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Abstract 

Adiposity-related joint loading and unequal force distribution during jumping 
tasks place additional stress on soft tissue structures of the non-dominant leg, 
which may reduce performance and is likely to increase injury risk and the 
development of musculoskeletal degenerative diseases. Movement-related 
dysfunctions of children and adolescents are of particular interest because 
they represent modifiable risk factors that can be targeted by intervention 
programs, which may decrease degenerative changes later in life. Therefore, 
this study aims to determine the influence of body weight and obesity on 
force and power production as well as the prevalence of limb asymmetry in 
adolescents. A cross-sectional study including 354 adolescents (195 boys: 14.6 
± 0.4 years; 159 girls: 14.5 ± 0.4 years) was performed. Anthropometric pa-
rameters and countermovement jump (force and power parameters) were as-
sessed using a dual force plate. Countermovement jump and 20-m sprint 
performances were significantly influenced by BMI categories (p < 0.001), 
with obese subjects performing worse than their normal weight colleagues do. 
Although peak fore and peak power were significantly higher, especially in 
obese adolescents (p < 0.001), relative to body weight peak power was worse 
in overweight and obese adolescents (p < 0.001). The proportion of adoles-
cents with limb asymmetry (from power production values) was markedly 
higher in obese children when compared to other BMI categories. The 
present study revealed differences in force and power production and in-
ter-limb symmetry measurements related to BMI categories. Therefore, with 
consideration of anthropometric characteristics, the assessment of ground 
reaction forces might provide an accurate approach for the assessment, 
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screening and monitoring motor performance as well as bilateral differences 
in children and adolescents. 
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1. Introduction 

Pediatric obesity is globally considered as one of the most severe public health 
challenges of the 21st century, affecting all countries worldwide. Within the last 
four decades the number of school-aged children and adolescents with obesity 
has increased more than 10-fold (Collaboration, 2017). Obesogenic factors such 
as energy-dense diets and low levels of physical activity are associated with this 
childhood epidemic (Maffeis, Zaffanello, & Schutz, 1997), resulting in impaired 
physical fitness (Lafortuna, Fumagalli, Vangeli, & Sartorio, 2002; O’Malley, 
Hussey, & Roche, 2012), and increased risk for chronic diseases later in life 
(Boreham & Riddoch, 2001; Dwyer et al., 2009). Moreover, in obese children and 
adolescents, skeletal muscle alterations with increments in muscle lipid content 
have been observed, raising concerns about changes in muscle properties and 
their function (Lee, Guerra, & Arslanian, 2010). Hence, there is supporting evi-
dence that among obese subjects biomechanical limitations appear, impairing 
muscle force and power development especially during propulsion activities 
(Blimkie, Sale, & Bar-Or, 1990; Lafortuna, Maffiuletti, Agosti, & Sartorio, 2005). 
Childhood obesity is also associated with reduced muscle unit activation 
(Blimkie et al., 1990) faster neuromuscular fatigue (Garcia-Vicencio et al., 2015), 
increased joint stress (Shultz, Hills, Sitler, & Hillstrom, 2010), and increased 
postural sway (Goulding, Jones, Taylor, Piggot, & Taylor, 2003). Furthermore, 
obesity can cause pelvic obliquity which may result in altered gait kinematics 
and muscular asymmetries (Hills & Parker, 1992), imposing higher risks of in-
jury occurrence even during walking (Lerner, Board, & Browning, 2014; Lerner, 
Shultz, Board, Kung, & Browning, 2014), and of developing musculoskeletal 
disorders (Grimes & Legg, 2004). 

