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Abstract: Objectives: To show the superiority of eccentric versus concentric strengthening in terms
of improving quadriceps strength in knee osteoarthritis (OA), a randomized controlled study was
conducted to perform 12 sessions of either eccentric or concentric isokinetic muscle strengthening
over 6 weeks. Methods: We recruited males and females, aged between 40 and 70 years, with predom-
inantly unilateral femorotibial OA. Exclusion criteria were having a prosthesis, inflammatory arthritis
or flare-up of OA, symptomatic patellofemoral OA, cardiovascular or pulmonary disease that could
be a contraindication to the study treatment, and any pathology that could cause muscle weakness.
The primary endpoint was the between-group difference in change in maximum concentric isokinetic
knee extension peak torque (PT) at 60◦/s on the OA side at 6 weeks. Secondary endpoints were
between-group difference in change in concentric hamstring PT at 60◦/s; eccentric quadriceps and
hamstring PT at 30◦/s; 10 m and 200 m walking speeds; pain and functional status (WOMAC score)
at 6 weeks and 6 months. Results: The sample consisted of 11 females and 27 males, with a mean
age of 57.7 ± 7.52 years and a body mass index (BMI) of 25.95 ± 3.93 kg/m2. Quadriceps strength
increased more at 6 weeks in the concentric than the eccentric group with no statistical difference.
There was a rate of 25% major adverse events in the eccentric group. Conclusions: Eccentric training
resulted in a smaller improvement in quadriceps strength than concentric training and was associated
with a high risk of muscle injury, particularly to the hamstring muscles.

Keywords: osteoarthritis; knee; eccentric; concentric; rehabilitation

1. Introduction

Osteoarthritis (OA) affects an estimated 10 million people, 4.6 million of whom have
symptomatic OA [1]. This figure is expected to increase with the aging of the population [2].
Osteoarthritis has an undeniable impact on functional capacity, which places it among the
leading causes of disability in Western societies [3]. The knee is the second most frequent
symptomatic OA site, with the medial femorotibial compartment affected in more than
2/3 of cases [4,5]. This is associated with a loss of lower limb muscle strength, particularly
of the quadriceps muscle. This muscle weakness is not only a cause of pain and instability,
but also contributes to the disease progression [6]. The degree of quadriceps muscle strength
loss also appears to correlate with the intensity of pain and the extent of the functional
disability [7–9]. Conversely, people with higher levels of strength have less pain and less
functional disability [10]. The value of physical exercise and muscle strengthening in OA
has been demonstrated [3,11].

J. Clin. Med. 2024, 13, 3318. https://doi.org/10.3390/jcm13113318 https://www.mdpi.com/journal/jcm

https://doi.org/10.3390/jcm13113318
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0001-5753-2890
https://orcid.org/0000-0003-3778-7161
https://orcid.org/0000-0003-2062-0840
https://orcid.org/0009-0003-0589-6205
https://orcid.org/0000-0002-9021-5704
https://doi.org/10.3390/jcm13113318
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm13113318?type=check_update&version=1


J. Clin. Med. 2024, 13, 3318 2 of 16

Isokinetic devices provide reliable, reproducible, and validated measurements of force
in a dynamic configuration, which is more functional than measurements obtained dur-
ing isometric contractions. They can also be used to provide precise training programs.
Isokinetic training produces contractions at a constant speed, using a dynamometer whose
resistance is self-adapted to the force developed by the individual [9]. Several studies
have demonstrated the benefits of isokinetic strengthening in the management of knee
OA [10–14]. In addition to its effectiveness in improving muscle strength and function,
eccentric isokinetic training has advantages over concentric training in terms of cardiovas-
cular tolerance [15]. However, studies of good methodological quality comparing isokinetic
rehabilitation to other validated rehabilitation techniques are relatively rare, making it im-
possible to draw definitive conclusions regarding the most effective methods [16]. Eccentric
(ECC) muscle performance, particularly of the quadriceps, plays an essential role in activi-
ties of daily living such as walking and descending stairs. The gain in muscular strength
after ECC training is reported to be greater than after concentric (CONC) training [17], with
a lower energy cost [18–20]. In addition, isokinetic dynamometers can be adapted to the
motor performance and tolerance of the person, thus limiting the occurrence of injury in
people with impaired physical capacities [21].

The main aim of this study was to show the superiority of 12 sessions of ECC exercise
over 12 sessions of CONC exercise in improving quadriceps muscle strength in people with
femorotibial OA. The secondary objectives were to evaluate isokinetic muscle strengthening
in ECC mode, pain reduction and functional improvement in the parameters of walking
(maximum speed over 10 and 200 m), functional status of the patient using the Western
Ontario and MacMaster Universities osteoarthritis index [22] and the adherence.

