITRite system) in patients with knee osteoarthritis (OA).
Methods:
Forty-one patients with bilateral knee OA participated in the study. Patients were asked to walk
barefoot at a self-selected speed on the GAITRite mat. A second test was conducted after a
15 minute period of rest. The GAITRite mat calculated the spatiotemporal parameters of gait in
each session. Test-retest reliability was evaluated using Intraclass Correlation Coefficient (ICC)
and differences between test scores were evaluated using Wilcoxon ranked test.
Results:
ICCs showed high test-retest reliability in all measured variables (ICC ranged between 0.86 –
0.95). In addition, all spatio-temporal parameters of gait showed similar results in both sessions,
however, significant differences between the two tests were found in gait velocity and cadence
(p<0.05). These differences were consistent over the entire study group and are thought to be
related to an increase in joint stiffness after rest that occurs in patients with knee OA.
Conclusions:
Our results demonstrated high reliability of this gait analysis mat in a population with knee OA.

Keywords
Knee; Osteoarthritis; Gait; Reliability.

Introduction
Spatial and temporal gait parameters are often used in gait measurements and are quantified by
various methods (1, 2). Prior to using a given method of assessing alterations in the measured
variables, there is a need to evaluate the method’s reliability and validity in healthy populations
as well as in specific pathologic populations. Several studies have tested the validity and
reliability of a relatively new computerized mat (GAITRite system) (3) and reported it to be good
to excellent in healthy populations (4, 5). Previous studies have reported differences in gait
patterns between healthy population and patients with knee osteoarthritis (OA) and
also between genders (6, 7), hence it is important to evaluate the validity and reliability of the
computerized mat in this specific population. An article published in the late 90’s by Fransen
et al. found high reliability of gait measurements in patients with knee OA using electronic
footswitches worn by the patients (8). To the best of our knowledge, there is no published data
on the GAITRite system’s reliability in patients with knee OA. While a preliminary presentation
showed high consistency in the walking patterns of adults with knee OA (9), a more thorough
examination is necessary. The aim of this study was to examine the reliability of the GAITRite
system in patients with knee OA.
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Methods
2.1. Patients
All patients gave written informed consent before entering the study. The protocol was approved
by the Institutional Helsinki Committee Registry (Helsinki registration number 185/07, NIH No.
NCT00599729). The study was conducted at the Orthopedics Outpatient Clinic of Assaf Harofeh
Medical Center in Zerifin, Israel, and from the AposTherapy Center in Herzliya, Israel. Eligibility
was defined as symptomatic bilateral medial compartment knee OA for at least six months,
fulfillment of the American College of Rheumatology clinical criteria for OA of the knee (10) and
radiographic confirmed OA of the knee by the senior author according to the Kellgren &
Lawrence (KL) scale (11). Exclusion criteria were acute septic arthritis, inflammatory arthritis,
history of knee buckling or recent knee injury, spinal or vascular claudication, use of gait aides,
lack of physical or mental ability to perform or comply with the treatment procedure, a history of
pathological osteoporotic fracture, and symptomatic degenerative arthritis in lower limb joints
other than the knees.
2.2. Apparatus
The gait spatio-temporal parameters were measured using the GAITRite system (Fig. 1). The
gait spatio-temporal characteristics were processed and stored by a Hewlett Packard computer
using GAITRite Platinum, Version 3.9 software.
2.3. Protocol
All patients underwent anthropometric measurements. Leg length was measured in a
standardized method with the patients standing in an upright position. The clinician located the
greater trochanter and lateral malleolus on each leg and used measuring tape to measure the
distance from the greater trochanter to the floor passing through the lateral malleolus (Fig. 2).
All patients walked barefoot at a self-selected speed on the computerized mat. Patients walked
three meters before and after the mat to allow sufficient acceleration and deceleration time
outside the measurement area. Patients in the current study walked at self-selected speeds
since previous works indicated a higher consistency in spatio-temporal parameters at such selfselected walking speeds (12). Following the gait test patients were asked to sit on a standard
chair for 15 minutes. A second test was conducted after the 15 minutes of sitting. The following
spatio-temporal parameters were evaluated: absolute velocity (cm/s), normalized velocity (cm/s/
leg length), cadence (steps/min), step length (cm), normalized step length (cm/leg length), base
of support (cm), swing phase (% gait cycle), stance phase (% gait cycle), single limb support
phase (SLS) (% gait cycle), double limb support phase (DLS) (% gait cycle), and foot placement
angle (deg).
2.4. Statistical Analysis
GAITRite scores were measured with continuous scales. To determine any gradient of change or
systematic differences between the test-retest scores, Wilcoxon rank tests were used. We used
intraclass correlation coefficients (ICC) that produce measures of absolute agreement of values
within subjects. The model used was a tow-way model for single measure reliability (ICC(3,1)).
To quantify the agreement between measurements we estimated repeatability coefficient which
is defined by: 1.96*sqr(2)* within subject SD. To estimate the within subject SD we fitted a one
way analysis of variance (ANOVA) model. The estimated repeatability coefficient means that the
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absolute difference between any two measurements made by the same tool are estimated to
be no greater than the repeatability coefficient on 95% of occasions. We calculated the 95%
C.I. using the Chi-Square distribution. Use of the repeatability coefficient relies on the difference
between measurements being approximately normally distributed. Therefore, we used normal
plots as well as non-parametric Kolmogorov-Smirnov tests to check for the normality of the
differences. We used Spearman correlation tests to estimate the linear relationship of the
absolute difference between tests in gait velocity and cadence and BMI and age. Tests were
considered significant at a significance level of 5% and a power of at least 80%.

Results
3.1. Patient Characteristics
This study was conducted on 41 patients (13 males and 28 females, 31.7% and 68.3%,
respectively) diagnosed with bilateral medial compartment knee OA. Patients’ mean ± SD
age was 66.7 ± 10.7 years (range 45-88) and BMI was 30.8 ± 4.9 kg/m2 (range 20.8-41.4). In
females, mean ± SD age was 66.9 ± 9.7) years (range 45-83) and BMI kg/m2 was 31.7 ± 5.5
(range 20.8-41.4). In males, mean ± SD age was 66.3 ± 13 years (range 44-88) and BMI kg/
m2 was 29.6 ± 3 (range 25.5-31.1). The mean BMI of the study population was slightly above
average. This was not surprising since
patients suffering from knee OA often have an elevated BMI due to inactiveness (13).
3.2. Test-Retest Reliability
Intraclass correlation coefficients (ICC) for all gait parameters were statistically significant and
were above 0.85. Both males and females demonstrated high ICC results. Males, however,
demonstrated higher results in all gait parameters compared to females (Table 1). Spearman
correlations were very similar to ICC (not demonstrated). All spatio-temporal gait parameters
showed similar results in both sessions, except for velocity, normalized velocity and cadence
(Table 2). 68% of patients demonstrated a decrease in absolute velocity and normalized
velocity. 66% of patients demonstrated a decrease in cadence. The repeatability coefficients
demonstrate small expected absolute differences between any two measurements made by
the GAITRite system (Table 2). A calculation of the correlation between the absolute difference
between the test-retest scores for velocity and cadence with the age and BMI of the patients
was conducted in order to determine the reason for the test-retest difference. A significant
moderate correlation was found between the absolute difference in velocity and cadence and
the level of BMI of the patients. In other words, patients that demonstrated a decrease in gait
velocity and cadence following the resting period, correlated with higher BMI values. (Table 3).

Discussion
The aim of this study was to test the reliability of the GAITRite system in patients with knee OA.
The results showed that test-retest reliability of the mat in all gait parameters was high. The
study results are in agreement with previous studies that have also found high reliability of the
GAITRite mat in the velocity parameters and in the gait cycle phases. The correlation of the base
of support and of the foot placement angle in previous works, however, is unclear (4, 5). In the
present study there was a high correlation of the foot placement angle parameter between the
two tests. A possible explanation for the high correlation may be found in the association of
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changes in foot placement angle with knee OA specifically (7). It is known that patients
with medial compartment knee OA have higher adduction moments compared to healthy
populations (6). It is also known that a greater toe out angle during gait shifts the ground
reaction force vector closer to the center of the knee, thus reducing the adduction moment (14).
It may be assumed that knee OA patients consistently adopt the greater toe out angle to avoid
high adduction moments and pain, and therefore should have a more consistent foot angle
placement compared to a healthy population.
The present study also revealed significantly lower values in the second test in the absolute
velocity, normalized velocity, and cadence. These shifts were consistent among the entire group
and therefore do not impinge on the reliability of the GAITRite. These differences, however,
strengthens the importance of evaluating the validity and reliability of the measuring tool.
A possible explanation for these findings is concealed in the characteristics of OA disease.
Patient with knee OA suffer from joint stiffness, which appears after a period of inactivity, such
as prolonged sitting (15). In the current study, patients who completed the first test were asked
to sit and rest for 15 minutes before performing the second test. Patients were then asked to
rise and initiate walking without having time to adjust. The new gait strategy adopted by the
patients was to reduce cadence frequency, rather than shorten step length, which resulted in
lower velocity (Velocity = Cadence x Step Length). The distributions of the severity of OA (KL
assessment) in patients who demonstrated an increase in velocity and cadence compared to
patients who demonstrated a decrease in these parameters were similar; therefore, the changes
in the above parameters are not a result of OA severity Future studies should further examine
the effect of the sitting period on gait characteristics of patients with knee OA by incorporating
kinematic analyses of gait patterns. While these changes don’t affect the reliability of the
GAITRite, a clinician must take these effects into consideration when using the GAITRite to
evaluate the gait of patients with knee OA. For example, a rested patient demonstrating low
velocity and cadence on a gait test may have higher values if they undergo the test without
resting. The results of this study also suggest that the aforementioned effects of resting on
cadence and velocity are even more likely if the patient has a high BMI. With this considered, it
may be beneficial for patients with knee OA to walk before conducting a gait test so that they
are accommodated to the test procedure and free of joint stiffness that may influence their
gait. In conclusion, our results demonstrate high reliability of the computerized mat as a tool in
assessing the gait spatio-temporal parameters in patients with knee OA.
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Figure Legends
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Fig. 1.

Fig. 2.

The GAITRite system

Leg Length Measurement. Leg length was
measured in a standardized method with
the patients standing in an upright position.
The clinician located the greater trochanter
and lateral malleolus on each leg and used
measuring tape to measure the distance
from the greater trochanter to the floor
passing through the lateral malleolus.

Table 1.
Test-retest intraclass correlation coefficient (ICC) and respective confidence intervals
(C.I.) for all patients and for genders

ICCa

95% C.I.

ICCa

All (N=41)

95% C.I.
Males (N=13)

ICCa

95% C.I.

Females (N=28)

Velocity Perameters
Velocity (cm/s)

0.89

0.80-0.94

0.98

0.95-0.99

0.82

0.64-0.92

Normalized velocity
(cm/s/leg length)

0.86

0.75-0.93

0.98

0.93-0.99

0.82

0.63-0.91

Cadence (steps/min)

0.94

0.67-0.91

0.95

0.86-0.99

0.80

0.56-0.91

Step Length Left (cm)

0.95

0.90-0.97

0.98

0.94-0.99

0.91

0.82-0.96

Step Length Right (cm)

0.95

0.91-0.97

0.98

0.94-0.99

0.92

0.84-0.96

Normalized Step
Length Left
(cm/leg length)

0.91

0.84-0.95

0.97

0.90-0.99

0.89

0.77-0.95

Normalized Step
Length Right
(cm/leg length)

0.93

0.87-0.96

0.97

0.91-0.99

0.90

0.80-0.95

Swing Left
(% Gait Cycle)

0.91

0.83-0.95

0.95

0.86-0.99

0.86

0.77-0.95

Swing Right
(% Gait Cycle)

0.91

0.83-0.95

0.93

0.80-0.98

0.88

0.77-0.95

Stance Left
(% Gait Cycle)

0.90

0.82-0.95

0.95

0.85-0.99

0.88

0.75-0.94

Stance Right
(% Gait Cycle)

0.88

0.79-0.93

0.93

0.79-0.98

0.85

0.70-0.93

Single Support Left
(% Gait Cycle)

0.89

0.80-0.94

0.91

0.75-0.97

0.87

0.73-0.94

Single Support Right
(% Gait Cycle)

0.91

0.84-0.95

0.96

0.88-0.99

0.89

0.78-0.95

Double Support Left
(% Gait Cycle)

0.90

0.81-0.94

0.94

0.81-0.98

0.87

0.74-0.94

Double Support Right
(% Gait Cycle)

0.89

0.80-0.94

0.91

0.75-0.97

0.87

0.73-0.94

Gait Cycle Phase
Parameters
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ICCa

95% C.I.

ICCa

95% C.I.

ICCa

Males (N=13)

All (N=41)

95% C.I.

Females (N=13)

Other Perameters
Base of Support
Left (cm/s)

0.91

0.84-0.95

0.91

0.73-0.97

0.91

0.82-0.96

Base of Support
Right (cm/s)

0.92

0.85-0.96

0.91

0.73-0.97

0.92

0.83-0.96

Toe In-Out Left (deg)

0.95

0.91-0.98

0.96

0.87-0.99

0.95

0.85-0.98

Toe In-Out Right (deg)

0.92

0.86-0.96

0.97

0.91-0.99

0.92

0.84-0.96

A Interclass correlation coefficient (ICC) produces measures of consistency or agreement of
values within cases.

Table 2.
Mean (±SD) values of spatio-temporal gait parameters for the two tests and
repeatability coefficient between the two tests.

Test 1

Test 2

pa

Repeatability
Coefficient

95% C.I.

Velocity (cm/s)

90.4 (±24.8)

86.5 (±23)

0.007

7.61

6.31-9.92

Normalized velocity
(cm/s/leg length)

1.08 (±0.2)

1.03 (±0.2)

0.009

0.09

0.08-0.12

0.001

6.03

5.00-7.81

Velocity Perameters

Cadence (steps/min)

103.8 (±12.6) 100.8 (±12.1)

Step Length Left (cm)

51.6 (±9.6)

50.9 (±9.3)

0.12

1.44

1.19-1.86

Step Length Right (cm)

51.2 (±10)

50.7 (±9.7)

0.25

0.97

0.80-1.25

Normalized Step Length
Left (cm/leg length)

0.62 (±0.09) 0.61 (±0.09)

0.14

0.02

0.02-0.03

Normalized Step Length
Right (cm/leg length)

0.61 (±0.1)

0.29

0.01

0.01-0.02

0.60 (±0.09)

Table 2 continued over >
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Test 1

Test 2

pa

Repeatability
Coefficient

95% C.I.