Inter-limb asymmetry measurements have become an increasingly used prac-
tice among clinicians, sport scientists and practitioners in quantifying functional 
deficits as they have shown to be associated with decrements in physical perfor-
mance and increased injury risk (Fort-Vanmeerhaeghe et al., 2020; Madru-
ga-Parera et al., 2019; Mala et al., 2020; Schmitt, Paterno, Ford, Myer, & Hewett, 
2015; Steidl-Muller, Hildebrandt, Muller, Fink, & Raschner, 2018). In any given 
task, the reduced physical capacity of the weaker limb to both produce and ab-
sorb force is likely to increase the risk of acute and/or overuse injury and the 
development of musculoskeletal degenerative diseases (Bell, Sanfilippo, Binkley, 
& Heiderscheit, 2014; Paterno et al., 2010; Shimizu et al., 2019). The underlying 
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mechanisms of joint pain (particularly in the knee and ankle) in obesity may be 
partially due to adiposity-related joint loading and unequal force distribution 
(Bout-Tabaku et al., 2014; Guddal et al., 2020; Yoo, Cho, Lim, & Kim, 2014). 
Pain with physical activity initiates a downward spiral of avoidance of activity 
and muscle disuse; over time, sedentary behavior worsens muscle weakness and 
contributes to muscle wasting. Therefore, movement-related dysfunctions of 
children and adolescents are of particular interest because they are considered 
modifiable risk factors that can be targeted by intervention programs, which 
may decrease injury risk and degenerative changes later in life. However, cur-
rently there is limited information regarding the amount of lower limb asymme-
try that exists in children and adolescents and no studies to date have compared 
the influence of body mass category on limb asymmetries. In addition, muscu-
loskeletal fitness is considered a crucial component of the maintenance of overall 
health and fitness status (Smith et al., 2014) and the inability to perform muscu-
lar fitness tasks is associated with poorer health (Rodriguez Valero, Gualteros, 
Torres, Umbarila Espinosa, & Ramirez-Velez, 2015). Vertical jumps (power) and 
sprints (speed) account to parameters of skill-related musculoskeletal fitness 
(American College of Sports Medicine, 2010) and could be used to assess lower 
limb performance when performed under laboratory conditions (Castro-Pinero 
et al., 2009; Lake et al., 2018). The countermovement jump, with or without arm 
swing, and the 20-meter sprinting tests are valid and amongst the most fre-
quently used tests for lower limb force and power measurement in epidemiolog-
ic studies in youth (Castro-Pinero et al., 2010; Castro-Pinero et al., 2009; Maly, 
Zahalka, Mala, & Cech, 2015). Scientific evidence has shown that obese children 
and adolescents display reductions of aerobic power compared to normal weight 
counterparts (Gidding et al., 2004; Laurson, Saint-Maurice, Welk, & Eisenmann, 
2017; Loftin et al., 2001), but fewer studies analyzed skill-related anaerobic per-
formance in obese youth. In addition, lower limb asymmetry in sports has been 
well documented (Buckeridge, Hislop, Bull, & McGregor, 2012; Luk, Winter, 
O’Neill, & Thompson, 2014; Steidl-Muller et al., 2018; Trivers et al., 2014), but in 
studies including school children and adolescents the field needs further inves-
tigations. Therefore, the aim of this study was to provide an insight of absolute 
and relative force and power production, lower limb asymmetries and their rela-
tion to body composition in 14- to 15-year-old pupils. 

2. Methods 

2.1. Participants and Study Design 

A sample of 354 pupils from four different schools in Kosovo with an age of 14.5 
± 0.4 years volunteered to participate in this cross-sectional study and completed 
all tests. The number of male students was slightly higher compared to girls 
(55.1% males versus 44.9% females). All the participants and their parents pro-
vided written informed consent before the commencement of the study. Ethical 
permission was obtained by the Ethics Committee of the University Clinical 
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Centre of Kosovo (Ethics decision no 6616) following the authorization from the 
school management. Illness- and injury-free participants were included into the 
data pool for final analysis. 

2.2. Anthropometry 

Height was measured to the nearest 0.5 cm with a portable stadiometer (Seca, 
Hamburg, Germany) and body mass was measured to the nearest 0.1 kg using a 
digital scale (Seca, Hamburg, Germany) with participants being barefoot and 
wearing athletic attire. Body mass index (BMI) was calculated by dividing body 
mass (kg) by height (m) squared, and participants were classified as thin, normal 
weight, overweight and obese using age- and gender-specific cut-off points as 
proposed by International Obesity Task Force (Cole, Bellizzi, Flegal, & Dietz, 
2000; Cole, Flegal, Nicholls, & Jackson, 2007). In addition, skinfold measure-
ment were performed at four sites of the upper body (biceps, triceps, subscapular 
and suprailiac site) and body fat percentage was calculated from body density 
using the gender-specific equations by Weststrate and Deurenberg (Weststrate & 
Deurenberg, 1989). 

2.3. Motor Ability Tests 

Maximum linear running speed was measured using an electronic timing system 
(Brower Timing Systems, USA) with a precision of 0.01 s. Participants were in-
structed to sprint with maximum effort over a 20-m distance. Sprint times were 
recorded by photocell gates mounted 1 m above floor level placed 40 cm after 
the start line and after 20 meters, respectively. Sprints were initiated from a 
standing position allowing participants to start on their own initiative following 
a ready signal given by the test operator. All subjects performed two trials, with 
5-minutes of recovery between trials, using the best score for data analyses. 

