
The Knee 40 (2023) 122–134
Contents lists available at ScienceDirect

The Knee

journal homepage:
Targeted exercises can improve biomechanical markers in
individuals with knee osteoarthritis: A secondary analysis
from a cluster randomized controlled trial
https://doi.org/10.1016/j.knee.2022.10.008
0968-0160/� 2022 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Research Centre of the Centre Hospitalier de l’Université de Montréal (CRCHUM), 900 rue Saint-Denis, Montreal, Que
0A9, Canada.

E-mail address: nicola.hagemeister@etsmtl.ca (N. Hagemeister).
Alix Cagnin a,b, Manon Choinière a,c, Nathalie J. Bureau a,c, Madeleine Durand a,c,
Neila Mezghani a,d, Nathaly Gaudreault e, Nicola Hagemeister a,b,⇑
aResearch Centre of the Centre Hospitalier de l’Université de Montréal (CRCHUM), Montreal, Quebec, Canada
b Laboratoire de Recherche en Imagerie et Orthopédie de l’École de Technologie Supérieure (ÉTS), Montreal, Quebec, Canada
cUniversité de Montréal, Montreal, Quebec, Canada
dUniversité TÉLUQ, #1105, Montreal, Quebec, Canada
e Faculté de Médecine et des Sciences de la Santé, School of Rehabilitation, Sherbrooke Research and Development Centre, Université de Sherbrooke,
Sherbrooke, Quebec, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 31 August 2022
Revised 7 October 2022
Accepted 26 October 2022

Keywords:
Biomechanical markers
Knee OA
Targeted exercises
Clinical outcomes
Biomechanics
Gait
Background: It is not clear whether exercise therapy significantly improves knee biome-
chanics during gait in osteoarthritis (OA) patients. This study aimed to determine whether
targeted exercises based on a knee kinesiography exam improve biomechanical markers
(BMs) compared with conventional primary care (CPC) management.
Methods: This was a secondary analysis of a cluster randomized controlled trial in which
patients were assigned to one of three groups: (1) Control (CPC), (2) Exercise, and (3)
Exercise&Education. Fourteen known BMs in knee OA patients were assessed. The primary
outcome was the global evolution ratio (GER), which was calculated as the sum of
improved BMs over the sum of deteriorated BMs 6 months after baseline assessment.
GER scores were categorized with three different sets of cut-off values into clinical levels:
(a) Deteriorated, (b) Stabilized, and (c) Improved. Ordinal logistic regressions were per-
formed on the per-protocol population to determine whether there was a relationship
between group assignment and GER levels.
Results: Of the 221 eligible participants, 163were included. Two different regressionmodels
showed that patients fromGroup 3 (Exercise&Education)were 2.5-timesmore likely to be in
an upper GER level (i.e., Stabilized or Improved) than patients from the control group (both
odds ratio (OR) > 2.46, Wald Χ2(1) � 7.268, P � 0.01). They also reported significantly more
improvement in pain and function (Knee Injury and Osteoarthritis Outcome Score, both
P � 0.01).
Conclusions: Results suggest that targeted exercises can improve biomechanical markers in
knee OA patients comparedwith CPC treatment. Further studies are needed to confirm these
findings and refine the biomechanical markers to address to maximize patients’ clinical
outcomes.
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1. Introduction

Knee osteoarthritis (OA) is a chronic multifactorial disease associated with pain, functional disability, and altered knee
biomechanics. Knee OA can still not be cured, but conservative treatments are recommended to reduce symptoms and pain
to allow patients to maximize their health and function. Exercise therapy is widely recognized as an effective non-
pharmacological treatment modality and is a recommended component in most clinical practice guidelines for patients with
knee OA [1–3]. While studies have consistently shown that exercise in this population reduces pain, improves function, and
enhances quality of life, it is still not clear whether exercises concurrently improve knee biomechanics during gait [4–10].
Altered knee biomechanics is a known risk factor for OA progression, but not all patients with knee OA present with the same
alterations. Therefore, generalized exercise prescriptions that are not patient-specific or based on an individual’s movement
pattern may improve function, but may not change gait biomechanics [8–11].

Dynamic biomechanical markers (BMs) in knee OA patients have been widely reported in the literature and some, such as
varus thrust or a dynamic flexion contracture, are predictive of OA progression [12–14]. In addition to pathology develop-
ment, these BMs may influence treatment outcomes, and therefore they should be a focus point in conservative care strate-
gies, particularly when providing patient-specific exercise prescriptions [15–18]. Assessment of BMs, which can be carried
out by quantifying three-dimensional (3D) knee kinematics during walking, could guide healthcare professionals in the
choice of tailored exercises. However, the lack of space and validated-regulated tools to quantify them in clinical settings
leads to generic exercise programs, even in cases when supervision and individualized follow up is added as part of clinical
care [2,19,20].

Results from a large cluster randomized controlled trial (RCT) recently demonstrated the value of adding a knee kinesiog-
raphy exam in the management of knee OA in primary care [21]. This exam objectively assesses in the clinical setting 14
known BMs related to knee OA drawn from the literature to support healthcare professionals in tailoring their conservative
care strategies based on patient’s individual mechanical alterations. Exercise recommendations are then provided to specif-
ically target the identified BMs. Results from this RCT revealed that patients who benefited from this type of functional
examination had significantly better outcomes with respect to pain, function, and satisfaction 6 months after the exam com-
pared with conventional care alone, and those who had complementary education and supervision showed further improved
clinical outcomes.

