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Abstract: This study aims to (1) assess the inter-limb asymmetry in hip, knee, and ankle strength and
countermovement jump (CMJ) performance among adolescent basketball players and (2) examine
the relationship between inter-limb asymmetry and CMJ performance. Moreover, 30 adolescent
basketball players (15 boys and 15 girls) aged 14 to 15 years participated in this study. The strength of
the lower limb joints was measured using an isokinetic dynamometer at a speed of 60 degrees per
second. Three maximal CMJs were performed, and the highest jump was used for the final analysis.
The subjects were median-split into high-asymmetry (n = 15) and low-asymmetry (n = 15) groups
based on the calculated strength asymmetry scores. The asymmetry scores were calculated using
the formula: (dominant–non-dominant)/dominant* 100%. The inter-limb asymmetry data ranged
from 12.2% to 21.6%. A Spearman correlation analysis showed that only the inter-limb asymmetry
of the ankle plantar flexor was significantly correlated with the CMJ heights (ρ = −0.56, p = 0.001).
An independent t-test revealed no significant differences in strength asymmetry between boys and
girls (all p > 0.05). The low-asymmetry group demonstrated significantly greater CMJ performance
compared to the high-asymmetry group (ES = 1.11, 95% CI = 0.34–1.87, p = 0.007), indicating that inter-
limb asymmetry of the ankle plantar flexor has a significant negative impact on CMJ performance.
Coaches should focus on enhancing both the strength and symmetry of the ankle joints to improve
athletic performance and prevent injuries in sports, where jumping is a common movement.

Keywords: basketball; inter-limb asymmetry; jump; strength

1. Introduction

Asymmetry in sports science typically refers to disparities in performance or func-
tion between the two sides of the body [1], encompassing aspects such as morphology,
strength, flexibility, coordination, and functionality. These disparities, known as inter-limb
asymmetries, can significantly impact athletic performance and injury risk [2]. Inter-limb
asymmetry arises from factors such as genetics, training history, injuries, and habitual
movement patterns [2,3]. Different asymmetry tests yield varying scores; therefore, it
is recommended that practitioners employ a variety of assessment methods to quantify
asymmetry, which are tailored to the specific demands of the athlete’s sport. Typically, most
sporting movements rely on the coordinated exertion of the hip, knee, and ankle joints. If
the strength of the same joint differs excessively between limbs, it could be detrimental
to sports that demand high bilateral limb coordination (e.g., when jumping for a shot,
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rebound, or block in basketball). In turn, such strength asymmetry might also alter move-
ment stability, potentially leading to injuries [4]. Thus, it is crucial to examine inter-limb
asymmetry in the strength of the three primary lower limb joints.

In basketball, bilateral jumping ability is crucial, as many actions rely on powerful
bilateral jumps (e.g., blocking and dunking) [5]. During the jump, the hip joint primarily
generates power, ensuring explosive takeoff and stability upon landing. The knee joint aids
in propelling the body off the ground while also attenuating the force during landing to
protect joints and soft tissues. Finally, the ankle joint provides the push to jump and helps
maintain balance and stability during both takeoff and landing [6]. The three lower limb
joints work together to facilitate effective jumping, and imbalances in any of these joints
may affect the overall jump height and stability [7]. Furthermore, flexion strength facilitates
rapid preparatory actions, reducing reaction times and increasing jump efficiency, while
extension strength propels the body upwards, enhancing jump height and power [8,9].
Šarabon et al. examined inter-limb asymmetry in 101 young male basketball players and
found that the peak torque asymmetry of knee extensors and knee flexors reached 11.5
± 8.4 and 10.4 ± 7.9, respectively, while the asymmetry in CMJ was only 5.4 ± 4.2. This
indicates that single-joint muscle strength tests may reveal greater asymmetry, as the jump
test involves coordinated movement across multiple joints [10]. Therefore, to understand
and improve the performance of basketball players, it is necessary to assess the strength
and asymmetry of individual lower limb joints. This approach can provide more detailed
insights into specific joint weaknesses or imbalances, which aids in the design of more
targeted training programs. Although previous studies have examined muscle torque
asymmetry of the knee flexors and extensors, minimal research has investigated strength
asymmetry across all lower limb joints in a single athletic group [11].