2.4. Force, Power and Limb Symmetry Index Measurement 

A two sectional quadratic mechanography platform (Leonardo Mechanograph, 
Galileo Novotec Medical GmbH, Germany), with a sensor sampling rate of 800 
Hz, was used to measure force and power production of the participants, where 
only the vertical component of the force was taken into account. The force plate 
was calibrated after every transportation from lab to school and from school to 
school, respectively. Using the approach established by Cavagna (1975), the 
software uses time and force data to calculate the power for both legs and jump 
height, respectively (Cavagna, 1975). Participants were instructed to perform a 
countermovement at an angle of approximately 90 degrees and jump explosively 
as high as possible while keeping their hands at their hips and their knees 
straight during the flight time. The testing procedure was explained in detail to 
each participant and each of them had the possibility to perform one free of 
measurement trial before the testing procedure started. Thereafter, the best re-
sult out of two measurement trials was recorded for further statistical analysis. 
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The minimum resting period between the trials was 5 minutes. Relative values 
were calculated by dividing the maximum values by the participant’s body mass. 
Limb symmetry indices (LSI) for force and power (LSIforce and LSIpower) were 
calculated by dividing the higher value obtained by either the right or left limb 
by the lower value of the other limb multiplied by 100 (Steidl-Muller et al., 
2018). A value difference between the limbs greater than 15% was considered as 
an asymmetrical outcome (Maly et al., 2015). 

2.5. Statistical Analysis 

A two-way ANOVA was conducted to examine the main effects of gender and 
body composition category on force and power production as well as on both 
LSIs. Differences in LSI between right and left limbs were calculated by paired 
t-test. Effect sizes were provided as partial η2 (two-way ANOVA) or Cohen’s d 
(paired t-test). Pearson’s product-moment correlations were run to assess poten-
tial associations between force and power measurements with age, anthropome-
tric and motoric test variables, as well as limb asymmetry. The strength of corre-
lations was indicated by interpreting the Pearson correlation coefficients ac-
cording to Mukaka (Mukaka, 2012) (0.9 to 1.0: very high correlation, 0.7 to 0.9: 
high correlation; 0.5 to 0.7: moderate correlation; 0.3 to 0.5; low correlation; 0.0 
to 0.3: negligible correlation). In order to explain the contribution of age, sex, 
body composition, and power and force production to the functional tests 
(sprint and counter movement jump) multiple linear regression models were 
developed. Data are presented as mean ± standard deviations unless otherwise 
specified. A p-value of less than 0.05 was regarded as statistically significant and 
all analyses were conducted using IBM SPSS Statistics Version 25.0 (IBM Cor-
poration, USA). 

3. Results 

3.1. Participant Characteristics 

Table 1 shows the relationship between body composition and body fat on ob-
jectively measured motoric tests results. Statistical analysis did not indicate age 
differences between thin, normal weight, overweight and obese adolescents or 
between boys and girls (p > 0.05). As expected BMI was different between boys 
and girls (F (1, 346) = 7.33, p = 0.007, partial η2 = 0.021) and BMI categories (F 
(3, 346) = 500.05, p < 0.001, partial η2 = 0.813). Similarly, body fat differed be-
tween gender (F (1, 346) = 202.15, p < 0.001, partial η2 = 0.369) and BMI catego-
ries (F (3, 346) = 198.81, p < 0.001, partial η2 = 0.633), whereby there was a sig-
nificant interaction between gender and BMI categories for body fat (F (3, 346) 
= 2.912, p = 0.034, partial η2 = 0.025) as the increases in body fat with higher 
BMI categories were more pronounced in boys (+48.7%, +105% compared to 
normal weight) than in girls (+26.2%, +48.8% compared to normal weight). 

There was no statistically significant interaction between gender and BMI 
categories for CMJ (F (3, 346) = 1.98, p = 0.117, partial η2 = 0.017) and for 20-m  
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Table 1. Descriptive characteristics of the study participants based on BMI categories. 

 Boys Girls p-values 

 Low weight 
Normal 
weight 

Overweight Obese Low weight 
Normal 
weight 

Overweight Obese sex 
BMI 

category 

Sex & 
BMI 

category 

N (%) 13 (6.7%) 127 (65.1%) 37 (19.0%) 8 (9.2%) 13 (8.2%) 116 (73.0%) 21 (13.2%) 9 (5.8%) 
 

  

Age  
(years) 

14.6 ± 0.4 14.6 ± 0.4 14.5 ± 0.4 14.7 ± 0.3 14.5 ± 0.3 14.5 ± 0.4 14.6 ± 0.4 14.6 ± 0.3 0.454 0.780 0.362 

BMI  
(kg/m2) 

15.7 ± 1.2*** 19.8 ± 1.7 25.1 ± 1.2*** 31.0 ± 2.0*** 16.4 ± 0.6*** 20.4 ± 1.8 25.8 ± 1.7*** 31.9 ± 3.1*** 0.007 <0.001 0.914 

Body  
fat (%) 