This study is a secondary analysis focusing on the biomechanical markers’ evolution of the knee OA patients from the
above RCT. The aim was to determine whether the recommended targeted exercises based on a knee kinesiography exam
improved biomechanical markers at 6 months follow up compared with conventional primary care management where
no specific exercises were suggested to the patients.
2. Materials and methods

2.1. Study design

Data analysed in the present study were collected as part of a cluster RCT carried out in the Province of Quebec, Canada
(http://www.isrctn.com/ISRCTN16152290) [21]. Participants were recruited through August 2015 to October 2017 in pri-
mary care clinics throughout the Province. Primary care physicians were asked to enroll patients with a clinical diagnosis
of knee OA in the study. They were included if (1) knee OA was the main cause of their knee pain, (2) they rated their worst
pain as �4 on a 0–10 pain intensity scale in the 7 days prior to the assessment by the research team, and (3) they had a Kell-
gren–Lawrence (KL) grade 2 or higher on standardized radiographs [22]. Patients were excluded if they (1) were on a waiting
list for total knee replacement, (2) had met an orthopaedic surgeon OA specialist in the past, (3) were suffering from rheuma-
toid arthritis or active cancer, (4) were pregnant, or (5) were unable to walk on a treadmill for 15 min without support. For
patients with bilateral knee OA, only data from the most painful knee was collected.

2.2. Ethics

As stated in the original RCT, all participants gave informed consent to this work. The clinical trial was approved by the
Research Ethics Boards of the École de technologie supérieure (MP-02-2015-5891/H20150505) and the Centre Hospitalier de
l’Université de Montréal (CE.14.339), and it is registered (‘Osteoarthritis Project’, ID ISRCTN16152290) and available at
http://www.isrctn.com/ISRCTN16152290. The procedures followed were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975,
as revised in 2000.

2.3. Procedure

All procedure details (e.g., recruitment, allocation, therapist training, sample size) have been published elsewhere [21].
Briefly, participants of a same primary care clinic (defined as a cluster) were randomized 1:1:1 (with a permuted block; size
of 3 and 6) to one of three intervention groups. The randomization sequence was managed using a computer-generated
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random listing with a pre-specified seed. Group 1 served as the control group with patients receiving conventional primary
care management. Patients in Groups 2 and 3 received conventional primary care management plus personalized recom-
mendations based on a knee kinesiography exam; however, patients in Group 3 also received an additional educational pro-
gram. Recommendations in Groups 2 and 3 included treatment suggestions (e.g., bracing, specific cardiovascular activities)
and a home-based tailored exercise program targeting BMs identified with the knee kinesiography exam. The educational
program included an information session on OA, demonstration of the exercises by a trained therapist at baseline, and
two optional follow ups 6 weeks and 4 months after the exam. For clarity purposes and because all three groups followed
conventional medical management, the three groups were designated as Group 1 (Control), Group 2 (Exercise), and Group 3
(Exercise&Education) in this manuscript.

2.4. Biomechanical markers

In this RCT, BMs were assessed at baseline with a knee kinesiography exam [23]. This active exam assessing the 3D
motion of the knee was performed on a conventional treadmill in a clinical setting. Patients are asked to walk for approx-
imately 5 min at their comfortable speed to warm up and the KneeKG� exoskeleton (Emovi inc., Canada) was then fixed
on their leg. After a few calibration movements to identify the functional axis of the lower limb, two 45-s trials were
recorded to capture the joint motion during weight-bearing activity, in flexion/extension, adduction/abduction (i.e., varus/-
valgus), and external/internal tibial rotation. Data from the most repeatable trial were compiled to generate three mean
kinematic curves, one in each cardinal plane of movement. All trials were time-normalized to a complete gait cycle, where
0% represents initial contact and 100% represents the subsequent ipsilateral heel strike. For each participant, 14 known BMs
in knee OA patients were then assessed by comparing their value with normative ones drawn from the OA literature. Each
BM was ranked as ‘Absent’, ‘Moderate’, or ‘Severe’ and details on the cut-off values used for defining each status are pre-
sented in Table 1. For six BMs, there was no ‘Moderate’ status due to lack of relevant data in the literature.

2.5. Targeted exercises

Patients in all groups underwent the knee kinesiography assessment, but the ones allocated to the control group did not
have access to the results. For patients in Group 2 (Exercise) and Group 3 (Exercise&Education), a trained therapist (n = 10
involved in the study) consulted these results and conducted a musculoskeletal assessment that evaluated ranges of motion,
strength, etc. to provide them with tailored exercises. Each patient received about five home-exercises which included
stretching, strengthening, and targeted neuromuscular exercises. The main objectives of these exercises were to (A) address
the BMs with a ‘Moderate’ or ‘Severe’ status, (B) while ensuring other BMs did not worsen to minimize the mechanical risk of
knee OA progression. All exercises needed to be land-based and performable at home without supervision to ensure that
patients would be equally able to adhere to the program (e.g., Supplementary Figure S1). Therapists were invited to suggest
complementary treatment recommendations (e.g., cardiovascular activity, nutrition, etc.) if they deemed it necessary to sup-
port both exercises’ objectives (i.e., A and B). Patients from Group 2 received their exercises from their primary care physi-
cian without further mandatory intervention. Patients from Group 3 had an additional educational program within 2 weeks
after the exam, in which they met with the therapist who explained and demonstrated the appropriate exercises. They also
had access to two optional follow ups at 6 weeks and 4 months where the intensity and/or the nature of the recommended
exercises was modified as needed.
Table 1
Cut-off values drawn from osteoarthritis literature used to define the 14 known biomechanical markers’ status.