2. Materials and Methods
2.1. Design

We conducted a randomized controlled trial. Participants were randomly allocated
to 1 of 2 groups (ECC or CONC training) in a 1:1 ratio. The randomization list was
generated by block randomization and performed automatically using Stata software
(version 15, StataCorp, College Station, TX, USA) by an independent statistician after veri-
fication of eligibility and signing of informed consent. This study was approved by the CPP
SUD EST VI (No 2011-A00894-37) ethical committee, and all participants provided written
consent for participation. This study was registered on clinical trials CT NCT01586130. The
results are reported in accordance with the CONSORT guidelines for non-pharmacological
trials (Table A1).

2.2. Participants

Participants were recruited from Clermont-Ferrand University Hospital Rehabilitation
Medicine department. Outpatients followed in consultation for knee OA were included.
The inclusion criteria were males and females aged between 40 and 75 years with unilateral,
medial, femorotibial OA of moderate radiological stage (graded 1–3 according to the
Kellgren and Lawrence classification), with no contraindications to the training protocols
evaluated. Exclusion criteria were having a prosthetic knee, inflammatory arthritis, or
flare-up of OA, symptomatic patellofemoral OA, cardiovascular or pulmonary disease that
could contraindicate performance of the training protocols, and any pathology that could
cause muscle weakness.

During the inclusion visit, participants underwent a general clinical examination,
an electrocardiogram, and additional examinations in case of cardiac abnormality (stress
test and cardiological assessment). Baseline outcomes were also measured (see Outcomes
section below). The initial maximal moment of force was measured using the Cybex
HumacNorm® isokinetic dynamometer. Patients familiarized themselves with testing
procedures by performing three consecutive warmup trials for each muscle group and
speed. During tests, the subjects performed five maximal continuous flexion–extension
repetitions of both legs at each angular velocity: A 1 min rest was allowed between each
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contraction speed. A 5 min rest was allowed between legs. The best repetition among
5 was kept.

This measurement was used to determine the initial training intensity.

2.3. Interventions

The interventions were performed by a team of physiotherapists from the Clermont-
Ferrand University hospital who were not blinded to group allocation.

The interventions consisted of 12 sessions of quadriceps and hamstring muscle
strengthening of the OA knee using the Cybex HumacNorm® isokinetic dynamometer,
which means that the patients were seated with 110◦ hip flexion and 90◦ knee flexion. It is
secured to the back of the chair by a lap and shoulder belt. The thigh homolateral to the
tested knee is secured to the seat by a strap. The dynamometer’s center of rotation is posi-
tioned opposite the lateral condyle. The device for attaching the leg to the dynamometer,
including an anti-spin module, is positioned just below the tibial tuberosity. It allows a
dynamic voluntary muscular contraction to take place at a constant angular speed thanks
to a self-adapting resistance. It allows a dynamic voluntary muscular contraction to take
place at a constant angular speed thanks to a self-adapting resistance.

The exercises were either exclusively eccentric (intervention group) or exclusively
concentric (control group). Sessions were performed twice per week over 6 weeks and had
to be at least 48 h apart.

Each session began with a warm-up on a static bike for 5 min at low rate and low load.
The concentric group performed 3 sets of 10 repetitions of extension/flexion at adapted
effort at a speed of 60◦/s, for a total of 30 repetitions. The eccentric group performed 3 sets
of 10 repetitions of extension/flexion at a speed of 30◦/s for a total of 30 repetitions. Each
repetition was followed by a 20 s rest and 1 mn between sets.

The intensity was increased progressively over the sessions. The 1st session was
performed at 60% of the initial maximal moment of force, and the intensity was increased
by 10% at each session, up to the 6th session if tolerated. In the event of fatigue or muscle
pain during a session, the intensity was set at the level of the previous session. We therefore
chose to quantitatively progress the exercises by asking participants to develop maximal
torque with no pain at each repetition.

Participants were instructed to develop a maximum force torque without pain on each
repetition, and visual on the PC screen and standardized verbal feedback were provided to
increase motivation (Table A2).

2.4. Outcomes

Outcomes were measured at baseline, 6 weeks (short-term assessment, directly at
the end of the training sessions) and at 6 months (medium-term assessment). The same
physician who was blinded to group allocation performed all the assessments.

The primary endpoint was the change in concentric isokinetic knee extension peak
torque (PT) at 60◦/s on the OA side from baseline to 6 weeks.

Secondary endpoints were changed in the following: concentric hamstring PT at 60◦/s;
eccentric quadriceps and hamstring PT at 30◦/s; 10 m and 200 m walking speeds; pain
(VAS rating); and WOMAC score from baseline to 6 weeks and baseline to 6 months.

Pain was assessed using a visual analogue scale (VAS) from 0 to 100 before and after
each session.