11.5 ± 1.4** 15.4 ± 3.4 22.9 ± 5.0*** 31.6 ± 3.9*** 19.4 ± 2.2*** 24.8 ± 3.2 31.3 ± 3.0*** 36.9 ± 2.0*** <0.001 <0.001 0.034 

CMJ  
(cm) 

37.0 ± 6.7 39.0 ± 5.4 37.3 ± 5.2 33.1 ± 5.5*** 32.7 ± 4.0 29.9 ± 4.9 27.5 ± 4.7 23.1 ± 2.7*** <0.001 <0.001 0.117 

20 m  
sprint (s) 

3.67 ± 0.34 3.60 ± 0.23 3.75 ± 0.24** 3.96 ± 0.28*** 4.18 ± 0.31 4.29 ± 0.30 4.37 ± 0.28 4.71 ± 0.35*** <0.001 <0.001 0.268 

Data are expressed as means ± standard deviations; Main and interaction effects between sex and BMI categories as analysed by two-factorial ANOVA fol-
lowed by Bonferroni post hoc analyses; Asterisks denote differences to normal weight within the respective sex (**p < 0.01, ***p < 0.001). Abbreviations: 
BMI (body mass index); CMJ (countermovement jump). 
 

sprint (F (3, 346) = 1.32, p = 0.268, partial η2 = 0.011), but significant main ef-
fects on CMJ were revealed for gender (F (1, 346) = 100.67, p < 0.001, partial η2 
= 0.225) and BMI categories (F (3, 346) = 12.84, p < 0.001, partial η2 = 0.100) 
with significantly lower values for girls and obese adolescents (for detailed data 
see Table 1). Similarly, significant main effects on 20-m sprint were detected for 
gender (F (1, 346) = 218.71, p < 0.001, partial η2 = 0.387) and BMI categories (F 
(3, 346) = 17.54, p < 0.001, partial η2 = 0.132) with significantly worse sprinting 
times for girls and overweight or obese (Table 1). 

3.2. Force, Power and Body Composition 

No interaction effect between gender and BMI categories on peak force could be 
observed (F (3, 346) = 1.67, p = 0.173, partial η2 = 0.014). However, there was a 
significant main effect of BMI category on peak force (F (3, 346) = 40.49, p < 
0.001, partial η2 = 0.260). Bonferroni-corrected post hoc tests revealed that high-
er BMI categories resulted in higher peak force production (p < 0.05 for all 
comparisons). Obese children had a 34.8% higher peak force and thin children 
had a 25.4% lower peak force production than their normal weight counterparts. 
Gender had no impact on peak force (F (1, 346) = 0.05, p = 0.816, partial η2 = 
0.000) (Figure 1(a)). 

When regarding relative peak force, no interaction effect between gender and 
BMI categories was observed (F (3, 346) = 0.42, p = 0.740, partial η2 = 0.004), but 
again there was a significant main effect of BMI category on relative peak force (F 
(3, 346) = 5.66, p = 0.001, partial η2 = 0.047). Bonferroni-corrected post hoc tests 
revealed that for obese children a lower relative peak force production was observed 
in comparison to normal weight (−16.6%, p < 0.001). Gender had no impact on 
relative peak force (F (1, 346) = 2.04, p = 0.154, partial η2 = 0.006) (Figure 1(b)). 
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Figure 1. Influence of BMI on peak force and power production. Grey bars denote girls 
and white bars represent boys. Asterisks denote significant differences to normal weight 
within the respective sex based on ANOVA followed by Bonferroni-corrected post hoc 
analyses (*p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: LW (low weight); NW 
(normal weight); OW (overweight); OB (obese). 

 
With respect to peak power, a small interaction effect between gender and 

BMI categories was observed with peak power of girls increasing to a lower ex-
tent than those of the boys (F (3, 346) = 3.13, p = 0.026, partial η2 = 0.026). There 
was a significant main effect of BMI categories on this parameter (F (3, 346) = 
23.07, p < 0.001, partial η2 = 0.167). Corrected post hoc tests using Bonferroni 
model revealed that both higher BMI categories (overweight and obese) resulted 
in higher peak power production in comparison to normal weight (+16.7% and 
+24.9%, both p < 0.001), whereas thinner children reported a 23.6% lower peak 
power than normal weight children (p < 0.001). Gender had an impact on peak 
power, as boys showed higher performance compared to girls (F (1, 346) = 
48.63, p < 0.001, partial η2 = 0.123) (Figure 1(c)). 

