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Abstract

Problem statement: Bilateral assessment of knee strength is crucial for identifying and understanding lower
limb strength asymmetry. However, there is a scarcity of data in the literature regarding the bilateral strength
asymmetry of knee extensors in healthy, untrained individuals, particularly in relation to a limited number of
tested positions. Aims: 1) To investigate and quantify the bilateral knee extensor strength asymmetry between
the dominant (DL) and non-dominant leg (NDL) in nonathletes. 2) To utilize dynamometric measurements to
assess isometric peak torque (PT) across the full range of motion. 3) To apply an optimal mathematical function
for modelling the torque—angle relationship, allowing a detailed examination of the respective curves for both
legs using the bilateral asymmetry index (BAI). Methods: Isometric peak torque (PT) was measured using
isokinetic dynamometry (Biodex 4Pro) in a cohort of 12 male nonathletes (age of 26 + 7 years, height of 1.8 £
0.1 m, and body mass of 78 + 10 kg). Measurements were taken at various positions (°): 20, 40, 60, 70, 80, 90,
100, and 110. The data were modelled with rational function, established to be the optimal and the obtained
torque-angle curves were grouped in three asymmetry patterns, based on the BAI values and the behaviour of the
DL and NDL curves. The physical activity of nonathletes was evaluated as a sum of points for current weekly
exercise and for sport training in the childhood-adolescent age. Results: The first pattern presents low levels of
bilateral asymmetry (with BAI<15%) in the whole range of motion. The second one demonstrate high
asymmetry in the angular range 80°-110° (BAI up to 27%), while in the third pattern, asymmetry was observed
in both ranges: 20°- 40° (BAI between 28 -31%) and 90°-110° (BAI up to 26.4% and 39.7%in the range of
optimal or close to optimal muscle length). Particular for the third pattern was: - a rightward shift of the maximal
PT in the knee joint torque-angle curve only in the DL; - a stronger NDL in the range where extensors are
shorter; and - a highest score for the level of physical activity. Conclusions: These results pointed out that leg
dominance appears to form different motor skills of knee extensors, which can result in strength asymmetry
variations in nonathletes. Therefore, we recommend paying attention to knee extensors strength diagnostics in
nonathletes. Thus, based on the results from this research, we suggest a minimum of two knee positions for
bilateral asymmetry evaluation in healthy men, one of which at shortened extensors in the range 30-50° and one
at lengthened in the range 80-90°.
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Introduction

Interlimb asymmetry has been an essential aspect of research in physiology of the asymmetry of the
brain hemispheres and the so-called cerebral lateralization, which are object of increasing interest in scientific
areas related with sport sciences, exercise physiology, biomechanics, physiotherapy, etc. (Przybyla et al., 2011;
Sainburg et al., 2016). Bilateral asymmetry has been evaluated through numerous single-limb balance, range of
motion, strength, and stability tests for risk identification, performance improvement, and rehabilitation goals in
clinical practice as assessments of limb function. These quantitative assessments are often represented by: jump
asymmetry tests (Michailidis et al., 2020), star excursion tests or Y-balance tests (Stiffler et al., 2017; Gonzalez-
Fernandez et al., 2022; Tsvetkova-Gaberska & Pencheva, 2022) and isokinetic or isometric strength tests as well
(Dai et al., 2019; Daneshjoo et al., 2023). Their usage in clinical and sports practice is constantly changing as a
result of ongoing evaluations by practitioners, physicians, and researchers.

Bilateral assessment of knee strength is widely used to determine the magnitude of interlimb strength
asymmetry (Dai et al., 2019; de Lira et al., 2017), to establish relationships between the degree of strength
asymmetry and injury susceptibility (Daneshjoo et al., 2023), as well as during rehabilitation after injury and
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return-to-sport decisions (Grindem et al., 2016; Brunst et al., 2021). Strength measurement by isokinetic
dynamometry has established itself as the gold standard for determining the strength characteristics of a group of
muscles involved in the movements of a given joint (Drouin et al., 2004; Martin et al., 2006; Stark et al., 2011;
Tuominen et al., 2023). The isokinetic dynamometry allows the comparison of strength parameters of a group of
muscles in isometric mode, where the maximal voluntary contractions are measured in both limbs, which allows
the assessment of bilateral asymmetry, and the torque-angle relationships, as well (Kubo et al., 2006; Hahn et al.,
2011).