Adherence was measured by the number of sessions performed (maximum 12).
The WOMAC osteoarthritis index, a self-rated questionnaire validated for lower limb

OA, was used to grade the impact of the OA on the person’s health status. The index is
composed of 24 items grouped into 3 dimensions: pain (A), stiffness (B), and functional
capacity (C).
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2.5. Statistics

The sample size estimation was estimated for a 15% greater increase in the muscle
strength of the quadriceps of the OA knee in the ECC group than the CONC group, with an
SD of 20%, according to the results of Huang et al. [10] and Tuzun et al. [11] for concentric
training. Therefore, for a two-sided type I error of 5% and a statistical power at 90%,
40 participants were required per group. The rate of losses to follow-up for the primary
endpoint after treatment was considered negligible [11]. The high number of major adverse
events motivated the promotor of study to carry out an interim analysis to decide if this
study should be continued.

The continuous variables are expressed by mean and SD or median and interquartile
range, according to the normality of their distribution (verified using the Shapiro–Wilk test).
The primary analysis was conducted by intention-to-treat with the last observation carried
forward imputation approach for missing data (because the primary outcome was not
measured or because the person stopped this study due to an adverse event). A per-protocol
analysis was also carried out for participants with no missing data for the primary endpoint
at 6 weeks. Between-group comparisons of change in the quadriceps and hamstring PT
at 6 weeks and 6 months and disability at 6 weeks and 6 months were performed with
the Student t-test or the Mann–Whitney test if the assumptions for the t-test were not
met. The homoscedasticity was analyzed using the Fisher–Snedecor test. The results
were expressed using effect-sizes and 95% CI. Between-group comparisons of categorical
variables were performed with the Chi-squared or Fisher’s exact test. Multivariate analysis
was conducted to adjust the post-intervention results on the WOMAC score and the initial
maximal moment of force assessed at inclusion. All statistical analyses were performed
using Stata software (version 15, StataCorp, College Station, TX, USA) for a two-sided type
I error at 5%. Because of the potential for type 1 error due to multiple comparisons, findings
from the secondary endpoint analyses were considered as exploratory.

2.6. Ethics

Participant consent was obtained in writing and this study was approved by the CPP
SUD EST VI (No 2011-A00894-37). This study has been registered on clinical trials CT
NCT01586130.

3. Results
3.1. Sample

Forty people were included between February 2012 and August 2014. Two withdrew
consent before randomization; therefore, 38 were randomly allocated to the ECC or CONC
groups (Figure 1). Demographics and baseline data did not differ between groups (Table 1).
The sample consisted of 11 females and 27 males, with a mean age of 57.7 (7.52) years and
a body mass index (BMI) of 25.95 (3.93) kg/m2.

Table 1. Baseline sample characteristics.

Concentric
Group (n = 19)

Eccentric
Group (n = 19)

Total
(N = 38)

Sex (male) 13 (68.4) 14 (73.7) 27 (71.1)
Age (years) 55.9 ± 7.3 59.7 ± 7.6 57.8 ± 7.6
BMI (kg/m2) 25.2 ± 3.9 26.3 ± 3.9 25.8 ± 3.9
Kellgren–Lauwrence score = 1 6 (31.6) 5 (26.3) 11 (29.0)
Kellgren–Lauwrence score = 2 + 3 11 (57.9) 13 (68.4) 24 (63.2)
Knee flexion (injured)
Knee extension (injured)

136.6 ± 6.5
−2.5 ± 3.5

132.6 ± 7.4
−3.8 ± 4.4

134.6 ± 7.1
−3.2 ± 4.0

Knee flexion (healthy)
Knee extension (healthy)

140.8 ± 7.2
−0.5 ± 1.4

139.2 ± 5.2
−0.6 ± 2.3

140.0 ± 6.2
−0.6 ± 1.9

VAS pain (OA) (/100) 25.3 ± 17.1 35.5 ± 26.6 30.5 ± 22.8
VAS pain (non-OA) (/100) 12.9 ± 9.6 11.7 ± 19.2 12.3 ± 15.1
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Table 1. Cont.

Concentric
Group (n = 19)

Eccentric
Group (n = 19)

Total
(N = 38)

PT OA knee (Nm/kg):
Quadriceps concentric 1.29 ± 0.47 1.07 ± 0.44 1.18 ± 0.46
Hamstring concentric 0.84 ± 0.32 0.76 ± 0.29 0.80 ± 0.31
Quadriceps excentric 2.04 ± 0.66 1.81 ± 0.70 1.92 ± 0.69
Hamstring excentric 1.38 ± 0.49 1.29 ± 0.61 1.33 ± 0.54

PT non-OA knee (Nm/kg):
Quadriceps concentric 1.37± 0.44 1.22 ± 0.43 1.29 ± 0.44
Hamstring concentric 0.89 ± 0.25 0.82 ± 0.28 0.85 ± 0.26
Quadriceps excentric 2.22 ± 0.76 2.03 ± 0.77 2.12 ± 0.76
Hamstring excentric 1.29 ± 0.35 1.25 ± 0.50 1.27 ± 0.42