Biomechanical markers / Status Absent Moderate Severe
Sagittal plane
Knee flexion at heel strike [13,24] Angle � 10� at 1% GC NA >10�
Knee extension at heel strike [25] Angle � 2� at 1% GC NA <2�
Limited flexion excursion during loading [26,27] Amplitude � 14� at 1–20% GC [8�; 14�] <8�
Fixed flexion during stance [26,27] Amplitude � 17� at 1–70% GC [0�; 17�] <0�
Decrease of maximum flexion during swing [26,28] Maximum � 47� at 1–100% GC NA <47�
Decrease of sagittal plane range of motion [26] Amplitude � 58� at 1–100% GC [50�; 58�] <50�
Frontal plane
Knee varus at heel strike [29] Angle � 2� at 1% GC NA >2�
Knee valgus at heel strike [29] Angle � �2� at 1% G NA <�2�
Varus thrust during loading [30,31] Amplitude � 2.5� at 1–20% GC [2.5�; 7�] >7�
Valgus thrust during loading [30,31] Amplitude � �2.5� at 1–20% GC [�7�; �2.5�] <�7�
Knee varus during stance [29,32] Amplitude � 2� at 20–54% GC [2�; 5�] >5�
Knee valgus during stance [29,32] Amplitude � �2� at 20–54% GC [�5�; �2�] <�5�
Transverse plane
External tibia rotation at heel strike [33] Angle � 4.5� at 1% GC [4.5�; 7.5�] >7.5�
Internal rotation of the tibia with regard to the femur during loading [33] Amplitude � 1� at 1–20% GC NA <�1�

Sagittal plane: flexion (+)/extension (�); frontal plane: adduction (+)/abduction (�) or varus (+)/valgus (�); transverse plane: external (+)/internal (�) tibia
rotation. GC, gait cycle; NA, not applicable.
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2.6. Sample size

The sample size was based on the primary outcome of the original RCT [21]. For the present study, a second knee kine-
siography exam was performed to assess BMs at 6 months follow up. Due to budget restrictions, of the 449 patients who
completed the RCT, only the first 317 (70.6%) to reach the 6 months follow up were enrolled and eligible for the follow
up exam.

2.7. Outcomes

2.7.1. Primary outcome
Because the combination of BMs identified with a ‘Moderate’ or ‘Severe’ status at baseline differed from one patient to

another, the targeted exercises also differed. To account for this variation, the ratio of the sum of improved BMs over the
sum of deteriorated BMs was used as the primary outcome of this study (Equation (1)). A BM was considered as improved
if it changed from ‘Severe’ to ‘Moderate’ or from ‘Moderate’ or ‘Severe’ to ‘Absent’ at 6 months. A BM was considered as dete-
riorated if it changed from ‘Absent’ to ‘Moderate’ or ‘Severe’, or from ‘Moderate’ to ‘Severe’. This global evolution ratio (GER)
summarizes the evolution of all the BMs in a single outcome, allowing a combined assessment of both exercises’ objectives
(i.e., A and B). It also avoids analytical issues with performing multiple underpowered sub-analyses on small groups of
patients with biomechanical similarities at baseline.
Table 2
The cut

Cut-

GER
GER
GER

BM, bio
GER ¼
P

Improved BMs
P

Deteriorated BMs
ð1Þ
2.7.2. Secondary outcomes
All participants were asked to complete the Knee Injury and Osteoarthritis Outcome Score (KOOS) at baseline and

6 months follow up [34]. This questionnaire assesses the impact of knee OA on five domains (symptoms, pain, activities
of daily living, sports and recreation, and quality of life). The score on each sub-scale ranges from 0 (extreme symptoms)
to 100 (no symptoms).

2.8. Statistical analyses

Given the nature of this study’s aims, the analyses were performed on the per-protocol population. Patients from Group 2
and Group 3 were asked at 3 months and 6 months follow ups whether they performed the recommended exercises during
the past 3 months. Thus, the per-protocol population was defined as patients who had complete data from both knee kine-
siography exams (from all three groups) and who declared performing the recommended exercises during the 6-month
study period (in Group 2 and Group 3). One-way analysis of variance (ANOVA) and chi-squared tests were used to assess
between-group differences in patient characteristics and BMs (including the total number of BMs with a ‘Moderate’ or ‘Sev-
ere’ status) at baseline.

The GER cannot be analyzed as a continuous variable because patients who did not deteriorate a single BM at 6 months
would have an infinite GER value. For this reason, GER was categorized in three clinical levels: (a) Deteriorated, (b) Stabilized,
and (c) Improved. As the choice of cut-off values to distinguish the three GER clinical levels can affect the primary outcome, a
sensitivity analysis strategy was used [35]. In order to assess the robustness of the findings, all analyses were performed with
three different sets of cut-off values. These were considered as Inclusive, Reasonable, and Restrictive cut-off value
categorizations.