There are numerous coefficients suggested in the literature for calculating bilateral asymmetry,
presented either by bilateral asymmetric index (BAI) or interlimb symmetry index (Parkinson et al., 2021). It is
widely accepted that a large asymmetry in function or performance between limbs can be dangerous, but the
literature describing the impact of asymmetry on the risk and performance is rather contradictory (Bishop et al.,
2017; Bishop et al., 2018; Parkinson et al., 2021). Some authors suggest that 10% is the barrier between low and
high bilateral strength asymmetry (Grindem et al., 2016; O’Malley et al., 2018), or even 5% (Croisier et al.,
2008), while others consider as normal the values up to 15% (Knapik et al., 1991; de Lira et al., 2017). Even
though the bilateral asymmetry is actively studied in athletes and patients, there is a lack of sufficient data for
healthy nonathletes. In the current research we are focusing on the examining of the lower limb asymmetry in
healthy subjects, who do not actively play organised sports. Understanding the role of limb dominance on
strength asymmetry could also be beneficial when the values of the BAT in healthy nonathletes are used as study
controls. In the relevant literature on bilateral strength differences of knee extensors in healthy nonathletes, the
dominant limb (DL) is considered to either generate higher or equal force moment, as compared with the non-
dominant limb (NDL) (de Ruiter et al., 2009; Lanshammar & Ribom, 2011). Additionally, there is conflicting
information in the literature regarding how the DL and NDL contribute to interlimb differences (Kong & Burns,
2010; Lanshammar & Ribom, 2011). We hypothesize that healthy people, who do not participate in systemic and
specific sports activities, but have variations in the level of physical activity, develop different strength profiles
of the DL and NDL, and angle-specific differences in interlimb asymmetry degree. It is not clear to what extent
these differences exceed the BAI range in the untrained, which is not beneficial when higher than 15% (Kannus,
1994).

The main parameter for evaluation of strength asymmetries is the peak torque (PT) generated by a
certain muscle group. The isometric mode of measurement allows to change the angle and to establish the knee
position, where the length of the muscles is optimal and the registrated torque is the PT. The most commonly
used angular position for isometric testing of knee extensors appears to be the 90° (Hotta et al., 2007; de Souza-
Teixeira et al., 2009; Lisee et al., 2018; Leporace et al., 2023). Because knee extension muscles are at resting
starting length and their sarcomeres are in ideal overlap, this position frequently results in maximal force output.
However, limiting measurements to the 90° knee position is not always helpful and may result in incomplete or
incorrect conclusions during isometric interlimb asymmetry testing of knee extensors. In our perspective, the
varied and restricted number of tested positions, which typically involve only a portion of the knee range of
motion, contribute to the asymmetry discrepancies in the literature. Consequently, the most complete and
comprehensive information on the isometric strength and bilateral strength asymmetry of the knee joint could be
achieved by testing many positions of the range of motion and generating torque-angle curves for DL and NDL,
which fit the experimental data with an optimal mathematical model (Marginson & Eston, 2001; Kubo et al.,
2006; Hahn et al., 2011; Kanelov et al., 2016; Mavrevski, 2014; Milanov et al., 2018 ). To the best of our
knowledge, there is a limited number of studies that test a wide range of motion bilaterally in the knee (Kubo et
al., 2006; Kong & Burns, 2010). Furthermore, Kubo et al., 2006 state that there was a great variation in the knee
joint torque-angle curves among the tested subjects. In our opinion the generation of individual torque-angle
curves would better depict the role of DL and NDL in asymmetry origin, rather than the averaged one.

Therefore, the current study aims: - to investigate the bilateral strength asymmetry of the knee extensors
of the DL and NDL in healthy nonathletes, using dynamometric measurement of the PT in isometric mode in the
full range of motion; - to establish the optimal mathematical function for modelling of the torque-angle
relationship and to generate curves that fit the experimental data; and - to employ BAI and examine the behavior
of DL and NDL curves for analysis of the bilateral asymmetry in the whole knee range of motion in healthy,
male nonathletes.

