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Gait analysis of patients with knee osteoarthritis
highlights a pathological mechanical pathway and
provides a basis for therapeutic interventions

Julien Favre!
Brigitte M. Jolles’2

B Knee osteoarthritis (OA) is a painful and incapacitating dis-
ease affecting a large portion of the elderly population, for
which no cure exists. There is a critical need to enhance
our understanding of OA pathogenesis, as a means to
improve therapeutic options.

B Knee OA is a complex disease influenced by many factors,
including the loading environment. Analysing knee bio-
mechanics during walking - the primary cyclic load-bear-
ing activity - is therefore particularly relevant.

B There is evidence of meaningful differences in the knee
adduction moment, flexion moment and flexion angle
during walking between non-OA individuals and patients
with medial knee OA. Furthermore, these kinetic and kine-
matic gait variables have been associated with OA pro-
gression.

B Gait analysis provides the critical information needed to
understand the role of ambulatory biomechanics in OA
development, and to design therapeutic interventions.
Multidisciplinary research is necessary to relate the biome-
chanical alterations to the structural and biological com-
ponents of OA.
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Introduction

Osteoarthritis (OA), the most common type of arthritis, is a
disease causing pain, deformity, and dysfunction of the

joints. This condition affects a constantly increasing portion
of the population, inducing serious socio-economic con-
cerns worldwide. Costs related to OA in the USA were esti-
mated have already exceeded $330 billion in 2003," and
numbers are expected to rise with the growth of obesity
and the ageing of the population to the point of becoming
the fourth leading cause of disability by 2020 and affecting
a third of the population by 2030.23 The knee is the most
frequently affected load-bearing joint, with disease devel-
oping more often in the medial than in any other knee com-
partment. An important element contributing to the
burden of knee OA is the absence of a cure. Current thera-
peutic options consist primarily of medication and rehabili-
tation to reduce symptoms, and of arthroplasty later in the
disease, when the joint becomes too severely damaged.
Consequently, there is a critical need to enhance therapeu-
tic options, which requires the improvement of our under-
standing of OA pathogenesis.

Knee OA is a joint disease involving complex interac-
tions between biomechanical, structural and biological
pathways at an in vivo systems level.# Specifically, multidis-
ciplinary research suggests that, in young healthy joints,
the properties of the tissues, such as morphology, biology
or mechanics of the tissues (bone, cartilage or ligament,
for example) are adapted to each other and conditioned to
the unique characteristics of each individual, including
genetics or lifestyle. Unfortunately, knee tissues have lim-
ited adaptation capacity and a change in individual fea-
tures such as ageing, an increase in weight or knee injury
could modify the multi-parametric joint system to a point
where homeostasis is disrupted, thus leading to knee OA.
While changes of different types can alter joint homeosta-
sis, changes in the loading environment are among the
most important because they could modify the mechani-
cal stress exerted on the tissues, a major component of
tissue integrity.>

When analysing knee loading in the context of OA,
occupation and physical activity are clearly among the first
elements to consider as the literature indicates that workers
with duties involving kneeling or squatting as well as
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Fig. 1 Quantifying three-dimensional ambulatory biomechanics

is critical to understand knee osteoarthritis.

Combining the results of prior research indentifying some occupations and
sport activities as risk factors for knee osteoarthritis (OA) with the results
suggesting that the intensity of physical activity is not associated with the
risks of OA development in the general population, indicates the need for
gait analysis in order to better understand the mechanical pathway leading
to knee OA. While an overall description of the ambulatory function using
spatio-temporal parameters is enough to study numerous pathologies, such
parameters are not specific enough to detect the subtle biomechanical dif-
ferences involved in knee OA. Consequently, gait analyses in the framework
of knee OA were mostly based on three-dimensional kinetic and kinematic
patterns.

top-level athletes of certain disciplines are at higher risk of
developing knee OA.%7 However, there are also studies sug-
gesting that intensity of physical activity is not associated
with the risks of OA development in the general popula-
tion.®? Together, these observations indicate the biome-
chanical function of the knee as a critical factor in OA
development, more than the frequency or duration of activ-
ities. Therefore, apart from some particularly ‘risky’ activi-
ties, this situation motivates the analysis of knee motion
during walking as a basis for understanding the role of bio-
mechanics in OA (Fig. 1).4% In fact, knee tissues are primarily
conditioned by cyclic loading and gait is the primary load-
bearing activity, particularly with knee and OA.

