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Abstract 

Background: Conventional radiography is commonly used to diagnose knee osteoarthritis (OA), but also to guide 
clinical decision-making, despite a well-established discordance between radiographic severity and patient symp-
toms. The incidence and progression of OA is driven, in part, by biomechanical markers. Therefore, these dynamic 
markers may be a good metric of functional status and actionable targets for clinicians when developing conservative 
treatment plans. The aim of this study was to assess the associations between biomechanical markers and self-
reported knee function compared to radiographic severity.

Methods: This was a secondary analysis of data from a randomized controlled trial (RCT) conducted in primary care 
clinics with knee OA participants. Correlation coefficients (canonical (ρ) and structural (Corr)) were assessed between 
the Knee Injury and Osteoarthritis Outcome Score (KOOS) and both, radiographic OA severity using the Kellgren-
Lawrence grade, and three-dimensional biomechanical markers quantified by a knee kinesiography exam. Significant 
differences between coefficients were assessed using Fischer’s z-transformation method to compare correlations from 
dependent samples.

Results: KOOS and biomechanical data were significantly more associated than KOOS and X-ray grading (ρ: 0.41 
vs 0.20; p < 0.001). Structural correlation (Corr) between KOOS and X-ray grade was 0.202 (4% of variance explained), 
while individual biomechanical markers, such as the flexion during loading, explained up to 14% of KOOS variance 
(i.e., Corr2). Biomechanical markers showed the strongest associations with Pain and Activity of Daily Living KOOS 
subscales (both > 36% variance explained), while X-ray grading was most associated with Symptoms subscale (21% 
explained; all p ≤ 0.001).

Conclusions: Knee biomechanical markers are associated with patient-reported knee function to a greater extent 
than X-ray grading, but both provide complementary information in the assessment of OA patients. Understanding 
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Background
Knee osteoarthritis (OA) is a leading cause of disability 
among older adults and is characterized by morphologi-
cal changes in joint structure, joint pain, mechanical joint 
dysfunction, and muscle weakness [1]. Due to the multi-
factorial nature of this disease, associations between 
patient clinical characteristics and objective measures 
of disease are complex. Typically, radiographs are used 
to complement the findings from a clinical evaluation of 
patients with suspected knee OA [2]. The radiographic 
assessment is largely used for diagnostic purposes, but 
these images are also used to guide clinical decision-
making [3, 4]. Although radiography is a suitable tool to 
assess static joint structure, there are important limita-
tions when using these results to guide and develop con-
servative treatment plans.

Patient symptoms are often not correlated with radio-
graphic severity [5, 6]. Patients with severe pain can pre-
sent minimal radiographic severity, and conversely, those 
with severe radiographic OA may present with minimal 
symptoms [7]. This may partially explain why clinicians 
have identified problems in the conventional approach to 
determining optimal treatment strategies and reported 
the need of additional tools to help them choose the 
most effective treatment [3, 8]. Although guidelines and 
reviews recommend using radiographs as part of a multi-
factorial examination, radiographs often constitute the 
primary method upon which treatment plans are made, 
despite providing minimal leads to assist clinicians in the 
development of treatment plans [9, 10]. Pain, severity of 
disability, and other patient-specific factors should also 
be considered to address this clinical gap in precision 
medicine for this patient population and prevent that 
X-ray supplant other clinical features in decision-making 
[10–14].

In addition to joint pain and disability, most patients 
with knee OA demonstrate altered knee biomechanics 
during gait [15]. These changes are typified by reduced 
excursion in the sagittal plane (i.e., flexion–exten-
sion), dynamic misalignments in the frontal plane (i.e., 
adduction/abduction [clinically known as varus/val-
gus]), as well as altered rotations in the transverse plane 
(i.e., internal/external rotation) [16–19]. Biomechanical 