This study aims to (1) assess the lower limb joint strength of adolescent basketball play-
ers and calculate the inter-limb asymmetry for each joint, and (2) examine the correlation
between these asymmetries and countermovement jump (CMJ) performance. We hypothe-
size that inter-limb asymmetry in all joint strengths correlates with CMJ performance and
impacts overall jump ability.

2. Materials and Methods
2.1. Study Design

This study employed a cross-sectional design to assess the relationship between lower
limb strength asymmetry and CMJ performance. The tests included the CMJ test and the
isokinetic dynamometer strength assessments. Before the test, the participants performed
a standardized warm-up including jogging and dynamic stretching and then performed
three sub-maximal CMJ trials. After a 2-min rest period, the formal maximal CMJ tests
were conducted, followed by the isokinetic strength tests. All subjects were asked to
indicate their lateral preference for kicking a ball, with the dominant limb (DL) identified
as the preferred kicking leg and the supporting leg identified as the non-dominant limb
(NDL) [12].

2.2. Participants

Thirty adolescent basketball athletes (15 boys and 15 girls; age 14.5 ± 0.5 yrs; body
mass 70.0 ± 15.4 kg; height 178.6 ± 11.1 cm; mean ± SD) were recruited in this study.
Both male and female athletes were elite adolescent basketball players at the national level
in China. All the athletes had been training for more than three years, with at least six
basketball training sessions and three strength and conditioning sessions per week. All
participants were being tested with isokinetic equipment for the first time. This study was
approved by the committee of the local university (approval number: 102772024RT021).
Considering that the subjects were adolescents, all informed consent forms were obtained
from their parents.
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2.3. Warm-Up

The participants performed a standardized warm-up consisting of 5 min of jogging
and dynamic stretching exercises. This routine aimed to prepare the muscles and joints for
maximal effort tests, ensuring consistency and reducing injury risk. These included two
repetitions of the world’s greatest stretch on each side, two repetitions of inchworms, and
two repetitions of sumo squats. Following this, the subjects were shown a demonstration
of how to perform a CMJ; then, they performed a series of sub-maximal practice attempts
at <50% effort, followed by three practice attempts at 60, 80, and 100% of perceived
maximal effort.

2.4. Countermovement Jump Test

The subjects stood with hands placed on the sides of their hips, performed a counter-
movement to a self-selected depth, and then jumped as high as possible when they were
ready. The participants performed three maximal CMJs after a 2-min rest period, with
the highest jump used for analysis. The jumps were measured using the MYJUMP2 app,
validated for its reliability in assessing jump height (MYJUMP2).

2.5. Isokinetic Dynamometer Strength Testing

The isokinetic strength of the hip flexors, hip extensors, knee flexors, knee extensors,
ankle plantar flexors, and ankle dorsiflexors for both lower limbs was assessed using an
IsoMed-2000 isokinetic dynamometer. Testing was conducted at an angular velocity of
60◦/s in concentric mode for all muscle groups. The testing protocol was standardized
across all participants to ensure consistent measurement and minimize variability. Prior
to the testing, all participants performed 3 sub-maximal practice trials at the specific
movements and angular velocities to familiarize themselves with the protocol and ensure
proper execution of the movements. This warm-up phase aimed to reduce the risk of injury
and eliminate potential learning effects that could influence the test results. The order
of the tested limbs and joints was as follows: the dominant limb (DL) was always tested
first, followed by the non-dominant limb (NDL). The sequence of the muscle groups was
set in the following order to avoid fatigue effects from proximal to distal muscle groups:
(1) hip flexors and extensors, (2) knee flexors and extensors, and (3) ankle plantar flexors
and dorsiflexors. Between each muscle group test, a 2-min rest interval was provided to
prevent muscular fatigue, while a 2-min rest interval was also applied between testing
of the limbs, angular velocities, and different modes. During the testing of each muscle
group, participants were instructed to perform 5 maximal effort repetitions to obtain
peak torque values. For consistency, the same evaluator conducted all tests, and verbal
encouragement was provided to each participant to achieve maximal effort. The peak
torque was normalized by body weight (Nm/kg) to ensure the comparability of strength
levels across participants, and the highest value from the 5 repetitions was used for further
data analysis [13].