This paper aims to review the gait alterations consist-
ently associated with knee OA and discuss their role in OA
pathogenesis and treatment. Since OA develops more fre-
quently in the medial compartment, and since past
research has primarily analysed medial OA, this review
focusses on this sub-type of OA.

Gait alterations

Speed and other spatio-temporal parameters are important
outcomes used to characterise gait in a wide range of
pathologies. Knee OA is no exception, with numerous stud-
ies reporting slower walking speed in OA patients com-
pared with non-OA individuals, and slower walking speed
in severe OA compared to moderate OA patients.'®'! While
these basic parameters are efficient to describe the overall
ambulatory function, they are not specific enough to detect
subtle differences in knee biomechanics. It is therefore nec-
essary to go further and analyse the three-dimensional
kinetic and kinematic patterns of the knee (Fig. 1). The most
frequent method used to measure these patterns is based
on non-invasive motion capture technology, generally a
combination of cameras and forceplates.’>'3 Invasive meth-
ods such as instrumented prosthesis or medical imaging
are also used as they offer the possibility of directly measur-
ing tibio-femoral contacts.’*'5 Although internal measures
would appear to be more precise than estimations based
on external sensors, selecting the method for a gait study
remains a trade-off between this internal/external measure-
ment aspect and other critical considerations such as a test-
ing environment which modifies the natural walking
patterns of patients as little as possible, which allows the
testing of sufficiently large cohorts to account for inter-
patient variability, and which minimises the burden on
patients. These considerations have frequently led to the
use of non-invasive movement analysis. Today, the non-
invasive method is well-established and there is substantial
evidence to indicate that it provides a sufficiently valid
description of knee biomechanics for the study of OA.>

In general, non-invasive gait data in literature on knee
OA were obtained in a gait laboratory equipped with a
camera-based motion capture system and forceplates
embedded in the floor.’? The procedure consists of attach-
ing reflective markers to the subject using adhesive tape. A
calibration procedure is then performed to build a subject-
specific anatomical model based on the positions of mark-
ers placed on anatomical landmarks and anthropometric
data. Next, the subject performs a number of walking trials
across the laboratory (Fig. 2a). Marker trajectories (Fig. 2b)
are processed using the anatomical model to determine the
position and orientation of the pelvis, thigh, shank and foot
anatomical frames and hip, knee and ankle joint through-
out the trials. The knee angles (flexion/extension, adduc-
tion/abduction and internal/external rotation) are derived
from the orientation of the thigh and shank anatomical
frames (Fig. 2c). In addition to this kinematic description,
an inverse dynamic procedure is commonly performed to
estimate knee kinetics.'® This calculation results in three
moments corresponding to the external forces acting on
the joint (muscle forces are not included in this calcula-
tion), namely to flex/extend, adduct/abduct and internally/
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externally rotate the knee. Moments are generally expressed
in normalised units (i.e. in percentage of bodyweight and
height, %BW*Ht) to allow for comparison between individ-
uals. Finally, the amplitudes of characteristic peaks are
measured on the kinetic and kinematic time-curves (Fig. 2d)
and these amplitudes are used to compare ambulatory
knee biomechanics between individuals.

Although most gait data relative to knee OA were
obtained following the method described above, actual
collection and post-processing protocols differ from one
institution to another and these differences can influence
the results. Several other confounders, such as partici-
pant characteristics (age, BMI or disease location, for
example) or the statistical approach could also affect the
findings and limit comparison across gait studies. Walk-
ing speed is also an important factor to consider when
interpreting knee biomechanics because it influences the
amplitude of many gait variables. A systematic review by
Mills, Hunt and Ferber provided a first reference dataset
regarding lower-limb biomechanics in knee OA." The
present article extends this prior work by weighting the
results of gait studies in the literature based on experi-
mental conditions. This procedure highlighted three
variables with generally consistent findings regarding
non-OA, moderate OA and severe OA individuals. Before
discussing these variables, it is important to note that this
shortlist of gait variables is the result of a conservative
literature analysis, and it is possible that additional vari-
ables are important in the disease process but divergences
among publications did not allow for their identification.
Furthermore, for the sake of consistency and according to
the journal guidelines, the following sections only include
a selection of representative references.
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- \_ The knee adduction moment (KAM) is undoubtedly the
variable which received the most attention. Critically
reviewing the literature suggests that the mid-stance KAM
peak (KAM,, in Fig. 3) is larger in medial knee OA patients
when compared with non-OA individuals and larger in
severe OA patients than in those with moderate OA.16-18
Additionally, there are indications for the magnitude of
this peak to be positively associated with pain intensity."?
Interestingly, beyond cross-sectional research, a few lon-
gitudinal studies have highlighted an association with dis-
ease progression, where OA progressed faster in patients
with higher mid-stance KAM.20:21 These consistent obser-
vations motivate a deeper explanation of the meaning of
this gait variable. In fact, the KAM can be interpreted as a
surrogate variable for the load distribution between the
medial and lateral knee compartments, with a larger KAM
indicating that a larger portion of the load is transmitted
through the medial compartment. The relationship
between this variable and medial knee OA could thus be