alterations are a central aspect of knee OA; they not 
only serve as biomechanical markers of OA severity but 
are also predictive of its onset and future progression 
[20, 21]. As the disease progresses, there is a decrease 
in joint excursions and an increase in dynamic frontal 
plane misalignments [16, 22, 23]. Patients with a lim-
ited dynamic knee range of motion, greater medial 
compartment loading, and varus thrust (i.e., sudden 
lateral shift of the knee during the loading phase of 
the gait) in the frontal plane at baseline are at greater 
risk for symptomatic and radiographic progression in 
the future [18, 24–27]. Interventions that specifically 
target altered biomechanics can reduce symptoms of 
knee OA, have the potential to delay the need for knee 
surgery, and alter the risk of structural OA progres-
sion [28–31]. It is important to note that these biome-
chanical markers can be modified through conservative 
treatment plans, making them ideal actionable targets 
for effective treatment [32, 33].

Given the associations between biomechanical mark-
ers and OA progression, evaluating and treating the 
biomechanical dysfunction of patients with knee pain is 
a medical necessity for optimal management [34]. Knee 
radiographic measures are limited predictors of dynamic 
joint alignment during weight-bearing activities. Indeed, 
an accurate, objective, three-dimensional assessment of 
the patient’s lower limb biomechanics is essential to fully 
understand her/his gait profile and the risk of OA pro-
gression [35–37].

Considering the importance of biomechanical markers 
as risk factors for OA progression and their modifiable 
nature, they may be a good metric of functional status 
and actionable targets for treatment plans that may be 
used to complement the standard radiographic exam as 
objective data. However, the relationship between symp-
toms, pain, disability, and biomechanical characteristics 
is not well understood. If biomechanical markers were to 
be considered meaningful measures to support and guide 
conservative treatment plans, these metrics 1) must be 
significantly associated with self-reported knee function 
and 2) provide information that is distinct from a stand-
ard radiographic exam. Therefore, the aim of this study 
was to assess the associations between biomechanical 

how dynamic markers relate to function compared to radiographic severity is a valuable step towards precision medi-
cine, allowing clinicians to refine and tailor therapeutic measures by prioritizing and targeting modifiable biomechani-
cal markers linked to pain and function.

Trial registration: Original RCT was approved by the Research Ethics Boards of École de technologie supérieure 
(H20150505) and Centre hospitalier de l’Université de Montréal (CHUM-CE.14.339), first registered at https:// www. 
isrctn. com/ (ID-ISRCTN16152290) on May 27, 2015.
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markers and self-reported knee function compared to 
radiographic severity.

Methods
Subjects
This study was a secondary analysis of baseline data from 
a randomized controlled trial (RCT; ISRCTN16152290) 
evaluating the clinical utility of a knee kinesiography 
assessment as part of knee OA patients’ care pathway. 
Details on participant recruitment and enrollment are 
documented elsewhere [31]. Briefly, patients seeking 
care for knee pain were recruited in primary care clinics 
in the Province of Quebec (Canada). Patients were eligi-
ble if they were diagnosed with knee OA after a clinical 
assessment and if they 1) reported knee pain ≥ 4/10 on 
a numeric pain scale in the past seven days, 2) had Kell-
gren-Lawrence (KL) radiographic severity scores ≥ 2, and 
3) were not on a waiting list for a total knee arthroplasty 
(TKA) [38]. The exclusion criteria were inflammatory 
arthritis, active cancer, or pregnancy. When both knees 
were diagnosed with OA, only data from the most pain-
ful knee was used for this analysis. All subjects signed 
informed consent. The study protocol was approved by 
the Research Ethics Boards of the École de technologie 
supérieure (H20150505) and the Centre hospitalier de 
l’Université de Montréal (CE.14.339) prior to participat-
ing in the RCT.

Radiographic assessment
Kellgren-Lawrence (KL) X-ray grade was determined 
using conventional radiographs by an experienced fel-
lowship-trained musculoskeletal radiologist. Grades were 
based on several radiographs including 1) a weight-bear-
ing anteroposterior view of both knees, 2) a non-weight-
bearing lateral view, and 3) an axial view of the affected 
knee. The KL score is a reliable method to grade OA 
severity and has been used in numerous clinical studies 
[38–40].