WOMAC A pain (/20) 5.2 ± 2.6 6.8 ± 3.6 6.0 ± 3.2
WOMAC B disability (/68) 13.7 ± 8.7 22.7 ± 13.1 18.2 ± 11.9
WOMAC C stiffness (/8) 2.7 ± 1.5 3.8 ± 1.9 3.3 ± 1.8
10 m walk speed (m/s) 1.97 ± 0.19 1.90 ± 0.28 1.93 ± 0.24
200 m walk speed (s) 112.9 ± 17.3 119.7 ± 15.8 116.3 ± 16.7

BMI: Body Mass Index; VAS: visual analog scale; PT: peak torque (Nm/Kg); WOMA data are mean ± SD.
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3.2. Adverse Events and Adherence

Four major adverse events that justified withdrawal of the participant from the train-
ing program occurred; all five were in the ECC group. Four occurred during the muscle
strengthening sessions and one at the 6-week assessment. We did not perform any addi-
tional exam to the five patients as they were not able to continue the training due to muscle
lesion, which was a clinical confirmation without MRI or plain films.

The rate of adverse events in the ECC group was thus 26.3%. In contrast, no adverse
events occurred in the CONC group (p = 0.046). In total, 13/15 (86%) of participants in the
CONC group and 13/17 (76.5%) in the ECC group (p = 0.66) completed all sessions (Table 2).

Table 2. All adverse events.

Patient Randomization Events

#5 concentric group PREMATE STOP
#25 concentric group PREMATE STOP
#36 concentric group INJURY M6

#8 eccentric group PREMATE STOP
#10 eccentric group INJURY W6
#23 eccentric group INJURY W6
#26 eccentric group INJURY W6
#31 eccentric group INJURY W6
#35 eccentric group INJURY W6

3.3. Primary Outcome

At 6 weeks, the change in concentric knee extension PT was greater in the CONC
than the ECC group, although the difference was not significant (CONC: +28 Nm/kg; 95%
CI, −17 to 55; ECC 10 Nm/kg; −100 to 52) (p = 0.34, ES = 0.32; −0.32 to 0.96) (Table 3
and Figure 2). The per-protocol analysis confirmed these findings with p = 0.97 (ES = 0.14;
−0.58 to 0.85) (CONC 37 Nm/kg; 95% CI −3 to 66; ECC 20 Nm/kg; 10 to 61). Concentric
quadriceps PT was significantly higher in the CONC group (p = 0.04, ES = 0.67; 95%
CI 0.01 to 1.32). Multivariate analysis confirmed the findings (p = 0.04).

Table 3. Change (%) in quadriceps and hamstring peak torque at 6 weeks and 6 months.

Concentric Group Eccentric Group p-Value

Concentric OA knee
Quadriceps

Baseline 1.29 ± 0.47 1.07 ± 0.44
At W6 1.41 ± 0.77 0.94 ± 0.70
Change at W6 (primary endpoint) 28 [−17 to 55] 10 [−100 to 52] 0.34
At M6 1.26 ± 0.99 1.03 ± 0.83
Change at M6 23 [−99 to 74] 16 [−100 to 74] 0.74

Hamstring
Baseline 0.84 ± 0.32 0.76 ± 0.29
At W6 0.83 ± 0.42 0.59 ± 0.39
Change at W6 14 [−12 to 44] −1 [−100 to 24] 0.21
At M6 0.62 ± 0.48 0.59 ± 0.48
Change at M6 −13 [−99 to 36] −3 [−100 to 29] 0.96

Ratio Hamstring/Quadriceps
Change at W6 −10 [−26 to 3] −13 [−100 to 0] 0.42
Change at M6 −39 [−99 to −16] * −47 [−100 to −11] * 0.96

Eccentric OA knee

Quadriceps
Baseline 2.04 ± 0.66 1.81 ± 0.70
At W6 1.91 ± 1.04 1.41 ± 1.02
Change at W6 0 [−24 to 30] 0 [−100 to 22] 0.65
At M6 1.44 ± 1.11 1.43 ± 1.14
Change at M6 −12 [−99 to 6] * −1 [−100 to 38] 0.59



J. Clin. Med. 2024, 13, 3318 7 of 16

Table 3. Cont.

Concentric Group Eccentric Group p-Value

Hamstring
Baseline 1.38 ± 0.49 1.29 ± 0.61
At W6 1.12 ± 0.66 0.86 ± 0.68
Change at W6 −17 [−45 to 0] −13 [−100 to 13] * 0.99
At M6 0.74 ± 0.64 0.78 ± 0.68
Change at M6 −40 [−99 to 16] * −40 [−100 to 20] * 0.85

Ratio Hamstring/Quadriceps
Change at W6 −8 [−39 to 2] −20 [−100 to 0] 0.39
Change at M6 −35 [−99 to 12] * −32 [−100 to 0] * 0.83

Concentric–eccentric OA knee

Quadriceps
Change at W6 28 [−17 to 55] 0 [−100 to 22] 0.04
Change at M6 23 [−99 to 74] −1 [−100 to 38] 0.22