2.6. Hip Isokinetic Strength Test

The participants were positioned in a supine position on a bench. The dynamometer’s
rotational axis was aligned with the greater trochanter of the femur, and the dynamometer
pad was secured at the lower end of the thigh, approximately 4 cm above the lateral femoral
condyle. The limb not being tested was rested on a stool. To stabilize the body, a strap
was placed over the pelvis, and two additional straps were positioned diagonally from the
shoulders to the opposite hips. Participants were asked to keep their arms crossed over
their chests. Before the tests were started, the limb of each participant was weighed using
the isokinetic dynamometer to adjust for gravity. The range of movement was set from
0◦ to 120◦.
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2.7. Knee Isokinetic Strength Test

Participants were seated with their hips flexed at 75◦ and secured to the dynamometer
with Velcro straps around the thigh. Their upper bodies were stabilized using the dy-
namometer’s shoulder apparatus, and additional stabilization straps were used for the
waist and distal femur. The knee joint axis was aligned with the dynamometer’s rotational
axis at the lateral femoral condyle, leaving the leg unrestrained. A static gravitational
correction was applied at a 30◦ knee flexion position to counteract the influence of gravity
on the torque measurements. The range of movement was set from 10◦ (0◦ = full knee
extension) to 90◦.

2.8. Ankle Isokinetic Strength Test

Participants lay in a supine position on the dynamometer seat, with their hips and
knees fully extended. Their bare foot was positioned on the foot adapter, which was
attached to the dynamometer and secured with two Velcro straps. The axis of rotation of
the lever arm was aligned with the lateral malleolus. Straps were used to secure the waist
and thigh of the tested leg, while shoulder straps and pads held the shoulders in place in
both the ventral–dorsal and cranial–caudal directions. Participants were instructed to cross
their arms over their chest. Once secured, the dynamometer measured the weight of each
participant’s limb to correct for gravity. The ankle neutral position was set to 0◦, and the
range of ankle movement started from 15◦ dorsiflexion to 40◦ plantar flexion.

2.9. Statistical Analysis

The descriptive data are presented as the mean ± standard deviation (SD). The nor-
mality of the data distribution and the homogeneity of variance were assessed using the
Shapiro–Wilk test and Levene’s test, respectively. The reliability was evaluated using a
two-way random intraclass correlation coefficient (ICC) with absolute agreement and 95%
confidence intervals, along with the typical error of measurement (TEM) and the coefficient
of variation (CV). The magnitude of the CV was based on the following parameters: poor
(>10%), moderate (5–10%), or good (<5%) [14]. The ICC values were interpreted, according
to Koo and Li, as follows: excellent (>0.9), good (0.75–0.9), moderate (0.5–0.75), and poor
(<0.5) [15]. Asymmetries for all tasks were calculated by identifying the dominant (D)
limb (the limb with the better score) and the non-dominant (ND) limb, using the formula:
asymmetry index = (D–ND)/D* 100% [2]. Kappa coefficients were calculated to deter-
mine the levels of agreement for how consistently an asymmetry favored the same side
(direction of asymmetry). Kappa values were interpreted as: ≤0 = poor, 0.01–0.20 = slight,
0.21–0.40 = fair, 0.41–0.60 = moderate, 0.61–0.80 = substantial, and 0.81–0.99 = almost per-
fect. The participants were median-split into a high-asymmetry group (HAG, n = 15) and a
low-asymmetry group (LAG, n = 15) based on their inter-limb asymmetry scores of the hip
flexor, hip extensor, knee flexor, knee extensor, ankle plantar flexor, and ankle dorsiflexor
tests [16]. Independent sample t-tests were used to compare the differences in the hip
flexor, hip extensor, knee flexor, knee extensor, ankle plantar flexor, and ankle dorsiflexor
strength between the DL and NDL. Independent samples and the Mann–Whitney U test
were used to assess the difference in the asymmetry scores between the HAG and LAG
and the differences between boys and girls. Hedges’ g effect sizes (ES) were computed
for pairwise comparisons, defined as small (<0.2), moderate (0.2–0.5), and large (>0.8),
based on the mean difference divided by the pooled standard deviation. Spearman’s ρ
correlation analyses were conducted to examine the relationships between the asymmetry
scores of the hip flexor, hip extensor, knee flexor, knee extensor, ankle plantar flexor, ankle
dorsiflexor, and CMJ. The magnitude of correlations was categorized as follows: trivial
(≤0.1), small (0.1–0.3), moderate (0.3–0.5), large (0.5–0.7), very large (0.7–0.9), and almost
perfect (0.9–1.0) [17]. Statistical significance was set at p < 0.05. All statistical analyses were
performed using IBM SPSS software version 26.0 (IBM, Armonk, NY, USA).
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3. Results