Knee kinesiography examination
Knee biomechanical markers were measured during 
a knee kinesiography examination with the KneeKG® 
system (Emovi Inc.). This is a portable, validated, FDA 
(510 k) cleared, Health Canada licensed and CE marked 
system, appropriate to assess three-dimensional (3D) 
knee kinematics in the clinical setting [41]. The global 3D 
positions of retroreflective markers affixed to the distal 
thigh, lower leg, and waist of an exoskeleton are tracked 
through an infrared camera (Fig. 1).

It identifies and analyzes biomechanical markers in all 
three planes of movement (i.e., flexion/extension, varus/
valgus, and internal/external rotation). After a short 
familiarization period, subjects walk for two bouts of 

45  s on a treadmill at a self-selected comfortable walk-
ing speed. From the 15 most repeatable gait cycles (i.e., 
between two heel strikes on the ground of the same leg), 
a mean kinematic curve was calculated for each plane of 
movement. In this study, seventy biomechanical param-
eters were extracted from the 3D knee kinematic curves. 
These variables included common measures such as peak 
joint angles, joint excursions, and joint positions at rel-
evant discrete time points and intervals (e.g., at initial 
contact, during loading, at push-off, etc.; see examples in 
Fig. 2).

Self‑reported knee function
All subjects completed the Knee Injury and Osteoar-
thritis Outcome Score (KOOS) patient-reported out-
come measure. This is a valid and reliable instrument 
to evaluate knee OA patients, which has been validated 
for the French-speaking population [42–44]. The KOOS 
evaluates knee OA impact over five domains, or sub-
scales, including Symptoms, Pain, Activities of daily 
living (ADL), Sports and recreation (SPORT), and Qual-
ity of life (QOL). Scores on the subscales range from 0 
(extreme symptoms) to 100 (no symptoms).

Statistical analysis
Descriptive statistics for patient characteristics were 
calculated. The relationships between X-ray grade, 

Fig. 1 Patient wearing the KneeKG® exoskeleton tracking device 
during the knee kinesiography exam
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biomechanical markers, and KOOS score were evalu-
ated using a canonical correlation analysis (CCA). This 
type of analysis is a statistical multivariate method anal-
ogous to a regression analysis to determine the asso-
ciation between two sets of variables derived from the 
same group of individuals instead of between two vari-
ables [45]. The associative results of this approach are 
an extension of a bivariate approach in which Pearson’s 
correlation coefficient (r) represents the strength of 
the relationship between two variables. In CCA, Pear-
son’s coefficient is maximized between two sets of vari-
ables, allowing the quantification of two correlations. 
The first is the canonical correlation (i.e., ρ coefficient) 
that quantifies the global association between the two 
sets. The ρ coefficient ranges from 0 to 1 because of the 

standardized weights used to build the sets of variables. 
The second is the structural correlation (i.e., Corr coef-
ficient), which estimates the association between a set 
as a whole and each variable of the other set. The Corr 
coefficients range from -1 to 1 and are simply Pearson 
r statistics, thus indicating the direction of the associa-
tion. The squared values of these two coefficients are 
analogous to any other r2-type effect size and indicate 
the proportion of variance shared between the two sets 
or between a variable of one set and the other set as a 
whole (i.e., ρ2 and Corr2 respectively) [46].

Two canonical correlation models were run, one 
between the KOOS set (i.e., the 5 sub-scores) and the 
X-ray grade set (i.e., the 3 grades), and another one 
between the KOOS set and the biomechanical set (i.e., 
the 64 non-redundant biomechanical parameters out 
of 70). The significance of each canonical model was 
assessed using Pillai’s trace. Significant differences 
between coefficients were assessed using a method based 
on Fischer’s z transformation to compare correlations 
from dependent samples [47, 48]. P-values less than or 
equal to 0.05 were considered significant. All analyses 
were performed with the R software (version 3.6.3.) [49].

Results
Complete data from 415 participants (251 women and 
164 men) were available for this analysis. The mean 
(± standard deviation) age and body mass index were 
63.3 ± 9.2  years and 30.3 ± 5.6  kg/m2, respectively. Half 
of the participants had bilateral OA (N = 211/415: 50.8%). 
The radiographic severity was evenly distributed among 
patients in the sample (KL 2 = 137, KL 3 = 149, and KL 
4 = 129). Mean KOOS scores for men and women are 
shown in Table 1.