Material & methods
Participants and anthropometry

The experiments were approved by the university ethical committee and conducted in the Center for
functional research in sports and kinesitherapy at South-West University, Blagoevgrad. Twelve healthy male
nonathletes (mean + SD: age - 26 + 7 years, height - 1.8 £ 0.1 m, body mass -78 + 10 kg), were considered to be
suitable for the current research. The criteria for participation involved evaluation of weekly physical activity
and overall health, lack of any trauma on the lower limbs, as well as no involvement in sport related activity after
the age of 18 years. Participants signed written informed consent, after familiarizing themselves with the
conditions, type and method of conducting the functional measurements. Anthropometric characteristics were
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measured by a bio impedance analyzer (Ioi 353) and the following parameters were registered: height (cm), body
mass (kg), body mass index (BMI, kg/m?), soft lean mass (SLM, kg), mass of body fat (MBF, kg), percentage of
body fat (PBF, %) and a segmental analysis of the lower limbs, involving SLM and MBF of each leg. The
subjects were instructed not to consume food or beverages before the measurement and not to exert themselves
excessively the day before. The testing was conducted with minimal clothing and without any metals on the
participants’ body. The level of physical activity of the examined subjects was evaluated as a sum of points for
their current weekly exercise and points for sport training in childhood-adolescent age of a certain type of sport.
Test protocol with isokinetic dynamometer
The lower extremity dominance was determined with a question about the preferred leg to kick a ball.

The preferred leg was assigned as DL and the other as NDL. Isometric PT was measured with isokinetic
dynamometer (Biodex 4Pro). Maximal isometric contractions were performed in the following eight knee angle
posmons (°) 20, 40 60, 70, 80, 90, 100 and 110 (with 0° being full knee extension), with two repetitions for

' = @\ F ! each leg. Two repetitions were used instead of three or more to
prevent muscle fatigue. All participants were instructed not to
engage in vigorous physical activity two days before the
dynamometric testing. Each individual was given a specific date
and time to conduct the isometric testing, as each test took
approximately an hour and a half to complete. All subjects
performed standardized warm up on a cycle ergometer for a
period of 5 min, with 60 W resistance, at 60 rpm pace. Prior to
testing, the investigated subjects were familiarized with the test
protocol and given a chance to practise isometric contractions at a
specific knee position. To measure the strength characteristics of
the knee, the dynamometer was oriented at 90° and tilted at 0°.
The seat was placed at 90° and the seatback was tilted at 85°.
Subjects were seated on the dynamometer chair and secured with
shoulder, waist and thigh straps to limit any undesired movement.
The knee attachment was fixed to the dynamometer. The
dynamometer was adjusted for each participant so that the input
shaft was centered at the axis of rotation at the knee that is located
through the lateral femoral condyle on the sagittal plane. The knee
attachment was adjusted so that it was proximal to the lateral
malleolus and secured with a strap (Fig.1). The examined subjects
were asked to initiate and maintain a maximal muscle contraction
in the direction of knee extension for a period of 3 s. Two muscle
contractions were performed for each knee angular position, with
30 s rest time in between. Relaxation time between positions was
Fig. 1. Positioning of a participant for ~set to 90 s. The eight knee positions were performed in
dynamometric  testing of the knee randomized manner. The two knee joints were tested sequentially.
extensors. The resulting isometric PT was registered in Nm.

Data processing, mathematical modelling and statistics

After selection of the higher torque value between the two isometric measurements for each angle (in
Nm), we applied the descriptive statistics to evaluate for each knee angle, of the eight chosen, the mean value
and standard error of the mean for the healthy nonathletes. The standard error of mean instead of the standard
deviation was used, because this study deals with the mean torque-angle curves, where the SEM allows to
illustrate the accuracy of the established mean curves. For all anthropometric measurements were assessed
means + SD values, coefficient of variation and upper and lower limit of the confidence interval. The normality
of the distribution was checked with the Shapiro-Wilk test (p<0.05). The availability of bilateral isometric
measurements allowed to calculate the BAI. BAI was calculated as the ratio between the peak torque (Nm) of the
extensors of the DL and NDL in percentages by the formula: (PT of stronger leg — PT of weaker leg)/ PT of
stronger leg) *100 (Lockie et al., 2012). Since the size of the sample was less than 30 participants, the
differences between the anthropometric and dynamometric parameters of DL and NDL and between the level of
physical activity between the pattern subgroups were evaluated with the Mann-Whitney U test (p<0.05) and
Kruskal-Wallis test with Dunn’s post-hoc test, used to compare PT differences between DL and NDL at p<0.05.

