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Background 
The identification of risk factors for injury is a key step for musculoskeletal injury 
prevention in youth sports. Not identifying and correcting for injury risk factors may 
result in lost opportunity for athletic development. Physical maturation and sex affect 
these characteristics, which may indicate the need for both age and sex-based injury 
prevention programs. 

Hypothesis/Purpose 
This study examined age and sex differences in knee strength, static balance, jump 
height, and lower extremity landing biomechanics in school- and high school-age 
athletes. 

Study Design 
Cross-sectional 

Methods 
Forty healthy school aged (10.8±0.8 yrs) and forty high school (16.8±0.8 yrs) athletes 
completed isokinetic knee flexion and extension strength tests, single-leg static balance 
and single-leg vertical stop jump tasks. 

Results 
High school athletes were significantly stronger (~67% and 35% stronger for males and 
females, respectively) and jumped higher (regardless of sex) compared to school age 
athletes. High school males had worse balance (~28%) compared to their younger 
counterparts. High school females had lower strength (~23%) compared to males but had 
better balance (~46%). Conclusion: Maturation had different effects on the variables 
analyzed and sex differences were mainly observed after maturation. These differences 
may be minimized through appropriate age and sex specific training programs. 

Levels of Evidence 
3a 

Clinical Relevance 
Neuromuscular and biomechanical differences between sex and age groups should be 
accounted for in injury prevention and rehabilitation. Inadequate training may be a 
primary factor contributing to injuries in a young athletic population. When designing 
training programs for long term athlete development, programs should be dependent on 
decrements seen at specific time points throughout maturation. 
What is known about the subject: Generally, both males and females get stronger and 
jump higher as they get older but the results comparing balance and biomechanics 

Corresponding author: Erin Pletcher Department of Exercise Science Thomas Jefferson University Philadelphia, PA 19144 
Erin.Pletcher@jefferson.edu Phone: 215-951-2732 

a 

Pletcher ER, Dekker TJ, Lephart SM, Sell TC. Sex and Age Comparisons in
Neuromuscular And Biomechanical Characteristics of the Knee in Young Athletes. IJSPT.
2021;16(2):438-449.

https://doi.org/10.26603/001c.21358
mailto:Erin.Pletcher@jefferson.edu


between genders or across age groups have been mixed. 
What this study adds to existing knowledge: The current study looks at multiple 
neuromuscular and biomechanical variables in male and female participants at different 
maturation statuses. The current data supports the significant changes observed in 
strength and jump height, as both genders age, but the data also demonstrates significant 
differences in balance between age groups in males and between genders in balance and 
knee flexion angles. 

INTRODUCTION 

There are an estimated 30 to 45 million youth, ages 6 to 18 
years, participating in athletics in the United States and ap-
proximately one third of these youth athletes seek atten-
tion for sport related injuries.1 The number of injuries in 
adolescents has been on the rise, causing concern for long 
term problems with compromised quality of life and in-
creased risk of further injury.2 Injuries to the anterior cruci-
ate ligament (ACL) often occur between 16-18 years of age,3 

however, the frequency of injury between the ages of 11-12 
years has been steadily increasing.3 Sex differences in in-
jury rates have been reported across a wide range of sports, 
indicating a need for intervention at a young age. At the 
high school setting, ACL injury rates for females have been 
shown to be higher than males (IRR 2.30), with the largest 
difference in basketball athletes (IRR 3.68).4 A higher fe-
male ACL injury rate was also seen at the collegiate level, 
with females higher than males (IRR 2.49), and the greatest 
difference being between baseball and softball athletes (ITT 
6.61).4 

Previous literature has demonstrated decreased neuro-
muscular control in females compared to males.5 Multiple 
factors may predispose adolescents to injury, before includ-
ing extrinsic mechanisms of injury in sport. Risk factors 
for injury in youth include lack of muscular strength,6 bal-
ance,7 decreased knee flexion moment,8 and increased knee 
valgus moment.9 To counteract these risk factors, the op-
timal age to introduce specific training interventions has 
been debated. During adolescence, males and females ex-
perience skeletal, neuroendocrine and sexual maturation 
developments that make injury prevention strategies and 
training prescription a complex process.10 There has been 
limited success of athlete development programs; as athlete 
development should be based on individually unique and 
constantly changing characteristics, including the demands 
of normal physical growth, biological maturation, behav-
ioral development and their interactions.11 Challenges in 
factors associated with maturation and sex must be consid-
ered when creating guidelines to develop healthy, resilient 
young athletes. 

Athletic development is multidimensional and difficult 
to assess in youth, as trajectories from novice to elite can 
vary greatly among athletes. The mechanism for sex dif-
ferences in lower extremity injury rates remains unknown 
despite a multitude of kinematic and kinetic studies. It is 
essential to identify sex related physical and physiological 
differences that occur because of maturation, as these may 
help identify risk factors that lead to injury rate differences 
between sexes. 