For the Inclusive categorization (GER_Cat1), the Deteriorated and Improved levels correspond to a GER smaller than 1 and
greater than 1, respectively, with the Stabilized level corresponding to a GER being equal to 1 (see Table 2). Therefore, for this
categorization, patients with fewer improved than deteriorated BMs are in level (a) Deteriorated level, patients with as many
improved as deteriorated BMs are in level (b) Stabilized level, and patients with more improved than deteriorated BMs are in
level (c) Improved level.

For the Reasonable categorization (GER_Cat2), the Deteriorated and Improved levels correspond to a GER � 0.5 and � 2,
respectively. Therefore, for this categorization, patients with two-times fewer improved than deteriorated BMs are in level
(a) Deteriorated level.
-off values for each of the three categorizations.

off categorizations / GER levels (a) Deteriorated (b) Stabilized (c) Improved

_Cat1 (Inclusive): Less or more improved than deteriorated BMs GER < 1 GER = 1 GER > 1
_Cat2 (Reasonable): 2-times less or more improved than deteriorated BMs GER � 0.5 0.5 < GER < 2 GER � 2
_Cat3 (Restrictive): 3-times less or more improved than deteriorated BMs GER � 0.33 0.33 < GER < 3 GER � 3

mechanical marker; GER, global evolution ratio.
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For the Restrictive categorisation (GER_Cat3), the Deteriorated and Improved levels correspond to a GER smaller than or
equal to 0.33 and greater than or equal to 3, respectively, meaning that patients with three-times fewer improved than dete-
riorated BMs are in level (a) Deteriorated level.

For each categorization, an ordinal logistic regression was performed to determine whether the group assignation was a
predictor of the GER level at 6 months. Possible baseline confounders including age, body mass index (BMI), sex, KL OA sever-
ity grade, and KOOS pain score were entered as covariates in the model if they were associated with the GER level at a min-
imal P-value < 0.25 in a univariable analysis [36]. The pain sub-scale was the only one from the KOOS considered in the
regression model as pain scores were shown to be associated with BMs in several prior studies and to avoid multicollinearity
between independent variables [16,37,38].

Mixed ANOVAs with repeated measures on one factor (i.e., time) were used to assess between-group differences on the
KOOS sub-scales’ evolution between baseline and 6 months follow up (time). Post-hoc analyses were performed for any
time*group interaction with a significant P � 0.05 and a Bonferroni correction was applied for multiple comparisons. All test
results that were based on chi-squared or F-ratio values were divided by the design effect and adjusted P-values were used to
determine the significance of between-group differences accounting for the cluster design of the RCT [39,40]. All analyses
were performed using IBM SPSS Statistics v.25.0 (IBM Corp., released 2017; Armonk, NY, USA).
3. Results

3.1. Participants’ characteristics

The flow diagram of study participants is displayed in Figure 1. Of the 317 patients who were contacted to have a second
knee kinesiography exam at 6 months, 221 (69.7%) accepted and were included in this analysis (Group 1 (Control): 71; Group
2 (Exercise): 72; Group 3 (Exercise&Education): 78). In Group 2 and Group 3, respectively, 33 (45.8%) and 59 (75.6%) patients
declared they had performed the recommended exercises for 6 months. Among the per-protocol population considered, the
average cluster size was 4 (n = 163 patients from 47 clinics) thus the design effect was equal to 1.09 considering the con-
servative estimation of intracluster correlation coefficient (q = 0.03) used for the initial RCT sample size calculation [21,41].

Table 3 displays the between-group differences in patients’ characteristics and values for each biomechanical marker at
baseline. Notably, all intervention groups were comparable in terms of characteristics, including the KL severity grade dis-
tribution at baseline (P = 0.71). Post-hoc analysis showed there were no statistically significant differences in patients’ BMs.
Patients in the control group had fewer BMs with a ‘Moderate’ or ‘Severe’ status at baseline compared with patients from
Group 2 (Exercise) and Group 3 (Exercise&Education) but this difference was not quite significant after Bonferroni correction
(both 5.3 vs. 6.0; P = 0.069 and P = 0.053, respectively). Differences on the varus thrust during loading between patients in
the control group (1.52�) and patients from Group 2 (2.23�) and Group 3 (1.91�) were not significant after Bonferroni correc-
tion either (P = 0.12 and P = 0.26, respectively).
3.2. Primary outcome

3.2.1. Descriptive statistics
The proportions of patients from each intervention group classified in each GER clinical level (i.e., Deteriorated/Stabilized/

Improved) are shown in Figure 2, based on the three cut-off categorizations (GER_Cat1 (Inclusive), GER_Cat2 (Reasonable)
GER_Cat3 (Restrictive)). For GER_Cat1 and GER_Cat2, more than half of the control group patients globally deteriorated their
BMs after 6 months (52.1% and 50.7%, respectively), while half of patients were stable (50.7%) for GER_Cat3. Independently of
the cut-off categorization used, the Deteriorated level was always the one with the smallest proportion of patients in Group 2
and Group 3 (all � 27.3% and � 27.1%, respectively). Additionally, when looking at Group 2 (Exercise) specifically, and for all
three categorizations, the majority of patients in this intervention group were systematically in the Stabilized level (for all
categorizations � 39.4%) while the majority of patients from Group 3 (Exercise&Education) improved for GER_Cat1 and
GER_Cat2 (both � 42.4%) and stabilized for GER_Cat3 (49.2%).