In order to find the most proper type of mathematical function for modelling of the strong, non-linear
torque-angle relationships, we explored the rational functions, which are a ratio of two polynomials. Using the
least squares method and Akaike Information Criterion (Mavrevski, 2014; Milanov et al., 2018) we examined
various rational functions, including functions of different degrees in the numerator and the denominator, and
found the type providing the best approximation of the experimental torque-angle data. This optimal model is
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presented with the following equation: Y= (a + c*In(x) + e*(In(x))2) / (1 + b*In(x) + d*(In(x))2 + *(In(x))3),
which was used to fit the experimental data and to generate torque-angle curves.

The processing of the obtained data with descriptive statistics, the application of the method of least
squares in the regression analysis and curves fitting and the assessment of the differences in mean values, were
performed with GraphPad Prism software package (Ver. 3.0). A significance level of p<0.05 was assumed.

Results

The anthropometric and body mass characteristics of the participants are presented in Table 1 as mean
values, standard deviations, coefficients of variation, and 95 % confidence intervals. Because of the high values
of the coefficients of variation, the group of tested individuals is heterogeneous, concerning the variables: age
(the range is 19-39 years), MBF and PBF, and also for the fat mass and fat percentage, measured separately for
DL and NDL. According to the Shapiro-Wilk test, all measured characteristics have a normal distribution (p <
0.05), except the age. BMI values and fat criteria such as MBF and PBF are borderline overweight, however, the
mean value of SLM (56.66 + 5.97; Table 1) is close to the reference values. The right leg was dominant in ten of
the twelve subjects investigated. No differences were found between DL and NDL in terms of both MBF and
SLM (Mann Whitney U test, p<0.05).

Table 1. Descriptive statistics of the studied anthropometric and body composition parameters in healthy non-
athletes

Anthropometric and body mass parameters Mean + SD V (%) 95% CI (upper and lower)
Age (years) 25.75 £7 .20 27.96 21.18 -30.31
Height (m) 1.77 £ 0.09 4.82 1.71 - 1.82
Body weight (kg) 78.23 £10.05 12.84 71.84-84.61
Body mass index (kg/m2) 25.12£2.81 11.19 23.33-26.90
Mass of body fat (kg) 17.88 £5.40 30.23 14.44-21.31
Percentage of body fat (%) 21.38£6.05 28.28 17.54 -25.23
Soft lean mass (kg) 56.66 +5.97 10.54 52.86 — 60.45
Mass of body fat DL (kg) 3.04+1.12 36.73 2.33-3.75
Soft lean mass DL (kg) 10.33 £ 1.07 10.34 9.65—11.01
Mass of body fat NDL (kg) 3.06£1.14 37.14 2.34-3.78
Soft lean mass NDL (kg) 10.24 £ 1.07 10.42 9.57-10.92

Abbreviations: SD - standard deviation; V- coefficient of variation; DL - dominant limb; NDL - non-
dominant limb; CI - confidence interval.

Nonlinear torque-angle relationships of the knee extensors for DL and NDL, modelled with a rational
function as curves, are demonstrated in Fig. 2, where the values of the calculated BAI, that are also presented,
concerns the curves with means£SEM and the curves of typical examples.

Three main patterns of relation between the curves of DL and NDL were detected. From the first
torque-angle curve pattern (Fig. 2 - first pattern), which was observed in 25% of the subjects (n=3), reveal the
following tendencies: - low levels of bilateral asymmetry (BAI<15 %), due to small strength differences between
the extensors of the DL and NDL in the whole tested range of motion (20°-110°), where both curves are closely
located and the maximal PT has similar values for both limbs, which are 280 £+ 27 Nm at 90° for DL and 293 +
40 Nm at 80° for NDL; - the curves of DL and NDL with means + SEM indicate an increase of the PT values in
the range 20°-70°; - the generation of maximal PT (the highest PT value from the tested range, where the knee
extensors length is optimal) in the area 80°-90° and a decrease of the torque values in the range 100°-110°, where
the muscles length is maximal. The torque-angle curves of both limbs and the values of BAI of a separate
participant, are presented as a typical example of the first pattern in Fig. 2 also, as an illustration for the subjects
in which this pattern is established.