Factors underlying sex differences in injury rate have 
previously been categorized into several general theories: 
anatomical, hormonal and biomechanical.12 Previous liter-

ature has individually examined maturation’s effect on gen-
der differences in strength,13 static balance,14 knee kine-
matics,15 and vertical jump.16 However, previous research 
has not examined multiple risk factors together in one par-
ticipant population. Understanding associations in injury 
risk factors and injury patterns play an important role in the 
development of injury prevention strategies. 

The purpose of this study was to examine and compare 
strength, static balance, jump height, and landing kinemat-
ics characteristics in school age and high school athletes 
based on sex and age. It was hypothesized that (1) as age 
increases, strength and performance of both sexes will im-
prove; furthermore, (2) knee joint flexion angles measured 
at initial contact and peak flexion will decrease at the high 
school level. Additionally, (3) males will perform better on 
strength, biomechanics, and performance than females at 
the high school level, while (4) females will perform better 
with balance. Recognizing neuromuscular and biomechani-
cal differences between sexes at different ages will help bet-
ter develop healthy, resilient youth athletes. 

METHODS 
PARTICIPANTS 

Forty healthy school aged (10.8±0.8 yrs) and forty high 
school (16.8±0.8 yrs) athletes with a similar distribution of 
males and females within each group participated in the 
study. Self-assessed Tanner Scale stage was used to ensure 
participants fell into one of two categories: prepubertal 
(stage 1) for school aged athletes or post pubertal (stage 4 
of 4) for high school aged. All participants participated in 
organized sports that required jumping, cutting and land-
ing, at least three times per week. Injury prevention pro-
grams have been shown to induce favorable neuromuscular 
and biomechanical changes,17 therefore all athletes in this 
study did not participate in any form of injury prevention 
training at any time before or during data collection. Partic-
ipants were excluded if they had any self-reported history of 
serious lower extremity musculoskeletal injury (such as lig-
ament rupture), musculoskeletal injury within the last six 
months or any history of rheumatological disorder, cerebral 
vascular accident, peripheral nerve disorder, or any other 
disorder that interferes with sensory input and/or motor 
function. All participants were informed of testing proce-
dures and provided written consent (or assent as appro-
priate) that was approved by the University’s Institutional 
Review Board. All testing was conducted at the Neuromus-
cular Research Laboratory within the University. Reliability 
of testing procedures has been established previously.18 

INSTRUMENTATION 

Isokinetic strength was collected for the knee flexors and 
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extensors utilizing the Biodex System 3 Multi-Joint testing 
and Rehabilitation System (Biodex Medical Inc., Shirley, 
NY). Ground reaction forces during static balance testing 
and the single-leg stop-jump task were collected utilizing 
two force plates (Kistler Corporation, Worthington, OH; 
Model #4060-1011000). Ground reaction force data was col-
lected at 1200 Hz during the single-leg stop-jump task and 
at 100 Hz during the balance testing. Three-dimensional 
coordinate data from 15 retroreflective markers during the 
single-leg stop-jump task were collected and calculated us-
ing a 3D optical capture system (Peak Performance Tech-
nologies, Inc., Englewood, CO). This motion analysis sys-
tem includes six high speed (120 Hz) optical cameras 
(Pulnix Industrial Product Division, Sunnyvale, CA) instru-
mented and synchronized using Peak Motus software (ver-
sion 7.2, Peak Performance Technologies, Inc., Englewood, 
CO). 

PROCEDURES 

All participants completed balance assessments first, fol-
lowed by strength then single-leg vertical stop jump task. 
Lower extremity segment lengths and joint widths of each 
participant were taken of the lower extremity in addition 
to body mass (kilograms) and standing height (meters). The 
Biodex System was used to test dominant leg muscle 
strength of the quadriceps and hamstrings musculature 
during an isokinetic knee flexion and extension test.19 Leg 
dominance was defined as the leg a participant would nat-
urally use to kick a soccer ball. Participants were secured in 
the chair with straps to isolate the tested movement, range 
of motion was set to allow for zero to 90 degrees of rotation 
(based on the attachment arm); and provided a warm-up 
session of three repetitions at 50% of maximum effort and 
three repetitions at 100% of maximum effort. Participants 
were instructed to give maximum effort throughout the en-
tire test. Five maximal quadriceps and hamstring contrac-
tions at 60º/sec were performed with one minute of rest be-
tween all sessions.19 