For all cut-off categorizations, the highest proportion of deteriorated patients was in Group 1 (Control), the highest pro-
portion of stabilized patients was in Group 2 (Exercise), and the highest proportion of improved patients was in Group 3
(Exercise&Education). Looking at GER_Cat2, one can notice that it is equivalent to a categorization based on the tertiles of
the global GER values distribution (i.e., Deteriorated: 0–33%; Stabilized: 33–67%; Improved: 67–100%).
3.2.2. Ordinal logistic regressions
Tables 4 and 5, respectively, display the results of the univariable and multivariable ordinal logistic regression analyses

for each of the three categorizations. For GER_Cat1, only the age and the KOOS pain score at baseline were included in the
multivariable ordinal logistic regression model along with the group assignation. Accounting for the design effect, the model
showed an adequate fit with the data (likelihood ratio v2 (4) = 10.687; P = 0.03) and indicated that the group assignation was
the only significant predictor of the GER level. The odds of patients from Group 3 (Exercise&Education) being in an upper GER
level (Stabilized or Improved with regard to Deteriorated, Improved with regard to Stabilized) were 2.46 (95% confidence
126



Figure 1. Flow diagram of study participants. This diagram describes patients’ participation from enrollment in the original randomized control trial to the
inclusion in this secondary analysis.
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interval: 1.28–4.74) times those of patients from Group 1 (Control), a significant effect (Wald v2 (1) = 7.268; P = 0.01) given
that the other variables were held constant.

For GER_Cat2, a similar model was run as the age and the KOOS pain score at baseline were once again the only variables
associated with the GER level in the univariable analysis (both P < 0.25; Table 4). Accounting for the design effect, the mul-
tivariate model also showed a significant fit with the data (likelihood ratio v2 (4) = 11.331; P = 0.02). The odds of patients
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Table 3
Between-group differences in patients’ characteristics and biomechanical markers at baseline.

Group 1
(Control)
n = 71

Group 2
(Exercise)
n = 33

Group 3
(Exercise&Education)

n = 59

ANOVA or Chi-
squared test

Patients’ characteristics Mean (95% CI) or
n (%)

Mean (95% CI) or
n (%)

Mean (95% CI) or n (%) P

Age 62.3 (60.1;64.5) 63.3 (61.1;65.5) 63.3 (61.1;65.6) 0.75
BMI 29.5 (28.3;30.8) 30.4 (28.5;32.2) 29.6 (28.4;30.7) 0.71
Sex (women) 48 (67.6%) 22 (66.7%) 35 (59.3%) 0.62
Severity KL grade 0.71
Grade 2 25 (35.2%) 9 (27.3%) 15 (25.4%)
Grade 3 27 (38.0%) 13 (39.4%) 22 (37.3%)
Grade 4 19 (26.8%) 11 (33.3%) 22 (37.3%)

Biomechanical markers
Total number of BMs with ‘Moderate’or ‘Severe’ status 5.3 (4.9;5.6) 6.0 (5.6;6.4) 6.0 (5.6; 6.4) 0.02*
Sagittal plane Mean, � (95% CI) Mean, � (95% CI) Mean, � (95% CI)
Flexion/extension angle at heel strike 12.28

(10.78;13.77)
11.24

(9.29;13.20)
12.90 (11.26;14.54) 0.50

Flexion excursion amplitude during loading 5.95 (5.06;6.83) 5.68 (4.36;7.01) 6.71 (5.63;7.79) 0.42
Flexion/extension amplitude during stance 13.66

(12.21;15.10)
11.57

(9.71;13.43)
12.39 (10.73;14.06) 0.25

Maximum flexion angle during swing 59.80
(58.47;61.14)

57.91
(55.46;60.36)

60.29 (58.95;61.64) 0.18

Sagittal plane range of motion 55.40
(53.77;57.03)

53.18
(50.33;56.04)

53.38 (51.28;55.47) 0.25

Frontal plane
Varus/valgus angle at heel strike 4.65 (3.48;5.81) 4.39 (2.70;6.07) 4.33 (2.91;5.74) 0.94
Varus thrust during loading 1.52 (1.27;1.78) 2.23 (1.66;2.80) 1.91 (1.58;2.24) 0.03*
Valgus thrust during loading 0.53 (0.34;0.72) 0.34 (0.16;0.53) 0.36 (0.22;0.50) 0.27
Varus/valgus amplitude during stance 3.74 (2.49;5.00) 4.44 (2.51;6.37) 4.03 (2.51;5.55) 0.85
Transverse plane
External/internal tibia rotation angle at heel strike 2.94 (2.14;3.74) 2.42 (1.14;3.71) 2.97 (2.06;3.88) 0.75
External/internal rotation of the tibia in regards of the

femur during loading
�0.17

(�0.78;0.45)
�0.01

(�1.15;1.14)
�0.15 (�0.92;0.62) 0.97

All P-values are adjusted for a design effect of 1.09. ANOVA, analysis of variance; BM, biomechanical marker; BMI, body mass index; CI, confidence interval;
KL, Kellgren–Lawrence.
* P � 0.05.
** P < 0.005.
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from Group 3 (Exercise&Education) being in an upper GER level were similar to the first model (2.51; 1.30–4.83) relative to
patients from Group 1 (Control) (Wald v2 (1) = 7.578; P = 0.008). There were no other significant predictors.

