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Abstract: Deficits in maximal and explosive knee extensor strength, which are usually assessed
with unilateral tasks, are substantial in patients with knee osteoarthritis (KOA). The aim of this
study was to investigate the clinical relevance of unilateral vs. bilateral tasks for assessing knee
extensor strength in patients with KOA. This was achieved primarily by comparing unilateral and
bilateral inter-limb strength asymmetries and secondarily by examining the relationship between
unilaterally and bilaterally measured strength, and performance-based and self-reported function.
Twenty-four patients with unilateral KOA (mean age: 65 ± 7 years) performed isometric gradual
and explosive maximal voluntary contractions to assess, respectively their maximal and explosive
strength. Performance-based and self-reported function were also evaluated with standard functional
tests and questionnaires, respectively. Inter-limb asymmetries of maximal and explosive strength
did not differ significantly between unilateral (mean asymmetry: 26 ± 15%) and bilateral tasks
(22 ± 21%). In the same way, the relationships between knee extensor strength—measured either
unilaterally or bilaterally—and performance-based or self-reported function were not influenced by
the type of task. In conclusion, it does not seem to make a difference in terms of clinical relevance
whether maximal and explosive knee extensor strength are evaluated with unilateral or bilateral
tasks in KOA patients.

Keywords: inter-limb asymmetry; maximal voluntary strength; rate of force development; knee
osteoarthritis; performance-based test; self-reported function

1. Introduction

Knee osteoarthritis (KOA) is the most frequent musculoskeletal condition in older
individuals [1]. KOA has a global prevalence of 23% among individuals aged > 40 years
(~654 million individuals had KOA worldwide in 2020) and a pooled global incidence
of 203 per 10,000 person-years in individuals aged > 20 years [2]. Patients with KOA
are characterized by low levels of physical functioning in comparison to age- and sex-
matched controls [3] due to a combination of joint pain, stiffness, and lower limb muscle
weakness [3,4]. In particular, knee extensor strength is universally considered to be an
important determinant of physical function in subjects with KOA [5].

Deficits in maximal and explosive knee extensor strength are considerable in patients
with KOA [6–8]. Knee extensor strength is often evaluated using unilateral isometric
maximal voluntary contractions (MVC) in both laboratory and clinical settings. These
contractions can be either gradual, with the goal to attain the maximal force-generating
capacity (often characterized by MVC torque), or explosive, with special emphasis on the
rate of torque development (RTD). This latter outcome is increasingly considered due to
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its functional relevance with respect to daily living activities [9] and as it has been shown
to be an independent predictor of physical performance in a large cohort study [10]. As
such, unilaterally measured MVC torque and/or RTD are usually compared between the
involved and uninvolved side of KOA patients, generally in the form of an inter-limb
percent asymmetry, to provide an estimate of knee extensor muscle weakness [11]. Using
this methodology, strength asymmetries comprised between 10% and 20% are arbitrarily
referred to as “probably pathological”, while asymmetries greater than 20% are commonly
considered as “pathological” (i.e., serious muscle weakness) [12].

Unilaterally measured knee extensor strength is closely related to physical perfor-
mance in patients with KOA [5,13–17]. From a specificity perspective, evaluating maximal
and explosive knee extensor strength with unilateral tasks makes sense, as several daily
activities involve consecutive unilateral actions, such as walking and stair climbing. In
addition to these tasks, however, patients with KOA also perform simultaneous bilateral
actions, such as squatting and sit-to-stand transfers, quite frequently during the day [18–20].
For elderly patients, in particular, knee extensor strength plays an important role in this
latter bilateral task, as they need 80% of their maximum knee extensor moment to stand
up from a chair [21]. Thus, the use of unilateral tasks (involving separate one-legged
contractions) for evaluating knee extensor strength asymmetries in patients with KOA
could be questioned against the use of bilateral tasks (involving simultaneous two-legged
contractions). In athletes, for example, inter-limb asymmetries in explosive strength—but
not in maximal strength—have recently been found to be larger for unilateral than for
bilateral tasks [22]. In elderly men and women, Häkkinen et al. [23] demonstrated that
both maximal and explosive knee extensor strength did not differ significantly between
bilateral and unilateral (sum of the two sides) assessments, however their subjects were
healthy, and they did not report inter-limb asymmetries.

The clinical relevance of unilateral vs. bilateral tasks for the assessment of knee
extensor strength in patients with KOA remains to be verified. Thus, the primary aim
of this cross-sectional study was to compare inter-limb asymmetries of maximal and
explosive knee extensor strength between unilateral and bilateral tasks in patients with
KOA. A secondary aim was to explore the relationships between unilaterally vs. bilaterally
measured strength, performance-based and self-reported function.

2. Materials and Methods
2.1. Participants

Patients between 50 and 80 years of age with unilateral KOA and scheduled for knee
replacement surgery at the Schulthess Clinic (Zurich, Switzerland) were first contacted by
telephone. The main exclusion criteria were pain at rest (greater than 3 on a 0–10 scale)
in the contralateral knee and any previous open surgery or anterior cruciate ligament
reconstruction on either limb. Further exclusion criteria were less than 90◦ of knee flexion
in one of the knees, severe cardiovascular, respiratory, or neurological disorders, open
wounds and tissue injuries on the thigh or leg area, and insufficient knowledge of the
German language. A convenience sample of 30 patients met the inclusion criteria and
took part in the study. Of these, six patients attended only the first of the two scheduled
appointments, and therefore 24 patients (12 women and 12 men) completed the entire
study procedure.

2.2. Study Design

The study was approved by the ethics committee of the Canton of Zurich (Switzerland).
Patients gave written informed consent prior to participation. They were first invited to a
familiarization session during which the entire test procedure was explained, shown, and
practiced. The actual measurements were then carried out at a subsequent appointment
(mean interval between familiarization and experimental session: 6 days). The experi-
mental session encompassed the collection of demographic characteristics (i.e., age, sex,
weight, and height), the realization of performance-based tests and the evaluation of knee
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extensor strength. Self-reported function was evaluated with questionnaires completed in
the context of the pre-operative medical appointments.

2.3. Assessments
2.3.1. Performance-Based Tests

Patients performed a series of four different functional tests according to the recom-
mendations of the Osteoarthritis Research Society International [24]. For these tests, a
stopwatch was necessary, usual footwear was worn, and when walking aids or handrail
were required, it was documented. In addition, patients also completed a conventional
lower limb power test [25]. Before the tests, patients warmed up by cycling for 5 min on an
ergometer with a workload of 1 W/kg of body weight.

Timed up and Go Test

Patients started the test in a sitting position from a standard chair (seat height: 48 cm;
armrest height: 66 cm), with their back leaning and their hands on the armrests. They stood
up, walked to a mark 3 m away, turned around, and returned to sit back in the chair at a
regular pace (two trials separated by 30 s). The total time (s) until the patients was seated
again with his/her back against the back of the chair was recorded. Only the fastest of the
two trials was retained.