Table 1 shows strength, jump performance, asymmetry, and reliability data. The ICC
values were good to excellent for all tests (≥0.90). The coefficient of variation (CV) values
were below 10% for all tests, indicating acceptable measurement precision. The strength
data for each joint followed a normal distribution, while the asymmetry data for each joint
did not follow a normal distribution. There were significant differences observed in all
lower limb strength measures between the DL and NDL (all p < 0.01). The asymmetry
scores of all tests were observed and ranged from 12.2% to 21.6%. For all tests, the Kappa
coefficients ranged from –0.267 to 0.211, indicating poor to fair levels of agreement (Table 2).
This suggests significant variability and task-specific differences in limb dominance across
the three primary joints of the lower body (Figure 1).

Table 1. Lower limb strength, asymmetry score, correlation, and test reliability data.

Test Mean ± SD ES (95% CI) Asymmetry
(%) TEM (95% CI) CV (%) ICC (95% CI)

HF-DL (nm) 1.71 ± 0.30 * 0.77 (0.23, 1.31) 13.5 ± 9.7 5.6 (1.7, 9.5) 8.0 (1.3, 13.0) 0.90 (0.87, 0.95)
HF-NDL (nm) 1.48 ± 0.29 5.8 (1.3, 9.8) 8.1 (1.3, 12.0) 0.92 (0.89, 0.96)
HE-DL (nm) 3.28 ± 1.09 * 0.75 (0.22, 1.29) 21.6 ± 12.9 6.6 (2.7, 9.7) 7.2 (1.2, 9.0) 0.93 (0.89, 0.98)

HE-NDL (nm) 2.54 ± 0.84 4.8 (1.3, 7.8) 7.1 (1.4, 12.0) 0.95 (0.92, 0.97)
KF-DL (nm) 1.46 ± 0.31 * 0.71 (0.17, 1.24) 17.2 ± 15.3 3.6 (1.5, 6.2) 4.4 (1.0, 7.7) 0.92 (0.89, 0.96)

KF-NDL (nm) 1.22 ± 0.36 4.6 (1.5, 7.2) 6.8 (1.0, 9.9) 0.97 (0.95, 0.98)
KE-DL (nm) 2.34 ± 0.54 * 0.54 (0.01, 1.06) 12.2 ± 9.7 4.4 (1.3, 8.4) 5.8 (1.0, 9.8) 0.96 (0.93, 0.98)

KE-NDL (nm) 2.05 ± 0.53 6.1 (3.5, 7.6) 6.0 (2.0, 9.2) 0.93 (0.88, 0.96)
APF-DL (nm) 1.23 ± 0.37 * 0.73 (0.20, 1.27) 19.6 ± 11.0 † 3.3 (1.3, 5.7) 6.7 (1.0, 9.6) 0.98 (0.97, 0.99)

APF-NDL (nm) 0.98 ± 0.30 3.1 (1.9, 4.6) 6.2 (2.2, 9.5) 0.98 (0.97, 0.99)
ADF-DL (nm) 0.41 ± 0.13 * 0.57 (0.05, 1.10) 16.3 ± 11.2 2.4 (1.7, 4.5) 8.1 (3.7, 10.9) 0.96 (0.95, 0.97)

ADF-NDL (nm) 0.34 ± 0.11 2.6 (1.7, 4.2) 7.1 (3.0, 10.8) 0.98 (0.98, 0.99)
CMJ (cm) 33.14 ± 4.57 2.2 (0.3, 3.9) 5.1 (1.7, 9.4) 0.92 (0.88, 0.95)