The before-mentioned interaction effect between gender and BMI category 
was lost, when dividing peak power by body weight referred to relative peak 
power (F (3, 346) = 1.00, p = 0.394, partial η2 = 0.009). Nevertheless, a significant 
main effect of BMI categories on relative peak power was observed (F (3, 346) = 
21.08, p < 0.001, partial η2 = 0.155). Bonferroni-corrected post hoc tests revealed 
that overweight and obese children showed a lower relative peak power produc-
tion (−8.2% and −21.9%, p < 0.001) than normal weight children, whereas thin 
children performed similarly (p > 0.05). Gender had an impact on relative peak 
power, with boys performing better compared to girls (F (1, 346) = 40.02, p < 
0.001, partial η2 = 0.104) (Figure 1(d)). 

3.3. Limb Asymmetry 

As shown in Table 2, peak force and peak power were significantly higher in the 
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right limbs as compared to the left limbs (peak force: T353 = −5.043, p < 0.001, d 
= 0.268; peak power: T353 = −3.890, p < 0.001, d = 0.207). In 13.6% of the par-
ticipants, limb asymmetries above 15% were detected when LSI was calculated 
using peak force as underlying factor, whereas only 4.5% had asymmetries in 
power production between left and right leg. 

A two-factorial ANOVA revealed that there was no interaction between 
gender and BMI category on both peak force and peak power (peak force: F (3, 
346) = 1.43, p = 0.235, partial η2 = 0.012; peak power: F (3, 346) = 0.27, p = 
0.849, partial η2 = 0.002). However, a small significant main effect of gender 
could be detected for peak force (F (1, 346) = 5.07, p = 0.025, partial η2 = 0.014) 
with girls showing slightly higher limb asymmetries than boys, irrespective of 
BMI category. In contrast an influence of BMI categories on peak power was re-
vealed (F (3, 346) = 2.89, p = 0.036, partial η2 = 0.024). Bonferroni-corrected post 
hoc analyses detected a higher LSIpower for obese as compared to underweight 
children (p =0.040). The proportion of adolescents with limb asymmetry (from 
power production values) separated for BMI categories are shown in Figure 2. 

3.4. Correlations 

Associations between lower limb peak force, power production, sports motoric 
tests and anthropometric characteristics are shown in Table 2. Peak force showed 
low to moderate correlations with anthropometric variables (BMI: r = 0.557, p < 
0.001; body mass: r = 0.646, p < 0.001; height r = 0.404, p < 0.001; body fat 

 
Table 2. Lower limb asymmetry for peak force and power. 

 
Left limb Right limb Difference 

p-value for 
difference 

LSI (%) 
Asymmetry  

(n, %) 

Peak force (kN) 0.71 ± 0.18 0.73 ± 0.19 0.015 ± 0.073 <0.001 8.4 ± 7.2 48 (13.6%) 

Peak power (kW) 1.19 ± 0.32 1.21 ± 0.33 0.023 ± 0.084 <0.001 5.8 ± 4.7 16 (4.5%) 

Data are expressed as means ± standard deviations; Differences between right and left limb were calculated 
by paired t-test; LSI (limb symmetry index). 

 

 
Figure 2. Influence of BMI on limb asymmetry. White bars represent the proportion of 
adolescents with LSI below 15% within a BMI category. Grey bars show proportion of 
adolescents with limb asymmetry. Asterisks denote significant differences to normal 
weight within the respective sex based on ANOVA followed by Bonferroni-corrected post 
hoc analyses (*p < 0.05, **p < 0.01, ***p< 0.001). Abbreviations: LW (low weight); NW 
(normal weight); OW (overweight); OB (obese). 
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percentage: r = 0.310, p < 0.001) and age (r = 0.242, p < 0.001). Also peak power 
showed low to moderate positive correlations to body mass (r = 0.614, p < 
0.001), height (r = 0.622, p < 0.001), BMI (r = 0.413, p < 0.001), and age (r = 
0.250, p < 0.001). In contrast to peak force, peak power was positively associated 
to CMJ (r = 0.504, p < 0.001) and negatively to 20-m sprint time (r = −0.472, p < 
0.001), whereby the correlation coefficients even increased when peak power was 
divided by body weight (CMJ: r = 0.642, p < 0.001; 20-m sprint time: r = −0.580, 
p < 0.001). LSIs calculated based on either power or force measurement were not 
correlated to any of the parameters besides a low correlation between LSI power 
and 20-m sprint (r = 0.123, p = 0.021). 

Table 3 and Table 4 presents the results derived from the multiple linear re-
gression models, which partially explain the variation for countermovement 
jump and sprinting time as outcome variables. Model 1 shows that for both va-
riables, sex accounted for 38.2% for the CMJ and already 55.5% for the 20-m 
sprint, respectively. Adding body fat percentage to the model (model 2) yielded 
improved predictability and accounted for 46.2% of the variation of CMJ and 
61.9% of the 20-m sprint, respectively. In addition, sex, body fat percentage and 
peak power further improved the determination effect of both outcome variables 
(model 3) with 57.8% for the CMJ and 65.9% for the 20-m sprint time. Finally, 
the addition of peak force to the latter model increased the predictability to 
66.3% for CMJ and 70.0% for 20-m sprint time, respectively. 