For GER_Cat3, only the KL grade (P = 0.08; Table 4) was included in the multivariate model along with the group assig-
nation. The model showed a non-significant fit with the data (likelihood ratio v2 (4) = 5.139; P = 0.16) and no significant
predictor of the GER level (all P > 0.05). For each multivariate model, the assumption of proportional odds across the GER
levels was met according to Brant’s test of parallel lines (all P > 0.42).

3.3. Secondary outcomes

Table 6 displays the results of the mixed ANOVAs on the KOOS subscales and the subsequent post-hoc analyses. The
time*group interaction was significant for pain and function during activities of daily living (ADL) scores, meaning that
the effect of the intervention was not the same over time in each group on these two sub-scales (both P = 0.03). Post-hoc
analyses revealed there was a simple main effect of time on these two scores in Group 2 (Exercise) and Group 3 (Exer-
cise&Education) (all P � 0.01) but not in the control group (both P = 1.0). There was no simple main effect of group on either
sub-scale (all P > 0.05). Figure 3 shows the group mean scores on the pain and ADL sub-scales at baseline and 6 months.
Patients from Group 2 and Group 3 who performed the recommended exercises for 6 months significantly improved their
scores on pain and ADL sub-scales compared with the control group.
4. Discussion

This study examined the impact of targeted exercises on knee biomechanical markers in knee OA individuals. Results sug-
gest that such exercises based on a knee kinesiography exam have a significant impact on both biomechanical markers and
KOOS after 6 months compared with conventional primary care management. Adding an educational session where exer-
cises are demonstrated by a therapist and two follow up sessions significantly improve biomechanical markers. To our
knowledge, this is the first study to report such an impact of a home-based exercise program on biomechanical markers.
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Figure 2. Proportion of patients from each intervention group classified in each global evolution ratio (GER) level. The first histogram presents the
proportion of patients from each group classified in each GER level based on the Inclusive categorization (GER_Cat1), the second one presents this
proportion based on the Reasonable categorization (GER_Cat2), and the third one presents this proportion based on the Restrictive categorization
(GER_Cat3). The legend to identify each clinical level (i.e., Deteriorated, Stabilized, Improved) is the same for all histograms and is provided at the bottom of
the figure.
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4.1. Significance of the results

Ordinal logistic regression models (i.e., with GER_Cat1 and GER_Cat2 categorizations) showed that the patients’ interven-
tion group assignation was significantly associated with the GER level. In these two models, the odds were 2.5-times higher
for patients in an upper level to come from the Group 3 (Exercise&Education) rather than from the control group. Being in an
upper GER level clinically translated into a global stabilization and/or an improvement of BMs known to be associated with
knee OA progression. The results were similar for the two distinct GER categorizations, one in which patients were consid-
ered globally stabilized only if their number of improved and deteriorated BMs was the same (GER_Cat1), as well as the one
in which patients were considered stabilized only if their number of improved BMs was within two-times more or less than
their number of deteriorated BMs (GER_Cat2).
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Table 4
Univariable ordinal logistic regression analysis of associations between global evolution ratio (GER) levels and covariates for each categorization.

Odds ratio 95% CI P

GER_Cat1 (Inclusive)
Age * 1.02 0.99 ; 1.06 0.20 *
BMI 1.00 0.94 ; 1.06 0.96
KOOS pain * (�) 0.99 0.97 ; 1.01 0.20 *
Sex 1.40 0.77 ; 2.53 0.29
KL grade 1.21 0.85 ; 1.74 0.31
GER_Cat2 (Reasonable)
Age * 1.03 0.99 ; 1.06 0.14 *
BMI (�) 1.00 0.96 ; 1.06 0.99
KOOS pain * (�) 0.99 0.97 ; 1.01 0.22 *
Sex 1.28 0.71 ; 2.30 0.44
KL grade 1.20 0.83 ; 1.71 0.35
GER_Cat3 (Restrictive)
Age 1.02 0.98 ; 1.05 0.31
BMI (�) 0.98 0.92 ; 1.04 0.49
KOOS pain (�) 0.99 0.98 ; 1.01 0.55
Sex 1.10 0.60 ; 2.03 0.76
KL grade * 1.43 0.98 ; 2.08 0.08 *

All P-values in the last column on the right are adjusted for a design effect of 1.09. Odds ratio (OR) with (�) corresponds to a negative regression coefficient
Βeta. BMI, body mass index; CI, confidence interval; KL, Kellgren–Lawrence; KOOS, Knee Injury and Osteoarthritis Outcome Score.
* P � 0.25.

Table 5
Multivariable ordinal logistic regression analysis of associations between global evolution ratio (GER) levels and identified predictors for each categorization.