30-s Chair-Stand Test

Patients started the test in a sitting position from a straight back chair (seat height:
48 cm), with the feet flat on the floor (shoulder-width apart) and arms crossed on the chest.
They stood up completely so that hips and knees were fully extended. Then, the patients
sat down again so that the buttocks touched the seat completely. This was performed as
fast as safely possible, and repeated as often as possible within 30 s (one trial). The total
number of complete chair stands (up and down represents one stand) were counted. If at
least a full stand was completed at 30 s, this was counted in the total.

40-m Fast-Paced Walk Test

The patients walked as fast but as safely as possible, without running, along a 10-m
walkway. Then, they turned around a cone (2 m beyond the start/finish of the walkway)
and repeated the walking trial again for a total distance of 40 m (three turns). The total time
(s) taken to walk the 4 × 10 m test distance was recorded and expressed as speed (m/s) by
dividing the distance (40 m) by the time. The timing was paused during the turns.

9-Step Stair-Climb Test

Patients ascended and descended a flight of stairs with nine steps (step height: 18 cm)
and a handrail as quickly as possible but in a safe manner (one trial). The total time (s) to
ascend and descend the stairs was recorded.

Lower Limb Power

Lower limb power was measured using the Nottingham leg power rig (University
of Nottingham, Nottingham, UK). Patients were comfortably seated on the dynamometer
chair with the arms crossed in front of the chest, so that their knee angle was ~90◦. They
were instructed to push the footplate away as quickly as possible by extending the lower
limb(s). Measurements were performed three times per task, with rest periods of 30 s
between each trial. The tasks were unilateral with the involved side and simultaneous
bilateral, presented randomly. During the unilateral task, the free foot was placed on the
floor. The final angular velocity of the flywheel was measured by an optoswitch and used
to calculate the maximal lower limb power. For each task, the mean of the three trials
was retained.
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2.3.2. Self-Reported Function

Patients received three different routine questionnaires by e-mail or post before surgery.
They completed the questionnaires at home and returned them to the clinic.

Oxford Knee Score

Patients filled out the cross-culturally adapted and validated German version of the
Oxford Knee Score [26]. The Oxford Knee Score includes 12 questions asking patients
to report their knee pain and function over the past 4 weeks. Each item operates with
a 5-point response scale with scores ranging from 0 to 4. A total score is calculated by
summing up the scores of each item. The total score ranges from 0 to 48, with 0 being the
worst possible score and 48 being the best score (indicating very good knee joint function).

Core Outcome Measure Index—Knee (COMI-Knee)

The COMI-knee is a valid questionnaire for assessing patients undergoing total knee
arthroplasty [27]. The COMI-knee includes six items. With these items, five dimensions are
assessed: pain (item 1), function (item 2), symptom-specific well-being (item 3), general
quality of life (item 4), and “disability” (average of items 5 and 6). The pain scale is scored
from 0 to 10, while the five response options of the items 2 to 6 are scored as 0, 2.5, 5,
7.5, and 10 (for responses 1 to 5, respectively). The average of the five domains gives a
COMI score from 0 to 10, with 0 being the best score and 10 being the worst possible score
(indicating worst status of the patient). No missing answers are allowed.

Euroqol-Five Dimensions (EQ-5D)

The EQ-5D is a valid instrument for measuring health-related quality of life and has
been developed for use in a variety of health conditions [28]. The five individual items of
the EQ-5D are mobility, self-care, usual activities, pain/comfort, and anxiety/depression.
Each item can be rated on a 3-point scale. For the EQ-5D, summary index scores (ranging
from −0.59 to 1) were calculated according to the method of Prieto and Sacristán [29],
where −0.59 represents the worst state of health and 1 the best.

2.3.3. Maximal and Explosive Strength

Patients were comfortably seated with approximately 65◦ of knee flexion and approxi-
mately 100◦ of hip flexion on an isometric knee dynamometer (S2P, Ljubljana, Slovenia).
The rotational axis of the dynamometer lever arm was aligned with the center of rotation
of the knee joint (medial femoral condyle). The distal part of the lever arm was strapped
4–5 cm above the lateral malleolus and each thigh was fixed with a strap in the distal part of
the thigh. Additionally, patients were fixed on the chair with a belt across the abdomen to
limit movements of the pelvis and their arms were crossed in front of their chest. If a limb
was not tested, it was taken out of the strap. The dynamometer had minimal deformability
during high-force isometric contractions as it was stable and rigid. For this reason, accurate
and reliable evaluation of MVC torque and RTD was possible (intraclass correlation coeffi-
cients > 0.97 have previously been reported using the same set-up) [30,31]. On each side,
an embedded strain gauge-based force sensor (model Z6FC3-200 kg, Hottinger-Baldwin
Messtechnik GmbH, Darmstadt, Germany) assessed the knee joint torque. Force sensors
were installed in the frame of the dynamometer so that they operated as torque sensors on a
fixed force-sensor lever arm. Torque signals were amplified and analog-to-digital converted
(INSAmp, Isotel, Logatec, Slovenia) before being recorded at 1 kHz using a custom-built
software (ARS dynamometry, S2P, Ljubljana, Slovenia). The signals were off-line filtered
with a smoothing filter (moving average filter) with a window length of 0.03 s.

Patients started each contraction after a verbal signal (3-2-1-go) was given by the
examiner. Visual feedback of knee extension strength was consistently shown as real-time
torque output of the dynamometer on a large screen. Strong verbal encouragement was
consistently provided by the same examiner. Patients were instructed to avoid any coun-
termovement or pre-tension, and additional feedback was provided, if necessary. Torque
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values were collected during separate unilateral and simultaneous bilateral tasks for both
gradual and explosive MVCs of the knee extensors (Figure 1). Gradual MVCs were always
performed before the explosive MVCs. The order of tasks (unilateral with the involved side,
unilateral with the uninvolved side, and simultaneous bilateral) was randomized within
each contraction type. Before strength measurements, patients performed 3–5 submaximal
gradual MVCs and 3–5 submaximal explosive MVCs for warm up/familiarization pur-
poses, during which they were asked to reach at least 80% of their maximum estimated
strength. For both gradual and explosive MVCs, the interval between the submaximal
familiarization trials and the maximal trials was approximately 2 min.
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Figure 1. Representative knee extensor torque-time traces by side and task. Unilaterally measured (continuous line) and
bilaterally measured (dashed line) knee extension torque recorded during gradual (A) and explosive (B) maximal voluntary
contractions. In (B), torque onset and time points of 100 and 200 ms from torque onset are shown as vertical lines.

To perform isometric gradual MVCs, patients were instructed to contract their knee
extensors “as hard as possible” using a progressive torque build-up. The duration of
the build-up phase was quite variable between subjects, but in general it was comprised
between 1 and 2 s. The MVC torque should then be held for 2–3 s. Participants were asked
to perform two trials, with a rest interval of 30 s in-between. If the MVC torque values of
the two trials were more than 10% apart, another trial was carried out and the trial with the
lowest MVC torque was excluded. To perform isometric explosive MVCs, patients were
instructed to contract their knee extensors “as fast and hard as possible” until they reached
the maximum torque and then to relax completely. These contractions lasted approximately
1 s. Participants were asked to perform five trials, with rest intervals of 20 s in-between.