Hamstring
Change at W6 14 [−12 to 44] −13 [−100 to 13] * 0.04
Change at M6 −13 [−99 to 36] −40 [−100 to 20] * 0.42

Ratio Hamstring/Quadriceps
Change at W6 −10 [−26 to 3] −20 [−100 to 0] 0.24
Change at M6 −39 [−99 to −16] * −32 [−100 to 0] * 0.94

Results expressed as mean and standard deviation or median [interquartile range] according to statistical dis-
tribution. W6: results at 6 weeks, M6: results at 6 months. * indicates p < 0.05 for within-group differences, i.e.,
between baseline and W6 or M6.
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3.4. Secondary Outcomes

None of the secondary outcomes differed between groups at 6 weeks or 6 months
(Table 4). We found no significant difference between the two groups for pain and antalgics
consumption at baseline: 8/19 (42.1%) for the concentric group vs. 11/19 (57.9%) for the
eccentric group.

Table 4. Change (%) in range of motion and disability at 6 weeks and 6 months.

Concentric Group Eccentric Group p-Value

Flexion OA knee (◦)
Baseline 136.6 ± 6.5 132.6 ± 7.4
At W6 122.8 ± 43.8 99.0 ± 61.2
Change at W6 0 [−4 to 0.7] 0 [−100 to 2] * 0.79
At M6 108.9 ± 58.0 98.2 ± 60.7
Change at M6 0 [−4 to 1] 0 [−100 to 2] * 0.54
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Table 4. Cont.

Concentric Group Eccentric Group p-Value

Extension OA knee (◦)
Baseline −2.5 ± 3.5 −3.8 ± 4.3
At W6 −2.3 ± 3.3 −2.3 ± 3.7
Change at W6 0 [−71 to 0] −42 [−100 to −13] * 0.34
At M6 −2.0 ± 2.8 −2.4 ± 3.8
Change at M6 −21 [−85 to 0] −75 [−100 to −33] 0.28

VAS OA knee (/100)
Baseline 25.2 ± 17.1 35.5 ± 26.6
At W6 17.3 ± 14.5 21.8 ± 22.1
Change at W6 −17 [−75 to 0] −41 [−100 to −17] * 0.31
At M6 18.0 ± 16.1 17.5 ± 20.1
Change at M6 −40 [−100 to 0] −76 [−100 to −33] * 0.44

WOMAC A pain (/20)
Baseline 5.2 ± 2.6 6.8 ± 3.6
At W6 4.2 ± 2.7 4.1 ± 4.0
Change at W6 −10 [−50 to 0] −29 [−100 to 0] * 0.30
At M6 3.9 ± 2.8 4.5 ± 4.3
Change at M6 −12 [−50 to 0] * −29 [−100 to 0] * 0.43

WOMAC B disability (/68)
Baseline 13.7 ± 8.7 22.7 ± 13.1
At W6 12.3 ± 8.8 14.1 ± 15.2
Change at W6 −8 [−29 to 6] −38 [−100 to 0] * 0.12
At M6 13.5 ± 11.0 14.8 ± 15.1
Change at M6 0 [−22 to 25] −20 [−100 to 0] * 0.11

WOMAC C stiffness (/8)
Baseline 2.7 ± 1.5 3.8 ± 1.9
At W6 2.3 ± 1.3 2.3 ± 2.4
Change at W6 −20 [−33 to 0] −25 [−100 to 0] * 0.35
At M6 2.1 ± 1.4 2.5 ± 2.1
Change at M6 −50 [−75 to 0] −20 [−100 to 0] * 0.87

10 m walk speed (m/s)
Baseline 2.0 ± 0.2 1.9 ± 0.3
At W6 1.8 ± 0.7 1.4 ± 0.9
Change at W6 0 [−7 to 5] −2 [−100 to 4] * 0.32
At M6 1.6 ± 0.8 1.4 ± 0.9
Change at M6 0 [−16 to 3] −6 [−100 to 2] * 0.54

200 m walk speed (s)
Baseline 112.9 ± 17.3 119.7 ± 15.7
At W6 98.4 ± 37.4 81.9 ± 51.0
Change at W6 −3 [−8 to 0] −5 [−100 to −1] * 0.56
At M6 87.3 ± 47.7 86.0 ± 53.4
Change at M6 −6 [−13 to −1] * 0 [−100 to 7] * 0.15

Results expressed as mean and standard deviation or median [interquartile range] according to statistical dis-
tribution. W6: results at 6 weeks; M6: results at 6 months. * indicates p < 0.05 for within-group differences, i.e.,
between baseline and W6 or M6.

4. Discussion

This randomized controlled trial did not find a short-term (6 weeks) superiority of
ECC muscle training over CONC training on concentric quadriceps muscle strength in
people with knee OA, in contrast with our hypothesis. Furthermore, tolerance of the
ECC contraction mode was very poor. A high proportion (12.5%) of major adverse events
occurred, which justified the withdrawal of the participants concerned and resulted in
premature cessation of this study at the half of the inclusions.