Swing Left (% Gait Cycle)

36.1 (±2.8)

36.0 (±2.6)

0.65

0.29

0.24-0.37

Swing Right (% Gait Cycle)

35.6 (±3.1)

35.5 (±2.8)

0.30

0.18

0.15-0.24

Stance Left (% Gait Cycle)

63.9 (±2.8)

64.0 (±2.6)

0.70

0.23

0.19-0.30

Stance Right (% Gait Cycle) 64.8 (±3.2)

64.5 (±2.8)

0.30

0.11

0.09-0.14

Single Support Left
(% Gait Cycle)

35.6 (±3.2)

35.5 (±2.8)

0.32

0.13

0.11-0.17

Single Support Right
(% Gait Cycle)

36.1 (±2.8)

35.9 (±2.6)

0.70

0.32

0.26-0.41

Double Support Left
(% Gait Cycle)

28.3 (±5.3)

28.5 (±4.9)

0.48

0.46

0.16-0.25

Double Support Right
(% Gait Cycle)

28.7 (±5.5)

28.6 (±4.9)

0.95

0.20

0.16-0.25

Base of Support Left (cm)

10.4 (±3.2)

10.4 (±2.9)

0.97

0.01

0.01-0.02

Base of Support Right (cm)

10.5 (±3.0)

10.4 (±3.0)

0.60

0.20

0.17-0.26

Toe In/Out Left (deg)

6.5 (±5.7)

6.0 (±6.0)

0.07

0.98

0.81-1.26

Toe In/Out Right (deg)

7.5 (±4.9)

7.3 (±4.9)

0.59

0.32

0.25-0.42

Gait Cycle Phase
Perameters

Other Parameters

A Wilcoxon ranked test results indicates significant statistical differences between the two tests.
Significance level was set to P<0.05.

Table 3.
The correlation between the absolute difference between tests in gait velocity and
cadence and BMI and age.

BMI

pa

AGE

pa

Velocity Difference

0.39

0.01

0.14

0.38

Cadence Difference

0.36

0.022

0.17

0.28

aP≤0.05. A significant moderate correlation was found between the absolute differences in gait
velocity and cadence (the difference between the two tests results) and BMI.
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Purpose: Hip osteoarthritis (OA) is a slowly progressive destructive disease that results in alterations
in joint loads and biomechanics to which patients adapt compensatory alterations and abnormal gait
patterns. This prospective cross-sectional, case-controlled study examined these alterations in gait
metrics and evaluated gender differences in gait spatiotemporal parameters. Correlations between
function and gait metrics were also investigated.
Basic Procedures: Hip OA patients (138 females and 122 males) and healthy controls (14 females
and 26 males) matched for age and gender underwent the same investigative protocol consisting
of a spatiotemporal gait analysis followed by functional evaluations using the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) and the SF-36 Health Survey (SF-36).
Main Findings: Differences between the patient and the control groups were significant in all the
spatiotemporal parameters. There were significant gender differences within the hip OA group in all
parameters except for cadence and single limb support percentage. WOMAC and SF-36 scores revealed significant differences between the study and control groups in most components. Significantly
higher scores in the three components of the WOMAC as well as in six SF-36 score components were
found among males compared to females in the patient group.
Principal Conclusions: Gait, WOMAC and SF-36 were effective objective and subjective tools
for evaluating a large cohort of patients with hip OA, and can be highly useful for supplementing the
assessment of hip OA severity and enhancing treatment efficacy during the course of the disease.
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INTRODUCTION
Hip osteoarthritis (OA) is one of the most prevalent disabling disorders of the elderly. The reported prevalence of
the symptomatic disease is up to 10% in the USA (1) and it
is the most common indication for total hip replacement (2).
Osteoarthrisitis is a slowly progressive destructive disease,
characterised by pain and functional limitations that mainly

affect the articular cartilage but also the periarticular bone.
The diagnosis is made clinically by characteristic features,
such as pain and stiffness, and confirmed by radiography
(3). The aetiology of OA is multifactorial and involves local
factors within the joints as well as systemic predisposing
factors (4). Local factors include trauma, physical and occupational activity and neuromuscular function (4), while age,
gender and obesity are other prominent risk factors (4-6).
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retrospective, cross-sectional, case controlled study. Patients were recruited from the research database of AposTherapy Centre in Herzliya, Israel. Patients with hip OA as
deﬁned by the American College of Rheumatology clinical
and radiographic criteria were included in the study (17). All
participants were independently mobile. Exclusion criteria
included severe systemic diseases, infection, avascular
necrosis, inflammatory arthritis, neuropathic arthropathy,
spinal or vascular claudication, a history of pathological osteoporotic fractures, lower extremity orthopaedic surgery
and symptomatic degenerative arthritis of any of the lower
limbs joints except for the hip. A total of 260 patients met
these criteria. Mean age (±SD) was 64 years ± 10.1 and
mean body mass index (BMI) was 28.1 kg/m2 ± 5.3, with
138 women (age: 63.9 years ± 10.1, BMI: 27.8 kg/m2 ± 4.7)
and 122 men (age: 64.1 years ± 10.9, BMI: 28.3 kg/m2 ±
5.9). Analysis was performed on the most symptomatic hip
(self-reported) in cases of bilateral involvement. The control
group consisted of 40 healthy subjects who underwent the
same investigative protocol and were matched for age and
gender. Mean age was 64.9 years ± 10.2, and mean BMI
was 26.4 kg/m2 ± 3.8, with 14 women (age: 58.8 years ± 9.5,
BMI: 25.0 kg/m2 ± 3.6) and 26 men (age: 68.1 years ± 9.2
BMI: 27.1 kg/m2 ± 3.8). (Tab. I).
Data on age, gender and pain characteristics were obtained
during the first patient review. All the subjects underwent a
physical examination, including manual muscle testing by
a certiﬁed physical therapist to identify any neurological
deﬁcits. A spatiotemporal gait analysis was also carried out
on each subject, and the mean value of the four trials was
calculated for the following parameters: velocity (cm/s),
step length (cm), cadence (steps/min), stride length (cm),
base of support (cm), swing (% gait cycle [GC]), stance
(% GC), single limb support (% GC) (SLS) and double limb
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Alterations in joint loads and apparent biomechanics may
result from both local and systemic processes and are
responsible, at least partially, for the development of OA
(7). Although the reciprocal effects of gait biomechanics
and hip OA are not well understood, it is has been welldemonstrated that OA patients adapt compensatory gait
alterations and abnormal gait patterns (8-10). These changes are the result of pain, deformity and pathological loads
(8, 10, 11). Several studies reported a wide variety of modifications in gait, such as decreased walking speed and step
length, (8, 9, 12), decreased cadence (8), reduced sagittal
dynamic range of motion (ROM) (11), increase in pelvis
motion and muscle power generation in other lower limb
joint (9), reduced abduction angle as well as a lower hip
abduction moment (13), larger thoracic ROM (14), and the
presence of motion discontinuity gait patterns (15). Most of
these studies, however, were comprised of relatively small
cohorts. Moreover, research shows gender differences in
OA which, to date, may not be appreciated by the orthopaedic community. However, understanding gender differences
in this disorder is critical to improving quality of care for our
patients (16). The current literature lacks data on gender
differences in certain spatiotemporal parameters in the
setting of hip OA.
The current study was designed to examine alterations in
gait metrics associated with hip OA and to evaluate gender differences in gait spatiotemporal parameters. Pain and
function were also assessed as were possible correlations
between symptoms and gait metrics in the setting of hip OA.
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MATERIALS AND METHODS
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The study protocol was approved by the Assaf Harofeh Institutional Helsinki Committee Registry and designed as a
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TABLE I - CHARACTERISTICS OF THE STUDY PARTICIPANTS ACCORDING TO GENDER

Number (%)

Total

Hip OA

Controls

260 (100)

40 (100)

Males
p-value

Controls

122 (47)

26 (65)

64.1 ± 10.9

68.1 ± 9.2

p-value

Hip OA

Controls

138 (53)

14 (35)

Age (years)

64.0 ± 10.4 64.9 ± 10.2

Height (cm)

166.5 ± 9.6 168.3 ± 8.4 <0.001

173.5 ± 7.8 172.0 ± 6.6 <0.001

Weight (kg)

78.1 ± 16.0 75.1 ± 14.3

0.222

85.4 ± 16.9 80.4 ± 13.4

0.108

BMI (kg/m )

28.1 ± 5.3

0.022

28.3 ± 5.9

0.162

27.8 ± 4.7

2

26.4 ± 3.8

0.632

Hip OA

Females

27.1 ± 3.8

0.062 63.9 ± 10.1 58.8 ± 9.5

0.073

0.880

0.006

160.5 ± 6.6 161.4 ± 7.2

<0.001

<0.001

<0.001

72.1 ± 12.2 65.1 ± 10.0

0.028

<0.001

<0.001

0.018

0.461

0.100

OA = osteoarthritis; BMI = body mass index.
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For gender analysis, ANCOVA test was applied with height
as covariate. The relationship between gait parameters,
the WOMAC Index and the SF-36 health survey was examined using the Spearman or Pearson correlation.
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The study and the control groups were well-matched for
age with little difference in their height and BMI values
(Tab. I). Although these differences reached a level of significance, we believe that their impact on the results was
negligible due to the small absolute differences between
them. In cases where parameters did not distributed normally we compared between parametric and a-parametric tests and did not found significant differences, hence
presented the results as mean and standard deviations.
We based this decision on the central limit theorem
that assumes normal distribution of the means when
n>30. Furthermore, there were no significant differences
between patients with bilateral hip OA and unilateral hip
OA, hence we treated them as one group.
There were significant differences between the hip OA group
and the control group in all the spatiotemporal parameters
(Tab. II). Males and females in the hip OA group differed
significantly in the following parameters: velocity, step and
stride length, swing and stance percentage and DLS. These
differences were no longer present when ANCOVA analysis
was applied using height as covariant (Tab. III).
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support (% GC) (DLS). Participants were asked to walk
barefoot at a self-selected speed, and walked three metres
before and after stepping on the walkway mat in order to
allow sufficient acceleration and deceleration time outside
the measurement area. The Gait Mat system (E.Q., Inc.
Chalfont, PA) was used to measure these spatiotemporal
parameters. The reliability and validity of this gait analysis
tool was demonstrated in a pervious report (18), while a
further study reported that the standard error of the mean
and the minimal detectable change were 0.08 m/s for habitual speed and 0.10 m/s for fast speed (19). Following
the gait test, the subjects completed the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC)
questionnaire for functional valuation. The WOMAC questionnaire contains 24 items scored on a visual analog
scale (VAS) ranging from 0–100 mm, with 0 mm indicating
no pain or limitation in function and 100 mm indicating the
most severe pain or limitation in function. They also completed the SF-36 Health Survey (SF-36) which consists of
36 items and is scored between 0 and 100, with 0 indicating
the worst quality of life and 100 indicating the best quality
of life.
Statistical analyses were carried out by an independent
biostatistician. The SPSS software version 19.0 was used to
analyse the data (SPSS Inc. Headquarters, 233 S. Wacker
Drive, 11th floor Chicago, Illinois 60606, USA). The signiﬁcance levels were set at 0.05. We assumed large differences
between the two groups that allowed us to demonstrate
these differences with a significant level of 5% and a power
of at least 80%. For example: for a difference in SLS of at
least 1% and standard deviation of 2% we need a sample
size of 40 patients in the control group and 150 patients in
the Hip OA group. This sample size was suitable also for
the QOL variables since the differences in QOL between the
groups were very high. Mean values and standard deviations
were calculated for all continuous measurements. Parametric or non-parametric statistical tests were applied as appropriate. The distributions of gait characteristics and the
questionnaire scales were examined using the KolmogorovSmirnov non-parametric test. Independent t-tests were performed to compare males with females and hip OA patients
with controls for continuous variables: age, BMI, spatiotemporal parameters, the WOMAC questionnaire and the
SF-36 health survey. Non-parametric Mann-Whitney tests
were used for comparison of self-reported pain and functional data as well as spatiotemporal parameters between
the two groups.

TABLE II - DIFFERENCES IN GAIT PATTERNS BETWEEN PATIENTS WITH HIP OA AND HEALTHY CONTROLS
Hip OA

Controls

p-value

Velocity (cm/s)

92.8 ± 19.7

108.3 ± 18.1

<0.001

Cadence

104.7 ± 10.6

109.7 ± 9.7

0.004

Step length (cm)

53.6 ± 8.1

59.1 ± 7.1

<0.001

Stride length (cm)

105.8 ± 16.6

117.9 ± 14.2

<0.001

Swing (% GC)

38.4 ± 2.1

39.5 ± 1.7

0.001

Stance (% GC)

61.6 ± 2.1

60.5 ± 1.7

0.001

SLS (% GC)

37.7 ± 2.8

39.4 ± 1.2

<0.001

DLS (% GC)

23.9 ± 4.2

21.2 ± 2.7

<0.001

Results are presented as mean ± SD.
OA = osteoarthritis; SLS = single limb support; DLS = double limb support;
GC = gait cycle.
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88.5 ± 18.1

<0.001

104.6 ± 10.2

104.8 ± 11.0

0.882

Step length (cm)

56.3 ± 8.7

51.1 ± 6.8

<0.001

Stride length (cm)

111.5 ± 17.3

100.8 ± 14.3

<0.001

Swing (% GC)

38.8 ± 2.0

38.1 ± 2.1

0.016

Stance (% GC)

61.2 ± 2.0

61.9 ± 2.1

0.016

SLS (% GC)

38.0 ± 2.4

37.5 ± 3.0

0.153

DLS (% GC)

23.3 ± 3.7

24.4 ± 4.6

0.034

Cadence

Results are presented as mean ± SD, mean difference between gender and
95% confidence interval for the mean difference.
SLS = single limb support; DLS = double limb support; GC = gait cycle.
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<0.001
<0.001
<0.001

90.1 ± 8.4
87.4 ± 14.0
86.9 ± 14.0

<0.001
<0.001
<0.001

56.3 ± 18.7
70.6 ± 16.2
54.9 ± 41.5

67.9 ± 15.6
79.4 ± 16.8
93.3 ± 18.8

<0.001
0.003
<0.001

70.9 ± 24.5
57.6 ± 17.2

94.7 ± 14.1
76.7 ± 12.8

<0.001
<0.001

au

51.4 ± 21.6
43.2 ± 20.9
37.5 ± 36.7
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SF-36 (0-100)
Physical function
Pain
Role limitation due to
physical problems
Energy/fatigue
Emotional well-being
Role limitation due to
emotional problems
Social functioning
General health

2.2 ± 5.2
4.1 ± 12.9
2.6 ± 4.7

th

40.0 ± 22.4
40.7 ± 30.1
34.7 ± 24.3

OA = osteoarthritis. Results are presented as mean ± SD.