4. Discussion 

The present study evaluated force and power production as well as lower limb 
asymmetry of different body composition categories among 14- to 15-year-old 
pupils. The main findings were that obese adolescents showed to have higher 
absolute peak force and power production and lower CMJ- and 20-m sprinting 
results compared to normal weight counterparts regardless of gender. Contrary,  

 
Table 3. Correlations of limb force, power and LSIs with motoric tests and anthropomet-
ric characteristics. 

 
CMJ 
(cm) 

20 m 
sprint (s) 

Age 
(years) 

Height 
(m) 

Body mass 
(kg) 

BMI 
(kg/m2) 

Body  
fat (%) 

Peak force (kN) 0.030 −0.017 0.242*** 0.404*** 0.646*** 0.557*** 0.310*** 

Relative peak force 
(kN/kg) 

0.035 0.004 0.136* −0.066 −0.219*** −0.222*** −0.141** 

Peak power (kW) 0.504*** −0.472*** 0.250*** 0.622*** 0.614*** 0.413*** −0.029 

Relative peak power 
(kW/kg) 

0.642*** −0.580*** 0.171** 0.251*** −0.182** −0.332*** −0.538*** 

LSIforce (%) −0.077 0.123* −0.044 0.000 0.088 0.101 0.097 

LSIpower (%) 0.027 0.029 0.000 −0.028 0.009 0.020 0.049 

Data represent Pearson correlation coefficients (r), Significant correlations are marked with asterisks (*p < 
0.05, **p < 0.01, ***p < 0.001). Abbrevations: BMI (body mass index), CMJ (countermovement jump), LSI 
(limb symmetry index) 
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Table 4. Multiple linear regression models. 

 
Models β ± SE p-Value Adjusted R2 (%) 

Countermovement  
Jump (cm) 

1 
  

38.2 

Constant 20.81 ± 0.94 <0.001 
 

Sex 8.60 ± 0.58 <0.001 
 

2 
  

46.2 

Constant 32.22 ± 1.80 <0.001 
 

Sex 5.94 ± 0.65 <0.001 
 

Body fat (%) −0.34 ± 0.04 <0.001 57.8 

3 
   

Constant 31.5 ± 1.60 <0.001 
 

Sex 1.49 ± 0.73 0.043 
 

Body fat (%) −0.50 ± 0.04 <0.001 
 

Peak power (kW) 4.64 ± 0.47 <0.001  

4   66.3 

Constant 33.50 ± 1.44 <0.001  

Sex 0.11 ± 0.67 0.867  

Body fat (%) −0.38 ± 0.04 <0.001  

Peak power (kW) 9.70 ± 0.68 <0.001  

Peak force (kN) −10.20 ± 1.08 <0.001  

5   66.4 

Constant 33.67 ± 1.07 <0.001  

Body fat (%) −0.38 ± 0.05 <0.001  

Peak power (kW) 9.75 ± 0.57 <0.001  

Peak force (kN) −10.24 ± 1.05 <0.001  

20-m Sprint (s) 