Abbreviations: HF—hip flexor; HE—hip extensor; KF—knee flexor; KE—knee extensor; APF—ankle plantar flexor;
ADF—ankle dorsiflexor; DL—dominant limb; NDL—non-dominant limb; SD—standard deviation; TEM—typical
error of measurement; CI—confidence intervals; CV—coefficient of variation; ICC—intraclass correlation co-
efficient; ES—effect size; cm: centimeters; Nm—newton meter. * = significantly different to the test on the
non-dominant limb (p < 0.01); † = significantly correlated with CMJ performance (p < 0.01).

Table 2. Kappa coefficients and accompanying descriptors for levels of agreement describing how
consistently asymmetry favored the same side in ankle, knee, and hip strength.

HF HE KF KE APF ADF

HF 1 0.21 −0.13 −0.08 −0.20 −0.27
HE 1 0.06 −0.04 −0.27 −0.17
KF 1 0 −0.13 0.12
KE 1 −0.07 0.03

APF 1 0
ADF 1

Abbreviations: HF—hip flexor; HE—hip extensor; KF—knee flexor; KE—knee extensor; APF—ankle plantar
flexor; ADF—ankle dorsiflexor.

Only the ankle plantar flexor asymmetry score was correlated with the CMJ perfor-
mance, and the correlation was significantly negative (ρ = −0.56, p < 0.01). This indicates
that higher asymmetry in ankle plantar flexor strength is associated with lower CMJ perfor-
mance. Figure 1 shows the difference in the CMJ between HAG and LAG in all the tests.
The median asymmetry values for each joint strength are as follows: HF: 13.5%, HE: 21.6%,
KF: 17.2%, KE: 12.2%, APF: 19.6%, ADF: 16.3%. Only the ankle plantar flexor showed a
significant difference between the HAG and LAG (ES = 1.11, p < 0.01) (Table 3). There was
a significant difference in CMJ performance between boys and girls (ES = 1.31, p < 0.01),
but there were no differences in the inter-limb asymmetry scores (all p > 0.05) (Table 4).
There were no correlations between inter-limb asymmetry and CMJ performance for boys
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or girls (all p > 0.05), except for ankle plantar flexor asymmetry (boys’ ρ = −0.47, p < 0.05;
girls’ ρ = −0.78, p < 0.01).
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Figure 1. Individual inter-limb asymmetry data for ankle, knee, and hip strength. Note: Above
0 means the asymmetry favors the right limb, and below 0 means the asymmetry favors the left
limb. The dotted lines represent the group threshold calculated from the pooled CV of the right
and left limb or direction test scores (APF = 6.45%, ADF = 7.6%, KF = 5.6%, KE = 5.9%, HF = 8.05%,
HE = 7.15%). Abbreviations: APF—ankle plantar flexor; ADF—ankle dorsiflexor; KF—knee flexor;
KE—knee extensor; HF—hip flexor; HE—hip extensor.

Table 3. The difference in inter-limb asymmetry in each joint strength in countermovement jump.

CMJ (cm) ES (95% CI) p

HF (%)
SG 33.64 ± 4.45

0.22 (−0.50, 0.94) 0.528AG 32.61 ± 4.80

HE (%)
SG 32.58 ± 4.89 −0.24 (−0.65, 0.78) 0.556AG 32.28 ± 3.93

KF (%)
SG 32.45 ± 3.13 −0.29 (−1.01, 0.43) 0.478AG 33.80 ± 5.71

KE (%)
SG 32.12 ± 4.95 −0.44 (−1.16, 0.28) 0.314AG 34.12 ± 4.10

APF (%)
SG 35.36 ± 4.35 *

1.11 (0.34, 1.87) 0.007AG 30.89 ± 3.71
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Table 3. Cont.

CMJ (cm) ES (95% CI) p

ADF (%)
SG 33.96 ± 5.15

0.37 (−0.35, 1.09) 0.343AG 32.28 ± 3.93
Abbreviations: HF—hip flexor; HE—hip extensor; KF—knee flexor; KE—knee extensor; APF—ankle plantar
flexor; ADF—ankle dorsiflexor; SG—symmetry group; AG—asymmetry group; ES—effect size; cm—centimeters.
* = significantly different to the performance of the asymmetry group (p < 0.01).

