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Relationship Between Knee Biomechanics and Pain
in People With Knee Osteoarthritis: A Systematic Review
and Meta-Analysis

Laura Hutchison,1 Jane Grayson,1 Claire Hiller,1 Nicole D’Souza,1 Sarah Kobayashi,2 and Milena Simic1

Objective. Our primary aim was to determine the cross-sectional relationship between knee biomechanics during
gait and pain in people with medial knee osteoarthritis. Our secondary aim was to evaluate differences in knee
biomechanics between symptomatic and asymptomatic participants with medial knee osteoarthritis.

Methods. Four online databases were searched from inception to July 2021. Eligible studies included people with
medial/nonspecific knee osteoarthritis and a reported relationship between knee biomechanics during gait and pain or bio-
mechanics of symptomatic and asymptomatic participants. Two reviewers independently extracted data and evaluated
risk of bias. Random-effectsmeta-analyses were performedwhen three or more studies reported the same biomechanical
variable for pooling (knee adduction moment [KAM], KAM impulse, varus thrust, and peak knee flexion moment [KFM]).

Results. Forty studies were included. Methodological quality ranged from 4 to 9/10. Forty-seven unique
biomechanical variables were reported. For the KAM, there was no correlation with pain for peak values pooled
(early stance and overall) (r = 0.00, 95% confidence interval [95% CI]: −0.12, 0.11, k = 16), a small negative correlation
for early stance peak alone (r = −0.09, 95% CI −0.18, −0.002, k = 12), and a medium positive correlation for the overall
peak during stance (r = 0.30, 95% CI 0.17, 0.42, k = 4). Metaregression identified that body mass index moderated the
peak KAM–pain relationship (P < 0.001). KAM impulse had a small positive correlation with pain (r = 0.23, 95% CI 0.04,
0.40, k = 5), and people with varus thrust had 3.84 greater odds of reporting pain compared with people without (95%
CI 1.72, 8.53, k = 3). Meta-analyses for the peak KFM and pain correlation and secondary aim were nonsignificant.

Conclusion. Some knee gait biomechanics were associated with pain in this cohort. Longitudinal studies are
required to determine causality.

INTRODUCTION

Osteoarthritis (OA) is a chronic musculoskeletal condition

and a leading cause of worldwide disability (1). OA commonly

affects the knee (2), resulting in chronic pain, reduced quality of life

(3), limited physical function (4), mental health deterioration (5),

and significant economic cost (6). No cure exists for knee OA,

and knee replacement is recommended for end-stage disease

(7). Because there is no OA cure, research has focused on strate-

gies to slow or stop disease progression. Recent meta-analyses

have found that 2 biomechanical variables, increased peak exter-

nal knee adduction moment (KAM) and varus thrust presence at

baseline, are associated with almost 2-times greater odds of

medial tibiofemoral OA disease progression (8). The KAM is a

valid (9) and reliable (10) surrogate for medial knee joint load dur-

ing gait (11) and can be reduced with the use of load-modifying

interventions such as gait retraining (12), lateral wedge insoles

(13), or valgus knee bracing (14). Varus thrust presence is related

to KAM and is visualized by rapid lateral movement of the knee

during the stance phase of gait, with return to less varus
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alignment during swing (15). Addressing these biomechanical
variables may be important therapeutic targets for minimizing dis-
ease progression.

Although the association between knee biomechanics and
OA disease progression is established, there is currently no clear
consensus on the relationship between knee biomechanics and
pain in people with knee OA. The impact of knee biomechanics
during gait may be a crucial aspect in understanding pain asso-
ciated with knee OA. The pain experience in people with knee
OA is complex, multifactorial, and often considered in a biopsy-
chosocial context (16). However, traditionally, pain due to knee
OA has been regarded as nociceptive because of abnormal
loading of a damaged joint (17), a theory not always supported
by the available evidence. Though widely investigated, there is
evidence for a positive (18), a negative (19), and no correlation
(20) between pain and biomechanical variables such as the
KAM in people with knee OA. There is also conflicting evidence
whether knee biomechanics in people with knee OA differ
between symptomatic and asymptomatic cohorts (21,22).
As well as reaching consensus on the relationship between knee
biomechanics and pain, meta-analyses in this area bring the
opportunity to explore the interaction of potential moderating
factors.