Canonical correlations
The two canonical correlation models were run to include 
all patients, and for women and men separately. Table 2 
displays the ρ coefficient and Pillai’s trace p-values asso-
ciated with each model. As significant relationships were 
found between KOOS scores and X-ray grade, as well as 
between KOOS scores and biomechanical parameters, 

Fig. 2 Illustrations of two dynamic biomechanical markers 
associated with OA progression. A Dynamic varus alignment (in 
red) is defined as a lateral offset of the knee during gait. A healthy 
knee is expected to maintain a more neutral position during motion 
(blue line). B Reduced knee flexion excursion during loading (in red) 
is characterized by limited flexion of the knee during loading. This 
occurs during the phase in which the knee acts as a shock-absorber. 
A healthy knee is expected to have substantial flexion (dashed blue 
line) to adequately absorb the loads induced by the body weight

Table 1 Mean (± standard deviation) for KOOS subscales in men, women, and by KL grade

KOOS: 0 = extreme symptoms, 100 = no symptoms, ADL Activities of daily living, SPORT Sports and recreation, QOL Quality of life

Symptoms Pain ADL SPORT QOL

All subjects 62.41 ± 1.66 58.99 ± 1.70 65.48 ± 1.87 35.88 ± 2.46 49.49 ± 2.28

KL 2 65.65 ± 1.65 61.48 ± 1.88 67.47 ± 1.97 40.95 ± 2.58 52.01 ± 2.39

KL 3 62.37 ± 1.69 59.12 ± 1.69 65.41 ± 1.93 35.70 ± 2.49 49.20 ± 2.35

KL 4 59.00 ± 1.59 56.21 ± 1.47 63.44 ± 1.66 30.70 ± 2.18 47.14 ± 2.07

Women 61.70 ± 1.63 58.11 ± 1.69 64.60 ± 1.92 35.74 ± 2.50 50.17 ± 2.29

Men 63.48 ± 1.72 60.35 ± 1.71 66.83 ± 1.78 36.10 ± 2.39 48.44 ± 2.27
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Fischer’s z scores and associated p-values were calcu-
lated to compare ρ coefficients. The association between 
KOOS and biomechanical sets was significantly stronger 
than the association between KOOS and X-ray grade 
sets, and this was true both in men and women (all 
p < 0.001; Table 2). X-ray grades only explained between 
2 and 5% of the variance in KOOS scores, while biome-
chanical parameters explained between 17 and 30% of 
this variance (i.e., ρ2 values). Given these results, the fol-
lowing structural Corr coefficient analysis was conducted 
to include men and women.

Structural correlations
Figure  3 shows the structural Corr coefficients between 
each variable from X-ray and biomechanical sets and the 
KOOS set as a whole. For the sake of clarity, only Corr 
coefficients above |0.2| are displayed (the higher the 
KOOS, the better the knee function).

The Corr coefficient was -0.202 for the KOOS and 
X-ray grades. It ranged from 0.204 (total sagittal plane 
knee excursion) to 0.375 (flexion excursion during load-
ing) for the KOOS and the six individual biomechanical 
markers with the strongest association. Not surprisingly, 
a higher X-ray grade was associated with lower (i.e., 
worse) KOOS scores. Greater knee flexion angle at ini-
tial contact and knee varus angle during gait, especially at 
push-off, were also associated with lower KOOS scores. 
Greater sagittal plane knee motion, especially during 
loading, and greater knee flexion angle at push-off were 
associated with higher (i.e., better) KOOS scores (see 
Fig. 3).