In the second torque-angle relationship pattern, observed in 42% of the participants (n=5), the knee
extensors of DL are rather stronger as compared with those of NDL in the range of the joint angle of 80-110°
(Fig. 2, second pattern), where the BAI is more than 15%, but the bilateral asymmetry is most pronounced in the
90° and 100° angles. This is evident both from the curve with means + SEM, and from the typical example of
this pattern, in which BAI in 90° and 100° is 24.6% and 27.1%, respectively. No significant differences were
proven between the PT of DL and NDL in the participants with this pattern at all angular positions (Kruskal-
Wallis test, Dunn's post-hoc test, p<0.05). The maximal PTof the extensors, where their length is optimal, does
not exceed 269 Nm and 221 Nm in DL and NDL, respectively.

The third pattern of the torque-angle relationship has the following features (Fig. 2, third pattern): - the
extensors of the NDL generate higher PT values as compared with DL in the range between 20° to 70°, which
are not observed in the other two patterns; - although the differences are not statistically significant (p<0.05,
Kruskal-Wallis test, Dunn's post-hoc test), the values of BAI in curve with means+SEM at 40° reach 23.7 %; -
the extensors of DL produce greater PT values from that of NDF in the range 80° to 110°, similar to the
behaviour of the second pattern curves; and - the maximal PT, where the length of the muscles is optimal, is
generated at different knee angular position for the both limbs, with higher maximal PT values of the DL (314 +
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10 Nm at 90°) as compared with NDL (289+22 Nm at 80°), although the differences were again not statistically
significant. All specified pequliarities create an opportunity for generation of the bilateral strength asymmetry in
both ranges: - 20-40° (where the knee extensors are shorter) with values of BAI in the curve of the typical
example - 28.2% and 31.3 % in 20° and 40°, respectively; and — 90°-100° (where the extensors are with optimal
or close to the optimal length) with values of BAI -16% and 28% in curves with means = SEM or in curves of
the typical example - 26.4% and 39.7 %, respectively. The third torque-angle pattern is typical for 33% of the
participants (n=4).
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Fig. 2. Torque-angle relationships of the knee extensors of dominant and non-dominant leg in healthy
non-athletes, distinguished in three patterns with respective typical examples, and values of bilateral asymmetry
index (BAI). Designations: m - dominant limb; ¢ - non-dominant limb.
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The torque-angle curve, generated using the values of means + SEM of PT of all tested participants, is
demonstrated in Fig. 3. All of the subjects achieved their maximal PT at the range of knee angle 80-90°. At this
range the DL showes higher PT than the NDL in 67% of the tested men. Moreover, this torque-angle curve
indicates that the maximal PT of DL (287 £ 46 Nm), achieved at the optimal length of the extensors, is produced
at knee position at 90°, while that of NDL (256 + 63 Nm) was at 80°. Further, no statistically significant
differences were found between the PT of DL and NDL at all angular positions (Kruskal-Wallis test, Dunn's
post-hoc test, p<0.05) and the BAI is increased slightly above 15% only in the region of the optimal length of the
extensors (90°-100°), where the maximum PT of DL is generated.

400
= Dominant leg

3004 ¢ Non-dominant leg

200+

Isometric peak torque (Nm)
=)
o

O T T T T T T T T 1
20 30 40 50 60 70 80 90 100 110

Knee angle (°)
Angle (°) | 20 40 60 70 80 90 100 110
BAI 11.248 | 12.9£9 | 7.5£5 | 8.1+£5 | 9.9+10 | 15.5¢10 | 19.7+12 | 14.548

(%)

Fig. 3. Mean (¥ + SEM) torque-angle relationships of the knee extensors of dominant and nondominant leg in
healthy nonathletes and values (F + SD) of bilateral asymmetry index (BAI) in all tested angle positions.

The scoring of the level of physical activity for the participants, in which the third torque-angle
relationship pattern between DL and NDL is observed, was 24.5 + 4.4 points. This value was significantly higher
(p<0.05) as compared with those of the first (5.3 + 3.5 points) and second (15.0 + 3.7 points) pattern and the
score of the participants from the second pattern was greater than that of the first (Mann-Whitney U test). In
addition, among the subjects, in which the first or the second pattern was observed, only one played sports in
childhood and adolescence, while from those who displayed the third pattern, only one did not play sports.