Data Analysis

Trials were analyzed under the condition that no pretension and no countermovement
(pre-contraction torque changes >2.5% of MVC torque) were observed. Regarding gradual
MVCs, the mean value of the 2 MVC torques was used for all subsequent analyses. For
each gradual MVC, the MVC torque corresponded to the average torque signal during
a 1-s time interval around the maximal torque, which was automatically chosen by the



J. Clin. Med. 2021, 10, 4353 6 of 14

software. Regarding explosive MVCs, the three trials with the highest peak RTD values
were further analyzed. The mean value of these trials was used for all subsequent analyses.
RTD was calculated as the ∆torque/∆time value for two time intervals: 0–100 and 0–200 ms
relative to torque onset (respectively named RTD 0–100 and RTD 0–200). Torque onset was
automatically set by the software as the time point at which the torque signal exceeded a
level of 10 Nm. Additionally, peak RTD was quantified as the highest positive value from
the first derivative of the torque signal, i.e., the greatest slope of the torque–time curve.

For all strength outcomes (MVC torque, peak RTD, RTD 0–100, and RTD 0–200)
and tasks (unilateral and bilateral), inter-limb asymmetries between the uninvolved and
involved side were calculated according to this equation [12]:

Inter-limb asymmetry (%) =
uninvolved − involved

uninvolved
× 100

To better compare knee extensor strength and lower limb power between patients,
absolute strength and power were also normalized as a function of body weight, to provide
relative strength/power data.

2.4. Statistical Analysis

Statistical analyses were performed using Jamovi software version 1.0.4.0 (https://www.
jamovi.org/ (accessed on 27 July 2021)). Data normality was verified with Shapiro–Wilk
tests. Normally distributed data were expressed as means and standard deviations (SD) and
non-normally distributed data were expressed as medians and interquartile range. First,
absolute data for all strength outcomes (MVC torque, peak RTD, RTD 0–100, and RTD 0–200)
were evaluated with a two-way repeated measures ANOVA (side (involved and uninvolved)
and task (unilateral and bilateral)). Inter-limb asymmetries were also evaluated with a two-
way repeated measures ANOVA (task (unilateral, bilateral) and strength outcome (MVC
torque, peak RTD, RTD 0–100, and RTD 0–200)). If the assumption of sphericity was violated,
the Greenhouse–Geisser correction was applied. For both ANOVAs, Tukey post hoc tests
were performed in case of significant main effect or interaction. The relationships between
relative strength and performance-based function or self-reported function were assessed
with Pearson’s correlation coefficient or Spearman’s rank coefficient tests, respectively. The
level of significance was set at p ≤ 0.05 for all analyses.

3. Results

Patient characteristics, as well as performance-based and self-reported function results,
are presented in Table 1. Absolute strength data are reported in Table 2. For all strength
outcomes and tasks (unilateral and bilateral), the involved side showed significantly lower
MVC torque and RTD values compared to the uninvolved side (p < 0.001). Similarly, bilat-
erally measured strength outcomes were consistently lower than unilaterally measured
outcomes (p < 0.05). Inter-limb asymmetries are reported in Figure 2. For each strength
outcome, inter-limb asymmetries did not differ significantly between unilateral and bilat-
eral tasks (p > 0.05), and additionally no differences were observed between the different
strength outcomes (p > 0.05). Unilateral vs. bilateral mean (SD) inter-limb asymmetries
were, respectively, 22% (15) vs. 19% (16) for MVC torque, 25% (17) vs. 23% (25) for peak
RTD, 28% (16) vs. 23% (24) for RTD 0–100, and 28% (12) vs. 23% (21) for RTD 0–200.

Relative strength outcomes correlated significantly with all performance-based tests
(p < 0.05), except the 30-s chair-stand test (Table 3), with comparable correlation coefficients
between unilateral and bilateral tasks. Representative correlations between unilaterally
and bilaterally measured RTD 0–100 and the 40-m fast-paced walk test are presented in
Figure 3. There was no significant correlation between any unilateral or bilateral relative
strength outcomes and self-reported function (p > 0.05) (Table 3).

https://www.jamovi.org/
https://www.jamovi.org/
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Table 1. Patient characteristics, and performance-based and self-reported function results.

Variable Mean (SD)

Age (yrs) 65 (7)
Weight (kg) 87 (26)
Height (cm) 170 (10)

Timed up and go test (s) 5.97 (1.43)
30-s chair-stand test (repetitions) 15.60 (3.45)
40-m fast-paced walk test (m/s) 2.20 (0.52)

9-step stair-climb test (s) 10.10 (4.32)
Relative lower limb power-involved (W/kg) 1.59 (0.69)
Relative lower limb power-bilateral (W/kg) 2.83 (0.76)

Median (IQR)

Oxford Knee Score (0 = worst; 48 = best) 28.0 (25.5–32.8)
COMI-knee (0 = best; 10 = worst) 6.05 (5.10–6.56)

EQ-5D index (−0.59 = worst; 1 = best) 0.78 (0.65–0.83)
COMI, Core Outcome Measure Index; EQ-5D, Euroqol-Five Dimensions; and IQR, interquartile range.

Table 2. Absolute strength outcomes by side and task.

Involved Side Uninvolved Side

Unilateral Bilateral Unilateral Bilateral

MVC torque (Nm) 149 (49) ◦ 141 (51) ◦ * 191 (59) 176 (61) *
Peak RTD (Nm/s) 843 (390) ◦ 709 (943) ◦ * 1129 (488) 943 (485) *
RTD 0–100 (Nm/s) 718 (299) ◦ 607 (306) ◦ * 1011 (400) 835 (434) *
RTD 0–200 (Nm/s) 549 (213) ◦ 480 (227) ◦ * 761 (282) 633 (295) *

Values are presented as mean (SD). MVC, maximal voluntary contraction; RTD, rate of torque development.
◦, Involved < uninvolved at p ≤ 0.001 (Tukey post hoc); and *, Bilateral < unilateral at p ≤ 0.05 (Tukey post hoc).
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Table 3. Correlations between unilateral and bilateral relative strength, performance-based and self-reported function.