C

Analysis of the WOMAC and SF-36 scores revealed significant differences between the hip OA group and the control
group in all components (Tab. IV). The female patients had
significantly higher scores in the three components of the
WOMAC scores compared to the males. All eight SF-36
score components were significantly higher in males except for physical and social functioning (Tab. V). Further investigation into the correlation between the functional data
4
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SF-36 (0-100)
Physical function
Pain
Role limitation due to
physical problems
Energy/fatigue
Emotional well-being
Role limitation due to
emotional problems
Social functioning
General health

p-value

45.0 ± 22.2
48.2 ± 31.1
40.7 ± 25.1

<0.001
<0.001
<0.001

53.7 ± 21.0
49.7 ± 20.6
45.0 ± 37.6

49.4 ± 22.1
37.4 ± 19.4
30.8 ± 34.7

0.109
<0.001
0.002

62.0 ± 17.7
74.3 ± 15.3
60.4 ± 41.0

51.3 ± 18.3
67.4 ± 16.3
50.0 ± 41.5

<0.001
<0.001
0.044

73.1 ± 23.0
60.7 ± 16.4

68.9 ± 25.8
54.9 ± 17.6

0.177
0.007

Results are presented as mean ± SD, mean difference between gender and
95% confidence interval for the mean difference.

p-value

's

WOMAC
Pain
Stiffness
Function

Controls

or

Hip OA

34.3 ± 21.4
32.3 ± 26.6
30.0 ± 22.2

Females

pe

TABLE IV - DIFFERENCES IN SELF-ASSESSMENT QUESTIONNAIRES BETWEEN PATIENTS WITH HIP OA
AND HEALTHY CONTROLS

WOMAC
Pain
Stiffness
Function
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97.7 ± 20.4

Velocity (cm/s)

Males
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Females
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Males

TABLE V - GENDER DIFFERENCES IN SELF-ASSESSMENT
QUESTIONNAIRES IN THE STUDY GROUP

rs

TABLE III - GENDER DIFFERENCES IN GAIT PATTERNS OF
PATIENTS WITH HIP OA

and the gait metrics yielded a significant correlation between the WOMAC-pain and the WOMAC-function components and between velocity, step length and SLS. These
gait parameters also correlated significantly with SF-36
pain and social functioning components. Gait velocity and
SLS correlated with the SF-36 functional component as
well (Tab. VI).

DISCUSSION
The present study was designed to: i) determine alterations
in spatiotemporal parameters associated with hip OA as
well as gender-related differences in the hip OA population;
ii) evaluate functional level and quality of life in this population as expressed by the WOMAC and SF-36 scores, as
well as gender-related differences in these scores; and iii)
seek possible correlations between gait metrics and the
level of function and quality of life.
Our results demonstrated significant differences between
the hip OA group and the control group in all tested spatiotemporal parameters. The findings of decreased velocity,
step length and cadence in the hip OA group are consistent with the results of previous studies (8-10, 13, 14). We
also demonstrated a significantly lower SLS fraction on the
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TABLE VI - GENDER DIFFERENCES IN THE CORRELATION STRENGTH BETWEEN GAIT MEASURES AND SELF-ASSESSMENT
QUESTIONNAIRES
Single limb support

Males

Females

Males

Females

Males

WOMAC
Pain
Function

-0.28*
-0.43*

-0.26*
-0.24*

-0.21*
-0.32*

-0.21
-0.22*

-0.19
-0.32*

-0.26*
-0.29*

SF-36
Physical function
Pain
Role limitation due to physical problems
Energy/fatigue
Emotional well-being
Social functioning
General health

0.45*
0.33*
0.22*
0.34*
0.27*
0.30*
0.40*

0.27*
0.31*
0.36*
0.15
0.21*
0.32*
0.15

0.31*
0.22*
0.11
0.22*
0.14
0.21*
0.29*

0.17
0.27*
0.26*
0.07
0.15
0.21*
0.04

0.21*
0.20*
0.03
0.14
0.13
0.23*
0.27*

0.25*
0.19*
0.29*
0.14
0.13
0.18*
0.006
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*Significant correlation. Significance was set at <0.05.
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affected hip, a finding that has also been reported previously (13, 20). All these changes in gait parameters may
explain the patients’ attempts to reduce load on the affected hip. Patients with painful hip OA are known to reduce
the load on the affected hip by decreasing gluteus medius
moment and therefore decreasing its force (9, 13).This is
usually achieved by frontal plane angular trunk movements
during gait (14-21). Another strategy that these patients
use to avoid pain is to reduce the time in which maximal
stress is applied on the affected joint. Reducing cadence
and step length enables them to lower the duration of
SLS and to spend more time in DLS during the gait cycle
(22, 23).
Further analysis by gender revealed significant differences
in all gait metrics except for cadence and SLS percentages. These differences were no longer present when multivariate analysis was applied using height as covariant,
i.e., when the parameters were normalised to height. Interestingly, gender differences in gait parameters had been
similarly demonstrated by us in both knee OA patients and
anterior knee pain patients (23-25). Understanding gender
differences in this disorder is critical to improving quality
of care, however to the best of our knowledge, data on
gender differences in gait metrics among hip OA patients
is limited in the English orthopaedic literature.
Our results show that gait velocity, stride length and SLS
percentages significantly correlated with subjective pain
and function components of the WOMAC scores as well

as with the SF-36 pain and social functioning components.
Furthermore, velocity and SLS percentages correlated with
the SF-36 functional component. These findings suggest
that the tested gait parameters are associated with the
patients’ self-reported severity of the disease and could be
used for qualitative evaluation of their functional limitation
due to hip OA. We recently reported that SLS was a valuable and sensitive parameter directly associated with the
severity of knee OA (24). We were also able to demonstrate
similar correlations in patients with anterior knee pain (25).
The data from the self-reported questionnaires revealed
significant differences between the hip OA group and the
control group in all components except for energy/fatigue
and emotional satisfaction. These results were to be expected, given that hip OA is characterised by pain and
disability. Gender-related analysis resulted in significantly
higher scores for males compared to females in the all components of WOMAC scores as well as in all the SF-36 score
components except for physical and social functioning
(Tab. V). Similar gender-related differences were reported
by both Kennedy et al (26) and Theis et al (27). Interestingly, gender-related differences in the self-reported questionnaires were not correlated to the height-normalised gait
analysis, which demonstrated similar parameters in both
men and women. Kennedy et al (26) and Theis et al (27)
also reported worse pain levels and functional limitation for
women compared to men with the same scores of disease
severity.
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Walking is the most frequent functional activity of the lower
limbs in the many activities of daily living, making it the
one most affected by disease of the lower limb joints,
such as OA. Currently, the diagnosis of OA is usually made
clinically by the results of the patient’s medical history and
physical examination and the confirmation of those findings by radiography (3). Other assessments of disease progression and effects of treatment include functional and
satisfaction questionnaires. This evaluation system lacks
objective and standardised parameters for more precise
understanding of the patient’s problems and coping mechanisms. Gait parameters can be measured objectively and
in a simple manner. They can be used to demonstrate the
nature and extent of the impact of hip OA on the patient’s
capability to ambulate independently. Finally, they can
be used to evaluate these patients and then monitor the

on
ly

effect of therapeutic interventions during the course of the
disease.
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Abstract
Background: The purpose of the current study was to examine objective and subjective differences between three
severity groups of ankle fractures patients compared to healthy controls.
Methods: This was a case-controlled study. 92 patients with an ankle fracture injury of which 41 patients were
eligible to participate in the study. 72 healthy people served as controls. All patients underwent a computerized gait
test, completed self-assessment questionnaires (The Foot and Ankle Outcome Score (FAOS) and the SF-36), evaluated
with the American Foot and Ankle Score (AOFAS) form and completed the 6-min walk test. The control group
performed a computerized gait test and completed the SF-36 health survey.
Results: All ankle fracture patients presented compromised gait patterns and limb symmetry compared to controls
(p < 0.05). Ankle fracture patients also had lower SF-36 scores compared to controls (p < 0.05). Significant differences
were found between the unimalleolar group compared to the bimalleolar and trimalleolar groups in most parameters,
except for the FAOS scores. There were no significant differences between the bimalleolar fracture group and the
trimalleolar fracture groups.
Conclusions: Although all fracture severity classification groups presented a compromised gait pattern and worse
clinical symptoms compared to controls, it seems that patients with a unimalleolar fracture is a different group
compared to bimalleolar and trimalleolar fracture. Furthermore, it seems that bimalleolar fracture and trimalleolar
fracture affect the gait pattern and clinical symptoms to an equal extent, at least in the short-term.
Trial registration: NCT01127776.
Keywords: Ankle fracture severity, Gait, Clinical outcomes

Background
Ankle fractures are one of the most common injuries of
the lower limb [1]. There has been a constant increase
in ankle fracture rates amongst young, active patients as
well as in the elderly population over the last several decades [2,3]. Operative treatment of ankle fracture includes
open reduction and internal fixation [4], followed by
immobilization and rehabilitation [5-7].
Ankle fractures severity can be defined and classified
to three sub-groups including unimalleolar, bimalleolar
and trimalleolar fractures. Several studies have examined
the differences between severity groups in regard to
functional outcomes and showed conflicting results.
* Correspondence: ganitm@apostherapy.com
1
AposTherapy Research Group, 1 Abba Even Blvd, Herzliya 46733, Israel
Full list of author information is available at the end of the article

Some concluded that a fracture severity classification is
a consistent predictor of functional outcome following
surgery [8-10]. However, recent work by Egol et al. concluded that the type of fracture had no influence on functional recovery [11]. Most studies used self-assessment
questionnaires and functional scores to evaluate the functional status of the patient post an ankle fracture surgery.
Although questionnaires are considered a valid method of
assessment, they are subjective, and objective methods of
evaluation are warranted.
Gait analysis is widely used to characterize functional
performance of different populations [12-15]. It is also
used as an outcome measure for decision making and for
evaluating different treatments [16-19]. Recently, functional severity classification for patients with knee osteoarthritis, which is based on gait analysis, was presented

© 2014 Segal et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.
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[20]. To the best of our knowledge, there is limited information regarding the changes in gait patterns following
ankle fracture. We found one study by Becker et al. who
evaluated gait symmetry post ankle fracture surgery. They
concluded that after 18 months of surgery, gait symmetry
in plantar pressure distribution was achieved. They did
not find a difference between fracture severity groups [16].
Their study was done on a young population and months
post-surgery. The purpose of the current study was to
examine objective (gait analysis) and subjective (pain,
function and quality of life) differences between three severity groups of ankle fractures patients immediately with
weight-bearing allowance compared to healthy controls.

Methods
This study is part of a wider, double blind, randomized
controlled trial examining the effect of a new rehabilitation
intervention for patients following ankle fracture. Ethic
approval was obtained from by the Helsinki Committee
of the participating medical center. The trial registration number is NCT01127776.
Patients

Ninety-two patients with acute ankle fracture were referred to the study between December 2010 and August
2013. All patients were treated operatively with open reduction and internal fixation according to AO/ASIF
methods [21], and were instructed to avoid weightbearing for 6 weeks. Patients who had a syndesmosis injury were treated with a 3.5 mm 4 cortex screw, which
was removed 3 months post-surgery. Patients were recruited to the study during their follow-up examination
with the orthopedic surgeon, who offered them to join
the study. Patients were contacted by the research team,
and once weight-bearing was allowed, patients came to a
therapy center for a first assessment. Exclusion criteria
were: additional injury apart from the ankle fracture,
other musculoskeletal disorder, neurological problems,
any condition that prevents the patients from performing
a gait analysis test or complete self-assessment questionnaires. Out of the ninety-two patients, 41 participated.
Main reason for not entering the study was that patients
did not want to commit to a long-term follow-up study.
Other reasons were pregnancy, vision problem, recruiting
military service, and seeking other medical intervention.
Seventy-two healthy volunteers served as controls.
This group was part of a larger database of healthy individuals that was collected by the current study researchers, at the study’s treatment site which is a private
therapy center. Patients were healthy employees, caregivers and family members. This group was matched for
age, gender and body mass index (BMI) and included
healthy people without a history of any musculoskeletal
problems and neurological problems.
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All patients were informed of the study procedure including its purpose, protocol and any known risks and
were asked to sign a consent form that was approved by
the ethics committee.
Gait analysis

A computerized mat was used to measure spatiotemporal gait parameters (GAITRite® system, CIR Systems Inc.
Peekskill, NY, USA) [22,23]. During the gait test, all patients walked barefoot at a self-selected speed. Patients
walked 3 meters before and after the walkway mat to
allow sufficient acceleration and deceleration time outside the measurement area. Each gait test included 6
walks and the mean value of the 6 walks was calculated for
each of the following parameters: velocity (m/s); step length
(cm); single limb support (SLS) phase (% Gait cycle).
Temporal distance (T-D) symmetry was calculated for
SLS and step length using the formula:
involved ‐ uninvolved
� 100
ðinvolved þ uninvolvedÞ=2
A symmetry index value of zero represents perfect
symmetry and up to 5% difference between limbs was
considered normal [24].
Questionnaires

Patients were asked to complete two self-assessment
questionnaires. The Foot and Ankle Outcome Score
(FAOS) was used to evaluate patients symptoms [25].
This questionnaire comprises 42 Likert scale questions.
Five sub-categories are calculated including symptoms
(7 questions), pain (9 questions), function (17 questions),
sport performance (5 questions) and quality of life (4 questions). Results range from 0 to 100. A score of 0 indicates a
poor score and a score of 100 indicates a best score.
The Short Form (SF)-36 Health Survey (SF-36) was
used to evaluate quality of life [26]. Posner et al. have
concluded that the SF-36 is a useful tool to assess outcomes post ankle fracture [27]. The SF-36 is scored between 0 and 100, with 0 indicating the worst quality of
life and 100 indicating the best quality of life. The questionnaire contains 36 questions of which 8 sub-categories are
calculated: physical functioning, role-physical, bodily pain,
general health, vitality, social functioning, role-emotional,
mental health. Furthermore, 2 summarizing scores, physical
health score (PHC) and a mental health score (MHS) are
also calculated.
The American Orthopaedic Foot and Ankle Score
(AOFAS) was used to evaluate the clinical condition of
the patients [28]. This questionnaire was completed by
trained physiotherapist. The AOFAS is scored between 0
and 100, with 0 indicating worst clinical condition and
100 indicating best clinical condition.
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Functional test

All patients performed the 6-min walk test which is a
valid test that evaluates the functional status of the patient [29]. Patient is asked to walk the longest possible
distance during 6 minutes and the total distance is measured. A low score indicate a short walking distance (i.e.
worse functional status), whereas a high score indicate
longer walking distance (i.e. better functional status).
Data collection

All Ankle fracture patients came to a private therapy
center and underwent the following assessments: the
medical records of the patients were scanned and saved
in the patient’s file; anthropometric measures of height,
weight and age were captured. Each patient was asked to
perform a gait analysis test and to complete the two
self-assessment questionnaires. A trained physiotherapist completed the AOFAS and measured the ankle joint
range of motion (ROM) in the sagittal (plantar flexion/
dorsiflexion) and coronal plane (inversion/eversion). In
addition, patients were asked to complete the 6-min
walk test. All patients were instructed to refrain from
taking pain medications, including paracetamol and
non-steroidal anti-inflammatory drugs, for a period of
3 days prior to the clinical and gait evaluation.
The healthy population had only spatiotemporal gait
analysis and SF-36 self-assessment questionnaire.
Statistical analysis

Data were analyzed with IBM SPSS software version
21.0 and were presented as frequencies and percentages
for categorical variables and as mean and standard deviation for all gait spatiotemporal parameters and selfevaluation questionnaires, followed by 95% confidence
interval for the mean. Non-parametric one-sample
Kolmogorov-Smirnov tests were calculated to compare
the observed cumulative distribution function for the
continuous variables with the Normal theoretical distribution. To demonstrate the differences in spatiotemporal gait parameters and self-evaluation questionnaires
within the study groups, one-way ANOVA tests were
performed. Once significant differences between groups’
means were determined, post hoc tests and pairwise
multiple comparisons (Bonferroni test) were performed
to determine which means differ.