Table 4. The differences in countermovement jump heights, joint strength, and asymmetry index
between boys and girls.

Boys Girls ES (95% CI) p

CMJ (cm) 35.64 ± 4.70 * 30.6 ± 2.78 1.31 (−1.46, 4.07) 0.001
HF-L 128.51 ± 43.00 * 91.64 ± 13.15 1.16 (0.39, 1.93) 0.004
HE-L 267.48 ± 71.23 * 154.40 ± 46.72 1.88 (1.02, 2.74) 0.001
HF-R 133.19 ± 41.96 * 91.87 ± 13.34 1.33 (0.54, 2.12) 0.001
HE-R 243.11 ± 83.36 * 148.12 ± 55.12 1.34 (0.55, 2.14) 0.001
KF-L 108.69 ± 33.11 * 70.95 ± 18.32 1.41 (0.61, 2.21) 0.001
KE-L 190.26 ± 36.67 * 114.22 ± 26.62 2.37 (1.44, 3.31) 0.001
KF-R 119.28 ± 26.50 * 75.78 ± 23.29 1.74 (0.90, 2.58) 0.001
KE-R 181.42 ± 32.22 * 124.92 ± 36.88 1.63 (0.81, 2.46) 0.001

APF-L 92.67 ± 25.87 * 62.24 ± 21.63 1.28 (0.49, 2.06) 0.002
ADF-L 32.66 ± 7.43 * 16.68 ± 5.44 2.45 (1.51, 3.40) 0.001
APF-R 84.09 ± 32.09 65.11 ± 16.59 0.74 (0.00, 1.48) 0.051
ADF-R 34.39 ± 7.68 * 20.64 ± 6.52 1.93 (1.06, 2.80) 0.001
HF (%) 12.50 ± 11.46 14.52 ± 7.72 −0.21 (−0.28, −0.14) 0.576
HE (%) 21.98 ± 12.90 21.26 ± 13.29 0.06 (−0.04, 0.15) 0.881
KF (%) 17.83 ± 18.73 16.63 ± 11.58 0.07 (−0.04, 0.18) 0.834
KE (%) 28.26 ± 15.06 30.62 ± 10.45 −0.19 (−0.28, −0.10) 0.622

APF (%) 20.89 ± 12.60 18.23 ± 9.30 0.23 (0.15, 0.31) 0.515
ADF (%) 13.69 ± 11.10 18.89 ± 11.09 −0.48 (−0.56, −0.40) 0.210

Abbreviations: HF—hip flexor; HE—hip extensor; KF—knee flexor; KE—knee extensor; APF—ankle plantar
flexor; ADF—ankle dorsiflexor; L—left limb; R—right limb; ES—effect size; cm—centimeters. * = significantly
different to the girl’s group (p < 0.01).

4. Discussion

The objectives of this study were to (1) assess the strength of the hips, knees, and
ankles and calculate the inter-limb asymmetry and (2) examine the correlation between inter-
limb asymmetry and CMJ performance and the effects of inter-limb asymmetry on CMJ
performance. Our results indicate that the inter-limb asymmetry of hip strength showed
the highest scores; however, only the inter-limb asymmetry of the ankle plantar flexor was
significantly correlated with the CMJ and was associated with reduced CMJ performance.