MVC Torque Peak RTD RTD 0–100 RTD 0–200

Unilateral Bilateral Unilateral Bilateral Unilateral Bilateral Unilateral Bilateral

Performance-based function
Timed up and go test –0.70 *** –0.73 *** –0.58 ** –0.63 *** –0.53 ** –0.65 *** –0.60 ** –0.69 ***
30-s chair-stand test 0.31 0.35 –0.01 0.00 0.00 0.02 0.12 0.04

40-m fast-paced walk test 0.62 ** 0.64 *** 0.69 *** 0.71 *** 0.66 *** 0.77 *** 0.58 ** 0.74 ***
9-step stair-climb test –0.61 ** –0.67 *** –0.59 ** –0.55 ** –0.56 ** –0.55 ** –0.57 ** –0.60 **

Relative lower limb power-involved 0.66 *** 0.60 ** 0.66 *** 0.61 ** 0.66 *** 0.71 *** 0.58 ** 0.62 **
Relative lower limb power-bilateral 0.52 ** 0.50 * 0.56 ** 0.55 ** 0.49 * 0.56 ** 0.49 * 0.51 *

Self-reported function
Oxford Knee Score 0.14 0.17 0.14 –0.05 0.17 –0.04 0.17 –0.07

COMI-knee 0.00 –0.01 0.06 0.15 0.04 0.18 0.04 0.18
EQ-5D index –0.07 –0.07 –0.12 –0.25 –0.01 –0.25 –0.07 –0.15

COMI, Core Outcome Measure Index; EQ-5D, Euroqol-Five Dimensions; MVC, maximal voluntary contraction; and RTD, rate of torque
development. For performance-based function, values represent Pearson’s correlation coefficients. For self-reported function, values
represent Spearman’s rank correlation coefficients. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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4. Discussion

The main findings of this study were that inter-limb asymmetries of maximal and
explosive knee extensor strength did not differ significantly between unilateral and bilat-
eral tasks in patients with KOA. In the same way, the relationships between knee exten-
sor strength—measured either unilaterally or bilaterally—and performance-based/self-
reported function were not influenced by the type of task. Thus, unilateral and bilateral
tasks have an equivalent clinical relevance for the assessment of maximal and explosive
knee extensor strength in patients with KOA.

4.1. Absolute Strength

For all strength outcomes and tasks, isometric knee extensor strength was lower
on the involved side compared to the uninvolved side. This result is consistent with
the meta-analysis of Moon et al. [7] for maximal strength (MVC torque), and also with
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the studies of Callahan et al. [6] and Ventura et al. [8] for explosive strength (different
RTD variables). Taken as a whole, these findings confirm the presence of consistent and
considerable knee extensor strength deficits (i.e., muscle weakness) in patients with KOA,
irrespective of the strength outcome and task. Another consistent finding from our absolute
strength comparisons is that bilaterally measured strength was systematically lower than
the equivalent unilateral condition. This confirms the presence of the so-called bilateral
deficit [32] for all maximal and explosive strength outcomes in patients with KOA.

4.2. Inter-Limb Asymmetries

For all strength outcomes, no significant difference was found between inter-limb
asymmetries obtained from unilateral and bilateral tasks. Thus, for the quantification of
muscle weakness in patients with KOA using side-to-side comparisons, it does not seem to
make a difference whether strength is measured unilaterally or bilaterally. This is consistent
with the recent findings of Sarabon et al. [22], who also found comparable unilateral and
bilateral asymmetries for maximal strength in high-level athletes from different sports.
However, they observed larger asymmetries of explosive strength for unilateral than
bilateral tasks, which is contrary to the results of the present study. A possible explanation
is that most of the athletes they tested are used to performing explosive unilateral actions,
such as accelerating, braking, changing direction, jumping, landing, or kicking [33], while
these actions are rarely or never performed by KOA patients.

In order to compare our unilateral and bilateral inter-limb asymmetries with similar
data reported in the literature, we recalculated asymmetries from previous studies con-
ducted with patients with a unilateral complaints as well as with healthy people (including
athletes). The first category, including post-stroke patients [34,35] and patients with an-
terior cruciate ligament reconstruction [36–39], showed average unilateral and bilateral
inter-limb asymmetries of 21% (SD = 21) and 19% (SD = 18), respectively. In studies with
healthy subjects [36–38,40–55], unilateral and bilateral inter-limb asymmetries were, on
average, 7% (SD = 9) and 8% (SD = 9), respectively. These data taken as a whole seem to
confirm the lack of difference between unilateral and bilateral inter-limb asymmetries, in
line with our main findings. However, it must be mentioned that the studies cited above
used a variety of experimental conditions (different tests, tasks, joints, etc.), outcomes, and
patients/subjects (for which the mechanisms underlying muscle weakness are probably
not the same), and in some cases different unilateral and bilateral tasks were used within
the same study [36,39,50]. Therefore, these analyses must be interpreted with caution.
Contrary to our current study, however, none of these studies evaluated the relationship
between unilaterally vs. bilaterally measured strength outcomes and performance-based
or self-reported function.

4.3. Performance-Based Function

Overall, the present study disclosed significant correlations between relative knee
extensor strength, either measured unilaterally or bilaterally, and performance-based
tests, except for the 30-s chair-stand test. These results are in agreement with those from
studies examining patients scheduled for total knee arthroplasty, which also showed an
association between knee extensor strength and performance-based tests [17,56,57]. A
possible explanation for the lack of correlation between knee extensor strength and the
30-s chair-stand test is the relatively high number of repetitions completed by our patients
(15.6), which is higher than the 10–11 repetitions reported by Brown et al. [56] and Skoffer
et al. [16]. In fact, as the number of repetitions increases, strength endurance may contribute
more to the overall sit-to-stand performance than pure knee extensor strength, and this
could have contributed to reduce the degree of correlation between the 30-s chair-stand
test and maximal/explosive strength in our study.

Surprisingly, performance of daily activities entailing unilateral alternated contractions
of lower limb muscles (such as walking and stair climbing) did not show higher correlations
with unilaterally than bilaterally measured knee extensor strength, and vice versa for daily
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activities entailing bilateral concomitant contractions (such as sit-to-stand). This result is
in line with a study examining patients with KOA, in which similar correlations between
unilaterally vs. bilaterally measured one repetition maximum strength and performance-
based tests were observed [58]. Therefore, when considering limitations in activities of
daily living in patients with KOA, it does not seem to make a difference whether knee
extensor strength is assessed with a unilateral or bilateral task.

4.4. Self-Reported Function

There was no significant correlation between relative knee extensor strength and
self-reported function, and it was equally true for both unilateral and bilateral tasks. This
finding is consistent with earlier studies from Skoffer et al. [16] and Tevald et al. [58], who
also found no relationship between the performance of unilateral or bilateral tasks and
self-reported function in individuals with KOA. An explanation for the lack of correlation
between involved-side strength and patient-reported outcomes, such as knee pain and
function, as well as health-related quality of life, could be the non-negligible contribution of
the uninvolved side to self-reported function. In fact, a recent study unsurprisingly reported
significant correlations between uninvolved-side knee extensor and flexor strength and
self-reported function in individuals with KOA [59], which partially support this theory.