Structural Corr coefficients between each KOOS sub-
score and the two other sets are displayed in Fig. 4. The 
strength of these associations differed depending on the 
KOOS subscale. The strongest associations for biome-
chanical markers occurred with the Pain and ADL KOOS 
subscales (both Corr > 0.6; more than 36% of variance 

Table 2 Comparisons of canonical ρ coefficients between the KOOS and the two data sets

KOOS & X‑ray grade (ρ and Pillai’s 
trace p‑value)

KOOS & Biomechanical parameters (ρ and 
Pillai’s trace p‑value)

Comparison using 
Fischer’s z (p and z 
values)

All subjects (N = 415) ρ = 0.20 (p = 0.005) ρ = 0.41 (p < 0.001) p < 0.001*
(z = -4.393)

Women
(N = 251)

ρ = 0.14 (p = 0.016) ρ = 0.50 (p < 0.001) p < 0.001*
(z = -6.652)

Men
(N = 164)

ρ = 0.23 (p = 0.030) ρ = 0.55 (p < 0.001) p < 0.001*
(z = -5.609)

Fig. 3 Corr coefficients between X-ray grades and individual biomechanical parameters and the KOOS set
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explained), while the strongest association for X-ray 
grade occurred with the Symptoms and SPORT KOOS 
subscales (both Corr > 0.45; more than 20% of variance 
explained). However, Corr coefficients were only statis-
tically different between X-ray grade and biomechani-
cal sets on the Pain, ADL, and Symptoms subscales (all 
p ≤ 0.001 with Fischer’s z scores; Fig. 4).

Discussion
Biomechanical markers, taken altogether, are more 
strongly associated with self-reported knee function 
scores than radiographic severity in OA patients. Con-
sidering that they provide distinct information from 
standard radiographs, as the associations between bio-
mechanical markers and knee function were significantly 
different compared to radiographic severity, as well as 
their importance in the onset and progression of the dis-
ease and their modifiable nature, these results strengthen 
previous findings that support the use of biomechanical 
markers to support and guide the development of tar-
geted conservative treatment plans.

Their superior relationship with self-reported knee 
function was most obvious when the KOOS was evalu-
ated as a whole (e.g., collapsed subscales; Table  2) as 
the association between KOOS and biomechanics was 
significantly stronger than the association with X-ray 
grading. At the structural level, six individual biome-
chanical markers from the sagittal and frontal planes 
were more associated with the KOOS than the X-ray 

grade (Fig.  3). Furthermore, biomechanical markers 
had significantly stronger associations with Pain and 
ADL scores, whereas X-ray grades were more strongly 
associated with Symptoms scores (Fig.  4). Taken alto-
gether, these results suggest that biomechanics and 
imaging could play a complementary role in describ-
ing the impact of OA, as the X-ray grade may be more 
associated with symptoms. Nonetheless, the proportion 
of variance explained by these associations remains 
moderate, underscoring that neither biomechanics nor 
imaging should be used independently to accurately 
assess an individual’s function.

The association between biomechanical markers 
and KOOS was notable, explaining up to 30% of vari-
ance. In knee OA patients, there is a clear relationship 
between movement patterns and functional ability [50, 
51]. Patients with more normal gait patterns have greater 
mobility and better scores on performance-based func-
tional assessments [52]. This may be the driving factor 
as to why biomechanical markers have a greater asso-
ciation with ADL subscales, compared to X-ray grading. 
These findings also support the notion that radiographic 
severity may not be the most accurate assessment of 
the patient’s level of joint pain. Meanwhile, the reported 
association between biomechanics and pain has also 
been reported in previous studies [53–55]. Thus, inte-
grating a dynamic assessment of gait patterns as part of 
clinical examination may help design treatment plans 
that target pain and function.

Fig. 4 Corr coefficients between each KOOS subscale and X-ray grade and biomechanical sets
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The fact that the association with X-ray grading was 
maximized for the Symptoms subscale may be attrib-
uted to the questions in this subscale, which focus on 
knee joint locking, crepitus, swelling, and stiffness. These 
are all attributes that may be associated with structural 
changes within the joint and may explain why the asso-
ciation with X-ray grading, a measure of structural 
change, was higher for this subscale. This echoes a 2010 
study from Fukui et  al. where a significant association 
was reported between radiographic joint space width and 
medial joint line tenderness [56]. Interestingly, the lowest 
association for both biomechanics and X-rays was with 
the QOL subscale. It is possible that other psychologi-
cal, societal, or economic factors influenced the scores 
on this subscale. It also only includes four questions and 
thus may not fully capture the symptomatic, structural, 
or biomechanical drivers of quality of life.