Given that pain management is likely the motivating factor for
people with knee OA to seek health care (23), it is important to
examine the relationship between pain and knee biomechanics
in this cohort. This could ensure treatments appropriately target
biomechanical variables linked to pain as well as disease progres-
sion outcomes. The primary aim of this study was to determine
the cross-sectional relationship between knee biomechanics dur-
ing gait and pain in people with medial knee OA. Our secondary
aim was to determine whether a difference exists in knee

biomechanics during gait between symptomatic and asymptomatic
participants with medial knee OA.

METHODS

We conducted a systematic review and meta-analysis of the
relationship between knee biomechanics during gait and pain in
people with medial knee OA, following the recommendations of
the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) statement. Our protocol was registered pro-
spectively (PROSPERO CRD42020173496).

Search strategy and study selection. We conducted
a systematic search of online databases (MEDLINE, AMED,
Embase, and CINAHL) from inception until July 27, 2021.
Searches were unrestricted by language. Search terms were
related to OA, the knee joint, biomechanics, and pain (Supple-
mentary Methods 1, available on the Arthritis Care & Research
website at https://onlinelibrary.wiley.com/doi/10.1002/acr.
25001). We performed bibliographic and citation searches of
included studies. After duplicate removal, 2 reviewers indepen-
dently screened records by 1) title and abstract and 2) full text
against predetermined inclusion and exclusion criteria, using
Covidence (Veritas Health Innovation, Melbourne, Australia). Two
reviewers also independently performed data extraction and risk
of bias assessment, with a third independent reviewer available
to resolve conflicts.

Eligibility criteria. Eligible study designs were case-con-
trol, cross-sectional, or longitudinal. Relevant baseline or control
group data from experimental studies were also eligible. Partici-
pants were adults (age ≥18 years) diagnosed with knee OA. For
the secondary analysis, asymptomatic participants must have
received an OA diagnosis via imaging (radiograph or magnetic
resonance imaging). Studies in which the predominant knee com-
partment affected with OA was the patellofemoral or lateral tibio-
femoral were excluded because of evidence of different joint
loading patterns compared with people with medial knee OA
(24,25). Studies not specifying the knee compartment affected
were included because OA commonly affects the medial com-
partment (26). Study outcomes included the association between
pain and knee biomechanics or the difference in knee biomechan-
ics during gait between symptomatic and asymptomatic groups.
Eligible biomechanical metrics included any kinetic or kinematic
knee outcomes assessed during walking gait. Knee biomechan-
ics were assessed in a three-dimensional (3-D) motion analysis
laboratory or rated for presence of biomechanical variables such
as varus thrust by examiners using a 2-D video recording. Knee
joint moment outcomes were included regardless of normaliza-
tion or normalization method.

Studies analyzing either a fixed or self-selected walking
speed were eligible. If studies assessed multiple walking speeds,

SIGNIFICANCE & INNOVATIONS
• Most knee biomechanics during gait were not

strongly related to pain in people with knee osteo-
arthritis. In particular, when early stance and overall
peak external knee adduction moment (KAM) out-
comes were pooled, there was no correlation
between peak KAM and pain.

• Varus thrust presence was associated with almost
four times increased odds of reporting pain com-
pared with people without varus thrust. Therefore,
varus thrust presence should be identified early in
clinical assessment.