Discussion

Basically, we aimed to investigate the bilateral strength differences of knee extensors in untrained males
through the entire range of motion of the joint, in which to calculate the asymmetry indices as well. So, we
applied isokinetic dynamometry at eight knee angular positions and generated torque-angle curves, that fit the
data with nonlinear, rational function. The results revealed that: (i) the individual torque-angle curves of DL and
NDL of knee extensors in nonathletes, could be differentiated in three main patterns of interaction and different
levels of bilateral strength asymmetry, assessed with the measure BAI (ii) the first pattern concerns low levels
of bilateral strength asymmetry (BAI<15%) in the full range of motion, the second one reveal asymmetry in the
angular range 80°-110°, while in the third pattern, asymmetry was observed in both ranges: 20°-40° and 90°-110°;
and (iii) the BAI is a more sensitive criterion for assessment of bilateral strength asymmetry as compared with
statistical tests for evaluation of the significant differences in the peak torque between DL and NDL.

The age range (19-29 years) of the investigated subjects was wide and their height and body mass were
relevant for men. Although, the values of BMI and fat criteria (MBF and PBF) were borderline overweight, they
were not too fat, for untrained people with not high levels of physical exercise. Nevertheless, the values of the
SLM, which is a criterion for muscle mass, were within the referent interval (Kirk et al., 2021), which is in
accordance with the high values of PT and maximum PT, generated by the knee extensors of DL and NDL of the
subjects investigated. Since there were not differences in the parameters MBF and SLM between the two legs
(Mann Whitney U test, p<0.05), the further established strength profile differences between them cannot be
attributed to changes in body mass composition, but rather to the effect of limb dominance on the muscular
functional performance, including in walking (McGrath et al., 2016; Polk et al., 2017).

The structural and functional asymmetry of human body is genetically predisposed from the asymmetry
of the brain hemispheres and their specialization, which are fundamental features of the brain organization
(Bisiacchi & Cainelli, 2022). Moreover, cerebral lateralization is a marker of successful development (Liu et al.,
2009). The assessment of the interlimb strength asymmetry has been an essential aspect of research in different
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scientific areas such as physiology and motor control, biomechanics, physiotherapy and prevention of injuries,
sport sciences, etc. (Thomas et al., 2020; Kalata et al., 2020; Ebert et al., 2021; Sarro et al., 2022; Afonso et al.,
2022). The evaluation of the bilateral asymmetry in healthy nonathletes, although not well studied, is relevant
and useful, especially when it concerns: - the judgement of the differences between athletes and untrained
individuals as a criterion for exercise-induced adaptations in skeletal muscles (Trezise & Blazevich, 2019); and -
assessment of the interlimb asymmetry in sport disciplines with predominantly asymmetric types of locomotion,
which generate different manner of exercise of the kicking and supporting leg, such as football (Gonzalo-Skok et
al., 2019; Bishop et al., 2022). The data obtained in the present study prove that in healthy untrained men
different patterns of asymmetry are observed, some of them with a high percentage of BAI. The calculation of
BAI of knee extensors, using the stronger and the weaker 1limb, according to the formula of Lockie et al., (2012)
is proved to be more efficient than using dominant and non-dominant or injured and uninjured limb, because the
beforehand assumption that the DL is stronger than the NDL, according to our results, is not always true for the
knee full range of motion. Parkinson et al., (2021) also recommend this approach in order to avoid false
asymmetry indices.

The core of this research is the assumption that, at different angular positions of the knee joint, the
length of the extensors and of the so-called moment arm change and it is not clear to what extent the bilateral
force asymmetry in healthy nonathletes remains within normal limits throughout the full knee range of motion.
The results of this study show, that along this range, the bilateral asymmetry changes not only as a value, but
also as a ratio between DL and NDL. In fact, in the angular range of the shortened extensors, NDL can generate
either higher or similar PT values, as compared to those of the DL, while in the range of optimal or longer
extensor lengths, only DL is observed to be stronger. This finding is consistent with the research of Ebert et al.
(2021), where in testing knee extensors in isokinetic, concentric mode, it was found that asymmetry differs
depending on the angle at which a separate measure is taken throughout the isokinetic torque range of motion
and shows high asymmetry values, even when isokinetic testing detects low asymmetry. Beere et al. (2022) test
strength asymmetry in isometric mode of knee extensors in positions 30°, 60° and 90° and suggest both angles
30° and 90° to be suitable for detecting asymmetries after ACL reconstruction. The results of the study,
accomplished by us, on extensors asymmetry in the knee, support this suggestion and prove that it should be
considered full or at least larger range of motion of the joint, because the isolated assessments of PT and
asymmetry miss the strength deficit and the presence of asymmetry.