Odds ratio 95% CI P

GER_Cat1 (Inclusive)
Age 1.02 0.99 ; 1.06 0.21
KOOS pain (�) 0.99 0.97 ; 1.01 0.19
Group 1 (Control) (reference) NA NA NA
Group 2 (Exercise) 1.86 0.85 ; 4.03 0.14
Group 3 (Exercise&Education) ** 2.46 1.28 ; 4.74 0.01 **
GER_Cat2 (Reasonable)
Age 1.03 0.99 ; 1.06 0.14
KOOS pain (�) 0.99 0.97 ; 1.01 0.19
Group 1 (Control) (reference) NA NA NA
Group 2 (Exercise) 1.79 0.82 ; 3.88 0.16
Group 3 (Exercise&Education) ** 2.51 1.30 ; 4.83 0.008 **
GER_Cat3 (Restrictive)
KL Grade 1.38 0.95 ; 2.02 0.11
Group 1 (Control) (reference) NA NA NA
Group 2 (Exercise) 1.26 0.57 ; 2.77 0.59
Group 3 (Exercise&Education) 1.64 0.84 ; 3.19 0.16

All P-values in the last column on the right are adjusted for a design effect of 1.09. Odds ratio with (�) corresponds to a negative regression coefficient Βeta.
CI, confidence interval; KL, Kellgren–Lawrence; KOOS, Knee Injury and Osteoarthritis Outcome Score; NA, not-applicable.
* P � 0.05; ** P � 0.01.

A. Cagnin, M. Choinière, N.J. Bureau et al. The Knee 40 (2023) 122–134
No conclusion can be drawn up based on the third categorization (i.e., three-times more or less improved than deterio-
rated BMs) which did not lead to a model with an adequate fit with the data. This categorization may have been too restric-
tive to detect a change in the GER with the data used in this study. Indeed, GER_Cat3 condensed a majority of patients in the
Stabilized level, at the expense of the levels in the two extremes (i.e., Deteriorated and Improved). This may have led to a
sub-powered model, especially due to the limited sample in the Group 2 (Exercise) in which two levels had fewer than than
10 patients (n = 33; GER_Cat3: 7 patients deteriorated, 19 stabilized, 7 improved). Studies with a larger number of patients
allocated in each intervention group would be needed to conclude on the quality of this restrictive categorization for the
GER.

Despite the relatively limited sample size, two models (i.e., GER_Cat1, GER_Cat2) showed significant and similar results,
suggesting that the targeted exercises have a positive impact on BMs. Among the three groups, Group 1 (Control) was least
likely to improve and more commonly deteriorated, while patients in Group 3 (Exercise&Education) who were compliant
with their exercises demonstrated the least likelihood of deterioration and the greatest likelihood of improvement. In these
models, the contrast with the control group was striking, as more than half of the patients in the control group deteriorated.
This highlights that individuals who seek medical care for knee OA, but do not have access to a targeted exercise plan, are
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Figure 3. Knee Injury and Osteoarthritis Outcome Score (KOOS) pain and activities of daily living (ADL) mean scores at baseline and 6-month follow up in
each intervention group. Evolutions of KOOS mean scores are displayed in dotted lines for Group 1 (Control), in dashed lines for Group 2 (Exercise), and in
solid lines for Group 3 (Exercise&Education). Graph legends are provided at the bottom of the figure.
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likely to demonstrate deterioration in their BMs in a relatively short period of time (6 months), even when self-reported out-
comes remain stable (i.e., KOOS). Individuals who carried on with the conventional medical management were 2.5-times
more likely to deteriorate than patients who had a knee kinesiography exam, an education session, and followed the recom-
mended exercises. Between-group differences were also found on two KOOS subscales: patients from Group 2 (Exercise) and
Group 3 (Exercise&Education) showed significant improvements in terms of pain and function during ADL, while patients
from the control group did not. Furthermore, these results were noteworthy as patients from Group 3 tended to have more
BMs to address at baseline (i.e., P = 0.053 after Bonferroni correction), suggesting more affected knee biomechanics.

Differences between Group 2 (Exercise) and the control group did not reach statistical significance for any of the catego-
rizations. Although this can be partially explained by a lack of statistical power (i.e., Group 2 was the smallest group with the
highest variability), this may be related to the components of the intervention. Group 3 received the additional educational
program and had a much higher adherence rate for exercise (Group 2: 45.8% vs. Group 3: 75.6%). Results of the primary RCT
analyses also suggested Group 3 had better functional performance and higher impression of change when compared with
Group 2 [21]. Secondly, the additional educational program may have impacted the way in which the exercises were per-
formed. A visual demonstration of the exercises, along with follow ups with a therapist for a maximum of two sessions,
may have contributed to significant improvements in exercise technique, treatment adherence and, subsequently, BMs.
Other studies reported that the demonstration of exercises is a more efficient way of prescribing home-based exercises
[42–44]. Benefits of education for knee OA patients are well documented and results of the present study reinforce that
supervised education should be part of any conservative treatment plan [1,2].

Despite the benefit of the additional education session, results in patients from Group 2 (Exercise) who did not have
access to additional education are promising. This group only received a list of five targeted exercises with written explana-
tions compared with the control group, but the outcomes were not grossly different from Group 3. This was the case for both
the primary (i.e., odds ratio � 1.79 and P-values � 0.16 for GER_Cat1 and GER_Cat2) and secondary outcomes (i.e., significant
improvement on pain and ADL KOOS sub-scales, both P < 0.05) compared with the control group. In real-life applications of
care, education and supervision can be burdensome with respect to time and resources, contributing to the variability of con-
servative treatment cost-effectiveness [45–47]. However, results from this analysis suggest that providing targeted exer-
cises, even without additional supervision and training (i.e., Group 2), may make a positive and substantial difference in
outcomes for individuals with knee OA. Results further suggest that, independently of patients’ characteristics, OA patients
could benefit from such exercises. This is supported by the fact that GER outcomes did not vary between pain levels at base-
line, KL grades, ages, BMIs, and sexes, while all these variables were considered in the models. This is notable knowing that
some of these patient characteristics have been previously reported to influence the efficacy of other exercise programs on
clinical outcomes [48–49]. Knowing that biomechanical markers have been used to predict response to such exercises [50],
results from this study reinforce the value of integrating them in knee OA patient management.