• Metaregression identified that body mass index
(BMI) significantly moderated the relationship
between peak KAM and pain. For each 1-unit
increase in BMI, the peak KAM–pain correlation
coefficient decreased by almost 0.1. This indicates
BMI is important for clinicians and researchers to
consider regarding load-reducing interventions.
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the self-selected/normal speed was extracted. Experimental
studies observing changes in knee biomechanics in response to
interventions such as analgesia or induced pain were ineligible
because we aimed to determine the relationship between knee
biomechanics and pain due to knee OA. Within-participant
studies (designs comparing bilateral knee biomechanics within
the same participant) were excluded because it is hypothesized
that biomechanical adaptations to knee OA are at least partially
systemic and not exclusively based on the physiologic character-
istics of the affected knee (27). Studies using composite symptom
scoring systems not clearly separated into majority pain sub-
scales, as well as reviews, meta-analyses, opinion pieces, and
conference abstracts, were ineligible.

Risk of bias assessment. Risk of bias was assessed using
the Quality Assessment Tool for Observational Cohort and Cross-
Sectional Studies (28). This tool contains 14 questions regarding
study objective, population, recruitment, sample size, analyses,
exposures, outcome measures, blinding, follow-up, and con-
founding variables. The questions can be answered with “yes,”
“no,” or “other” (cannot determine, not reported, not applicable).
Because of the cross-sectional nature of extracted data, items
6, 7, 10, and 13 (measuring biomechanics prior to pain, allowing
sufficient time frame to see an association, assessing biomechan-
ics more than once over time, and participant drop-out) were not
applicable; therefore, the maximum score each study could
receive was 10 points.

Data extraction. The following data were extracted:
country of origin, study design, recruitment information and
demographic data, knee OA diagnosis and severity, pain assess-
ment tool, pain scores, gait speed, knee biomechanics values
(e.g., KAM), association between knee biomechanics and pain
(e.g., Pearson’s correlation coefficient [r], odds ratio [OR], beta
or regression coefficients), or differences in knee biomechanics
between symptomatic and asymptomatic groups (P values).

Authors were emailed if further information was required.
Studies were excluded from meta-analyses if relevant data
remained unavailable. If studies used multiple pain assessment
tools, data extraction was prioritized according to a published
hierarchy (29).

Meta-analyses. To evaluate associations between knee
biomechanics and pain, we pooled Pearson’s r values. The corre-
lation was inverted for studies that reported pain assessment
tools with higher numbers indicating lower pain levels. When
appropriate, R2 values were converted to r by obtaining the
square root value, then all r-values were transformed to Fisher’s
Z and corresponding sample variances calculated (30). ORs and
95% confidence intervals (95% CIs) were calculated for studies
that reported dichotomous biomechanical variables as the pre-
dictor and pain as the outcome variable.

To determine whether differences in knee biomechanics
existed between symptomatic versus asymptomatic groups, we
estimated the relative effect of each study by calculating the stan-
dardized mean difference in knee biomechanics between groups.

Studies were considered heterogeneous if they used differ-
ent pain assessment tools or had an I2 value >50% (31). In
meta-analyses in which studies were deemed heterogeneous,
random-effects models were used, whereas fixed effects were
chosen if studies were homogenous. Meta-analyses were con-
ducted if ≥3 studies reported the same association measure for
a particular biomechanical variable regarding its relationship with
pain. Sensitivity analyses were identified and performed (depend-
ing on data availability) based on any potential confounding vari-
ables. Metaregression was considered for any suitable
explanatory variable with 10 or more studies.