4.5. Implications

In this study, we examined the clinical relevance of unilateral and bilateral tasks for the
evaluation of knee extensor strength by comparing the magnitude of inter-limb asymmetries
and the degree of correlation with physical function between unilaterally and bilaterally
measured maximal and explosive strength. As both asymmetry and correlation results did
not reveal an advantage for one of the two tasks, we suggest that both unilateral and bilateral
tasks can be used with confidence—though not interchangeably—to evaluate maximal and
explosive knee extensor strength in patients with KOA. However, there are other considerations
for clinical use that should be addressed. On the one hand, it is important to mention that
bilateral measurements require fewer trials (actually half compared to unilateral tests) and thus
less burden for both patients and clinical staff. On the other hand, bilateral assessments are
only possible with double-sensor dynamometers, such as the one used in this study. These
dynamometers are however less common in clinical practice—though not necessarily more
expensive than single-sensor tools—as knee extensor strength is predominantly measured
with unilateral tasks. Another important clinical relevance criterion for the choice of unilateral
vs. bilateral tasks is the level of pain/discomfort perceived by patients during the maximal
contraction, which could potentially be lower during bilateral tasks. However, we observed no
difference in the amount of knee joint pain during both gradual and explosive contractions
between unilateral (mean pain: 0.7 (SD = 0.9)) and bilateral (mean pain: 0.6 (SD = 0.9)) tasks,
as assessed with a visual analogue scale (0–10 scale) immediately after each contraction. In
the same way, this pain measure did not correlate significantly with inter-limb asymmetries,
nor with absolute strength values in all the conditions, which suggests that knee pain is not
the main determinant, but rather one of the possible contributors to knee extensor muscle
weakness in patients with KOA. Finally, whether unilateral and bilateral tasks/exercises may
have the same treatment effectiveness within a standardized rehabilitation/strength training
protocol is highly speculative, but certainly worth investigating.

4.6. Study Limitations

This study has several limitations that should be acknowledged. First, our findings
cannot be generalized to all individuals with KOA, as our patients were recruited in a
private hospital and probably had a better function and health state compared to the
general population of total knee replacement candidates. This is evident, for example,
from the Oxford Knee Score, which was clearly higher in the present study (28 points)
compared to other investigations (ranging between 18 and 20 points [60–62]; the minimal
clinical important difference for the Oxford Knee Score being 3 to 5 points [63]), but also
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from the performance-based test results (already discussed). Second, we only considered
two criteria to examine the clinical relevance of unilateral and bilateral tasks (inter-limb
asymmetries and relationships with function), but we did not quantify, for example, the
respective inter-session and inter-observer reliability of unilateral and bilateral tasks. Third,
inter-limb asymmetries were calculated by assuming that one of the two knees was “unin-
volved” (i.e., the one not scheduled for knee replacement), which is certainly a simplistic
classification for KOA patients who very often present with bilateral signs and symptoms.
This could have contributed to the between-subject variability in inter-limb asymmetry
data, and probably influenced some of the analyses. Lastly, due to the relatively small
sample size, no subgroup analysis could be conducted regarding sex or KOA severity.

5. Conclusions

To conclude, it does not seem to make a difference in terms of clinical relevance
whether maximal and explosive knee extensor strength are evaluated with unilateral or
bilateral tasks in patients with KOA.

Author Contributions: Conceptualization, N.A.M. and J.P.; Methodology, N.A.M. and J.P.; Software,
D.H. and J.P.; Validation, J.P., D.H. and N.A.M.; Formal Analysis, J.P.; Investigation, J.P. and D.H.;
Resources, N.A.M. and J.P.; Data Curation, J.P. and D.H.; Writing—Original Draft Preparation, J.P.;
Review and Editing, N.A.M.; Visualization, J.P. and D.H.; Supervision, N.A.M.; Project Administra-
tion, N.A.M.; and Funding Acquisition, N.A.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Ethics Committee of Canton of Zurich (Switzerland)
(BASEC-Nr.: 2020-01031; Date of approval: 20 May 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We would like to express our gratitude to all patients for their participation
in this study. We would also like to thank Samara Monn from the Human Performance Lab and
Sandra Alvarez from the Lower Extremity Research Department of the Schulthess Clinic for their
valuable support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Spitaels, D.; Mamouris, P.; Vaes, B.; Smeets, M.; Luyten, F.; Hermens, R.; Vankrunkelsven, P. Epidemiology of Knee Osteoarthritis

in General Practice: A Registry-Based Study. BMJ Open 2020, 10, e031734. [CrossRef]
2. Cui, A.; Li, H.; Wang, D.; Zhong, J.; Chen, Y.; Lu, H. Global, Regional Prevalence, Incidence and Risk Factors of Knee Osteoarthritis

in Population-Based Studies. EClinicalMedicine 2020, 29, 100587. [CrossRef]
3. Hurley, M.V.; Scott, D.L.; Rees, J.; Newham, D.J. Sensorimotor Changes and Functional Performance in Patients with Knee

Osteoarthritis. Ann. Rheum. Dis. 1997, 56, 641–648. [CrossRef]
4. Murphy, L.; Schwartz, T.A.; Helmick, C.G.; Renner, J.B.; Tudor, G.; Koch, G.; Dragomir, A.; Kalsbeek, W.D.; Luta, G.; Jordan, J.M.

Lifetime Risk of Symptomatic Knee Osteoarthritis. Arthritis Rheum. 2008, 59, 1207–1213. [CrossRef] [PubMed]
5. Liikavainio, T.; Lyytinen, T.; Tyrväinen, E.; Sipilä, S.; Arokoski, J.P. Physical Function and Properties of Quadriceps Femoris

Muscle in Men With Knee Osteoarthritis. Arch. Phys. Med. Rehabil. 2008, 89, 2185–2194. [CrossRef] [PubMed]
6. Callahan, D.M.; Tourville, T.W.; Slauterbeck, J.R.; Ades, P.A.; Stevens-Lapsley, J.; Beynnon, B.D.; Toth, M.J. Reduced Rate of Knee

Extensor Torque Development in Older Adults with Knee Osteoarthritis Is Associated with Intrinsic Muscle Contractile Deficits.
Exp. Gerontol. 2015, 72, 16–21. [CrossRef] [PubMed]

7. Moon, Y.-W.; Kim, H.-J.; Ahn, H.-S.; Lee, D.-H. Serial Changes of Quadriceps and Hamstring Muscle Strength Following Total
Knee Arthroplasty: A Meta-Analysis. PLoS ONE 2016, 11, e0148193. [CrossRef]

8. Ventura, A.; Muendle, B.; Friesenbichler, B.; Casartelli, N.C.; Kramers, I.; Maffiuletti, N.A. Deficits in Rate of Torque Development
Are Accompanied by Activation Failure in Patients with Knee Osteoarthritis. J. Electromyogr. Kinesiol. 2019, 44, 94–100. [CrossRef]
[PubMed]

http://doi.org/10.1136/bmjopen-2019-031734
http://doi.org/10.1016/j.eclinm.2020.100587
http://doi.org/10.1136/ard.56.11.641
http://doi.org/10.1002/art.24021
http://www.ncbi.nlm.nih.gov/pubmed/18759314
http://doi.org/10.1016/j.apmr.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18996249
http://doi.org/10.1016/j.exger.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26343257
http://doi.org/10.1371/journal.pone.0148193
http://doi.org/10.1016/j.jelekin.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/30551008


J. Clin. Med. 2021, 10, 4353 12 of 14

9. Aagaard, P.; Simonsen, E.B.; Andersen, J.L.; Magnusson, P.; Dyhre-Poulsen, P. Increased Rate of Force Development and Neural
Drive of Human Skeletal Muscle Following Resistance Training. J. Appl. Physiol. 2002, 93, 1318–1326. [CrossRef]