b)

a) A subject with reflective markers(1) walks in a gait laboratory instrumented with a network of cameras(2) and floor-mounted forceplates(3). b) The camera and forceplate signals are processed to deter-
mine the three-dimensional trajectories of the markers and the forces exchanged between the foot of the subject and the ground. c) Biomechanical modelling is performed to determine the dynamics of the

pelvis, thigh, shank, and foot segments based on marker trajectories and force data. d) Descriptive modelling is carried out to quantify three-dimensional joint kinetics and kinematics according to clinically
relevant variables, such as the knee flexion/extension angle. Finally, the continuous data over the entire walking trial are limited to a period of interest, for example a stance phase in the middle of the walk-

Fig. 2 lllustration of a standard gait analysis procedure.
way, and the amplitude of characteristic peaks are measured.
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interpreted as knees with larger KAM being knees with
increased relative mechanical stress on the medial com-
partment. This increased medial loading could disrupt the
multiparametric homeostatic joint system and contribute
to tissue degradation.* While the mid-stance peak occurs
during a period of high tibio-femoral loading due to large
external forces acting on the lower-limbs, an overall char-
acterisation is also interesting to assess the loading during
the entire stance phase. Indeed, the KAM impulse, a
parameter measuring the area below the KAM curve, is
frequently used for this purpose and has also been associ-
ated with disease severity and progression.?223 The con-
sistency of the results obtained with the KAM mid-stance
peak and impulse parameters confirms the importance of
the frontal-plane deviation (varus alignment) and of gait
biomechanics (cyclic loading) in medial knee OA.

Knee flexion moment

Another important kinetic variable used to describe ambu-
latory biomechanics in the framework of knee OA is the
knee flexion moment (KFM). Specifically, cross-checking
prior literature suggests that knee OA patients walk with a
smaller mid-stance KFM peak (KFM,,; in Fig. 3) in compari-
son with non-OA individuals.’%4 Review of the literature
further tends to indicate that mid-stance KFM does not dif-
fer between groups of patients with moderate and severe
OA. In addition, several studies have reported an associa-
tion between this KFM peak and knee pain. In particular, it
has been suggested that OA and non-OA individuals reduce
the magnitude of this peak in response to pain.> A recent
study highlighted an association between mid-stance KFM
and OA progression, where patients walking with a larger
KFM peak at baseline lost more cartilage during the five-
year follow-up period.2’ Together, these observations sug-
gest that patients reduce their mid-stance KFM as disease
develops, certainly to decrease pain. However, the amount
of KFM reduction and the moment this reduction develops
seem to be patient-specific, therefore possibly explaining
the absence of systematic differences between moderate
and severe OA patients. Further, the association between
the magnitude of this KFM peak and cartilage loss suggests
a protective effect of smaller mid-stance KFM against dis-
ease progression, in addition to pain reduction.