Results
Forty-one patients with an ankle fracture met inclusion
criteria. There mean age (sd) was 47.3 (14.6) years. 12
patients (29%) had unimalleolar fracture, 15 patients
(37%) had bimalleolar fracture and 14 patients (34%)
had trimalleolar fracture. Furthermore, patients were
also classified with deltoid ligament injury, syndesmosis
injury or both. In the unimalleolar fracture group none
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of the patients had both a deltoid ligament injury and a
syndesmosis injury, none had a deltoid ligament injury,
and 4 patients (33%) had syndesmosis damage. In the
bimalleolar fracture group one patient (6%) had both a
deltoid ligament and syndesmosis damage, 4 patients
(26%) had syndesmosis damage and none of the patients
had solely a deltoid ligament injury. In the trimalleolar
fracture group two patients (14%) had both a deltoid
ligament and syndesmosis damage, 6 patients (42%) had
syndesmosis damage and none of the patients had solely
a deltoid ligament injury. There were no significant differences between groups in regard to prevalence of soft
tissue injury (p = 0.328, p = 0.640 and p = 0.654 for deltoid ligament injury, syndesmosis injury or a combination of both, respectively). In an additional analysis we
examined the differences in all measured variables between patients with syndesmosis injury and patients
without syndesmosis injury and another comparison between patients with deltoid ligament injury and patients
without and did not find significant differences between
groups.
There were no significant differences between ankle
fracture severity groups in regard to age, gender distribution and BMI. Furthermore, there were no significant
differences between ankle severity groups in the time
frame between injury and first assessment. Mean time
(sd) of assessment for the unimalleolar, bimalleolar and
trimalleolar groups were 66.1 (28.2), 68.1 (15.6) and 64.5
(17.4) days, respectively. Seventy-two healthy people
matched for age, BMI and gender distribution served as
controls. There mean (sd) age was 47.1 (17.7) years. Patients’ characteristics are summarized in Table 1.
There were no significant differences between ankle
fracture groups in ankle ROM in the sagittal plane and in
the frontal plane, except for plantarflexion angle of the operated leg. Mean (sd) dorsiflexion angle of the operated
leg was 0.8 (6.7) degrees, −3.3 (6.2) degrees and −0.8 (7.6)
degrees for the unimalleolar, bimalleolar and trimalleolar
groups respectively (p = 0.365). Mean (sd) plantarflexion
angle of the operated leg was 46.7 (5.8) degrees, 44.6 (8.4)
degrees and 40.6 (7.5) degrees for the unimalleolar,
bimalleolar and trimalleolar groups respectively (p = 0.014).
Mean (sd) inversion angle of the operated leg was 8.8 (3.8)
degrees, 6.7 (3.7) degrees and 5.6 (3.6) degrees for the
unimalleolar, bimalleolar and trimalleolar groups respectively (p = 0.058). Mean (sd) eversion angle of the operated
leg was −0.4 (3.3) degrees, 0.0 (6.0) degrees and 2.5 (4.0)
degrees for the unimalleolar, bimalleolar and trimalleolar
groups respectively (0.893).
Gait analysis

Significant differences were found between groups in all
gait parameters including gait velocity, involved and uninvolved step length, involved and uninvolved SLS. All
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Table 1 Patients characteristics
Unimalleolar

Bimalleolar

Trimalleolar

Healthy controls

p

N (F/M)

12 (5/7)

15 (10/5)

14 (9/5)

72 (36/36)

0.437

Age (years)

50.3 (13.2)

47.9 (16.3)

44.1 (14.2)

47.1 (17.7)

0.815

Height

171.5 (7.2)

165.0 (6.2)

169.8 (9.5)

168.6 (9.4)

0.335

Weight

79.8 (16.8)

71.6 (13.2)

80.3 (15.7)

73.1 (14.1)

0.199

BMI (kg/m2)

27.0 (4.5)

26.7 (5.0)

28.1 (6.3)

25.5 (3.4)

0.185

Time from injury (days)

70.5 (26.0)

68.1 (15.6)

64.5 (17.4)

-

0.812

three fracture severity groups were significantly below
the normal range. Patients with unimalleolar ankle fracture walked significantly faster compared to bimalleolar
fracture (p = .016), but not compared to trimalleolar
fracture (p = .239). They also had a significant longer
step length in the uninvolved leg compared to the bimalleolar and trimalleolar groups (p = .002 and p = .041, respectively). Finally, the unimalleolar ankle fracture group
had significant higher SLS values in the involved leg
compared to both the bimalleolar group and trimalleolar
group (p = .002 and p = .009, respectively). There were
no significant differences in all gait parameters between
the bimalleolar ankle fracture group and the trimalleolar
ankle fracture group. Table 2 summarizes the differences
in gait patterns between groups.
An additional analysis of the gait patterns examined
limb symmetry. Significant asymmetry was found in step
length and SLS in all fracture groups but not in healthy
controls. Step length asymmetry was 162% (p = .002),
119% (p = .003), and 131% (p = .001) for unimalleolar,
bimalleolar and trimalleolar respectively. SLS asymmetry
was 63% (p = .004), 256% (p = .001) and 189% (p = .001)
for unimalleolar, bimalleolar and trimalleolar, respectively.
Questionnaires

SF-36 health survey scores were significantly different
between groups. Significant differences were found between all 3 ankle fracture groups and healthy controls in

all 8 sub-scale categories and in the summerising scores
(PHS and MHS). There were no significant differences
between ankle fracture groups in all SF-36 sub-scale
categories. Figure 1 illustrates the differences between
ankle fracture groups and healthy controls.
The AOFAS clinical assessment form was statistically
different between groups (p = .017). Patients with unimalleolar fracture had a mean ± sd score of 59.0 ± 18.0, patients with bimalleolar fracture had a mean ± sd score of
37.7 ± 15.4 and patients with trimalleolar fracture had a
mean ± sd score of 40.4 ± 20.0. Significant differences
were found between the unimalleolar fracture group and
the bimalleolar and trimalleolar fracture groups (p = .011
and p = .034, respectively). There were no significant differences between the bimalleolar fracture group and the
trimalleolar fracture group (p =1.000).
There were no significant differences between fracture
groups in FAOS total score and its 5 sub-scale categories.
Functional test

Significant differences were found between ankle fracture groups in the 6-min walk test (p = .024). As fracture
severity increased the walking distance of the patient decreased. Patients with unimalleolar fracture walked a
mean ± sd distance of 376.3 ± 136.0 m, patients with
bimalleolar fracture walked a mean ± sd distance of
250.3 ± 145.4 m and patients with trimalleolar fracture
walked a mean ± sd distance of 201.2 ± 179.1. Significant

Table 2 Differences in gait patterns between ankle fracture groups and controls
Velocity (cm/s)
Involved SL (cm)
Uninvolved SL (cm)
Involved SLS (% GC)
Uninvolved SLS (% GC)

Unimalleolar

Bimalleolar

Trimalleolar

Healthy controls

p

74.8 (29.0)

48.2 (21.6)

56.7 (23.8)

118.0 (20.2)

p < 0.001

[56.4-93.2]

[36.2-60.1]

[42.9-70.4]

[113.3-122.8]

61.6 (11.5)

41.6 (12.9)

48.1 (13.5)

62.9 (8.0)

[44.3-59.0]

[34.5-48.8]

[40.3-55.9]

[61.1-64.8]

43.0 (14.7)

26.2 (12.4)

30.4 (13.9)

62.8 (8.3)

[33.6-52.3]

[19.4-33.1]

[22.4-38.5]

[60.9-64.8]

29.6 (6.8)

21.6 (6.2)

22.5 (7.6)

39.9 (1.5)

[25.3-33.9]

[18.2-25.0]

[18.1-26.9]

[39.5-40.2]

33.9 (5.7)

37.5 (5.5)

36.9 (7.2)

39.9 (1.5)

[30.3-37.5]

[34.5-40.5]

[32.8-41.0]

[39.6-40.3]

Abbreviations: SL step length, SLS single limb support, GC gait cycle. Significance was set to p < 0.05.
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Figure 1 SF-36 scores in the 3 ankle fracture groups and
controls. Abbreviation: PHS-Physical Health Score; MHS-Mental
Health Score. Significant values were found between health controls
and all 3 ankle fracture groups. There were no significant differences
between the ankle fracture groups. p-value was set to p < 0.05.

differences in walking distance were found between patients with unimalleolar fracture and patients with trimalleolar fracture (p = .020). There were no significant
differences between patients with unimalleolar fracture
and patients with bimalleolar fracture (p = .128), and between patients with bimalleolar fracture and patients
with trimalleolar fracture (p =1.000).

Discussion
The functional condition of patients following ankle
fracture has been well examined, but results remain unclear as researchers reported contradicting findings
[8-11]. A long-term follow-up study of patients following
unimalleolar and bimalleolar ankle fracture found that
more than half of the patients still report pain, stiffness
and swelling, and almost half of them had functional disabilities [30]. Although age was a dominant discriminator, fracture severity type should also be considered. A
previous study has evaluated the gait patterns and symmetry in patients following ankle fracture, however no
significant differences were found between fracture severity groups [16]. They evaluated only young population and months post-surgery. A two-year follow-up
study on the functional outcomes and quality of life of
patients with type B ankle fracture showed that nearly
60% of the patients had good clinical outcomes, however
patients’ sensation of full recovery was reported by only
37%, 40% had work-related problems and 60% complained of ankle related problems with leisure or sports
activities. Furthermore, they found that quality of life
was negatively affected in patients with ankle fractures
two-year after the injury [27]. The current study characterized the gait patterns and clinical symptoms of patients following ankle fracture compared to controls and
evaluated the differences between ankle fracture severity
groups (unimalleolar, bimalleolar and trimalleolar fracture).
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We found that all ankle fracture groups had a compromised gait pattern and poorer quality of life compared to
healthy controls. Significant differences were also found
within the ankle fracture groups in most parameters, especially between patients with unimalleolar fracture compared to bimalleolar and trimalleolar fracture.
Patients with an ankle fracture injury, which were
treated surgically with immobilization period, presented
compromised gait pattern and clinical symptoms. This is
not surprising as this group of participants was examined immediately once weight-bearing activities were approved (2–3 months post ankle injury). We aimed to
characterize the differences between ankle fracture severity groups early in the rehabilitation process and hypothesized that there will be a linear correlation between
fracture severity group and functional disability (i.e. patients with unimalleolar will present better results compared to bimalleolar fracture and trimalleolar fracture
and that patients with bimalleolar fracture will present
better results compared to trimalleolar fracture). Our
hypothesis was only partially supported with the study
results. Regarding their gait pattern, patients with unimalleolar fracture presented better gait results compared
to patients with bimalleolar and trimalleolar fracture in
most gait parameters. But, patients with bimalleolar fracture were not statistically different compared to trimalleolar fracture patients. Interestingly, patients with
bimalleolar fracture presented a slightly worse gait pattern compared to trimalleolar fracture patients. Furthermore, patients with unimalleolar fracture had better
clinical score and functional score compared to bimalleolar fracture and trimalleolar fracture (AFAS, 6-min
walk test). Similar to the gait results, there were no significant differences between the bimalleolar fracture
group and trimalleolar fracture. Overall it seems that patients with unimalleolar fracture are at a better functional
condition immediately with weight-bearing permission
compared to bimalleolar and trimalleolar fracture. This
was determined with both objective and subjective measures in order to make this characterization sound and
valid. Moreover, it seems that there are no significant differences between patients with bimalleolar fracture and
patients with trimalleolar fracture. Based on the current
study results it may be postulated that unimalleolar fracture is a different injury than bimalleolar and trimalleolar
fracture and can be considered as a mild injury. Furthermore, it may be postulated that both bimalleolar fracture
and trimalleolar fracture affect the functional condition of
the patient to the same extend and should be considered
as equal. It is important to note that there were no significant differences between ankle fracture groups in the
prevalence of soft tissue injuries. Furthermore, there were
no significant differences between patients with a soft tissue injury and patients without a soft tissue injury in all
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measured variables. Based on these findings it may be assumed that the presence of a soft tissue injury is not a covariate to the results presented above. Our results partially
support previous results that have reported no significant
differences in functional outcomes between fracture severity classifications [8-10]. In contrast, our results also support the results of Tejwani et al. who also concluded that
the functional outcome for patients with a bimalleolar
fracture is worse than that for patients with a unimalleolar
fracture [31]. They did not, however, include a group of
patients with trimalleolar fracture. Future research should
examine whether this trend changes in the long-term. It
could be that fracture severity will have a long-term effect
and that patients with trimalleolar fracture will have a
slower rehabilitation period compared to patients with
bimalleolar fracture. Furthermore, future research may also
use these measures to evaluate intervention outcomes.
This study had some limitations. First, this study was
applied to a relatively small sample groups. Although the
study had strong power to detect differences between
the ankle fracture groups and the control group, it had
lower statistical power for comparing the ankle fracture
groups within themselves. Nevertheless, it seems that
even with a sample size of 60 patients in each group
(bimalleolar and trimalleolar), there is not enough power
to detect statistical significant differences (the power is
below 80%). This implies that the fact that there were no
significant differences between bimalleolar fracture and
trimalleolar fracture groups is not due to small sample
size, but rather a true reflection of these groups. Future
research should examine the changes in gait patterns
and clinical symptoms in larger cohort groups. Secondly,
only spatiotemporal gait analysis was applied. Evaluating
gait differences in a comprehensive 3 dimensional gait
analysis could have added additional and wider information regarding the changes in gait patterns between the
ankle fracture groups. Nevertheless, we sought of using
a simple, objective measuring tool that can be implemented in any clinic with immediate results. Thirdly,
this was a one-session evaluation of patients immediately
following ankle fracture. Future research should examine
long-term differences in gait patterns and clinical outcomes between severity groups.