Unmasking revealed that these events occurred exclusively in the ECC group. Four
events occurred during the muscle strengthening sessions and the fifth occurred during
the 6-week evaluation. Four hamstring muscle lesions occurred: a stage 3 myoaponeurotic
lesion of the biceps femoris according to the classification of Rodineau and Durey [23] and
three elongation-type lesions. The fifth adverse event was an intolerance of eccentric work
which occurred progressively across the sessions and prevented continuation. In contrast,
no such major adverse events occurred in the CONC group. In addition, hamstring strength
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reduced by around 20% at 12 weeks and 6 months following the ECC training. Therefore,
the main result of this study is that maximum eccentric hamstring contraction strengthening
training comports a risk of injury in people with knee OA.

Preventive measures had been put in place to limit muscle injuries. Exercises, particu-
larly eccentric, are known to cause delayed onset muscle soreness (DOMS) [24]. DOMS
generally occurs 8 h after the end of the exercise and includes a combination of pain, stiff-
ness, loss of active mobility, and reduction in strength. The peak of the symptomatology
is normally reached at 48 h and then gradually fades over a week. Therefore, if DOMS
occurred during the first training sessions, especially in this sample of non-athletic individ-
uals, it was expected to disappear as the sessions progressed [25]. In addition, a minimum
delay of 48 h between training sessions and 1 week between the last training session and
the second evaluation was observed to minimize the impact of DOMS on performance.
Furthermore, the exercises were progressed over the sessions by increasing the number
of repetitions, as is more often the case in recent studies on the subject [10]. The Cybex
Humac Norm® dynamometer did not allow an exercise intensity to be set relative to the
moment of maximum force.

The short- and medium-term analyses showed that both CONC and ECC contraction
modes improved quadriceps strength, in line with the data in the literature [26]. The
beneficial effect of concentric strengthening on quadriceps muscle strength had already
been shown [26]. Strength also increased on the non-trained side. This “cross effect”
phenomenon of muscle strengthening is well known and is in line with the data in the
literature [27–29].

Regarding the self-evaluation of function using the WOMAC questionnaire, there was
no statistically significant difference between the two groups. The participants included in
this study had early-stage OA; therefore, the impact and change in functional level was
not very marked. With regards to pain intensity at inclusion, there was no between group
difference. VAS pain ratings are relatively reliable and reproducible; it is therefore unlikely
that the initial maximal strength evaluation was affected by pain.

Limitations

With regards to the primary outcome, we chose to evaluate concentric, rather than
eccentric, strength before and after the strengthening protocol because of its preferential
and validated use as a measure of muscle strength and good reproducibility of results at a
slow speed of 60◦/s. Although muscles more often work eccentrically during activities of
daily living, such as walking, which is particularly impaired in OA, we did not evaluate
eccentric strength because it is less reproducible and there are fewer data in the literature
on this subject [10,11].

To avoid an evaluation bias related to this choice of primary endpoint, a statistical
cross-tabulation analysis was performed. This analysis measured change in concentric
strength if the participant was randomized to the CONC group and in eccentric strength
if the participant was randomized to the ECC group. These results also supported the
superiority of concentric training at both the short- and medium-term assessments.

As this study was based on an intervention using a medical device, double blind-
ing was not possible: the participant and physiotherapist had to be aware of the type of
strengthening performed. However, the evaluator was blinded to group allocation. Partic-
ipants in both groups were instructed not to discuss their rehabilitation sessions during
the evaluations.

The interest of dynamic work in ECC mode in this population should not be excluded
in this pathology. Indeed, the occurrence of these injuries is most probably related to
the maximal character of the muscle contraction. In the future, it would be interesting to
analyze the effectiveness of ECC strengthening protocols that are qualitatively adjustable,
and thus avoid this type of maximal contraction.

We did not practice other biologic exams like CRP to see the impact of exercise, as
increased muscle strength was the primary endpoint.
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Patients were free to take paracetamol or non-steroidal anti-inflammatory drugs on
request, but this was not monitored during this study.

5. Conclusions

Eccentric muscle strengthening using maximal isokinetic contractions is deleterious
in people with knee OA. Muscle strength increased less with eccentric than concentric
training and eccentric training was associated with a high risk of muscle injury in this
sample, particularly for the hamstring muscles. The occurrence of adverse events in
the eccentric training group led to the premature termination of this study. However,
dynamic, concentric muscle strengthening is of value in people with knee OA, since it allows
significant improvements in strength and function in both the short and medium term.
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Appendix A

Table A1. 2017 CONSORT checklist of information to include when reporting a randomized trial assessing
nonpharmacologic treatments (NPTs) *. Modifications of the extension appear in italics and blue.