Past studies with a model to estimate internal knee
loading based on gait measures indicates that the mid-
stance KFM could be considered as a surrogate marker for
the magnitude of load transferred through the knee. Con-
sequently, the implication of the KFM peak in the OA pro-
cess could be interpreted as knees walking with a larger
mid-stance KFM having larger mechanical forces at their
tibio-femoral interface. Conditions that change these
forces could disrupt the multi-parametric homeostatic
joint system and thus lead to tissue degradation. In this
sense, the mechanism associating mid-stance KFM and

OA seems to be related to the mechanism described for
the mid-stance KAM: the KFM and KAM peaks are two
parameters characterising different aspects of the loading
environment, so it would make sense that their role in dis-
ease development is co-dependent. This comment is par-
ticularly supported by studies showing that the mechanical
load acting on the medial compartment is better esti-
mated by a combination of the KAM and KFM, rather than
by any of these moments in isolation.*

The literature also suggests that OA-related differ-
ences exist in terminal stance KFM peak (KFM,, in Fig. 3),
specifically, a reduced peak (i.e. less extension) has been
reported in patients with more severe OA compared to
both non-OA and moderate OA individuals.’%2¢ Never-
theless, no association has been reported in longitudinal
studies between this KFM peak and disease initiation or
progression, limiting the analysis of the role of this
parameter in knee OA. It has nonetheless been suggested
that OA patients could adopt this walking pattern to
increase knee stability and reduce pain.10.2”

Knee flexion angle

The particular sagittal plane motion of the knee and the
specific properties of the tibio-femoral articular surfaces
make the knee flexion angle (KFA) an essential variable in
the analysis of ambulatory biomechanics. The smaller
ranges of motion over the entire gait cycle consistently
reported with increasing disease severity confirm the
importance of the KFA in the biomechanical analysis of
knee OA.16:26 A critical review of the literature suggests that
the KFA at heel-strike (KFA in Fig. 3) is larger (i.e. the knee
is less extended) in OA compared with non-OA individuals,
and that this parameter is larger in severe compared with
moderate OA patients.'6:26:27 Furthermore, a recent longitu-
dinal study reported an association between this parameter
and OA progression, with less extended knees showing
more rapid disease progression.?® These consistent obser-
vations indicate that knee kinematics is also involved in the
OA process, supporting the general hypotheses that a dis-
ruption of the multi-parametric homeostatic joint system
contributes to knee OA and that a range of alterations can
disturb the system. Although this review analysed the KAM,
KFM, and KFA successively, these variables are certainly not
independent, and their role in knee OA certainly not totally
different. Whereas the KAM and KFM could be related to
the amount of load transferred through the medial com-
partment, the KFA could be related to the location where
the load is applied. Indeed, the points of tibio-femoral con-
tact vary with the angle of knee flexion. The importance of
the KFA is further supported by research showing that carti-
lage properties vary spatially and that the spatial variations
depend on the heel-strike KFA.2° Therefore, a difference in
this KFA parameter could alter the local stress on some knee
tissues in a manner that the tissues cannot accommodate,
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Fig. 3 Overview of gait alterations consistently reported with
medial knee OA.

The black arrows indicate differences between groups of individuals at diverse
stages of the disease, and the gray arrows indicate gait parameters which
have been associated with OA progression in longitudinal studies.

Please note that the gait alterations reported in this figure are the result of a con-
servative literature analysis and it is possible that additional alterations are impor-
tant in OA but divergences among publications did not allow their identification.
P, progressive differences from non-OA subjects to moderate and severe OA
patients; D, differences between non-OA and OA individuals; S, differences
between patients with severe knee OA and both non-OA individuals and mod-
erate OA patients; KAM, knee adduction moment; KFM, knee flexion moment;
KFA, knee flexion angle; hs, heel-strike; ms, mid-stance; ts, terminal stance.

thus contributing to homeostasis disruption.# This interpre-
tation is further supported by the fact that heel-strike is
another period of high loading due to the important mus-
cle co-contractions necessary to stabilise the joint.
Cross-checking prior literature also suggests that the
KFA peak during terminal stance (KFA in Fig. 2) is larger
(i.e. the knee is less extended) in OA compared with non-
OA individuals and is greater in severity compared with
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moderate OA patients.262” However, no longitudinal
study has reported an association between this parame-
ter and OA progression. Therefore, similar to the differ-
ences in KFM during terminal stance, it is possible that
this gait alteration is a compensation to reduce pain and
increase joint stability.10.27