10. Osawa, Y.; Studenski, S.A.; Ferrucci, L. Knee Extension Rate of Torque Development and Peak Torque: Associations with Lower
Extremity Function: Rate of Torque Development and Lower Extremity Function. J. Cachexia Sarcopenia Muscle 2018, 9, 530–539.
[CrossRef]

11. Maffiuletti, N.A. Assessment of Hip and Knee Muscle Function in Orthopaedic Practice and Research. J. Bone Jt. Surg. Am. 2010,
92, 220–229. [CrossRef]

12. Sapega, A.A. Muscle Performance Evaluation in Orthopaedic Practice. J. Bone Jt. Surg. 1990, 72, 1562–1574. [CrossRef]
13. Accettura, A.J.; Brenneman, E.C.; Stratford, P.W.; Maly, M.R. Knee Extensor Power Relates to Mobility Performance in People

With Knee Osteoarthritis: Cross-Sectional Analysis. Phys. Ther. 2015, 95, 989–995. [CrossRef]
14. Chun, S.-W.; Kim, K.-E.; Jang, S.-N.; Kim, K.-I.; Paik, N.-J.; Kim, K.W.; Jang, H.C.; Lim, J.-Y. Muscle Strength Is the Main Associated

Factor of Physical Performance in Older Adults with Knee Osteoarthritis Regardless of Radiographic Severity. Arch. Gerontol.
Geriatr. 2013, 56, 377–382. [CrossRef]

15. Maly, M.R.; Costigan, P.A.; Olney, S.J. Contribution of Psychosocial and Mechanical Variables to Physical Performance Measures
in Knee Osteoarthritis. Phys. Ther. 2005, 85, 1318–1328. [CrossRef]

16. Skoffer, B.; Dalgas, U.; Mechlenburg, I.; Søballe, K.; Maribo, T. Functional Performance Is Associated with Both Knee Extensor
and Flexor Muscle Strength in Patients Scheduled for Total Knee Arthroplasty: A Cross-Sectional Study. J. Rehabil. Med. 2015,
47, 454–459. [CrossRef]

17. Valtonen, A.M.; Pöyhönen, T.; Manninen, M.; Heinonen, A.; Sipilä, S. Knee Extensor and Flexor Muscle Power Explains Stair
Ascension Time in Patients With Unilateral Late-Stage Knee Osteoarthritis: A Cross-Sectional Study. J. Phys. Med. Rehabil. 2015,
96, 253–259. [CrossRef]

18. Daugaard, R. Are Patients with Knee Osteoarthritis and Patients with Knee Joint Replacement as Physically Active as Healthy
Persons? J. Orthop. Translat. 2018, 14, 8–15. [CrossRef] [PubMed]

19. de Groot, I.B.; Bussmann, J.B.; Stam, H.J.; Verhaar, J.A.N. Actual Everyday Physical Activity in Patients with End-Stage Hip or
Knee Osteoarthritis Compared with Healthy Controls. Osteoarthr. Cartil. 2008, 16, 436–442. [CrossRef] [PubMed]

20. Verlaan, L.; Senden, R. Accelerometer-Based Physical Activity Monitoring in Patients with Knee Osteoarthritis: Objective and
Ambulatory Assessment of Actual Physical Activity During Daily Life Circumstances. Open Biomed. Eng. J. 2015, 9, 157–163.
[CrossRef] [PubMed]

21. Hortobagyi, T.; Mizelle, C.; Beam, S.; DeVita, P. Old Adults Perform Activities of Daily Living Near Their Maximal Capabilities.
J. Gerontol. A Biol. Sci. Med. Sci. 2003, 58, M453–M460. [CrossRef] [PubMed]

22. Sarabon, N.; Kozinc, Z.; Bishop, C.; Maffiuletti, N.A. Factors Influencing Bilateral Deficit and Inter-Limb Asymmetry of Maximal
and Explosive Strength: Motor Task, Outcome Measure and Muscle Group. Eur. J. Appl. Physiol. 2020, 120, 1681–1688. [CrossRef]

23. Hakkinen, K.; Kraemer, W.J.; Kallinen, M.; Linnamo, V.; Pastinen, U.-M.; Newton, R.U. Bilateral and Unilateral Neuromuscular
Function and Muscle Cross-Sectional Area in Middle-Aged and Elderly Men and Women. J. Gerontol. A Biol. Sci. Med. Sci. 1996,
51.1, B21–B29. [CrossRef] [PubMed]

24. Dobson, F.; Hinman, R.S.; Roos, E.M.; Abbott, J.H.; Stratford, P.; Davis, A.M.; Buchbinder, R.; Snyder-Mackler, L.; Henrotin, Y.;
Thumboo, J.; et al. OARSI Recommended Performance-Based Tests to Assess Physical Function in People Diagnosed with Hip or
Knee Osteoarthritis. Osteoarthr. Cartil. 2013, 21, 1042–1052. [CrossRef] [PubMed]

25. Hurst, C.; Batterham, A.M.; Weston, K.L.; Weston, M. Short- and Long-Term Reliability of Leg Extensor Power Measurement in
Middle-Aged and Older Adults. J. Sports Sci. 2018, 36, 970–977. [CrossRef]

26. Naal, F.D.; Impellizzeri, F.M.; Leunig, M. Which Is the Best Activity Rating Scale for Patients Undergoing Total Joint Arthroplasty?
Clin. Orthop. Relat. Res. 2009, 467, 958–965. [CrossRef]

27. Impellizzeri, F.M.; Leunig, M.; Preiss, S.; Guggi, T.; Mannion, A.F. The Use of the Core Outcome Measures Index (COMI) in
Patients Undergoing Total Knee Replacement. Knee 2017, 24, 372–379. [CrossRef] [PubMed]

28. Rabin, R.; de Charro, F. EQ-SD: A Measure of Health Status from the EuroQol Group. Ann. Med. 2001, 33, 337–343. [CrossRef]
29. Prieto, L.; Sacristán, J.A. What Is the Value of Social Values? The Uselessness of Assessing Health-Related Quality of Life through

Preference Measures. BMC Med. Res. Methodol. 2004, 4, 10. [CrossRef]
30. Maffiuletti, N.A.; Aagaard, P.; Blazevich, A.J.; Folland, J.; Tillin, N.; Duchateau, J. Rate of Force Development: Physiological and

Methodological Considerations. Eur. J. Appl. Physiol. 2016, 116, 1091–1116. [CrossRef]
31. Sarabon, N.; Rosker, J.; Fruhmann, H.; Burggraf, S.; Loefler, S.; Kern, H. Reliability of Maximal Voluntary Contraction Related

Parameters Measured by a Novel Portable Isometric Knee Dynamometer. Phys. Rehabil. Kur. Med. 2013, 23, 22–27. [CrossRef]
32. Howard, J.D.; Enoka, R.M. Maximum Bilateral Contractions Are Modified by Neurally Mediated Interlimb Effects. J. Appl. Physiol.