Conclusions
Patients with ankle fracture present altered gait patterns
and clinical symptoms compared to healthy controls. Patients with unimalleolar fracture present significant better results compared to bimalleolar and trimalleolar
ankle fracture. There were no significant differences between bimalleolar fracture and trimalleolar fracture patients
immediately post injury with weight-bearing approval. Such
characterization was done while using both objective and
subjective measures. Using these parameters may also serve

330

Page 6 of 7

as tools to evaluate treatment outcomes. Furthermore,
based on the results of the present study it may be suggested that although rehabilitation following ankle fracture
is essential for all types of fracture severity, they should be
personally fitted. Bimalleolar and trimalleolar fracture
groups may need a more extensive rehabilitation program
as they present lower scores compared to unimalleolar
patients.
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Abstract This study aims to evaluate the correlations between common clinical osteoarthritis (OA) diagnostic tools
in order to determine the value of each. A secondary goal
was to investigate the influence of gender differences on the
findings. Five hundred and eighteen patients with knee OA
were evaluated using the Western Ontario and McMaster
Osteoarthritis Index (WOMAC) questionnaire, short form 36
(SF-36) Health Survey, and plain radiographs. Analysis of
variance (ANOVA) was used to compare the different domains of the WOMAC and SF-36 questionnaires between
genders and the radiographic scale. Higher knee OA x-ray
grade were associated with worse clinical outcome: for women, higher scores for the WOMAC pain, function and final
scores and lower scores in the SF-36 final score; in men, lower
SF-36 overall and physical domains scores. Gender differences were found in all clinical scores that were tested, with
women having worse clinical scores for similar radiographic
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grading (p values <0.001). Knee radiographs for OA have an
important role in the clinical evaluation of the patient. Patients
with higher levels of knee OA in x-ray have a higher probability of having a worse clinical score in the WOMAC and SF36 scores. The gender differences suggest that for similar knee
OA x-ray grade, women’s clinical scores are lower.
Trial registration: NCT00767780
Keywords Function . Knee osteoarthritis . Pain . Quality of
life . X-ray

Background
Knee osteoarthritis (OA) affects about 10 % of the population
over the age of 60, with increased prevalence among women
and elderly patients [1–3]. Reliable grading of the severity of
knee OA is important for monitoring the patients during their
follow-up period and evaluation of various treatment modalities. Several clinical tools are currently in practice for objective and subjective assessment of symptoms and disease severity in knee OA [1]. At present, however, there is no consensus as for the “gold standard” for the evaluation of disease
severity and progression [4]. Thus, it is difficult to assess the
validity of the present clinical tools. Furthermore, several epidemiologic studies suggest a profound gender difference in
the manifestations of symptoms and functional performance.
Thus, while some clinical parameters could be valuable for
pathology evaluation in females, others may be more suitable
for males [5, 6]. Debi et al. concluded that males and females
with knee OA adopt different gait strategies in response to
knee OA symptoms. Furthermore, although there were no
gender differences in radiographic grading of knee OA degeneration, some differences in self-assessment questionnaires
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were noted [7]. The authors did not examine the correlation
between the self-assessment questionnaires, and whether it
changes in females/males, hence this data is missing.
Among the clinical tools to evaluate the severity of knee
OA are the Western Ontario and McMaster Osteoarthritis
Index (WOMAC) score, the Short Form 36 (SF-36) Healthy
Survey, and plain x-ray. The WOMAC questionnaire is widely used for assessing and managing knee OA [8]. It has been
extensively validated and is considered as a main index for
evaluation of OA [8]. The SF-36 is a questionnaires designed
to assess quality of life. It is used in a variety of illnesses and
conditions and has previously been employed for studies evaluating knee OA [9]. Radiographic grading of knee OA is
based on plain x-rays, mainly weight-bearing standing
antero-posterior (AP) and lateral views. The KellgrenLawrence (KL) classification is often used to describe OA
severity. According to the KL classification, formation of
osteophytes, periarticular ossicles, narrowing of joint cartilage, pseudocystic areas with sclerotic walls and altered shape
of bone ends are the hallmarks of this disease. Joints are graded as no changes (0), doubtful (1), minimal (2), moderate (3),
or severe (4) [10]. The linear correlation between the radiographic findings and physical function in knee OA has been
reported to be limited [3].
Other studies, using odds ratio, have shown that as compared to KL grade 0, knees with OA changes will perform
worse in clinical questionnaires [11]. However, these approaches were limited in their analysis of data. They compared
all KL grades to the baseline “no-change” grade which required dichotomizing the clinical results variable, e.g., pain
vs no pain.
The goal of the current study was to examine the genderspecific relations between the clinical questionnaires’ scores
and radiographic changes in patients with primary knee OA.
Contrary to other studies, we plan to compare all the radiographic knee OA grades to one another and establish order
between all of them.

Materials and methods
The study cohort was comprised of consecutive patients with
primary symptomatic knee OA [12] who were referred to the
AposTherapy center between January 2009 and July 2010.
Patients arriving to the therapy center undergo a standard documentation of the clinical and radiography data and complete
self-assessment questionnaire. All data is stored in a secured
database, which is listed under the Israeli database registry.
The study was approved by the institutional ethic committee
(no. NCT00767780).
Baseline WOMAC index and SF-36 health survey were
completed by the patients and standard standing AP knee xray films were obtained prior to the initiation treatment at the
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center [12–14]. The x-ray films were done according to referral by the treating physician in several community-based medical centers. The digital x-ray films were copied to the
AposTherapy center database and were analyzed by an experienced orthopedic surgeon to determine the osteoarthritic
grade by Kellgren and Lawrence. According to Neogi et al.,
the inter-rater reliability for the Kellgren and Lawrence grade
is 0.9 [15]. A search for eligible data was performed on the
research database of the AposTherapy Center. Inclusion
criteria were as follows: (1) Patients suffering from symptomatic knee OA for at least 6 months and who fulfilled the
American College of Rheumatology (ACR) clinical criteria
for OA of the knee [16], (2) Patients with a standing AP knee
x-ray of both knees, and (3) Patients who completed the
WOMAC questionnaire [12, 13] and SF-36 Health Survey
[14]. Exclusion criteria included the following: (1)
Neurological and rheumatic inflammatory diseases, (2)
Corticosteroid injection within 3 months of the study, (3)
Earlier knee surgery excluding arthroscopy, (4) Joint replacement of the hip or knee, (5) Instability of the knee due to
traumatic ligament injury, and (6) OA in other lower extremity
joints. All knee radiographs were graded in accordance with
the KL grading system by a single experienced orthopedic
doctor. Demographic and anthropometric parameters such as
age, gender, and body mass index (BMI) were retrieved from
the patient’s medical record. Subjective pain, function, and
quality of life perception were evaluated using the WOMAC
questionnaire and SF-36 Health Survey. A validated Hebrew
version of the WOMAC Index VAS scale questionnaire was
used (version 3.1) [13]. This index contains 24 questions and
is divided into three sections: pain (5 questions), stiffness (2
questions), and function (17 questions). The questions on the
WOMAC score are each given a score on a 0- to 100-mm
scale. The result is given as an arithmetic average of the relevant questions. Results range from 0 cm–100 mm, where 0
indicates no pain, stiffness, and functional limitation and 100
indicates the most severe pain, stiffness, and functional limitation. A valid Hebrew translation of the SF-36 original Likert
scale was used to evaluate patient’s quality of life [14]. The
SF-36 health survey consists of 36 questions regarding physical and mental health status. Each question is given a grade
between 0 and 100 and the score on each domain is presented
as an arithmetic average of all relevant questions. The physical
component summary (PCS) is a summary scale comprised of
questions regarding physical health, role of limitation due to
physical problems, pain, general health, and energy/fatigue.
The mental component summary (MCS) is a summary
scale comprised of questions in the fields of general
health, energy/fatigue, social functioning, role of limitations due to emotional problems and emotional well-being. The results range between 0–100, where 0 indicates
poor quality of life and 100 indicates excellent quality
of life.
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Statistical analysis

Results

We used the worse of the two grades (left or right). The data
was analyzed by an experienced biostatistician (A.H.).
Categorical variables are presented as count (percent).
Continuous variables are described as mean (standard deviation). Comparisons between categorical variables were done
by the chi-square test.
Two-way analysis of variance model (ANOVA) was used
to compare the clinical parameters between gender and OA
radiographic grade. Each clinical parameter was used as a
dependent covariate in the model while independent covariates were gender and OA radiographic grade. The interaction
term between gender and osteoarthritis radiographic grade
was not found to be statistically significant in all the models
and so, it was omitted.
After comparing clinical parameters between men and
women, additional analyses were performed separately for
men and women. Hypothesis testing for stochastic orders in
clinical parameter scores between radiographic were done.
The Jonckheere-Terpstra [17, 18] was used to compare the
distributions of clinical questionnaires between different radiographic grades of OA as described by KL.
This statistical method compared between several populations taking into account the different order of the populations
in regards to one another. It tests the null hypothesis that all the
distributions are equal to the hypothesis that the populations
are stochastically ordered according to the knee OA grade.
This is sometimes referred to as an order restricted hypothesis
testing (see book by Silvapulle and Sen [19]).
A p value of <0.05 was considered as statistically significant. All reported p values are two-sided.

Study population included 518 patients; of which 335
(64.7 %) were women and 183 (35.3 %) were men. The mean
(standard deviation, SD) age was 63.5 (8.5) and 63.4 (10.4)
for women and men, respectively. The average (SD) body
mass index was 31.6 (7.1) and 30.6 (5.5) for women and
med, respectively (p value=0.12).
The KL radiographic OA grade was scored between grades
1 and 4. The grade distribution in women was 57 (17 %), 118
(35.2 %), 96 (28.7 %), and 64 (19.1 %) patients in grades 1–4,
respectively. The grade distribution in men was 26 (14.2 %),
60 (32.8 %), 66 (36.1 %), and 31 (16.9 %) patients in grades
1–4, respectively. There was no statistically significant difference in OA radiographic grade between men and women (p
value=0.367).
The mean and standard deviation of each clinical questionnaire according to OA radiographical grade and gender is
presented in Table 1. It can be seen that in all parameters, there
is a statistically significant difference between genders.
However, statistically significant between OA radiographic
grade was found only in SF-36 overall score, WOMAC pain,
function, and overall scores.
The median scores of the clinical questionnaires for women
and men according to arthritis grade are presented in Tables 2
and 3, respectively. Table 2 shows that for women, a stochastic
order exists between OA radiographic grades for WOMAC
pain, function, and overall scores. The table shows higher
scores (greater disability) as the radiographic OA grade increases. These results were statistically significant—p values
of 0.024, 0.001, and 0.003, for WOMAC pain, function, and
overall scores, respectively.

Table 1

Clinical parameters by gender and radiographic grade
Grade 1

Grade 2

Grade 3

Grade 4

p value gender

p value grade

SF-36 pain

Male
Female

56.1 (21.8)
44.7 (21.8)

56 (19.4)
43.5 (22.6)

52.8 (23)
40.9 (22)

46.5 (20.7)
40.8 (22)

0.001

0.205

SF-36 overall

Male
Female
Male
Female

60.1 (16.2)
53.1 (15.7)
55.6 (17.6)
48.3 (15.4)

60.8 (15.8)
52.4 (17.5)
56.9 (16.3)
47.5 (18.1)

58.2 (17.5)
49.2 (16.6)
54.7 (19)
44.1 (16.5)

51.6 (18.2)
47.8 (16.4)
47.4 (18)
44.2 (16.9)

0.001

0.018

0.001

0.059

Male
Female
Male
Female
Male
Female
Male
Female
Male
Female

66 (15.2)
61.7 (18.4)
38.8 (22.5)
42.6 (21.8)
40.1 (23.8)
45.1 (26.5)
34.6 (19.8)
40.2 (20)
35.9 (18.5)
41.1 (19.2)

68.1 (16.3)
58.9 (18.8)
30.7 (19.2)
45.7 (22.6)
31 (26.7)
50.1 (31.1)
28.8 (18.9)
44.1 (23.5)
29.4 (18.2)
44.9 (22.1)

65.4 (16.6)
58.9 (19.6)
38.2 (20.7)
48 (21.9)
43.1 (28.7)
49.8 (31.2)
36.6 (21.6)
48.7 (21)
37.4 (20.6)
48.7 (20.7)

62.2 (18.1)
58.9 (20.5)
40.8 (17.2)
51.7 (19.5)
36.5 (25.4)
51.8 (27)
36.6 (19.2)
51.7 (20.2)
37.4 (17.6)
51.7 (19.5)

0.001

0.675

0.001

0.027

0.001

0.464

0.001

0.004

0.001

0.006

SF-36 PCS
SF-36 MCS
WOMAC pain
WOMAC stiffness
WOMAC function
WOMAC overall

p values were calculated using two-way ANOVA with main effects—gender and x-ray grade
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Table 2

Clinical parameters by x-ray grade, women (N=335)

Discussion

Radiographic grade

Grade 1 Grade 2 Grade 3 Grade 4 p value
(N=57) (N=118) (N=96) (N=64)

SF-36 pain
SF-36 overall score
SF-36 PCS
SF-36 MCS

45.0
53.3
47.8
67.4

45.0
49.5
44.6
59.1

45.0
50.1
42.4
63.0

42.5
50.4
41.7
57.5

0.313
0.052
0.097
0.580

WOMAC pain
WOMAC stiffness
WOMAC function
WOMAC overall score

42.2
43.0
39.6
39.6

47.9
53.0
44.4
45.3

48.0
43.5
48.2
48.0

52.2
49.8
55.3
56.1

0.024
0.285
0.001
0.003

Median values are presented; p values were calculated using the
Jonckheere-Terpstra test

For men, only the SF-36 overall score and SF-36 physical
function scores showed stochastic orders between radiographic grade groups. These orders were found to be statistically
significant (p value=0.032 and 0.047, respectively).
Figures 1 and 2 show data for WOMAC function and overall score according to radiographic grades for both genders.
The boxplots serve to demonstrate the stochastic order relations between radiographic grades. The middle lines are the
median (50th percentiles) while the boxes are the 1st and 3rd
quartiles (25th and 75th percentiles, respectively). The lines
and whiskers represent the minimum and maximum in each
group. Focusing on Fig. 1 (women), it can be seen that there
are patients in radiographic grade 1 that have a high WOMAC
function score while some patients in grade 4 have a low
score. However, most of the patients (the boxes themselves)
in radiographic grades 1 and 4 have low and high WOMAC
function scores, respectively. The boxplots for grades 2 and 3
are intermediate according to the grade. This difference between the groups was statistically significant (p value=0.003).