The term “biomechanical metrics” includes umbrella knee
kinetic or kinematic outcomes (e.g., KAM, knee flexion angle).
“Biomechanical variables” describes these metrics at specific
time points during the gait cycle (e.g., early stance peak KAM,
knee flexion angle at initial contact) (8). For meta-analyses, only
biomechanical variables collected at the same time point were
pooled. As the early stance (first) peak KAM is typically the largest
(32), overall and early stance peak KAM were pooled in the same
meta-analysis, before sensitivity analyses conducted separately
for early stance and overall peaks. “Peak KAM” refers to both
early stance and overall peaks pooled, whereas “early stance
peak KAM” refers to the peak KAM during the first 50% of stance,
and “overall peak KAM” refers to the largest peak during the
entire stance phase. We classified the peak KAM as early stance
peak KAM when 1) “early stance” or “first peak” KAM was clearly
stated in the paper, 2) we were able to clarify with the author that
the peak KAM was extracted during the first half of stance, or 3)
the average peak KAM occurred during the first half of stance as
illustrated in a graph. If it remained unclear whether the peak
KAM was extracted from the first half of stance, the study was
included in the peak KAM meta-analysis and the overall
peak KAM sensitivity analysis. Meta-analyses were conducted
using Comprehensive Meta-Analysis Software V3 (Biostat). Cor-
relation coefficient strength was interpreted as per Cohen (33).

RESULTS

The search identified 3,679 independent records, and
40 studies were deemed eligible for inclusion (Figure 1, PRISMA
diagram). Included studies were cross-sectional (k = 30), case-
control (k = 4), longitudinal (k = 4), or experimental (k = 2). Sample
sizes ranged from 10 (34) to 699 (35), with an average age range
between 45.5 (36) and 73.4 (37) years and body mass index
(BMI) range from 22.5 kg/m2 (35) to 37.3 kg/m2 (38). Most
studies included participants with a range of OA severities
(Kellgren/Lawrence [K/L] grades 0–IV). Four studies (10%)
(35,39–41) included participants with K/L grade 0, mostly
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because of clinical OA diagnosis. Twenty-eight studies (70%)
explicitly recruited participants with medial knee OA, and
12 (30%) studies did not specify the main compartment affected.

Overall, 23 unique knee biomechanical metrics (47 variables)
were reported. The most frequently reported were early
stance peak KAM (k = 16) (19–22,36,39,41–50), overall peak
KAM (k = 9) (18,34,38,51–56), KAM impulse (k = 7)
(21,38,43,44,54,57,58), peak knee flexion moment (KFM)
(k = 5) (19,41,46,49,59), and varus thrust presence (k = 5)
(35,37,60–62). Common pain assessment tools were the
Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) (k = 15) (20–22,35,36,39,44–46,49–51,59,62,63),
the Knee Injury and Osteoarthritis Outcome Score (k = 8)
(19,40–43,47,58,64), and visual analogue scale (k = 6)
(34,38,53,54,65,66) (Supplementary Table S1, available on the
Arthritis Care & Research website at https://onlinelibrary.wiley.
com/doi/10.1002/acr.25001).

Risk of bias. Methodological quality ranged from a
score of 4 (48) to 9 (38,46) out of a possible 10 points

(Supplementary Table S2, available on the Arthritis Care &
Research website at https://onlinelibrary.wiley.com/doi/10.1002/
acr.25001). Well-performed items included stating study objec-
tive, consistent population recruitment period, quantifying knee
biomechanics, using valid and reliable outcome measures,
blinding, and adjustment for sex and age. Poorly performed
items included defining recruitment location and population,
specifying the number of eligible participants, and sample size
justification.

Study results and meta-analyses. Study results are
reported in Supplementary Tables S3 and S4 (available on the
Arthritis Care & Research website at https://onlinelibrary.wiley.
com/doi/10.1002/acr.25001) and meta-analyses in Table 1.
Meta-analyses were conducted on 5 outcomes (4 biomechanical
metrics for the relationship with pain and 1 biomechanical met-
ric for the difference in biomechanics between symptomatic
and asymptomatic groups). Because of heterogeneity
(I2 >50% and/or different pain assessment tools used), we used
random-effects models for all analyses.