1   55.5 

Constant 4.97 ± 0.05 <0.001  

Sex −0.65 ± 0.03 <0.001  

2   61.9 

Constant 4.33 ± 0.09 <0.001  

Sex −0.50 ± 0.03 <0.001  

Body fat (%) 0.02 ± 0.002 <0.001  

3   65.9 

Constant 4.35 ± 0.90 <0.001  

Sex −0.34 ± 0.04 <0.001  

Body fat (%) 0.26 ± 0.003 <0.001  

Peak power (kW) −0.17 ± 0.03 <0.001  

4   70.0 

Constant 4.27 ± 0.09 <0.001  

Sex −0.28 ± 0.04 <0.001  

Body fat (%) 0.02 ± 0.002 <0.001  

Peak power (kW) −0.40 ± 0.04 <0.001  

Peak force (kN) 0.45 ± 0.06 <0.001  

Covariates are listed with parameter estimates and standard errors (β ± SE) and with p-values. 
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relative peak force and power production values in obese adolescents were 
smaller, compared to normal weight and thin cohorts, respectively. Similar re-
sults reporting higher peak and relative force and power values were also re-
ported previously by other researchers studying obese and non-obese youth 
(Lazzer, Pozzo, Rejc, Antonutto, & Francescato, 2009; Rauch et al., 2012; Thivel 
et al., 2011; Tsiros et al., 2013). It would have been interesting to determine 
muscle mass as the direct contributor to force and power, but the current study 
included a relatively large number of participants measured directly within their 
school settings. Consequently, it was not possible to measure body composition 
with more detailed outcomes. Nevertheless, equations attempting to estimate 
children and adolescent’s fat-free mass (FFM) using anthropometric variables 
have been published, but these equations require sitting height, peak height ve-
locity and other parameters that were not assessed by the research group 
(Machado, Oikawa, & Barbanti, 2013). However, studies analyzing force and 
power production with respect to FFM found no difference between children 
and adolescents and their weight status (Duche et al., 2002; Lazzer et al., 2009; 
Maffiuletti, Jubeau, Agosti, De Col, & Sartorio, 2008). These findings emphasize 
a lower efficiency of obese subjects compared to their lean counterparts. In ref-
erence to that, Abdelmoula and colleagues (Abdelmoula et al., 2012) found that 
in comparison to lean adolescents obese ones produce significantly higher 
amounts of absolute peak force, and also higher relative peak force in relation to 
thigh muscle mass as estimated by dual-energy X-ray absorptiometry. These 
findings illustrate that there is still remaining precondition to further investigate 
this subject in order to properly understand the underlying factors related to 
force and power output between different body composition categories. Howev-
er, it has to be noted that measurement equipment, techniques and angular ve-
locities to assess force and power production were different in most of these stu-
dies except the one performed by Rauch et al. (Rauch et al., 2012) which used the 
same force plate as the current study. The greater absolute peak force and power 
production are connected to the idea that leg muscles of the obese subjects are 
responsible for carrying the extra weight. This is considered a training stimulus, 
triggering an increased muscular hypertrophy, increased muscle unit firing rate 
and an enhanced muscle unit synchronization (Bosco, Rusko, & Hirvonen, 1986; 
Thorén, Seliger, Máček, Vávra, & Rutenfranz, 1973). If the “general” assumption 
that a larger muscle could produce greater force is accurate, and considering the 
relationship between these two parameters, the obesity-associated extra amount 
of muscle mass could then contribute to a greater absolute force and power 
output. Yet, force and power output could also be dependent on the muscle fiber 
type ratio (Clark, Alloosh, Wenzel, Sturek, & Kostrominova, 2011). However, 
reports have questioned this supposition showing that it might have only mi-
nimal effects on muscle tension (Ballak, Degens, Buse-Pot, de Haan, & Jaspers, 
2014). On the other hand, the extra loading of the body contributes to a decline 
in acceleration and therefore a decrease in jump height and running velocity. 
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This assumption is explained by Newton’s second law where the acceleration 
corresponds to the ratio between force and mass. Although acceleration was not 
measured in the present study, it might be speculated that the ground contact 
time for take-off during the CMJ and for loading, propulsion, and recovery dur-
ing the running phases would be longer among the obese cohort. A recent study 
conducted by Yan and colleagues (2017) found that propulsion time while run-
ning at a slower pace was longer in obese children compared to non-obese peers 
(Yan, Wang, & Zhang, 2017). In contrast, diminutions in body weight have 
proven opposite outcomes, reducing the ground contact time and increasing 
flight time during running, which resulted in performance amelioration (Kratky 
& Muller, 2013). Furthermore, no main effect of gender on peak force produc-
tion was found in the current study, but this effect was present for peak power. 
The increment rate of peak power production among body composition catego-
ries in boys was greater compared to girls. Similar results with better perfor-
mance among boys were found for CMJ height and 20-m sprint time. Miller and 
colleagues (Miller, MacDougall, Tarnopolsky, & Sale, 1993) argue that males 
have larger all fibre type cross-sectional areas compared to girls, whereas in fe-
males a greater non-contractile tissue presence was observed (Agyapong-Badu et 
al., 2014). The significantly higher amount of body fat percentage which was 
present in girls would contribute to the better performance achieved by boys 
compared to girls. 