Section/Topic Item Checklist Item No. CONSORT Item Extension for NPT Trials
Title and abstract

1a Identification as a randomized trial in
the title p. 1

1b

Structured summary of trial design,
methods, results, and conclusions (for
specific guidance see CONSORT
for abstracts)

pp. 2–3

Introduction

Background and objectives 2a Scientific background and explanation
of rationale p. 4

2b Specific objectives or hypotheses p. 5
Methods

Trial design 3a
Description of trial design (such as
parallel, factorial) including
allocation ratio

p. 5
When applicable, how care
providers were allocated to
each trial group NA
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Table A1. Cont.

Section/Topic Item Checklist Item No. CONSORT Item Extension for NPT Trials

3b
Important changes to methods after trial
commencement (such as eligibility
criteria), with reasons

NA

Participants 4a Eligibility criteria for participants p. 5

4b Settings and locations where the data
were collected p. 5

Interventions † 5

The interventions for each group with
sufficient details to allow replication,
including how and when they were
actually administered

Precise details of both the
experimental treatment and
comparator
p 6 + protocol publication
doi:10.1186/1745-6215-15-106

5a

Description of the different
components of the
interventions and, when
applicable, description of the
procedure for tailoring the
interventions to individual
participants
p 6 + protocol publication doi:
10.1186/s12906-018-2339-x.

5b
Details of whether and how the
interventions were standardized
p. 7

5c.

Details of whether and how
adherence of care providers to
the protocol was assessed
or enhanced
p. 7

5d

Details of whether and how
adherence of participants to
interventions was assessed
or enhanced
p. 7 adherence to
physical exercise

Outcomes 6a

Completely defined pre-specified
primary and secondary outcome
measures, including how and when they
were assessed

p. 7

6b Any changes to trial outcomes after the
trial commenced, with reasons NA

Sample size 7a How sample size was determined

pp. 7–8
When applicable, details of
whether and how the
clustering by care providers or
centers was addressed p. 7

7b When applicable, explanation of any
interim analyses and stopping guidelines p. 9

Randomization:

- Sequence generation 8a Method used to generate the random
allocation sequence p. 7

8b
Type of randomization; details of any
restriction (such as blocking and
block size)

p. 7
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Table A1. Cont.

Section/Topic Item Checklist Item No. CONSORT Item Extension for NPT Trials

- Allocation
concealment mechanism 9

Mechanism used to implement the
random allocation sequence (such as
sequentially numbered containers),
describing any steps taken to conceal the
sequence until interventions
were assigned

p. 9

- Implementation 10

Who generated the random allocation
sequence, who enrolled participants, and
who assigned participants
to interventions

p. 9

Blinding 11a

If done, who was blinded after
assignment to interventions (for example,
participants, care providers, those
assessing outcomes) and how

p. 7
If done, who was blinded after
assignment to interventions
(e.g., participants, care
providers, those administering
co-interventions, those
assessing outcomes) and how

11b If relevant, description of the similarity
of interventions p. 7

11c p. 7

Statistical methods 12a
Statistical methods used to compare
groups for primary and
secondary outcomes

p. 8
When applicable, details of
whether and how the
clustering by care providers or
centers was addressed P 8

12b Methods for additional analyses, such as
subgroup analyses and adjusted analyses NA

Results

Participant flow (a
diagram is strongly
recommended)

13a

For each group, the numbers of
participants who were randomly
assigned, received intended treatment,
and were analyzed for the
primary outcome

p. 9
The number of care providers
or centers performing the
intervention in each group
and the number of patients
treated by each care provider
or in each center
p. 17 and diagram flow

13b
For each group, losses and exclusions
after randomization, together
with reasons

p. 9 and diagram flow

13c

For each group, the delay
between randomization and the
initiation of the intervention
NA immediate allocation due
to time period

new
Details of the experimental
treatment and comparator as
they were implemented NA

Recruitment 14a Dates defining the periods of recruitment
and follow-up p. 9

14b Why the trial ended or was stopped p. 10
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Table A1. Cont.

Section/Topic Item Checklist Item No. CONSORT Item Extension for NPT Trials

Baseline data 15 A table showing baseline demographic
and clinical characteristics for each group

p. 18
When applicable, a
description of care providers
(case volume, qualification,
expertise, etc.) and centers
(volume) in each group
NA

Numbers analyzed 16

For each group, number of participants
(denominator) included in each analysis
and whether the analysis was by original
assigned groups

p. 9+ flow chart p. 17

Outcomes and estimation 17a

For each primary and secondary
outcome, results for each group, and the
estimated effect size and its precision
(such as 95% confidence interval)

17b
For binary outcomes, presentation of
both absolute and relative effect sizes
is recommended

Ancillary analyses 18

Results of any other analyses performed,
including subgroup analyses and
adjusted analyses, distinguishing
pre-specified from exploratory