Our results show that within the same age group, the CMJ height of our athletes is very
similar to the findings of previous studies [18], and a similar result was also observed in the
strength performance of various lower limb joints [10,19]. Previous studies have examined
inter-limb asymmetry in adolescents participating in various sports using the single-leg
countermovement jump test, such as tennis (n = 22) [20], handball (n = 26) [21], and soccer
(n = 19) [22]. Collectively, the results showed that the inter-limb asymmetry values ranged
from 8.76% to 15.03% in adolescent athletes from these sports [20–22]. Our results for the
asymmetry of single-joint strength in 30 adolescent basketball players indicated that the
asymmetry of the hip extensor and ankle plantar flexor strength was considerably higher
than the upper threshold of this range. This may be because the jump test is a multi-joint
action [23], which can mask specific information about single-joint inter-limb asymmetry.
Therefore, our results suggest that testing single-joint strength in adolescent athletes may
be equally as important. The higher inter-limb asymmetry observed in this study may be
related to the inappropriate design of training programs for adolescent athletes. Training
for adolescent athletes often focuses on the overall development of skills, while lacking
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training strategies aimed at achieving balanced development of both limbs. For example,
athletes may rely more on their dominant limb to perform key movements (such as jumping,
sudden stops, changes in direction, and shooting) during technical training, while the non-
dominant limb participates less in training, resulting in an imbalance in the development of
strength, stability, and coordination between the two limbs [24]. Therefore, future training
programs should strengthen the muscle strength of the non-dominant limb and the stability
of smaller muscle groups to reduce the negative impact of inter-limb asymmetry on athletic
performance. On the other hand, adolescent athletes are in a critical stage of growth
and development, during which the growth rates of bones, muscles, and the nervous
system may not be synchronized, which is also an important factor contributing to the
high asymmetry. The rapid growth period typically occurs between the ages 14 and 15 [25],
during which the growth rate of bones is significantly faster than the development of
muscle strength and neuromuscular control [18]. This growth imbalance may lead to
differences in strength and motor coordination development between different limbs
in adolescent athletes. For instance, the dominant limb of some athletes may be more
technically mature, while the non-dominant limb exhibits greater strength deficiencies
due to lagging muscle development. Therefore, during this critical stage, coaches should
regularly assess the growth and development status of adolescent athletes and design
targeted intervention strategies in training to maintain strength and functional symmetry
throughout the developmental process.

There are several possible reasons why the hip asymmetry was the highest among the
three lower limb joints. Firstly, the hip joint is structurally complex, involving multiple
muscles and allowing a wide range of motion. This complexity increases the possibility
of developing asymmetric strength and coordination due to uneven usage and muscle
imbalances [26]. Secondly, all thirty athletes had their right leg as the dominant leg, which
they tend to use more frequently for powerful movements and skills [27,28]. This preferen-
tial use results in the dominant leg being stronger, more flexible, and better coordinated
than the non-dominant leg, thereby exacerbating hip asymmetry [12]. Lastly, the spe-
cific demands of basketball require frequent and dynamic movements, including sudden
changes in direction, rapid acceleration and deceleration, and single-leg jumps for layups
and rebounds [29]. These sport-specific actions are likely to have placed significant stress
on the hip joint and, subsequently, may have caused increases in inter-limb asymmetry as
athletes repeatedly use their dominant leg to gain a performance advantage [30].

In the results of the correlation analysis, only the inter-limb asymmetry of the ankle
plantar flexor was correlated with CMJ performance. This observation diverges from our
hypothesis. We postulated that strength asymmetry in all major joints could negatively
impact jump performance due to the involvement of larger and more numerous muscle
groups surrounding these joints, where strength asymmetry might be particularly pro-
nounced. However, our findings indicate that asymmetries in the knee and hip joints do
not significantly influence jump performance. There are several potential explanations for
the impact of ankle joint strength asymmetry on vertical jump performance. Firstly, the
ankle joint plays a crucial role in power transmission during jumping as the final point
of contact with the ground. Effective transmission through the ankle ensures the optimal
utilization of power generated from the hip and knee joints, thereby maximizing jumping
performance. Imbalances in ankle joint strength generation may lead to inefficient force
transfer, potentially resulting in reduced jump heights [9]. Secondly, ankle joint stabil-
ity is essential for maintaining control of body movements, which is critical for effective
and safe CMJ execution. Asymmetry in ankle joint function could impair this stability,
affecting the transfer of force during takeoff [31]. Lastly, the muscles associated with the
ankle joint play a significant role in propulsion and control during jumping. For instance,
the tibialis anterior provides the necessary force to lift the body off the ground, and the
gastrocnemius and soleus stabilize the foot during landing and prepare for subsequent
actions. Asymmetry in the strength or coordination of these muscle groups may lead to
notable differences in jumping performance [9]. Based on the results regarding the effects
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of inter-limb asymmetry on the CMJ, it was found that only the inter-limb asymmetry of
the ankle plantar flexor significantly affected the CMJ. The ankle plantar flexor serves as
the final point of force generation in CMJ actions. The ankle plantar flexor is crucial for
propelling the body upwards during the jump, exerting substantial force to achieve the
maximum height. This pivotal role in the jumping process means that any asymmetry in
the ankle plantar flexor strength or function could directly impact CMJ performance [32].