Records identified from: 
Databases (n = 6016) 
Other sources (n = 2) 

Records removed before screening:
Duplicate records removed  
(n = 2339) 

Records screened 
(n = 3679) 

Records excluded 
(n = 3368) 

Reports sought for retrieval 
(n = 311) 

Reports not retrieved 
(n = 1) – unable to access due to 
COVID-19 resource sharing 
restrictions 

Reports assessed for eligibility 
(n = 310) 

Reports excluded: 
• Outcomes of interest not 

reported (n = 201) 
• Knee biomechanics during 

gait not reported, or only 
reported following intervention 
(n = 28) 

• Wrong population (n = 13) 
• Pain not assessed, or only 

assessed following 
intervention (n = 13) 

• Ineligible study design (n = 15) 

Studies included in review 
(n = 40) 
Studies included in quantitative 
synthesis (n = 23) 
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram.
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No relationship was detected between peak KAM (early
stance and overall peaks pooled) and pain in participants with
knee OA (Table 1 and Supplementary Figure S1, available on the
Arthritis Care & Research website at https://onlinelibrary.wiley.
com/doi/10.1002/acr.25001). No relationship was detected
between peak KAM and pain in participants with medial knee
OA, and those with varus alignment (Table 1 and Supplementary
Figures S2 and S3, available at https://onlinelibrary.wiley.com/
doi/10.1002/acr.25001). Metaregression revealed that for a 1-unit
increase in BMI, the peak KAM–pain correlation coefficient in those
with knee OA decreased by 0.08 (k = 10, P < 0.001)
(18,20,36,39,43,44,47,49,50,54) (Figure 2). There was a small
negative correlation between early stance peak KAM and pain
(Table 1 and Supplementary Figure S4, available at https://
onlinelibrary.wiley.com/doi/10.1002/acr.25001), but this became
nonsignificant when only participants with medial knee OA were
analyzed (Table 1 and Supplementary Figure S5). Correlation
between overall peak KAM and pain revealed a medium positive
relationship in those with medial knee OA (Table 1 and Supple-
mentary Figure S6). There was a small positive correlation
between KAM impulse and pain (Table 1 and Supplementary
Figure S7, available on the Arthritis Care & Research website
at https://onlinelibrary.wiley.com/doi/10.1002/acr.25001), which
remained when considering only participants with medial knee
OA (Table 1 and Supplementary Figure S8). Peak KFM was not
correlated with pain in people with knee OA (Table 1 and Supple-
mentary Figure S9). People with knee OA and varus thrust pres-
ence had 3.84 greater odds of reporting pain compared with
people without varus thrust (Table 1 and Supplementary

Figure S10, available at https://onlinelibrary.wiley.com/doi/10.
1002/acr.25001).

There was no difference in peak KAM between symptomatic
and asymptomatic groups with knee OA (Table 1 and Supple-
mentary Figure S11), which remained when sensitivity analysis
was conducted based on early stance peak KAM in people with
medial knee OA (Table 1 and Supplementary Figure S12, at
https://onlinelibrary.wiley.com/doi/10.1002/acr.25001).

Of the biomechanical variables from studies unable to be
included in meta-analyses, there were 24 with no pain relationship
(19,20,36,38–42,44,45,48,50–52,55,65–67), 12 with a positive
(34,37,38,50,57,60,64,68), and 10 with a negative relationship
(20,38,44,45,63,64,68). For those studies reporting knee biome-
chanics of symptomatic and asymptomatic groups not included
in meta-analyses, there were 11 reported variables with no
between-group differences (21,46,56), whereas 5 biomechanical
variables were significantly larger in the symptomatic compared
with the asymptomatic group (21,22,46) (Supplementary
Tables S3 and S4, available on the Arthritis Care & Research
website at https://onlinelibrary.wiley.com/doi/10.1002/acr.25001).