The strongest association between individual biome-
chanical markers and KOOS was found for the flexion 
excursion during loading, as greater excursion was asso-
ciated with better KOOS scores (Corr = 0.375; Fig.  3). 
Previous studies already reported significant correlations 
between this biomechanical marker and OA severity and 
overall health status [20, 57]. Furthermore, it has been 
identified as a predictor of future TKA and identified 
as a residual deficit that does not resolve after TKA [13, 
58]. Thus, patients with limited range of motion in flex-
ion during loading are more likely to have more advanced 
structural OA, as well as being at greater risk for future 
knee replacement. Dynamic frontal plane position was 
also significantly associated with the KOOS (Fig.  3), as 
greater varus angles, especially at push-off, were associ-
ated with worse KOOS scores. Clinically, this suggests 
that a more neutral alignment during dynamic walk-
ing is associated with better outcomes. Added to the 
importance of dynamic knee alignment as a predictor 
of OA progression, these results support the relevance 
of focusing on the identification and correction of sagit-
tal and frontal plane knee dysfunctions during weight-
bearing activities as part of conservative management 
for patients with knee OA [59]. A dynamic assessment of 
biomechanical markers could thus be added to the clini-
cal evaluation. as recommended by clinical guidelines 
[60], in complement to both X-ray and self-reported data 
(e.g., KOOS). Based on patients’ established profile and 
physician’s objectives, targeted therapies (i.e., movement 
retraining, personalized therapeutic exercises, bracing 
etc.) could aim at addressing identified biomechanical 
markers through a personalized treatment plan. Consid-
ering the added value of their associations with pain and 
function compared to X-ray, biomechanical markers with 
the highest Corr coefficients (Fig. 3) could be address in 
priority to impact specific patient-reported outcomes. 

Clinical implications of the use of biomechanical markers 
in conservative care are detailed in the original RCT [31].

There are some limitations to this work that should be 
addressed. First, this was a secondary analysis from an 
RCT and the inclusion and exclusion criteria narrowed 
the window of eligible participants. Patients with early-
stage OA with little or no pain and those with late-stage 
OA on the waiting list for TKA were not included in the 
study sample. Therefore, these results may only be gener-
alizable to patients with at least moderate pain (≥ 4/10) 
and not to patients with very mild symptoms or pre-
senting with low radiographic severity (KL < 2). Second, 
results were not stratified by gender, age, OA bilaterality 
or affected knee compartment (i.e., medial/lateral), which 
could have allowed to better understand how the associa-
tions may evolve between different patient’s phenotypes. 
It is also important to remember that the aim of canoni-
cal correlation analyses is to describe and determine 
the linear relationships between two sets of variables 
without establishing a causality. The values   of canonical 
and structural correlations are calculated in multivari-
ate cases which cannot be directly compared with those 
obtained in bivariate cases. In fact, CCA seeks the maxi-
mum correlation with a linear combination of the vari-
ables, as opposed to multiple regression where it is only 
a single dependent variable. Therefore, these absolute 
values   do not usually come close to a value of 1, as seen 
in bivariate correlations. Although the squared values of 
ρ and Corr coefficients are analogous to multiple regres-
sion’s  R2, there are no generally accepted guidelines on 
the practical significance of these statistical measures 
in the context of canonical relationships [61]. Thus, the 
proportion of explained variance should be interpreted 
carefully.

Conclusions
Knee biomechanical markers are associated with patient-
reported knee function to a greater extent than X-ray 
grading. More specifically, biomechanical markers were 
more associated with pain and function during activities 
of daily living, while imaging was more associated with 
symptoms. Results support the use of a complemen-
tary objective biomechanical evaluation during clinical 
assessment to obtain a more complete functional profile 
of knee OA patients. This complementary information 
may constitute a valuable step towards precision medi-
cine, allowing clinicians to rely on modifiable targets to 
tailor therapeutic measures to the specificities of each 
patient.
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