In terms of gender differences, our results showed that the lower limb joint strength
of boys was significantly higher than that of girls. However, there were no significant
differences in joint strength between the left and right limbs in both boys and girls. All
strength asymmetry indices also showed no differences between boys and girls, which
may indicate that asymmetry does not differ between genders. This has been explained
in numerous prior empirical investigations on the topic of asymmetry, owing to the large
within-group variation of relative percentage difference data [7]. Put simply, the large stan-
dard deviation relative to the mean makes it challenging to find any meaningful differences
between test sessions, groups, or conditions. Moreover, the strength difference between
males and females is mainly attributed to the higher testosterone levels in males [33], which
result in greater muscle mass (including muscle volume and strength) compared to their
female peers. Consequently, males tend to exhibit higher absolute strength in most joints.
However, strength asymmetry reflects the relative balance between the strength of the left
and right limbs rather than the total muscle strength. The lack of asymmetry differences
may indicate that both males and females have relatively balanced growth patterns in the
development of strength in both limbs.

Previous studies have demonstrated the importance of functional asymmetry in the
ankle joint for athletic performance and injury prevention. For example, Exell et al. found a
positive correlation between asymmetry in ankle work during sprinting and peak vertical
force (r = 0.895) and power (r = 0.761) during jump trials, suggesting that the larger
imbalances in ankle work during sprinting are associated with greater force and power
during jumping [34]. Similarly, Fousekis et al., after analyzing knee and ankle strength
asymmetry in soccer players, found significant differences in ankle plantar flexor strength
between the left and right sides [35]. They concluded that long-term participation in soccer
leads to the development of various degrees and modes of functional asymmetry [35].
Additionally, Jeon et al. suggested that muscle strength asymmetry in the ankle joint
can lead to increased load on the knee joint, as it acts as the center for maintaining body
balance [36]. Combined with our results, our findings suggest that coaches should focus
more on strength training to reduce asymmetry. To achieve this, coaches can incorporate
specific exercises targeting the ankle plantar flexor, such as calf raises and plyometric drills,
which can help strengthen the muscles involved in plantar flexion, ensuring more balanced
force generation during jumps [37]. Additionally, incorporating unilateral exercises can
address muscle imbalances between the dominant and non-dominant limbs, promoting
symmetry in strength and coordination [38]. Furthermore, incorporating balance and
stability exercises can enhance ankle joint stability, which is crucial for effective force
transmission and injury prevention. Exercises such as single-leg stands, balance board
training, and proprioceptive drills can improve neuromuscular control and reduce the risk
of ankle injuries [31].

Despite the usefulness of our findings, there are some limitations to this study that we
must acknowledge. Firstly, the sample size may lead to insufficient significance in some
results. Therefore, future research should consider increasing the sample size to improve
the accuracy of the statistical tests and the reliability of the study’s conclusions. Secondly,
we only examined the inter-limb asymmetry effects on the CMJ; however, basketball is a
multi-directional sport, and future research should compare sports performance in different
directions [39]. Thirdly, we only tested the concentric strength of athletes’ lower limbs;
future research can test more muscle contraction patterns and examine the inter-limb
asymmetry to provide more asymmetry information. Lastly, considering the combined
effects of the hip, knee, and ankle on the CMJ, the muscle strength measured on isokinetic
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devices may lack some ecological validity. Future research could explore methods that
possess greater ecological validity for measuring muscle strength.

5. Conclusions

In conclusion, our research indicated that inter-limb asymmetry of the ankle plantar
flexor was negatively correlated with the CMJ, and it significantly impacted the jump
performance of adolescent basketball players. Practitioners should pay attention to inter-
limb asymmetry of the ankle to prevent injuries and enhance performance for adolescent
basketball players.
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