A novel approach was applied during this investigation to establish the strength asymmetry of the
extensors in the full range of motion of the knee joint. Thus, torque-angle curves of DL and NDL were generated
through which the torque differences were visualized, and the calculated asymmetry indices in all measured
angular positions proved that the interlimb strength asymmetry of the knee extensors was not constant across the
entire range of the motion. The majority of studies on the non-linear torque-angle relationships of the knee
extensors have been modelled with polynomials without aiming for optimality of the models (Carvalho, 2015;
Parkinson et al., 2022). In the present study, the experimental data were modelled with a rational function, the
optimality of which was proven with relevant criteria. This allowed an adequate extrapolation of the data, which
provided a good visualization of the differences between the torque-angle curves of the DL and NDL, especially
with no statistically significant differences in the peak torque, but with differences in BAI in some of the joint
ranges of motion. Mean BAI values varied from 7.5 £ 5% at 60° to 19.7 £ 12% at 100° knee angle position.
Practitioners and researchers should be aware of that, when testing bilateral asymmetries in isometric mode at
discrete knee positions, in order to make accurate decisions. Moreover, the asymmetry in our tested group is not
minimal between DL and NDL, as expected for healthy individuals, and in many cases exceeds the suggested
threshold of 10-15% (Palmieri-Smith & Lepley, 2015; Rohman et al., 2015; Parkinson et al., 2021). This should
be taken into account, when healthy subjects participate as study controls. The healthy nonathletes, as subjects of
this study, show high heterogeneity of knee extensors asymmetry. Mean BAI values show high SD that range
from 5 to 12%, which in the 80° knee position are equal to the BAI value (9.9 + 10%). Similar data were shown
for jiu-jitsu athletes by Sarro et al. (2022), stating that there was a high variability of the interlimb asymmetry
magnitude. McFall et al. (2022) tests elite trials cyclists and concludes that bilateral asymmetry is very highly
individual in these athletes.

The key result of this study was the establishment of three pattern relations between the torque-angle
curves of DL and NDL of knee extensors in healthy nonathletes, which differ in the presence or absence of
bilateral asymmetry and the way it is formed in the full range of motion. An absence of both bilateral asymmetry
(BAI<15%) and of significant differences between the PT of DL and NDL were observed in all angular positions
in the first pattern of torque-angle relationship (Kruskal-Wollis ANOVA, p<0.05), which was an expected result
for healthy untrained people. However, in many studies in the relevant literature, where healthy nonathletes were
examined, the lack of interlimb differences in the knee strength is considered evidence, that there is no bilateral
strength asymmetry. Such is the study by Ditroilo et al. (2010), which did not find any difference in maximal
voluntary force and rate of force development between dominant and non-dominant knee extensors in a sample
of 152 people of various ages. Similar are the results with healthy males of Hotta et al., (2007) and with healthy
untrained and trained men and women of Lisee et al., (2018). In sport, based on the same approach, two meta-
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analyses found that lower limb dominance did not influence isometric and dynamic muscle strength (McGrath et
al., 2016; De Lang et al., 2019). The present study proves that the strength asymmetry index is more sensitive
criterion for the assessment of bilateral strength asymmetry than the tests for statistical differences between the
strength parameters of DL and NDL.