The results obtained in this study are not surprising when one considers that the fundamental aim of a generic exercise
program is to improve mobility and function. Even if the generic program succeeds in improving strength, range of motion,
and function, it may have no effect on biomechanical markers and may not change the patient’s mechanical risk profile for
OA progression. BMs in patients with knee pain and OA vary, thus the exercises need to target the patient’s individual move-
ment alterations. This has been emphasized by Henriksen et al. (2017) who did not observe any difference in knee biome-
chanics during gait after a 12-week individualized therapeutic exercise program focusing on strength and coordination [8].
In the present study, BMs were objectively quantified directly in a clinical setting using a knee kinesiography exam and the
exercise program was designed to address them specifically. Results from this study highlight the need to incorporate
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Table 6
Between-group differences on Knee Injury and Osteoarthritis Outcome Score (KOOS) subscales between baseline and 6 months follow up.

Group 1 (Control)
n = 71

Group 2 (Exercise)
n = 33

Group 3 (Exercise&Education)
N = 59

Time*group
interaction

Main effects
time/group

KOOS (6-month minus baseline) Mean difference
(95% CI)

Mean difference
(95% CI)

Mean difference
(95% CI)

P P

Symptoms 1.9 (�1.5;5.2) 7.6 (1.9;13.2) 6.3 (3.6;9.0) 0.08 <0.001**/0.90
Pain 1.4 (�2.2;5.0) 7.5 (3.7;11.2) 7.4 (4.2;10.7) 0.03* Post-hoc
Activities of daily living 0.5 (�3.0;3.9) 6.5 (2.8;10.2) 6.4 (2.7;10.1) 0.03* Post-hoc
Sports and recreation 6.1 (1.1;11.1) 2.9 (�4.2;9.9) 6.5 (1.5;11.6) 0.70 <0.001**/0.91
Quality of life 4.2 (0.2;8.3) 9.7 (2.5;16.8) 10.8 (6.2;15.4) 0.11 0.001**/0.39
Post-hoc: Time – simple main effect Mean difference (P) Mean difference (P) Mean difference (P)
Pain 1.4 (P = 1.0) 7.5 (P < 0.005)** 7.4 (P < 0.001)**
Activities of daily living 0.5 (P = 1.0) 6.5 (P = 0.01)* 6.4 (P = 0.01)*

CI, confidence interval. KOOS: 0 = extreme symptoms and 100 = no symptoms; positive values indicate score improvement on the corresponding sub-scale.
All P-values are adjusted for a design effect of 1.09. P-values in the post-hoc section are also adjusted with a Bonferroni correction.
* P � 0.05.
** P < 0.005.
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objective and validated assessment tools to assist with developing patient-centered treatment plans aiming at the improve-
ment of patient’s movement profile and the risk reduction of OA progression.
4.2. Study limitations

This study has several limitations. First, as it consisted of a secondary analysis on a per-protocol population, the findings
need to be replicated in other randomized studies. However, we are confident in the robustness of our results based on the
quality of the study design (i.e., cluster RCT) and the statistical and clinical significance of the two regression models with
distinct thresholds for the clinical levels of the GER. Second, the use of an orthosis during the 6-month follow up period has
not been included as a covariate in the models. Although it could have had an impact on the improvement of some BMs in
the two intervention groups, this would also have been the case for patients in the control group as well. Furthermore, less
than 10% of the participants in the study reported buying an orthosis during the follow up period, and all knee kinesiography
examinations were performed without knee brace or plantar orthotics. Third, it would have been interesting to compare out-
comes in Group 2 and Group 3 with a control group in which generic exercises were suggested. However, this was not pos-
sible in the context of this secondary analysis, as the original RCT aimed at comparing the tailored care approach with the
conventional primary care management as a whole. Finally, the use of the GER as the primary outcome has never been per-
formed in other studies and this can be considered as a limitation. However, we believe that it represents a promising, inno-
vative, and clinically meaningful outcome, which is important in the personalization of the conservative approach. This
analytical approach avoids multiple mean comparisons and limits the loss of statistical power in sub-group analyses. The
usefulness and relevance of this outcome needs to be further explored in future studies with larger sample sizes, additional
populations, and different locations. It is also possible that the BMs should be differentially weighted in the GER’s equation,
in terms of their relationship to pain or rate of OA progression.
5. Conclusions

Targeted exercises can improve dynamic biomechanical markers in individuals with knee OA when compared with con-
ventional primary care management. A knee kinesiography exam allowing objective assessment of biomechanical markers
may provide healthcare professionals with useful information on the knee dynamic profile and subsequent targeted exer-
cises to restore movement patterns, improve pain and function, and reduce the risk of OA progression. Further studies
are needed to confirm the effect of a tailored exercise program on individual biomechanical markers in order to refine
the modifiable targets to address to maximize patients’ outcomes.
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