Table 3

Clinical parameters by radiographic grade, men (N=183)

Radiographic grade

Grade 1 Grade 2 Grade 3 Grade 4 p value
(N=26) (N=60) (N=66) (N=31)

SF-36 pain
SF-36 general health
SF-36 overall score
SF-36 PCS
SF-36 MCS
W pain
W stiffness
W function
W overall score

51.2
62.5
59.6
52.6
69.0
39.1
40.5
32.1
34.4

57.5
62.5
60.4
54.5
71.8
25.0
25.8
24.9
26.0

55.0
60.4
55.4
52.5
66.4
36.3
43.2
35.8
38.2

45.0
54.2
52.9
44.2
63.6
40.4
37.0
32.1
31.9

0.091
0.267
0.032
0.047
0.234
0.090
0.375
0.162
0.121

Median values are presented; p values were calculated using the
Jonckheere-Terpstra test
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The present study found that patients with higher structural
severity of knee OA, as presented in radiographic KL grade,
have worse clinical scores. This finding was statistically significant for women using the WOMAC pain, function, and
overall scores. For men, statistically significant relations were
found in the SF-36 physical and overall scores.
It should be emphasized that these relations are probabilistic relations, i.e., comparing two patients; the one with higher
knee OA radiographic grade will have higher probability for
low clinical function. This is not categorically true.
An important aspect of our finding is that for similar radiographic grade, women have worse clinical outcome scores.
Furthermore, our results imply that the questionnaires themselves could be viewed as gender specific, i.e., the WOMAC
score captures the differences in clinical outcome among
women and the SF-36 among men. Such a result was not
published elsewhere.
Creamer et al. studied the relations between clinical scores
and radiographic knee OA grade [3]. They did not find correlation between the WOMAC score and the KL radiographic
grade. However, it is important to note that they used linear
correlation as their statistical method. Linear correlation
means that a linear equation can be built between the KL grade
and the clinical outcome [20]. Such a linear relation does not
exist. We have shown that a probability (stochastic) order
relations exists between the clinical and radiographic aspects
of knee OA.
Duncan et al. and Neogi et al. have shown that the odds
ratio for more severe clinical disease (e.g., higher WOMAC)
is higher for high KL scores [11, 15]. The odds ratio is actually
the ratio between two probabilities. This approach is similar to
the approach we presented here. Drawbacks to the odds ratio
approach is that a baseline radiographic grade needs to be
established and every comparison is made to the baseline. In
effect, Duncan et al. have shown that higher KL level has
worse clinical outcome than the baseline normal KL level.
In the present work, it was established that generally higher
KL radiographic grades are associated in a worse clinical
outcome.
This study has some limitations. Adding a sky view radiograph for the evaluation of the patellofemoral joint arthritis
was found to increase the sensitivity of reontgenographic detection of knee OA, as patellofemoral involvement in addition
to the medial or lateral compartments was found to be associated with increased pain [21]. Nevertheless, physicians still
depend mostly on structural changes as reflected by anteroposterior radiographs when making treatment decisions. This
was a cross sectional analysis of the correlations between the
WOMAC and SF-36 questionnaires with radiographic assessments. Future studies should examine this correlation over
time and see if structural changes detected by KL are
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Fig. 1 Boxplots of WOMAC—
function score. Boxplots of
WOMAC function score: middle
line represents the median, boxes
are the first and third quartiles.
The whiskers represent the
minimum and maximum values.
It can be seen that for female (f) as
the radiographic grade increases
the entire distribution (box)
increase. This indicates a
stochastically worse function as
the radiographic grade increases,
this was found to be statistically
significant (p value=0.001). In
men (m), this trend does not exists
(p value=0.162)

Fig. 2 Boxplots of WOMAC—
overall score. Boxplots of
WOMAC final score: middle line
represents the median, boxes are
the first and third quartiles. The
whiskers represent the minimum
and maximum values. It can be
seen that for female (f), as the
radiographic grade increases the
entire distribution (box) increase.
This indicates a stochastically
worse function as the
radiographic grade increases, this
was found to be statistically
significant (p value=0.003). In
men (m), this trend does not exists
(p value=0.121)
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accompanied with higher levels of pain and poorer function
and quality of life, and vice versa. Also, a longitudinal study
may help to identify which questionnaire is more sensitive for
symptomatic changes reported by the patients.
In conclusion, for patients with knee OA, the clinical state
is probability ordered by the knee x-ray KL grade.
Furthermore, significant differences were found between genders in their perception of pain and functional limitation.
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Abstract
Background: Gait metric alterations have been previously reported in patients suffering from chronic ankle instability
(CAI). Previous studies of gait in this population have been comprised of relatively small cohorts, and the findings of
these studies are not uniform. The objective of the present study was to examine spatiotemporal gait metrics in
patients with CAI and examine the relationship between self-reported disease severity and the magnitude of gait
abnormalities.
Methods: Forty-four patients with CAI were identified and compared to 53 healthy controls. Patients were evaluated
with spatiotemporal gait analysis via a computerized mat and with the Short Form (SF) - 36 health survey.
Results: Patients with CAI were found to walk with approximately 16% slower walking velocity, 9% lower cadence
and approximately 7% lower step length. Furthermore, the base of support, during walking, in the CAI group was
approximately 43% wider, and the single limb support phase was 3.5% shorter compared to the control group.
All of the SF-36 8-subscales, as well as the SF-36 physical component summary and SF-36 mental component
summary, were significantly lower in patients with CAI compared to the control group. Finally, significant correlations
were found between most of the objective gait measures and the SF-36 mental component summary and SF-36
physical component summary.
Conclusions: The results outline a gait profile for patients suffering from CAI. Significant differences were found
in most spatiotemporal gait metrics. An important finding was a significantly wider base of support. It may be
speculated that these gait alterations may reflect a strategy to deal with imbalance and pain. These findings suggest
the usefulness of gait metrics, alongside with the use of self-evaluation questionnaires, in assessing disease severity of
patients with CAI.
Keywords: Chronic ankle instability, Gait, Quality of life

Background
The definition and classification of chronic ankle instability (CAI) are problematic. Clinically, it is defined as recurrent subjective complaint of the ankle joint “giving way”
[1,2] and as “repetitive bouts of lateral ankle instability
resulting in numerous ankle sprains” [3]. CAI is usually
the sequelae of acute ankle sprain [4], and up to 34% of
the patients suffer from a residual problem within the
3 years following their first incident [4]. Some individuals
* Correspondence: roygigimd@gmail.com
†
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1
Department of Orthopedic Surgery, Tel Aviv Sourasky Medical Center,
Sackler Faculty of Medicine, Tel Aviv University, 6 Weizmann Street, Tel Aviv
64239, Israel
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with CAI are limited in participating in sports and even in
activities of daily living for years after the initial injury
[5,6]. The first insult usually involves hyper-supination
(a combination of inversion, plantar flexion, and internal
rotation) of the hind foot in relation to the tibia, resulting
in injury to the lateral ankle ligaments. The most commonly injured ligaments are the anterior talofibular and
the calcaneofibular [7].
The term “mechanical instability” (MI) has been used
to describe patients with objective physical examination
and radiologic findings (e.g., stress radiographs) suggestive of ligamentous incompetence about the ankle-joint
complex. However, there is a low correlation between
these findings and long-term prognosis. Freeman et al.
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[1] coined the term “functional instability” (FI) to describe
participants who experience multiple ankle joint inversion
injuries with slight or no external provocation yet have no
objective evidence of insufficiency of the static ankle
stabilizers. Those authors proposed that these injuries
are the result of functional instability in ankle strength
[8] and proprioception [9-11]. In 2002, Hertel proposed a
model involving MI and FI that has become widely accepted [3]. In that model, MI and FI are not considered as
being mutually exclusive but rather as part of a continuum,
and that recurrent sprain occur when both conditions are
present.
Gait deviations have been previously described in CAI
patients. They were found to display an inappropriate positioning of the ankle joint before heel strike [12], hesitation towards the end of the stance phase and tendency to
put greater load on the lateral forefoot, causing a lateral
shift of the foot’s center of pressure [13]. However, most
reports on gait metrics comprised relatively small cohorts
of CAI patients and the results were inconsistent [12,13].
Furthermore, in a previous study we showed that a simple
gait assessment of spatiotemporal parameters may objectively quantify the functional condition of patients with
knee osteoarthritis and correlates with the patient’s pain,
functional limitation and quality of life perception [14]. To
the best of our knowledge, there is missing data regarding
the assessment and characterization of spatiotemporal gait
of patients with CAI. Therefore, this study had two aims.
First, to examine alterations in spatiotemporal gait metrics
in patients with CAI compared to healthy participants.
We hypothesized that patients with CAI will display deteriorated gait patterns compared to healthy participants.
Secondly, to examine the relationship between self-reported
disease severity (subjective assessment of the patient) and
the magnitude of gait abnormalities (objective assessment).
We hypothesized that a correlation will be found between
objective gait metrics and subjective assessment of pain and
function.

Methods
Approval from the Institutional Review Board of our
Medical Center was obtained before initiating this
study. The study was registered in the NIH clinical
trial registration system (No. NCT00767780). This
study is part of a series of research works that aim to

characterize patients with different musculoskeletal
disorders compared to healthy controls. The research
methodology has been presented previously by Assa
et al. [15]. This was a retrospective study of individuals with CAI and healthy individuals who served as
control group. Patients with CAI were recruited from
AposTherapy center, after seeking treatment for their
ankle instability problem. Patients were assessed before treatment and results were used to characterize
their gait patterns and symptoms compared to healthy
controls. All patients were instructed to refrain from
taking pain medications, including paracetamol and
non-steroidal anti-inflammatory drugs, for a period of
3 days prior to the clinical and gait evaluation. The
control group was comprised of asymptomatic healthy
volunteers, mostly employees or caregivers that underwent the same measurements at AposTherapy center.
Inclusion criteria for patients with CAI were based on
Caulfield and Garrett’s criteria [16,17]: reported recurrent ankle sprains, instability, and a tendency of the
ankle to “give way” during sports activities for at least
the past 6 months. The inclusion criterion for the control group was the absence of any history of ankle
sprains. Exclusion criterion for patients with CAI was
a recent injury to the ankle joint (less than 6 months).
Exclusion criteria for both patients with CAI and the
control group were a history of fracture to the lower
extremity, severe systemic diseases, lower extremity
orthopedic surgery, infection, concomitant injury from
the hip knee or lumbar spine, or history of neurological or vestibular impairments.
The study database was searched for patients diagnosed as having CAI. Between May 2009 and February
2012, 95 patients with CAI were referred to the center,
of whom 44 fulfilled the study criteria for CAI. They included 16 women and 28 men with a mean ± SD age of
36.7 ± 15.0 years and a mean ± SD body mass index
(BMI) of 25.7 ± 4.6 kg/m2. Thirty-five patients had unilateral CAI and 9 patients had bilateral CAI, with one
side being more symptomatic. The control group consisted of 53 healthy participants (24 women and 29 men)
with a mean ± SD age of (36.6 ± 13.3 years) and a mean
± SD BMI of 23.8 ± 3.3 kg/m2 (Table 1). Patients in the
control group underwent the same investigative protocol
as patients with CAI.

Table 1 Patients’ characteristics
Group

Males

Females

Age (y)

Height (m)

Weight (kg)

BMI (kg/m2)

CAI (n = 44) (SD)

64%

36%

36.7 (±15.0)

1.72 (±0.10)

75.7 (±15.2)

25.7 (±4.6)

Control (n = 53) (SD)

54%

46%

36.6 (±13.3)

1.72 (±0.10)

71.4 (±13.6)

23.8 (±3.3)

0.986

0.981

0.095

0.035

a

P
a

0.374

p-value was set to p < 0.05.
BMI = body mass index; CAI = chronic ankle instability; SD = standard deviation.
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Data acquisition and processing

All data were retrieved from the patients’ medical files
and the controls’ records. All patients with CAI underwent a comprehensive assessment during their first visit
to the therapy center as well as a physical examination,
including manual muscle testing to verify neurological
deficits by a certified physical therapist. Anthropometric
measurements of height and weight were taken of all
participants, and spatiotemporal gait metrics were measured by means of a computerized mat (GaitMat system,
E.Q., Inc. Chalfont, PA) [18]. The definition of spatiotemporal gait metrics refers to a group of measures that
captures either temporal (for example, velocity) or
spatial (for example, step length) gait characteristics.
During the gait test patients with CAI and participants
in the control group were asked to walk barefoot at a
self-selected speed. They walked 3 meters both before
and after being tested on the mat to allow sufficient acceleration and deceleration time outside the measurement area. Four trials were conducted, and the acquired
data were stored for later analysis. The mean value of
the four trials was calculated for each of the following
parameters: velocity (cm/s), step length (cm), cadence
(steps/min), stride length (cm), base of support (cm),
swing (% gait cycle [GC]), stance (%GC), single limb
support (%GC) and double limb support (%GC). The latter four measures are representative of the gait cycle
phases. Stance phase is when the limb is in contact with
the ground whereas the swing phase is when the limb is
not in contact with the ground. The stance phase can be
divided into two additional phases: single limb support
which is the time spent on one limb while the contralateral limb swings forward and, double limb support
which is the time when both limbs are in contact with
the floor. Left and right double limb support is determined based on the leading limb during heel strike.
These measures can be displaced as absolute numbers
(i.e. time in seconds) or as a percent of the gait cycle.
Furthermore, left and right values are measured for step
length, stride length, swing, stance, single limb support
and double limb support. The analysis included values of
the more symptomatic ankle and less symptomatic
ankle. This was determined by the patient’s answer to
the questions which ankle is more symptomatic. For the
control group, the results of the left limb were defined
as the more symptomatic limb and the results of the
right limb were defined as the less symptomatic limb included in the analysis.
Differences in perceived pain, function and healthrelated quality of life (QoL) were evaluated using the SF36 Health Survey [19]. The SF-36 (version 1) is scored
between 0 and 100, with 0 indicating the worst QoL and
100 indicating the best QoL. The physical component
summary (PCS) is a summary scale comprised of questions
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regarding physical functioning, role of limitation due to
physical problems, bodily pain and general health (overall 22 questions). The mental component summary
(MCS) is a summary scale comprised of questions in the
fields of vitality, social functioning, role of limitations
due to emotional problems and emotional wellbeing
(overall 14 questions).
Statistical analysis

All statistical analyses were carried out by an independent biostatistician. Mean values and standard deviations
were calculated for all continuous measurements. The
distributions of gait characteristics and the questionnaire
scales were examined using the Kolmogorov–Smirnov
non-parametric test, and parametric or non-parametric
statistical tests were applied based on the distribution.
The main purpose of the study was to compare between
the two groups in gait parameters. The sample size for
this study had enough power to detect the following differences: velocity (power: 0.99), cadence (power: 0.99),
step length (power: 0.85), stride length (power: 0.90), base
of support (power: 0.98), swing (power: 0.76), stance
(power: 0.76), single limb support (power: 0.92) and
double limb support (power: 0.95). The power calculation was done during the statistical analysis of the results phase and not a priori, since we did not have
previous data on spatiotemporal measures of patients
with CAI. The results of the current study may help in
future power calculation analysis of research works on
patients with CAI.
A Chi-Square test was used to analyze sex differences
between the groups. Non-parametric Mann–Whitney
tests were used for comparison of self-reported pain and
functional data, comparisons of spatiotemporal parameters between the two groups and for a comparison between patients with unilateral CAI and patients with
bilateral CAI. Data for male and female participants in
isolation was done in order to examine trends between
these subgroups. Statistical significance was accepted for
p values less than 0.05. The relationships between gait
metrics and the SF-36 health survey scores were examined using the Spearman correlation. The suggested cutoff of Dancey and Reidy were used. They suggest that
values between 0.1 to 0.3 are considered weak, values
between 0.4 and 0.6 are considered moderate, values between 0.7 to 0.9 are considered strong and a value of 1
is considered a perfect correlation [20]. All analyses were
performed using SPSS (version 19.0).

Results
Significant differences in BMI were found between
patients with CAI and the control group (p = 0.035).
However, analysis of the results controlling for BMI as
co-variant was performed (using GLM ANCOVA statistic
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test). Results did not change, i.e. all the significant differences that were found between the groups maintained
their trend. Hence, we assumed that although significant,
BMI differences between groups did not affect the results
and did not explain the differences that were found between groups.
Nine patients (20%) had bilateral CAI and the other 35
patients (80%) had unilateral symptoms. A comparison
between the differences in gait patterns of both groups
was carried. There were no significant differences in gait
patterns between patients with unilateral CAI and patients with bilateral CAI (lowest p-value was p = 0.115).
There were significant differences between patients
with CAI and the control group in gait velocity, cadence,
step length, stride length, single limb support and double
limb support (Table 2). These differences maintained
when comparison was done for males and females separately. Walking velocity (cm/s) and cadence (steps/min)
were significantly lower in patients with CAI relative to
the control group (by 19.7 cm/s and 6.9 steps/min, p <
0.001, respectively). Step and stride length of the more
symptomatic ankle were lower in patients with CAI
compared to the control group by (5.0 cm, p = 0.003 and
10.8 cm, p = 0.002, respectively). A significant reduction
in the single limb support of the more symptomatic
ankle (38.7% GC versus 40.1% GC, p = 0.001) and an increase in the double limb support of the more symptomatic ankle (21.8% GC versus 19.6% GC, p < 0.001) were
recorded for patients with CAI compared to the control
group. There was also a statistically significant increase
(2.3 cm) of the width of the base of support in patients
with CAI compared to the control group (p < 0.001).