DISCUSSION

We identified evidence of some knee biomechanics during
gait being associated with pain in people with knee OA; however,
relationships were not strong. The biomechanical variables evalu-
ated via meta-analyses are considered proxy measures of load
imbalance in the knee during gait. Our meta-analysis demon-
strated that people with varus thrust presence had 3.84 greater

BMI
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Figure 2. Regression of Fisher’s Z (pain and peak knee adductionmoment [KAM] [early stance and overall peakKAMpooled]) on bodymass index (BMI).
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25001/abstract.
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odds of reporting pain compared with people without varus
thrust. There was a medium positive relationship between overall
peak KAM and pain in those with medial knee OA, and BMI
moderated the peak KAM–pain relationship. All other displayed
relationships between biomechanics and pain were small
(positive or negative), or there was no relationship. However,
because of the complexity of pain and previously reported small
r- and OR values for factors known to be associated with pain in
people with knee OA, these results were not unexpected. We
found no difference in knee biomechanics during gait between
symptomatic and asymptomatic groups.

The varus thrust association with pain is clinically meaningful,
as varus thrust can be identified upon visual gait analysis without
expensive equipment and technical expertise. Varus thrust pres-
ence has also been associated with increased odds of medial
tibiofemoral OA disease progression (OR 1.97) (8). As varus thrust
occurs throughout the course of OA disease (60,69), early identi-
fication and intervention could be impactful regarding both pain
and disease progression. The significant associations with both
pain and OA disease progression in those with varus thrust pres-
ence may point to the connection between pain and joint load, as
varus thrust may be a clinical marker of excessive medial joint load
(70). Three short-term studies have reported that lateral wedge
insoles (n = 38) (71), soft knee braces (n = 6) (conference abstract)
(72), and gait retraining (n = 1) (73) may reduce varus thrust mag-
nitude and pain in those with medial knee OA. However, there are
no large randomized controlled trials investigating long term
effects of interventions on varus thrust presence and pain in peo-
ple with knee OA.

Meta-analyses between overall peak KAM and KAM impulse
with pain revealed positive relationships. These findings align with
the traditional hypothesis that in people with knee OA, pain
occurs because of abnormal loading of a damaged joint (17).
However, meta-analysis between early stance peak KAM and
pain revealed a small negative correlation, which may render this
relationship clinically insignificant. This negative correlation may
appear counterintuitive, as it would seem logical that larger loads
applied to joints with OA would increase pain. However, the neg-
ative correlation could indicate evidence for a protective mecha-
nism, meaning participants experiencing greater pain alter their
gait to offload the medial knee. A protective mechanism has pre-
viously been postulated (19,39,57) and is supported by studies
demonstrating reduced pain and higher KAM after intra-articular
hyaluronic acid injections (74,75) or oral piroxicam (76). There is
also evidence that knee pain seems to alter motor strategies to
facilitate joint unloading (77). Therefore, it may be pain that influ-
ences biomechanics. Compensatory gait adaptations to alter
knee loading, e.g., altering foot progression angle, trunk lean, or
walking speed, may account in part for the different individual
study correlation coefficients between KAM and pain. Further-
more, compensation mechanisms used to reduce one biome-
chanical metric [e.g., walking with toe-in gait (78) or slower

walking speed (79) to reduce peak KAM] may concurrently
increase another (e.g., KAM impulse).

Based on our varying meta-analyses results and conflicting
findings of individual studies, it is important to note the nociceptive
theory linking knee loading to pain in OA may be inadequate. This
may also depend on the OA disease stage. The general symptom
nature in early OA is activity-related symptoms that appear noci-
ceptive, progressing over the disease course to a more constant
pain that likely reflects other processes, e.g., neurobiologic mech-
anisms (16). However, because of reported data, we were unable
to perform analyses based on OA disease severity. We acknowl-
edge that pain is multifactorial, and a biopsychosocial model is
needed to better understand pain due to OA.

Our metaregression showed that studies with cohorts who
had larger BMI on average (>28 kg/m2) displayed negative
KAM–pain correlations, whereas studies with smaller BMI
(<28 kg/m2) had positive correlations. This analysis, although
subject to aggregation bias, could indicate that participants
may use protective gait alterations when they are overweight/
obese and may explain conflicting findings from previous stud-
ies regarding the relationship between peak KAM and pain.
The opposing correlation coefficients with pain from overall
and early stance peak KAM meta-analyses may be due to a dif-
ference in biomechanical variable timing or participant charac-
teristics between studies. A smaller percentage of studies in
the early stance peak KAM analysis reported healthy BMI com-
pared with the overall peak KAM analysis. This may indicate
participants in the overall peak KAM analysis were more likely
to display positive KAM–pain relationships based on our metar-
egression findings.