Discussion

The data reviewed in the previous sections highlight a
clear and meaningful relationship between ambulatory
biomechanics and medial knee OA. Specifically, disease
progression was associated with larger heel-strike KFA and
larger mid-stance KAM and KFM. In parallel, the literature
also suggested that heel-strike KFA and mid-stance KAM
increase with disease severity. Together the observations
summarised in this review suggested a sort of amplifica-
tion mechanism, where the disease can produce specific
gait alterations and, in the reverse direction, the same gait
alterations can contribute to disease development. It is
worth noting that this amplification mechanism fits well
with the progressive development of OA. Observations
regarding the mid-stance KFM were different, as patients
seem to reduce this kinetic parameter, which is opposite
to the association of mid-stance KFM and OA progression.
The difference with the two other parameters could be
explained by the relationship between mid-stance KFM
and pain and the possibility of walking with reduced mid-
stance KFM. Nevertheless, this sagittal plane kinetic
parameter was associated with OA progression, so even if
OA-related differences seem protective, it remains a
parameter of primary interest.

In addition to the descriptive value, better understand-
ing the differences in ambulatory biomechanics between
non-OA, moderate OA and severe OA individuals offers a
unique basis to study the disease and improve prevention
and treatment options. For example, it is still unclear why a
portion of the population, apparently without predisposi-
tion for knee OA, develops this disease when they become
older. In this regard, analysing the differences in gait which
naturally occur with increasing age, and contrasting them
with those listed in this review could help in the under-
standing of the possible mechanical pathway leading to idi-
opathic knee OA. Specifically, the literature has reported
that older individuals walk with a larger heel-strike KFA (i.e.
a less-extended knee) in comparison with younger individ-
uals,?6 which is a similar alteration to that observed in OA. It
is therefore possible that this age-related modification plays
a role in idiopathic OA initiation. Similar analyses could be
performed for other risk factors such as obesity or trauma.>

The design of therapeutic options is an area which is
strongly dependent on the understanding of the disease
process. Knowledge regarding ambulatory biomechan-
ics in knee OA is particularly valuable, as illustrated by
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the range of interventions developed on the basis of the
KAM alterations described above. Mechanical interven-
tions notably include braces,?® orthotic insoles,3' and
gait re-training.32 These interventions were reported to
decrease mid-stance KAM and to improve pain, function
and medication intake with small to moderate effect
sizes. Interestingly, most mechanical intervention until
now has focussed on decreasing the KAM, as this gait
alteration was the most documented and the first to be
associated with progression of the disease. Recently, the
effects of braces, insoles and gait re-training on the KFM
has received much attention, and it is expected that in
the near future other interventions will be introduced to
modify the KFA and KFM in addition to the KAM. In the
coming years, one can also expect an increase of indi-
vidualised interventions, where the type and amplitude
of modification will be determined independently for
each patient based on a gait test. New options have been
introduced recently to measure the function of the knee,
and will certainly play a central role in the success of
individualised treatment. For example, portable systems
based on inertial sensors could offer an alternative to
full gait laboratories, which are too complex for routine
practice.?® Additionally, external harnesses could con-
tribute to a more precise analysis of knee kinematics
during walking.3*

Conclusion

There is clear evidence to support the value of gait analysis
in understanding the role of biomechanics in knee OA.
Compiling findings across studies is not an easy task due to
large inter-individual variations, numerous confounders
and errors inherent in the method used to quantify gait.3s
Nevertheless, today there are enough consistent data to
begin identifying a widespread alteration in knee biome-
chanics associated with OA, including the KAM, KFM and
KFA. In this regard, it is important to keep in mind that the
data in Figure 3 is a conservative summary, and that other
differences could exist notably in relation to specific factors
such as obesity or a history of trauma. Additional research
is necessary to improve our understanding of the factors
influencing gait and OA development. A better under-
standing of ambulatory biomechanics in OA will also
require the analysis of other variables at the knee and at
other joints. For example, the anterior displacement of the
femur relative to the tibia was recently shown to differ with
OA severity and to be associated with disease progres-
sion.426 Similarly, hip and trunk motions have been
reported to differ with knee OA.19.24 Multidisciplinary stud-
ies will also be critical in understanding the relationship
between the structural and biological aspects of the dis-
ease. A framework, assuming that knee health is depend-
ent on a multi-parametric system, provides a unique basis

to connect the various components of the disease.* Never-
theless, many additional years of research will be necessary
to refine this framework.

Finally, while our understanding of the role of ambula-
tory biomechanics in knee OA is increasing, knowledge
regarding which gait modification to recommend to
which patient and the long-term benefits of gait modifica-
tions remains fairly limited.
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