The scores on SF-36 bodily pain and SF-36 physical
functioning subscales were significantly lower in patients
with CAI compared to the control group (p < 0.001 for
both subscales). Likewise, all other six subscales of the
SF-36 health survey, as well as the integrated PCS and
MCS, were significantly lower in patients with CAI
(p-values ranged between p = 0.008 to p < 0.001) (Table 3).
These differences maintained when comparison was done
for males and females separately. Spearman’s correlation
analysis with gait values as objective measures and subjective pain and functional scores in patients with CAI
are presented in Table 4. There was a significant positive
correlation between the PCS and gait velocity, step
length, stride length, swing, stance and single limb support (p-value ranged between 0.003 to 0.048, r-value
ranged between 0.300 to 0.442). For example, patients
with high PCS scores presented higher walking velocity.
There was a significant negative correlation between
PCS and double limb support, i.e. patients with high
PCS scores had low double limb support scores (r = −0.308,
p = 0.042 and r = −0.318, p = 0.035 for the more symptomatic DLS and less symptomatic DLS, respectively).
There was a significant positive correlation between the
MCS and gait velocity, step length, swing, stance and single limb support (p-value ranged between 0.010 to 0.050,
r-value ranged between 0.297 to 0.386). All the correlations that were found significant were within the range of
moderate correlation.

Discussion
The present study evaluated the spatiotemporal gait
(objective) parameters and the self-evaluation (subjective)

Table 2 Gait spatiotemporal metrics differences between patients with CAI and healthy controls
CAI

Control

Mean difference [CI]

p

Velocity (cm/s)

105.9 (20.0)

125.6 (19.0)

19.7 [11.8 to 27.6]

<0.001

Cadence (steps/min)

69.5 (7.0)

76.4 (5.7)

6.9 [4.3 to 9.4]

<0.001

Step length more symptomatic (cm)

60.8 (8.1)

65.9 (8.1)

5.0 [1.8 to 8.3]

0.003

Step length less symptomatic (cm)

60.3 (9.0)

66.1 (8.1)

5.8 [2.3 to 9.2]

<0.001

Stride length more symptomatic (cm)

121.1 (16.9)

131.9 (16.1)

10.8 [4.1 to 17.4]

0.002

Stride length less symptomatic (cm)

121.3 (16.9)

131.9 (16.1)

10.6 [3.9 to 17.3]

0.002

Base of support (cm)

6.9 (3.5)

4.5 (2.3)

−2.3 [−3.5 to −1.1]

<0.001

Swing more symptomatic (% GC)

39.4 (1.9)

40.3 (1.4)

0.9 [0.2 to 1.6]

0.010

Swing less symptomatic (% GC)

38.7 (2.4)

40.1 (1.7)

1.4 [0.6 to 2.2]

0.001

Stance more symptomatic (% GC)

60.6 (1.9)

59.7 (1.4)

−0.9 [−1.6 to −0.2]

0.010

Stance less symptomatic (% GC)

61.3 (2.4)

59.9 (1.7)

−1.4 [−2.2 to −0.6]

0.001

Single limb support more symptomatic (% GC)

38.7 (2.4)

40.1 (1.6)

1.4 [0.6 to 2.2]

0.001

Single limb support less symptomatic (% GC)

39.4 (1.9)

40.2 (1.5)

0.8 [0.1 to 1.5]

0.022

Double limb support more symptomatic (% GC)

21.8 (3.3)

19.6 (2.6)

−2.3 [−3.5 to −1.1]

<0.001

Double limb support less symptomatic (% GC)

21.9 (3.3)

19.7 (3.0)

−2.2 [−3.5 to −0.9]

0.001

Results are presented as mean (±SD) and 95% CI.
CAI = chronic ankle instability; SD = standard deviation; CI = confidence interval; GC = gait cycle.
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Table 3 SF-36 health survey differences between patients with CAI and controls
CAI

Control

Mean difference [CI]

p

Physical functioning

57.3 (28.4)

95.2 (8.2)

37.9 [29.0 to 46.8]

<0.001

Bodily pain

48.8 (23.4)

90.3 (12.6)

41.5 [33.7 to 49.4]

<0.001

Limitation due to physical problems

34.1 (40.0)

91.5 (21.3)

57.4 [44.0 to 70.8]

<0.001

Limitation due to emotional problems

57.7 (21.0)

70.8 (15.5)

31.7 [16.5 to 46.9]

<0.001

SF-36 (0–100)

Vitality

67.1 (20.8)

76.9 (12.9)

13.0 [5.4 to 20.6]

0.001

Social functioning

61.4 (46.6)

93.1 (21.0)

23.5 [15.5 to 31.6]

<0.001

Emotional well being

72.4 (26.6)

96.0 (12.0)

9.8 [2.6 to 17.0]

0.008

General health

60.0 (20.6)

80.0 (12.8)

20.0 [12.9 to 27.1]

<0.001

Physical component summary (PCS)

51.6 (20.0)

85.6 (9.7)

34.0 [27.4 to 40.6]

<0.001

Mental component summary (MCS)

63.7 (19.5)

83.4 (11.3)

19.6 [13.0 to 26.3]

<0.001

Results are presented as mean (±SD) and 95% CI.
CAI = chronic ankle instability; CI = confidence interval.

questionnaires in a relatively large cohort of patients with
CAI and compared the findings to a healthy control
group. The results revealed that gait metrics differ significantly between the two groups.
The diagnosis and evaluation of patients with CAI
pose a real clinical challenge. It is difficult to classify a
pathology that is primarily subjective in nature. For
example, “giving way” of the ankle is often used as an
inclusion criterion for studies of CAI [16,17], but “giving
way” is subjective and can be either a real occurrence or
the patient’s interpretation of something else entirely.
Only recently consensus values for selection criteria
for patients with CAI were established by the Ankle

Consortium Position Statement but there is still a need
for more objective measures [21]. The results of the
current study present the deviations in objective gait
metrics of patients with CAI compared to controls. All
patients were diagnosed with CAI and did not have
other musculoskeletal problems, therefore it was assumed that the reported differences in gait metrics of
patients with CAI compared to healthy controls are indeed due to the patient’s adaptations to ankle instability. Our findings were similar to previous studies that
reported the changes in gait patterns of patients with
CAI [12,13]. It may be assumed that an objective spatiotemporal gait test may be sensitive enough to detect

Table 4 Correlation (r) between gait metrics and SF-36 physical component summary and SF-36 mental component
summary in patients with CAI
SF-36 Mental component summary

Pa

SF-36 Physical component summary

Pa

Velocity (cm/s)

0.349

0.020

0.359

0.017

Cadence (steps/min)

0.297

0.050

0.284

0.062

Step length more symptomatic (cm)

0.241

0.115

0.300

0.048

Step length less symptomatic (cm)

0.308

0.042

0.317

0.036

Stride length more symptomatic (cm)

0.277

0.068

0.314

0.038

Stride length less symptomatic (cm)

0.275

0.071

0.308

0.042

Base of support more symptomatic (cm)

0.025

0.873

−0.038

0.808

Swing more symptomatic (% GC)

−0.103

0.507

0.003

0.986

Swing less symptomatic (% GC)

0.386

0.010

0.442

0.003

Stance more symptomatic (% GC)

0.103

0.507

−0.003

0.986

Stance less symptomatic (% GC)

0.386

0.010

0.442

0.003

Single limb support more symptomatic (% GC)

0.383

0.010

0.423

0.004

Single limb support less symptomatic (% GC)

0.000

0.554

−0.092

0.998

Double limb support more symptomatic (% GC)

−0.218

0.155

−0.308

0.042

Double limb support less symptomatic (% GC)

−0.225

0.142

−0.318

0.035

a

p-value was set to p < 0.05.
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these changes. However, further studies are needed to
determine how spatiotemporal parameters are affected
by CAI. Furthermore, future studies should examine
how different treatments for CAI affect spatiotemporal
parameters by including gait assessment as an outcome
measure.
Even though gait alterations are present for days and
weeks after acute lateral ankle sprain [22,23], little is
known about the long-term alterations in gait of patients
with CAI. Moreover, we could not find previous data on
the spatiotemporal gait patterns of patients with CAI.
Most studies examined kinetic and kinematic changes.
For example, Nyska et al. reported a significantly longer
ground-contact time of the heel and midfoot areas in patients with CAI compared to a control group [13]. Those
authors speculated that this is because patients are hesitant to put weight on the forefoot. Mattson and Brostrom
and Ebig et al. suggested that a slowed reflex response
time of the peroneal and tibialis anterior muscles to sudden plantar flexion and inversion stress may cause difficulties with ankle joint function for patients with CAI
[24,25]. Others noted that local sensory deficits [26] and
impaired proprioception [27,28] also contribute to instability, even in the absence of muscle weakness [29,30].
All of the above indicate that patients with CAI alter their
gait patterns. The findings of the current study support
this notion and show another aspect of gait assessment.
Patients with CAI have altered spatiotemporal gait patterns compared to a healthy control group including a
lower walking velocity (~16%), lower cadence (~9%) and
lower step length (~7%). Based on previous works and the
results of the current work it may be concluded that patients with CAI alter their gait patterns and choose protective gait mechanisms strategies as part of their adaptations
to ankle instability sensation during locomotion.
There is some evidence of sensorimotor deficits and
balance impairments in patients with functional ankle
instability [4,31-33], which may also be expressed in dynamic gait metrics. In a systematic review including a
meta-analysis [34], Hiller et al. concluded that static
measures of postural stability were significantly different
between patients with CAI and healthy controls. Patients
also described deficits in the performance of more
strenuous stability challenges, such as jump tests. The
rationale for the current work was that by assuming that
patients with CAI have sensorimotor and postural control deficits as well as balance impairment in both static
and dynamic conditions, these will also be manifested in
spatiotemporal gait metrics. Indeed, the results of the
current work show significant deviations in spatiotemporal gait patterns of patients with CAI compared to healthy
controls. An interesting finding was the differences in base
of support. Patients with CAI walked with a significantly
wider base of support compared to healthy participants. It
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may be postulated that a wider base of support is a walking strategy adopted by patients with CAI to increase stability while walking. However this should be further
investigated and validated. The base of support was ~43%
wider, and the single limb support, which is another parameter that may reflect stability capabilities, was ~3.5%
shorter than those parameters in the control group. Although significant differences were found between groups
in both the base of support and single limb support, the
clinical relevance of these results cannot be determined.
More specifically, single limb support values were within
the lower threshold of normal values (38.5%) [35]. We believe, however that this is the first report of these findings
during functional tests in patients with CAI, and it may be
assumed that they are related to impairment in dynamic
balance during gait. It is reasonable to assume that if patients have an ankle instability sensation during walking
they will choose a compensatory strategy that will reduce
the single limb support, which is a phase where the entire
body weight is on one limb, and will increase the double
limb support phase. This strategy reduces the sole demand
from the unstable ankle to maintain balance while walking. Furthermore, increasing the base of support may also
be a compensatory strategy of patients with CAI. Increasing the walking base of support will allow better stability
while walking and is assumed to reduces the demand to
maintain stability from the unstable ankle. On the basis of
the results, it may be assumed that patients with CAI have
a distinct deficit in their balance that can be quantified. A
test of base of support during gait may serve as a valid tool
to assess such imbalance and may support the findings of
the clinical evaluation of the patient.
Velocity, step length, stride length, single limb support
and double limb support scores were all found in correlation with subjective pain and function scores (i.e., the
SF-36 MCS and the SF-36 PCS). This suggests that these
gait metrics could be utilized for quantitative evaluation
and support of the self-reported pain and function of
patients with CAI. Adding an objective assessment of
the patient’s functional condition, alongside the patient’s
subjective report may draw a better clinical picture that
will help determine the optimal treatment. Furthermore,
using both objective and subjective evaluation methods
may help in the assessment of treatment outcomes. Recently single limb support was reported to be a valuable
and sensitive parameter that is directly associated to the
severity of knee osteoarthritis [14,36]. Future studies should
further examine the correlations between the base of support and single limb support to the symptomatic severity
of CAI in order to determine if they are sensitive in detecting different severity levels of CAI.
There are several limitations to the current study.
Firstly, only spatiotemporal gait data were gathered.
Three-dimensional gait analyses would provide more
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information on the kinematics and kinetics of the
lower limb in patients with CAI as well as greater accuracy in determining dynamic instability during gait
[37]. Those examinations, however, are relatively complex and costly. We sought to define objective gait
metrics that can be easily obtained with relatively low
cost, thus making them ideal in clinical practice. Another
limitation of this study is that the data were collected
retrospectively from the database of one therapy center.
Since all patients in this database were referred for treatment, there might have been a selection bias.