1991, 70, 306–316. [CrossRef]
33. Gonzalo-Skok, O.; Tous-Fajardo, J.; Suarez-Arrones, L.; Arjol-Serrano, J.L.; Casajús, J.A.; Mendez-Villanueva, A. Single-Leg Power

Output and Between-Limbs Imbalances in Team-Sport Players: Unilateral Versus Bilateral Combined Resistance Training. Int. J.
Sports Physiol. Perform. 2017, 12, 106–114. [CrossRef]

34. Chang, S.-H.; Durand-Sanchez, A.; DiTommaso, C.; Li, S. Interlimb Interactions during Bilateral Voluntary Elbow Flexion Tasks
in Chronic Hemiparetic Stroke. Physiol. Rep. 2013, 1. [CrossRef] [PubMed]

http://doi.org/10.1152/japplphysiol.00283.2002
http://doi.org/10.1002/jcsm.12285
http://doi.org/10.2106/JBJS.I.00305
http://doi.org/10.2106/00004623-199072100-00023
http://doi.org/10.2522/ptj.20140360
http://doi.org/10.1016/j.archger.2012.10.013
http://doi.org/10.1093/ptj/85.12.1318
http://doi.org/10.2340/16501977-1940
http://doi.org/10.1016/j.apmr.2014.09.011
http://doi.org/10.1016/j.jot.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30035028
http://doi.org/10.1016/j.joca.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/17900934
http://doi.org/10.2174/1874120701509010157
http://www.ncbi.nlm.nih.gov/pubmed/26312077
http://doi.org/10.1093/gerona/58.5.M453
http://www.ncbi.nlm.nih.gov/pubmed/12730256
http://doi.org/10.1007/s00421-020-04399-1
http://doi.org/10.1093/gerona/51A.1.B21
http://www.ncbi.nlm.nih.gov/pubmed/8548495
http://doi.org/10.1016/j.joca.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23680877
http://doi.org/10.1080/02640414.2017.1346820
http://doi.org/10.1007/s11999-008-0358-5
http://doi.org/10.1016/j.knee.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27979688
http://doi.org/10.3109/07853890109002087
http://doi.org/10.1186/1471-2288-4-10
http://doi.org/10.1007/s00421-016-3346-6
http://doi.org/10.1055/s-0032-1331190
http://doi.org/10.1152/jappl.1991.70.1.306
http://doi.org/10.1123/ijspp.2015-0743
http://doi.org/10.1002/phy2.10
http://www.ncbi.nlm.nih.gov/pubmed/24273652


J. Clin. Med. 2021, 10, 4353 13 of 14

35. DeJong, S.L.; Lang, C.E. The Bilateral Movement Condition Facilitates Maximal but Not Submaximal Paretic-Limb Grip Force in
People with Post-Stroke Hemiparesis. Clin. Neurophysiol. 2012, 123, 1616–1623. [CrossRef]

36. Ithurburn, M.P.; Thomas, S.; Paterno, M.V.; Schmitt, L.C. Young Athletes after ACL Reconstruction with Asymmetric Quadriceps
Strength at the Time of Return-to-Sport Clearance Demonstrate Drop-Landing Asymmetries Two Years Later. Knee 2021,
29, 520–529. [CrossRef] [PubMed]

37. King, E.; Richter, C.; Franklyn-Miller, A.; Wadey, R.; Moran, R.; Strike, S. Back to Normal Symmetry? Biomechanical Variables
Remain More Asymmetrical Than Normal During Jump and Change-of-Direction Testing 9 Months After Anterior Cruciate
Ligament Reconstruction. Am. J. Sports Med. 2019, 47, 1175–1185. [CrossRef]

38. Królikowska, A.; Czamara, A.; Szuba, Ł.; Reichert, P. The Effect of Longer versus Shorter Duration of Supervised Physiotherapy
after ACL Reconstruction on the Vertical Jump Landing Limb Symmetry. Biomed. Res. Int. 2018, 2018, 7519467. [CrossRef]
[PubMed]

39. Nagai, T.; Schilaty, N.D.; Laskowski, E.R.; Hewett, T.E. Hop Tests Can Result in Higher Limb Symmetry Index Values than
Isokinetic Strength and Leg Press Tests in Patients Following ACL Reconstruction. Knee Surg. Sports Traumatol. Arthrosc. 2020,
28, 816–822. [CrossRef] [PubMed]

40. Benjanuvatra, N.; Lay, B.S.; Alderson, J.A.; Blanksby, B.A. Comparison of Ground Reaction Force Asymmetry in One- and
Two-Legged Countermovement Jumps. J. Strength Cond. Res. 2013, 27, 2700–2707. [CrossRef]

41. Cornwell, A.; Khodiguian, N.; Yoo, E.J. Relevance of Hand Dominance to the Bilateral Deficit Phenomenon. Eur. J. Appl. Physiol.
2012, 112, 4163–4172. [CrossRef] [PubMed]

42. Dickin, D.C.; Sandow, R.; Dolny, D.G. Bilateral Deficit in Power Production during Multi-Joint Leg Extensions. Eur. J. Sport Sci.
2011, 11, 437–445. [CrossRef]

43. Luk, H.-Y.; Winter, C.; O’Neill, E.; Thompson, B.A. Comparison of Muscle Strength Imbalance in Powerlifters and Jumpers. J.
Strength Cond. Res. 2014, 28, 23–27. [CrossRef] [PubMed]

44. McLean, S.P.; Vint, P.F.; Stember, A.J. Submaximal Expression of the Bilateral Deficit. Res. Q. Exerc. Sport 2006, 77, 340–350.
[CrossRef] [PubMed]

45. Newton, R.U.; Gerber, A.; Nimphius, S.; Shim, J.K.; Doan, B.K.; Robertson, M.; Pearson, D.R.; Craig, B.W.; Kkinen, K.H.; Kraemer,
W.J. Determination of functional strength imbalance of the lower extremities. J. Strength Cond. Res. 2006, 20, 971–977.

46. Oda, S.; Moritani, T. Cross-Correlation Studies of Movement-Related Cortical Potentials during Unilateral and Bilateral Muscle
Contractions in Humans. Eur. J. Appl. Physiol. 1996, 74, 29–35. [CrossRef] [PubMed]

47. Ohtsuki, T. Decrease in Grip Strength Induced by Simultaneous Bilateral Exertion with Reference to Finger Strength. Ergonomics
1981, 24, 37–48. [CrossRef]

48. Pérez-Castilla, A.; García-Ramos, A.; Janicijevic, D.; Miras-Moreno, S.; De la Cruz, J.C.; Rojas, F.J.; Cepero, M. Unilateral or
Bilateral Standing Broad Jumps: Which Jump Type Provides Inter-Limb Asymmetries with a Higher Reliability? J. Sports Sci.
Med. 2021, 20, 317–327. [CrossRef]

49. Post, M.; van Duinen, H.; Steens, A.; Renken, R.; Kuipers, B.; Maurits, N.; Zijdewind, I. Reduced Cortical Activity during Maximal
Bilateral Contractions of the Index Finger. NeuroImage 2007, 35, 16–27. [CrossRef]

50. Read, P.J.; McAuliffe, S.; Bishop, C.; Oliver, J.L.; Graham-Smith, P.; Farooq, M.A. Asymmetry Thresholds for Common Screening
Tests and Their Effects on Jump Performance in Professional Soccer Players. J. Athl. Train. 2021, 56, 46–53. [CrossRef]