At the second and third pattern, which were observed in the subjects with a higher score for physical
activity, bilateral asymmetry higher than 15% was found, which is either in the angular range 80°-110° or in two
ranges - 20°-70° and 90°-100°, respectively. In these ranges, some participants reached BAI values up to 27% in
the second pattern. In the third pattern they were between 28 -31% in the shorter lengths range of the extensors
and reached up to 26.4% and 39.7% in the optimal or close to optimal muscle length range (Fig. 2, third pattern,
typical example). The established highest level of physical activity in the individuals from the third pattern
shows that even in some nonathletes, the exercises and more active motor activity, including activities of daily
life, create a strength asymmetry, dependent on the leg dominance. It is in accordance with the study of Promsri
et al., (2018), where examining bilateral asymmetry in the postural control, using dynamic and static tasks, they
established significant differences for variables characterizing asymmetries in the postural accelerations in 26
active young adults, males and females. Further, a specific marker for the third pattern was a rightward shift in
the knee joint torque-angle relationship for the DL only, which could be a reason for a high bilateral strength
asymmetry in the area of the optimal muscle length of the knee extensors. It is well known, that the rightward
shifts in torque-angle curves are related mainly to protective and adaptation changes after an unaccustomed and
predominantly eccentric exercises (Mc Hugh & Tetro, 2003; Jakeman & Eston, 2013; Harris-Love et al., 2021).
However, in the current study such a shift to the right, albeit weakly, was associated with leg dominance in
nonathletes, because it concerns the knee extensors only of the DL. At the same time in the range of the shorter
length of the extensors in the participants from the third pattern, NDL was stronger and a high bilateral
asymmetry was also observed, according to the measured values of BAI. Similar findings for NDL have been
established by Kong & Burns (2010). They investigate healthy recreationally active subjects (men and women),
using isometric contractions in multiple knee angle positions and measure higher peak torque values for NDL
extensors as compared to the DL at positions 50° and 60°. There are studies, supporting or rejecting the
assumption that NDL is the side of choice for balancing the needs of the DL (Promsri et al., 2018; Paillard &
Noe, 2020; Gstottner et al., 2009) and is also used to ensure stability. However, NDL work more actively in the
range of a weak to moderate knee flexion (20°-70°), being a supporting leg, while the DL is kicking, pushing,
initiating walking, running, jumping etc. Thus one leg achieves a motor skill, while the other supports the body
mass (Paillard & Noe, 2020). It appears that the leg dominance forms different motor tasks, that can generate
force asymmetry in nonathletes. Therefore we recomend paying attention to knee extensors strength diagnostics
in nonathletes (Schollhorn et al., 2010; Thomas et al., 2020).

The torque-angle curves, generated using the means + SEM of PT and the respective means + SD of
BAI, were proved unsuitable for assessing force asymmetry, because the curve tendencies were consistent only
with 42% of the tested subjects. But the testing of BAI in a large angular range in many subjects was not
routinely applicable. Based on the results from this research, we suggest a minimum of two knee positions for
evaluating the bilateral asymmetry in healthy men, one of which with shortened extensors (30-50°) and one in
lengthened (80-90°). Additionally, the values and analysis of the PT and bilateral strength asymmetry of the knee
extensors in healthy nonathletes, obtained in this study could be used as controls in comparative studies of
patients or athletes from different disciplines.

Conclusions

In this study the isometric bilateral strength was measured, using isokinetic dynamometry at eight
angular positions of the knee extensors in male nonathletes and the asymmetry indexes were calculated between
DL and NDL, through the entire range of motion. The established anthropometric profile differences between
both limbs could not be attributed to the changes in body mass composition, but rather to the effect of the limb
dominance on the muscular functional performance. The torque-angle curves, generated with nonlinear, rational
function, were grouped in three main patterns, according to the relations between DL and NDL and the BAI
values. The first pattern concerns subjects with low levels of bilateral strength asymmetry (BAI<15%) in the
whole range of motion. In the second one were subjects with a high asymmetry in the angular range 80°-110°
(BAI in some participants reached up to 27%), while in those from the third pattern, asymmetry was observed in
both ranges: 20°-40° (with BAI between 28 -31%, in the range of the shorter lengths of the extensors ) and 90°-
110° (with BAI up to 26.4% and 39.7% in the range of optimal or close to optimal muscle length). The specific
features of the participants from the third pattern were: - a rightward shift of the maximal peak torque in the knee
joint torque-angle curve for the DL only; - a stronger NDL in the range of the shorter length of the extensors; and
- the highest score for the level of physical activity. It appears that the leg dominance forms different motor
skills, that can generate force asymmetry in nonathletes. Therefore, we recomend paying attention to the knee
extensors strength diagnostics in nonathletes. Based on the results from this research, we suggest a minimum of
two knee positions for evaluating the bilateral asymmetry in healthy men, one of which with shortened extensors
(30-50°) and one in lengthened (80-90°).
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