Potential mechanisms regarding our metaregression result
could include mechanical loading (e.g., increased joint load and
altered walking kinematics in individuals with obesity compared
with normal-weight individuals) (80) and/or systemic factors such
asmetabolically driven inflammation in obesity (81) or pain sensitiv-
ity. Recent work has found that in those with knee pain, low pres-
sure pain thresholds are associated with both higher visceral fat
area and body fat percentage (82). This may in part explain why
those studies with higher BMI (>28 kg/m2) displayed a negative
knee loading–pain relationship. Unfortunately, because of lack of
data, investigation into potential mechanisms such as inflamma-
tion was unable to be performed because this was not assessed
in included studies. There is also evidence that BMI interacts
with peak KAM and impulse to predict loss of medial tibial car-
tilage volume over 2.5 years in people with knee OA. Greater
peak KAM and impulse were both associated with reductions
in medial tibial cartilage volume in obese individuals; however,
in normal/overweight individuals, the KAM was of little impor-
tance in predicting medial tibial cartilage volume change (83).

Regarding secondary outcomes, we found no difference in
peak KAM between symptomatic and asymptomatic groups.
The meta-analysis based on peak KAM difference between
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groups included 4 studies (total n = 264) (21,22,46,56), and only 1
study (22) (n 71) identified a significantly larger KAM in the symp-
tomatic group.

Because of previously reported weak relationships of known
factors relating to pain in people with knee OA, our results display-
ing small relationships between biomechanics and pain were not
unexpected. Previously reported factors associated with pain in
those with knee OA include BMI (84), sleep duration (85), and
depression (86). Apart from the odds of pain in an obese group
with knee OA (adjusted OR 7.5), adjusted OR for sleep duration
and depression have been reported as 1.32 (85) and 3.01 (86),
respectively, which are lower than our ORs for pain with varus
thrust presence. It is possible the relationship between pain and
joint loading is more difficult to examine in continuous variables
because of small changes in precise data. Relationships may also
be complicated by variation in biomechanics between studies
due to research design, e.g., differences in motion capture sys-
tems, researcher expertise, coordinate systems, anatomical
landmarks, modeling, and filtering decisions. However, small cor-
relation coefficients for factors stated to be correlated with pain in
knee OA have been reported for age (87) and serum hyaluronan
level (K/L grade III–IV) (88).

Pain is a challenging outcome to assess because it is multi-
factorial, subjective (89), and influenced by psychological, biologi-
cal, and social factors, and the intensity of daily pain due to OA
varies significantly (16). This means it is impossible for any one fac-
tor alone to explain pain variability. Additionally, many factors con-
tributing to pain variation between participants cannot be feasibly
assessed and controlled for in most studies because of the num-
ber of factors influencing pain (16). Responses to pain, e.g., central
sensitization (reduction of the threshold for mechanically induced
pain) (16), may further complicate observed relationships. We per-
formed relevant sensitivity analyses and metaregression when
possible, per our protocol. However, when between-participant
confounding is reduced by a within-patient study design, strong
associations have been observed between medial knee load and
increased knee pain during walking (90).