51. Rejc, E.; Lazzer, S.; Antonutto, G.; Isola, M.; di Prampero, P.E. Bilateral Deficit and EMG Activity during Explosive Lower Limb
Contractions against Different Overloads. Eur. J. Appl. Physiol. 2010, 108, 157–165. [CrossRef]

52. Šarabon, N.; Smajla, D.; Maffiuletti, N.A.; Bishop, C. Strength, Jumping and Change of Direction Speed Asymmetries in Soccer,
Basketball and Tennis Players. Symmetry 2020, 12, 1664. [CrossRef]

53. Simon, A.M.; Ferris, D.P. Lower Limb Force Production and Bilateral Force Asymmetries Are Based on Sense of Effort. Exp. Brain.
Res. 2008, 187, 129–138. [CrossRef]

54. Stephens, T.M.; Lawson, B.R.; DeVoe, D.E.; Reiser, R.F. Gender and Bilateral Differences in Single-Leg Countermovement Jump
Performance with Comparison to a Double-Leg Jump. J. Appl. Biomech. 2007, 23, 190–202. [CrossRef]

55. Turnes, T.; Silva, B.A.; Kons, R.L.; Detanico, D. Is Bilateral Deficit in Handgrip Strength Associated With Performance in Specific
Judo Tasks? J. Strength Cond. Res. 2019. Publish ahead of print. [CrossRef] [PubMed]

56. Brown, C.J.; Redden, D.T.; Flood, K.L.; Allman, R.M. The Underrecognized Epidemic of Low Mobility During Hospitalization
of Older Adults: THE EPIDEMIC OF LOW MOBILITY DURING HOSPITALIZATION. J. Am. Geriatr. Soc. 2009, 57, 1660–1665.
[CrossRef] [PubMed]

57. Mizner, R.L.; Petterson, S.C.; Clements, K.E.; Zeni, J.A.; Irrgang, J.J.; Snyder-Mackler, L. Measuring Functional Improvement After
Total Knee Arthroplasty Requires Both Performance-Based and Patient-Report Assessments. J. Arthroplast. 2011, 26, 728–737.
[CrossRef]

58. Tevald, M.A.; Murray, A.M.; Luc, B.; Lai, K.; Sohn, D.; Pietrosimone, B. The Contribution of Leg Press and Knee Extension
Strength and Power to Physical Function in People with Knee Osteoarthritis: A Cross-Sectional Study. Knee 2016, 23, 942–949.
[CrossRef]

59. Tanaka, S.; Tamari, K.; Amano, T.; Robbins, S.M.; Inoue, Y.; Tanaka, R. Self-Reported Physical Activity Is Related to Knee Muscle
Strength on the Unaffected Side and Walking Ability in Patients with Knee Osteoarthritis Awaiting Total Knee Arthroplasty: A
Cross-Sectional Study. Physiother. Theory Pract. 2020, 1–7. [CrossRef]

http://doi.org/10.1016/j.clinph.2011.12.011
http://doi.org/10.1016/j.knee.2021.02.036
http://www.ncbi.nlm.nih.gov/pubmed/33756262
http://doi.org/10.1177/0363546519830656
http://doi.org/10.1155/2018/7519467
http://www.ncbi.nlm.nih.gov/pubmed/29850560
http://doi.org/10.1007/s00167-019-05513-3
http://www.ncbi.nlm.nih.gov/pubmed/31025059
http://doi.org/10.1519/JSC.0b013e318280d28e
http://doi.org/10.1007/s00421-012-2403-z
http://www.ncbi.nlm.nih.gov/pubmed/22532257
http://doi.org/10.1080/17461391.2010.536578
http://doi.org/10.1519/JSC.0b013e318295d311
http://www.ncbi.nlm.nih.gov/pubmed/23591945
http://doi.org/10.1080/02701367.2006.10599368
http://www.ncbi.nlm.nih.gov/pubmed/17020078
http://doi.org/10.1007/BF00376491
http://www.ncbi.nlm.nih.gov/pubmed/8891497
http://doi.org/10.1080/00140138108924828
http://doi.org/10.52082/jssm.2021.317
http://doi.org/10.1016/j.neuroimage.2006.11.050
http://doi.org/10.4085/1062-6050-0013.20
http://doi.org/10.1007/s00421-009-1199-y
http://doi.org/10.3390/sym12101664
http://doi.org/10.1007/s00221-008-1288-x
http://doi.org/10.1123/jab.23.3.190
http://doi.org/10.1519/JSC.0000000000003441
http://www.ncbi.nlm.nih.gov/pubmed/31800474
http://doi.org/10.1111/j.1532-5415.2009.02393.x
http://www.ncbi.nlm.nih.gov/pubmed/19682121
http://doi.org/10.1016/j.arth.2010.06.004
http://doi.org/10.1016/j.knee.2016.08.010
http://doi.org/10.1080/09593985.2020.1768457


J. Clin. Med. 2021, 10, 4353 14 of 14

60. Indelli, P.F.; Risitano, S.; Hall, K.E.; Leonardi, E.; Migliore, E. Effect of Polyethylene Conformity on Total Knee Arthroplasty Early
Clinical Outcomes. Knee Surg. Sports Traumatol. Arthrosc. 2019, 27, 1028–1034. [CrossRef] [PubMed]

61. Beard, D.J.; Harris, K.; Dawson, J.; Doll, H.; Murray, D.W.; Carr, A.J.; Price, A.J. Meaningful Changes for the Oxford Hip and Knee
Scores after Joint Replacement Surgery. J. Clin. Epidemiol. 2015, 68, 73–79. [CrossRef] [PubMed]

62. Williams, D.P.; Blakey, C.M.; Hadfield, S.G.; Murray, D.W.; Price, A.J.; Field, R.E. Long-Term Trends in the Oxford Knee Score
Following Total Knee Replacement. Bone Jt. J. 2013, 95-B, 45–51. [CrossRef] [PubMed]

63. Murray, D.W.; Fitzpatrick, R.; Rogers, K.; Pandit, H.; Beard, D.J.; Carr, A.J.; Dawson, J. The Use of the Oxford Hip and Knee Scores.
J. Bone Jt. Surg. Br. 2007, 89, 1010–1014. [CrossRef] [PubMed]

http://doi.org/10.1007/s00167-018-5170-5
http://www.ncbi.nlm.nih.gov/pubmed/30328496
http://doi.org/10.1016/j.jclinepi.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25441700
http://doi.org/10.1302/0301-620X.95B1.28573
http://www.ncbi.nlm.nih.gov/pubmed/23307672
http://doi.org/10.1302/0301-620X.89B8.19424
http://www.ncbi.nlm.nih.gov/pubmed/17785736

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Assessments 
	Performance-Based Tests 
	Self-Reported Function 
	Maximal and Explosive Strength 

	Statistical Analysis 

	Results 
	Discussion 
	Absolute Strength 
	Inter-Limb Asymmetries 
	Performance-Based Function 
	Self-Reported Function 
	Implications 
	Study Limitations 

	Conclusions 
	References