Conclusions
In conclusion, there were significant differences in the
spatiotemporal gait profiles of patients with CAI and
healthy controls. Specifically, all the tested parameters
related to stability were worse in patients with CAI,
which may reflect a gait strategy adopted by the patients
to cope with their instability sensation.
Furthermore, worse subjective disease severity (as determined by pain and function self-evaluation questionnaires)
were associated with more severe objectively identified gait
abnormalities. This may suggest that using spatiotemporal
gait assessment may add additional important information,
alongside the clinical assessment of the patient, and
may help in objectively quantify the functional condition of the patient. This assumption should be further
examined and validated in future research.
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Abstract
Introduction The purpose of the current study was to
evaluate the long-term functional outcome as measured by
gait patterns and quality of life assessment of patients with
high-energy tibial plateau fracture compared to matched
controls.
Materials and methods Thirty-eight patients were evaluated in a case-controlled comparison. Twenty-two patients
with tibial plateau fracture were evaluated after 3.1 (1.63)
years (sd) from injury. Patients underwent a computerized
spatiotemporal gait test and completed the SF-12 health
survey. 16 healthy subjects, matched for age and gender
served as a control group. The main outcome measures for
this study were spatiotemporal gait characteristics, physical
quality of life and mental quality of life.
Results Significant differences were found in all gait
parameters between patients with tibial plateau fracture and
healthy controls. Patients with tibial plateau fracture
walked slower by 18 % compared to the control group
(p \ 0.001), had slower cadence by 8 % compared
(p = 0.002) to the control group and had shorter step
length in the involved leg by 11 % and in the uninvolved
leg by 12 % compared to the control group (p = 0.006 and
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p = 0.003, respectively). Patients with tibial plateau fracture also showed shorter single limb support (SLS) in the
involved leg by 12 % compared to the uninvolved leg and
5 % in the uninvolved leg compared to the control group
(p \ 0.001 and p = 0.017, respectively). Significant differences were found in the Short Form (SF)-12 scores.
Physical Health Score of patients with tibial plateau fracture was 65 % lower compared to healthy controls
(p \ 0.001), and Mental Health Score of the patients was
40 % lower compared to healthy controls (p \ 0.001).
Finally, significant correlations were found between SF-12
and gait patterns.
Conclusion Long-term deviations in gait and quality of
life exist in patients following tibial plateau fracture.
Patients following tibial plateau fracture present altered
spatiotemporal gait patterns compared to healthy controls,
as well as self-reported quality of life.
Keywords

Tibial plateau fracture  Gait  Quality of life

Introduction
Tibial plateau fractures represent a complex injury to the
knee. These fractures are usually classified using the
Schatzker classification system [1]. This classification
helps to separate the fractures into groups with similar
mechanisms and patterns and has 6 grades. Schatzker 5 & 6
are caused by high-energy trauma and are considered to be
more severe. Schatzker 5 is characterized with bicondylar
injury whereas Schatzker 6 is characterized with split
extends of the metadiaphsis [1]. Usually, they include a
combination of axial loading and varus/valgus applied
forces [1]. Tibial plateau fractures are associated with
significant osseous [2], soft tissue injuries [2–4] and
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neurovascular injuries [2]. Frequently, these fractures are
unstable and require open reduction and internal fixation
[5] with the goal of restoration of articular congruity, axial
alignment, joint stability, and functional motion. However,
in some cases, tibial plateau fractures lead to articular
depression and malalignment [6]. The majority of patients
following tibial plateau fracture will not return to their
previous level of activity [7], and for those who are playing
competitive sports, this injury can be career ender [8, 9].
Furthermore, previous studies have shown that patients
after tibial plateau fracture are at higher risk for posttraumatic osteoarthritis [6, 10, 11].
The assessment of the knee joint following tibial plateau
fracture is done both statically (radiography of the knee
joint) and dynamically (through clinical examination of
knee function). Most studies evaluated knee range of
motion [12–14], while others have measured pain, function, quality of life and used different knee scores [6, 12,
13, 15]. Several studies concluded that patients following
tibial plateau fracture treated with external fixation have a
good prognosis for satisfactory knee function in short- and
long-term follow-up assessments [12, 13, 15]. Manidakis
and colleagues, however, examined the functional outcomes and incidence of knee osteoarthritis of 125 patients
post-tibial plateau fracture. They found that the severity of
injury predicted the levels of pain and the later onset of
knee OA [6].
In the last decade, there is a growing awareness of the
advantages of using a gait analysis in the assessment of
patients with different lower extremity and musculoskeletal
pathologies [16]. Computerized gait analysis allows an
objective assessment of the patient’s functional ability and
symmetry. Gait analysis can also serve as an objective tool
to assess response to treatment. To the best of our knowledge, there is no data regarding the gait patterns of patients
with tibial plateau fracture. The purpose of the current study
was to evaluate the gait pattern of patients with high-energy
tibial plateau fracture compared to matched controls.

a follow-up study. Of the 22 patients that were assessed 10
patients were operated with a lateral approach and a single
plate, 11 patients were operated with both lateral and
medial approach with double plates, and one patient was
operated with external fixation. In six cases, hardware
removal was done. There were no complications during
surgery or post-surgery (Fig. 1). All patients had good
intraoperative results it terms of the quality of reduction.
Reduction was evaluated intraoperatively by restoring the
joint surface congruency, the axial alignment and joint
stability. 17 patients out of the 22 had post-surgery

Patients and methods
The trial was approved by our institutional ethic committee. A total of 38 patients with tibial plateau fracture
classified by Schatzker 5 & 6 [1] were operated in our
orthopedic department between January 2007 and January
2012. All patients were operated by the same surgeon
within 10 days from injury, at a large Medical center, and
had the same postoperative protocol that included hinged
knee brace with early range of motion and non-weight
bearing for 8–12 weeks. 22 patients out of the 38 were
assessed in a retrospective case-controlled study. 16
patients could not be contacted or did not want to arrive for
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Fig. 1 Post-operative radiograph of one representative patient
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functional assessment using the knee society score (KSS).
Mean (sd) KSS score was 66.8 (18.8) and mean (sd) KSSfunction score was 65.4 (19.1). 16 healthy subjects, matched for age and gender served as a control group. All
patients underwent a clinical examination including
inspection, range of motion, neurovascular examination,
stability and menisci examination. Following clinical
examination patients underwent a computerized gait analysis using a floor-based photocell system (Optogait,
Microgate, Bolzano, Italy) for the assessment of spatiotemporal gait parameters [17, 18]. Each patient was
asked to walk 4 lengths at a self-selected speed. Patients
were asked to walk 3 meters before and after the measurement area to allow sufficient acceleration and deceleration time. The mean value of the 4 lengths was
calculated for the following parameters: velocity (cm/s),
cadence (steps/min), step length (cm) and single limb
support (% gait cycle). Patients were also asked to complete the SF-12, which evaluates the quality of life [19, 20].
Two sub-scales were calculated including the Physical
Health Score (PHS) and the Mental Health Score (MHS). A
score of 0 indicates poor quality of life whereas a score of
100 indicates best quality of life [19, 20].
Statistical analysis
This study examined the null hypothesis that the two
samples have the same population means. The criterion
for significance (alpha) was 0.050. The computation was
based on the two-tailed independent t test, which means
that the effect in either direction was interpreted. With the
sample size of 22 and 16 for the two groups, the study
had at least 80 % power to yield statistically significant
result. All spatiotemporal gait parameters and self-evaluation questionnaires’ scores were presented as mean and
standard deviation. The independent samples t tests were
performed to demonstrate the difference between patients
following tibial plateau fracture and controls for patients’
characteristics, gait spatiotemporal parameters and selfevaluation questionnaires. The correlations between
measurements, for both groups and each group separately,
were calculated using Pearson correlations.

Results
Patients’ mean (sd) age was 45.5 (15.7) years (ranged
between 19 and 68 years). Patients were evaluated after
3.16 (1.63) years (sd) from injury. Controls mean (sd) age
was 38.2 (5.3) years (ranged between 32 and 52 years).
Significant differences were found in all gait parameters
between patients with tibial plateau fracture and healthy
controls (Table 1).

Velocity
Patients following tibial plateau fracture walked slower by
18 % in comparison to the control group (p \ 0.001).
Cadence
Patients following tibial plateau fracture had a lower
cadence by 8 % in comparison (p = 0.002) to the control
group.
Step length
Patients following tibial plateau fracture had shorter step
length in the involved leg by 11 % and in the uninvolved
leg by 12 % in comparison to the control group (p = 0.006
and p = 0.003, respectively).
Single limb support
Patients following tibial plateau fracture also showed
shorter SLS phase in the involved leg by 12 % and in the
uninvolved leg by 5 % (p \ 0.001 and p = 0.017,
respectively) compared to the control group. Furthermore,
significant differences were also found in SLS symmetry
between limbs in the tibial plateau fracture group
(p = 0.039). SLS phase was lower in the involved leg
compared to the uninvolved leg.
Quality of life
Patient following tibial plateau fracture reported significant
lower SF-12 Physical and Mental Scores compared to
healthy controls as presented in Table 2. Physical Health
Score was 65 % lower compared to healthy controls
(p [ 0.001), and Mental Health Score was 40 % lower
compared to healthy controls (p \ 0.001) (Table 2).
We further evaluated the correlations between the
SF-12 Physical and Mental scores and the gait parameters. For the entire cohort, significant correlations were
found in all measures. Correlations ranged between 0.42
and 0.71. The lowest correlation was between SF-12
Mental score and SLS of the uninvolved limb. The
higher correlation was between the SF-12 Physical
score and SLS of the involved limb. There were no
significant correlations between SF-12 Physical and
Mental score and gait parameters in a sub-group analysis (patients following tibial plateau fracture and
controls). Figure 2 illustrates the correlation between
SF-12 Physical score and SLS of the involved limb
(r = 0.71, p \ 0.001).
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Table 1 Differences in
spatiotemporal gait parameters
between patients with tibial
plateau and controls

Tibial plateau

Controls

p§

Velocity (cm/s)

100.3 (16.9)

122.4 (12.5)

p \ 0.001§

Cadence (steps/min)

103.8 (9.5)

112.8 (7.3)

p = 0.002

Step length involved (cm)

58.0 (8.8)

65.2 (5.6)

p = 0.006

Step length uninvolved (cm)

57.4 (8.0)

65.0 (6.6)

p = 0.003

SLS phase involved (% GC)

33.9 (3.3)

38.7 (1.5)

p \ 0.001

SLS phase uninvolved (% GC)

36.3 (3.0)

38.4 (1.6)

p = 0.017

Tibial plateau

Controls

p§

SF-12 Physical health score

33.6 (9.0)

95.9 (7.4)

p \ 0.001

SF-12 Mental health score

51.8 (10.6)

86.7 (8.9)

p \ 0.001

Results are presented as mean (sd)
SLS single limb support, GC gait cycle
§

Table 2 Differences in SF-12
Physical and Mental Health
score between patients with
tibial plateau and controls

Significance level was set to p \ 0.05

Results are presented as mean (sd)
§

Significance level was set to p \ 0.05



SF-12 Health Survey includes 12 questions. Results range between 0 and 100 (0 = poor quality of life,
100 = high quality of life)

Fig. 2 Correlation between SF12 Physical score and SLS of
the more symptomatic limb.
Group 0 controls; group 1 Tibial
plateau fracture

Discussion
Tibial plateau fractures are one of the commonest intraarticular fractures resulting from indirect coronal or direct
axial compressive forces. Fractures of tibial plateau constitute 1 % of all fractures and 8 % fractures in the elderly
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[21]. The more severe fractures, classified as Schatzker 5/6,
include injury to both tibial condyles [1]. These fractures
are caused by high-energy trauma and are more prevalent
in men [1]. These fractures are often treated with open
reduction and internal fixation surgery followed by a period
of immobilization. Several studies have examined the
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clinical and functional outcomes following tibial plateau
fracture, but results are conflicting in terms of functional
outcomes post-injury [6–9, 12]. The purpose of the current
study was to characterize the gait patterns of patients following tibial plateau fracture and compare them with the
gait patterns of healthy controls. The use of computerized
gait analysis as a method to assess different musculoskeletal conditions is growing as it allows an objective
assessment of the patient’s functional ability and symmetry. Gait analysis deviations have been reported for patients
following ankle fracture [22], post-anterior cruciate ligament reconstruction [23], and other lower extremity trauma
[24]. All of the above have demonstrated the effect of
injury on gait patterns of the patients compared to healthy
controls.
Patients following tibial plateau fracture demonstrated
altered spatiotemporal gait patterns compared to healthy
controls. They walked slower, had shorter step length,
slower cadence and had shortest SLS phase. Furthermore,
they presented SLS asymmetry between the injured knee
and the non-injured knee. Patients following tibial plateau
fracture also presented lower quality of life results, both in
the physical score and in the mental score. Interestingly,
patients were evaluated an average of 3 years post-injury,
indicating that gait deviations might have been implemented. In other words, the fact the patients presented
altered gait patterns years after injury, well beyond rehabilitation time, indicates that patients may have maximized
their rehabilitation potential and that some gait compensations will exist. These deviations in gait pattern may
explain some of the reasons why patients following tibial
plateau fracture report pain and functional limitations years
after injury and why they are at higher risk for knee
osteoarthritis [6].
Previous studies have examined the long-term clinical
and functional outcomes following tibial plateau fracture.
Stevens et al. [15] examined 47 patients with tibial plateau
fracture 8 year post-injury and found no significant differences in pain, function and quality of life compared to
healthy controls. They have examined all fracture classifications (4 type 1, 16 type 2, 5 type 3, 8 type 4, 3 type 5
and 11 type 6) and did not find correlation between fracture
classification and clinical outcomes. Weigel et al. [12]
examined knee function 5 years post a high-energy fracture
of 31 cases. They report no significant differences between
the tibial plateau fracture group and healthy controls. In
addition, there was no evidence of progression of arthrosis.
A recent study by Rademakers et al. [13] examined functional outcomes of 109 tibial plateau fractures with a mean
follow-up of 14 years. They found that although most
patients reported good functional outcomes, 31 % of the
cases developed secondary osteoarthritis (OA). Knee OA is
a biomechanical disease with biomechanical properties.

The correlation between abnormal load distribution at the
knee and radiographic severity of the knee joint has been
well documented in knee OA population [25, 26] and in
patients without knee symptoms [27]. Other studies have
shown that biomechanical parameters might be indicators
for disease progression [28–30]. In the current study,
patients following tibial plateau fracture demonstrated
abnormal gait patterns after a mean follow-up period of
3 years post-injury compared to matched controls. It may
be assumed that patients following tibial plateau fracture
may have adopted an abnormal gait patterns that might
lead them to higher risk to develop secondary knee OA.
Long-term prospective studies should examine the correlation between gait patterns of patients following tibial
plateau fracture and the development of secondary OA.
Most studies that have examined the quality of life of
patients post-tibial plateau fracture reported good to
excellent outcomes [12, 15]. Unlike previous publications,
the results of the current study indicated that the patients’
quality of life is low to moderate. The physical score
quality of life was poor (33.6 out of 100) and the mental
score quality of life was moderate (51.8 out of 100). A
possible explanation lies within the patients characteristics.
The patients mean age was 45.5, and all had a severe
fracture classification (Schatzker 5/6). It may be assumed
that such a young, active population, having severe trauma
to their knee, would be more affected in regard to quality of
life perception [15]. Although some studies did not find a
correlation between fracture severity classification and
clinical outcomes, more studies are warranted.
Some limitations should be acknowledged. First, this
was a retrospective case-controlled study. As such, not all
tibial plateau fracture cases were evaluated. This may have
biased the results. Future studies should prospectively
evaluate gait patterns of patients following tibial plateau
fracture. Second, data regarding quality of reduction and
postoperative functional condition were analyzed retrospectively. Postoperatively radiographic evaluation included limb alignment and joint congruency.
In our institute, we do not use CT routinely to evaluate
postoperative reduction. All patients had postoperatively
stable knee regarding anterior and posterior axis with only
1 patient presenting varus instability. Postoperative functional condition was also evaluated using the knee society
score. However, 5 patients did not have these data, which
may have an effect on the results, albeit minor. Third,
future research should also evaluate the differences in gait
patterns between different fracture severity classifications.
Finally, future research may examine the long-term changes in gait patterns and their correlation with the development of secondary knee OA.
In conclusions, patients following tibial plateau fracture
present altered spatiotemporal gait patterns compared to
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healthy controls. Patients walked slower, had shorter step
length, lower cadence and lower SLS values. Patients also
reported lower physical and mental quality of life compared to matched controls. Gait assessment may be a good
method to objectively evaluate the patients’ functional
condition post-tibial plateau fracture and may serve as a
tool to assess treatment outcomes.
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8. Kraus TM, Martetschläger F, Müller D et al (2012) Return to
sports activity after tibial plateau fractures: 89 cases with minimum 24-month follow-up. Am J Sports Med 40(12):2845–2852
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