It has been suggested that running and jumping are fundamental skills for an 
active participation in games and sports (Wrotniak, Epstein, Dorn, Jones, & 
Kondilis, 2006). Scientific evidence suggests that overweight and obese youth 
have lower levels of fundamental movement skills and poorer motor competence 
compared to normal weight peers (Han, Fu, Cobley, & Sanders, 2018). Improv-
ing running and jumping skills among this category could be a good interven-
tion strategy to improve their motor competence, and therefore increase partic-
ipation in physical activity, organized sports and improve physical fitness 
(Cairney et al., 2005; Haga, 2009; Vedul-Kjelsas, Sigmundsson, Stensdotter, & 
Haga, 2012; Wrotniak et al., 2006). Based on the physical activity guidelines, in 
order to achieve positive health benefits, it is recommended that adolescents 
should accumulate at least 60 minutes/day moderate- to vigorous aerobic physi-
cal activity, incorporating also strength exercises at least 3 times/week (Janssen 
& Leblanc, 2010). For obese subjects, this could be a tangible challenge. A consi-
derable number of constraints have to be taken into account when it comes to 
regular participation in physical activity (Flynn et al., 2006). In obese individu-
als, participation in physical activity is complicated by additional emotional bar-
riers such as perceived weight status, consciousness of weight stigma, lack of 
motivation, and low perceived motor competence (Ball, Crawford, & Owen, 
2000; Lerner, Shultz et al., 2014; Storch et al., 2007; Sykes & McPhail, 2008). These 
obvious challenges lead to decreased daily physical activity, creating a negative vi-
cious cycle with detrimental consequences on their health status in many aspects. 
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For instance, in the current study there was a higher rate of limb asymmetry 
among obese adolescents. By measuring LSI, strength and functional imbalances 
particularly for the lower limbs can be detected (Noyes, Barber, & Mangine, 
1991). While in sports LSI is considered an important injury prediction factor 
(McGrath et al., 2016), where athletes have to undertake various movement pat-
terns at different velocities. In healthy non-athletic youth and older-aged sub-
jects, this needs to be further investigated (Barber, Noyes, Mangine, McCloskey, 
& Hartman, 1990; Ceroni, Martin, Delhumeau, & Farpour-Lambert, 2012). 

In a study conducted by Nicolozakes and associates a negative relationship 
between body fat percentage and functional movement screening (FMSTM) test 
scores have been found (Nicolozakes, Schneider, Roewer, Borchers, & Hewett, 
2018). FMSTM is an instrument that may be used to identify movement asymme-
tries and deficiencies, but not for the lower extremities like LSI (Cook, Burton, 
Hoogenboom, & Voight, 2014a, 2014b). A recent systematic review and me-
ta-analysis concluded that individuals being classified at a “high risk” category 
by the FMSTM are 51% more likely to be affected by an injury compared to those 
who have a better score (Bunn, Rodrigues, & Bezerra da Silva, 2019). Taking into 
account children and adolescent’s systematic participation in physical education 
classes, the risk of injury might become a current and longitudinal burden for 
the health care system because of health-giving interventions. Indeed, it has been 
shown that excess body fat in adolescence and young adulthood increases the 
risk of costly injuries in the knee (Frilander et al., 2016) as well as spine 
(Goodbody, Sankar, & Flynn, 2017). However, due to a lack of sufficient longi-
tudinal research on this field, conclusions should be made with caution. Further 
studies should focus on collecting LSI data for non-athletic children and adoles-
cents and its relationship to injury incidence. 

Study Limitations 

Although there were no significant age differences between body composition 
categories, and all participants were 9th-grade pupils, data related to biological 
maturation of the study participants were not collected. It has been shown pre-
viously that biological maturation plays an important role when it comes to 
physical fitness, be it health- or skill-related (De Ste Croix, Armstrong, Wels-
man, & Sharpe, 2002; Seger & Thorstensson, 2000). Considering the age of the 
participants, this could perhaps to some extent affect only the performance in 
boys as the peak height velocity is achieved at a later stage compared to girls 
(Handelsman, 2017; Tanner & Davies, 1985). However, such cases with obvious 
delayed biological maturation were not observed during the data collection 
process. In addition, a considerable number of studies relate force and power 
results corresponding to FFM. The present study did not perform such analysis. 
The relative values were calculated only in relation to the total body mass of the 
participants. It is common knowledge that almost every individual perceives 
having a dominant limb which is assumed to create a greater force and power 
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output. However, in the present study, data have been described for right and 
left limbs, rather than the self-described dominance. Indeed, it is particularly 
challenging to predict the dominant and non-dominant side (Stephens II, Law-
son, DeVoe, & Reiser II, 2007), and it has been shown that subjective expression 
of leg dominance cannot be used as a predictor for vertical jumping performance 
(Ceroni et al., 2012). 

5. Conclusion 

Findings of this study revealed that force and power production differ between 
body composition categories, with obese subjects having the lowest performance 
scores when results are expressed in relative terms. Most importantly, a slightly 
higher LSI was detected among obese adolescents adding to the deleterious bio-
mechanical and functional effects of childhood obesity. Due to the small sample 
size in the overweight and obese categories there is a need to confirm the find-
ings in larger populations in these categories. More precise tests for determining 
asymmetries and segmental body composition might help to further unravel the 
underlying cause for the increase in asymmetries with an increase in BMI. Nev-
ertheless, with consideration of anthropometric characteristics, the assessment 
of ground reaction forces might provide an accurate approach for the assess-
ment, screening and monitoring motor performance as well as bilateral differ-
ences in children and adolescents which could help a superior and safe designing 
and prescription of physical activities and physical education classes. 
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