NA

Harms 19
All important harms or unintended
effects in each group (for specific
guidance see CONSORT for harms)

p. 9

Discussion

Limitations 20
Trial limitations, addressing sources of
potential bias, imprecision, and, if
relevant, multiplicity of analyses

pp. 10–11
In addition, take into account
the choice of the comparator,
lack of or partial blinding, and
unequal expertise of care
providers or centers in
each group
NA

Generalizability 21 Generalizability (external validity,
applicability) of the trial findings

Generalizability (external
validity) of the trial findings
according to the intervention,
comparators, patients, and
care providers and centers
involved in the trial
p. 11

Interpretation 22
Interpretation consistent with results,
balancing benefits and harms, and
considering other relevant evidence

p. 12

Other information

Registration 23 Registration number and name of
trial registry p. 5

Protocol 24 Where the full trial protocol can be
accessed, if available

Protocol published
doi:10.1186/1745-6215-15-106

Funding 25 Sources of funding and other support
(such as supply of drugs), role of funders p. 21

* Additions or modifications to the 2010 CONSORT checklist. CONSORT = Consolidated Standards of Reporting
Trials. † The items 5, 5a, 5b, 5c, 5d are consistent with the Template for Intervention Description and Replication
(TIDieR) checklist.
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Appendix B

Table A2. The TIDieR (Template for Intervention Description and Replication) Checklist
*: Information to include when describing an intervention and the location of the information.
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Primary Paper 
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Number) 
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 BRIEF NAME   
1. Provide the name or a phrase that describes the intervention. Line 93 ______________ 
 WHY   
2. Describe any rationale, theory, or goal of the elements essential to the intervention. Line 42 _____________ 
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3. 
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4. 
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 WHO PROVIDED   
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6. 
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 WHERE   

Item Where Located **

Item Number Primary Paper
(Page or Appendix
Number)

Other † (Details)

BRIEF NAME
1. Provide the name or a phrase that describes the intervention. Line 93 ______________

WHY
2. Describe any rationale, theory, or goal of the elements essential to the intervention. Line 42 _____________

WHAT

3.

Materials: Describe any physical or informational materials used in the intervention,
including those provided to participants or used in intervention delivery or in training of
intervention providers. Provide information on where the materials can be accessed (e.g.,
online appendix, URL).

Line 36 _____________

4. Procedures: Describe each of the procedures, activities, and/or processes used in the
intervention, including any enabling or support activities. Line 96 _____________

WHO PROVIDED

5. For each category of intervention provider (e.g., psychologist, nursing assistant), describe
their expertise, background and any specific training given. Line 94 _____________

HOW

6. Describe the modes of delivery (e.g., face-to-face or by some other mechanism, such as internet
or telephone) of the intervention and whether it was provided individually or in a group. Line 94 _____________

WHERE

7. Describe the type(s) of location(s) where the intervention occurred, including any necessary
infrastructure or relevant features. Line 94 _____________

WHEN and HOW MUCH

8. Describe the number of times the intervention was delivered and over what period of time
including the number of sessions, their schedule, and their duration, intensity or dose. Line 96 _____________

TAILORING

9. If the intervention was planned to be personalized, titrated or adapted, then describe what,
why, when, and how. NA _____________

MODIFICATIONS

10.‡ If the intervention was modified during the course of this study, describe the changes (what,
why, when, and how). NA _____________

HOW WELL

11. Planned: If intervention adherence or fidelity was assessed, describe how and by whom, and
if any strategies were used to maintain or improve fidelity, describe them. Line 122 _____________

12.‡ Actual: If intervention adherence or fidelity was assessed, describe the extent to which the
intervention was delivered as planned. Line 122 _____________

** Authors—use N/A if an item is not applicable for the intervention being described. Reviewers—use ‘?’ if
information about the element is not reported/not sufficiently reported. † If the information is not provided
in the primary paper, give details of where this information is available. This may include locations such as
a published protocol or other published papers (provide citation details) or a website (provide the URL). ‡ If
completing the TIDieR checklist for a protocol, these items are not relevant to the protocol and cannot be described
until this study is complete. * We strongly recommend using this checklist in conjunction with the TIDieR
guide (see BMJ 2014, 348, g1687) which contains an explanation and elaboration for each item. * The focus of
TIDieR is on reporting details of the intervention elements (and where relevant, comparison elements) of a study.
Other elements and methodological features of studies are covered by other reporting statements and checklists
and have not been duplicated as part of the TIDieR checklist. When a randomized trial is being reported, the
TIDieR checklist should be used in conjunction with the CONSORT statement (see www.consort-statement.org,
accessed on 22 March 2024) as an extension of Item 5 of the CONSORT 2010 Statement. When a clinical trial
protocol is being reported, the TIDieR checklist should be used in conjunction with the SPIRIT statement as an
extension of Item 11 of the SPIRIT 2013 Statement (see www.spirit-statement.org, accessed on 22 March 2024).
For alternate study designs, TIDieR can be used in conjunction with the appropriate checklist for that study design
(see www.equator-network.org, accessed on 22 March 2024).
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