Most included studies (82%) utilized a reliable and valid knee
pain questionnaire. However, multiple pain assessment tools
were used and standardized to different scales/directions. Some
studies asked a single pain question, which is unlikely to capture
the full pain experience (16). Two studies analyzed the pain rela-
tionship with biomechanics from a single WOMAC item instead
of the total pain score (49,62). In studies not utilizing standardized
knee pain questionnaires, pain was assessed across different
time periods, or a period was unspecified. In these studies,
discrepancies also arose with pain being assessed during every-
day life (38), walking (34,52,54,55), or movement (53). Some
studies provided limited detail regarding pain assessment.
Because all studies assessed pain due to knee OA, we deemed
it appropriate to pool results; however, we acknowledge the
associated limitations. Many outcomes extracted were

secondary/post hoc analyses from studies not designed to
answer our primary aim. Included studies had a broad range of
participants (e.g., sex distribution, age, BMI, geographic location,
and OA severity grade) and some were limited by small sample
size (≤20) (34,41,42,48,53,59,63). When correlations between
knee biomechanics and pain were small or nonexistent, they
may have been impacted by research design or affected by multi-
ple confounders, or it may be that the relationship with pain is dis-
cordant for some biomechanical variables.

It is recommended that future studies are well-designed
to specifically determine the relationship between knee biome-
chanics during gait and pain, and longitudinal studies are neces-
sary to infer causation of relationships already established.
Within-participant studies also present a practical design to
account for confounders that cannot be feasibly assessed and
controlled/adjusted for in between-participant designs, although
it may be that the biomechanical adaptations to knee OA are at
least partially systemic and not exclusively based on the physio-
logical characteristics of the involved knee (27). Future studies
may consider a targeted approach to investigate the complex
pain–biomechanics relationship, e.g., stratifying participants
based on BMI and adjustment as practicable for confounding fac-
tors. They should also report factors such as knee compartment
affected, calculation method of biomechanical variables, and the
phase of gait biomechanical metrics were extracted from. We
suggest a standardized use of pain assessment tools (such as
WOMAC) including consistent scale, direction, and clear interpre-
tation of results.

There are many strengths of our review. We developed and
piloted a rigorous protocol that was registered prospectively. We
conducted a comprehensive search of four databases and
extracted all relevant biomechanical variables. Random-effects
meta-analyses with large sample sizes were performed on multi-
ple biomechanical variables with sensitivity analyses and
metaregression.

There are some limitations of our review. We only considered
cross-sectional relationships and associations between knee bio-
mechanics and pain and did not include longitudinal data because
of the small number of studies available during piloting. Radio-
graphic diagnosis of knee OA was not required for inclusion
(except for studies relating to the secondary aim). However, of
the 36 studies relating to the primary aim, only 2 studies did not
report using imaging (34,43), and they both required participants
to meet the American College of Rheumatology clinical criteria for
knee OA (91). We accepted studies regardless of walking speed,
which is a potential confounder. However, 85% of studies
reported self-selected walking speed, indicating that most studies
asked participants to walk with a natural gait. We pooled studies
regardless of KAM normalization or normalization method. In our
meta-analyses, all studies reported KAMnormalized to either body
mass (Nm/kg) or body weight times height (%BW*Ht), except one
(n = 20) (42) that reported unnormalized data. We deemed this
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appropriate because of research indicating that weight explains
45% of the variance in the unnormalized KAM, whereas height
only explains a further 3%, and significant correlations have been
reported between the unnormalized KAM and both height and
weight (92).

In conclusion, varus thrust was associated with almost 4-
times greater odds of reporting pain in people with knee OA com-
pared with those without varus thrust. Although we cannot cur-
rently establish causation, this finding is significant because varus
thrust can be assessed and potentially modified clinically and early
during the OA disease course. All other biomechanical variables
assessed had a medium, a small, or no correlation with pain,
which may render them clinically irrelevant. However, because of
previously reported small r- and OR values for known factors
associated with pain in those with knee OA and the complexity of
assessing pain, small correlations between biomechanics and
pain were not unexpected. We found that BMI significantly moder-
ated the peak KAM–pain relationship, which reinforces the impor-
tance of considering BMI when implementing load-reducing
interventions. High quality, longitudinal studies are required to
comprehensively evaluate the relationship between knee biome-
chanics and pain. In the short term, clinical trials may focus on
strategies to address varus thrust presence, KAM variables, and
evaluate pain and disease progression outcomes.
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