Single-leg balance testing was performed bilaterally for 
each participant with eyes open and closed. Five trials (ten 
seconds each) for each condition per leg were collected. Or-
der of testing (by condition) was determined by simple ran-
domization prior to data collection and participants were 
given one practice trial for each condition and for each leg 
prior to testing. The testing position was unilateral stance 
with the untested leg flexed slightly at the hip and the knee 
with hands on hips. Participants were instructed to remain 
“as still as possible” throughout each trial and to regain the 
test position as quickly as possible if there is a loss of bal-
ance.20 Touchdowns on the force plate were acceptable, as 
they added to the variability in balance measurement. Trials 
were excluded if the participant touched down off the force 
plate because it would not be contributing to the force-plat-
form measure.21 

Fifteen retroreflective markers were utilized for data col-
lection of 3D coordinate data during the single-leg vertical 
stop-jump task.22 During the single-leg vertical stop jump 
task, retroreflective markers were placed bilaterally over the 
second metatarsal head, posterior aspect of the heel, lateral 
malleolus, femoral epicondyle, anterior superior iliac spine, 

Figure 1: Single-leg vertical stop jump task 

and the L5-S1 disc space. Four other markers were attached 
to wands (approximate length 0.07 m) and secured bilater-
ally with Velcro straps and athletic tape to the lateral aspect 
of the participant’s thigh and shank. 

The single-leg vertical stop jump task consisted of the 
following: 1) initial starting point measured as 40% of the 
participant’s height from the edge of the force plates, 2) 
jump with a single-leg landing on a force plate, 3) immedi-
ate jump for maximum vertical height following landing on 
the force plate, and 4) landing in approximately the same 
location from which the maximal jump was initiated (Fig-
ure 1).23 Participants were given a verbal description, visual 
demonstration, and five practice trials on each leg in order 
to assure familiarity with the task. The first five good trials 
were used for data processing. A good trial was defined as a 
trial during which the participant performed the task with 
the proper technique, landed successfully on the force plate 
and did not touch down outside the force plate. 

DATA REDUCTION 

The Biodex Advantage Software v3.0 was used to calculate 
the absolute peak torque and average peak torque normal-
ized to body weight (%BW) (mass x gravity) for the iso-
kinetic strength test of the quadriceps and hamstrings for 
each leg. Additionally, the hamstring:quadriceps ratio was 
calculated for absolute peak torque and peak torque nor-
malized to body weight. Single leg balance ground reaction 
force data were processed through a custom Matlab (Math-
Works, Natick, MA) script. Ground reaction force data were 
passed through a zero-lag 4th order low pass Butterworth 
filter with a 100 Hz cutoff frequency.22 The standard devi-
ation (SD) for each component ground reaction force (an-
terior-posterior, medial-lateral and vertical ground reaction 
force) was calculated during the entire trial and then aver-
aged across all five static balance trials.20,21 Lower extrem-
ity kinematic and kinetic data of the single-leg vertical stop 
jump was calculated using Kinecalc module of the Peak Mo-
tus software package (Peak Performance Technologies, Inc., 
Englewood, CO). Vertical jump height was measured as the 
difference between the sacral marker during the static trial 
and the maximum during jump trial, and then calculated 
as percent body height (%BH). Kinematic data were calcu-
lated as previously published on reactive tasks.22 Raw ana-
log data from the force plates were used to calculate the 
ground reaction force data for each vertical stop jump trial. 
The ground reaction force data were used to calculate the 
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Table 1: Subject Demographics by Sex 

Pairwise Comparison (p-values) 

Male (n=82) Female (n=78) Sex Comparisons Age Comparisons 

School age 
(n=42) 

High 
school 
(n=40) 

School age 
(n=38) 

High 
school 
(n=40) 

School 
age 

High 
school 

Males Females 

Age 
(yrs) 

11.00 ± 
0.77 

17.00 ± 
0.78 

10.47 ± 
0.60 

16.60 ± 
0.67 

0.002 0.020 <0.001 <0.001 

Height 
(m) 

1.52 ± 
0.11 

1.79 ± 0.08 
1.48 ± 

0.08 
1.67 ± 0.08 0.101 <0.001 <0.001 <0.001 

Weight 
(kg) 

44.8 ± 
12.3 

74.3 ± 6.2 
40.2 ± 

10.2 
61.57 ± 

8.33 
0.093 <0.001 <0.001 <0.001 

mean ± sd Significance set at 0.05 level 

peak vertical ground reaction force during the initial stance 
phase of the single-leg stop-jump task. This point was then 
identified in the joint kinematic data to determine knee 
flexion/extension and the knee valgus/varus angle at initial 
contact. Vertical stop jump peak vertical ground reaction 
force data were then normalized to percent body weight. 
Data were averaged across five trials. 

STATISTICAL METHODS 

All statistical analysis was performed using SPSS version 
21.0 (SPSS Inc., Chicago, IL). Analyses consisted of: de-
scriptive statistics (mean, standard deviation) for each age 
group and sex were calculated; independent t-tests for com-
parison of demographic data; two-way analysis of variance 
(ANOVA) to examine the effect of age group and sex on each 
variable; and multiple pairwise comparisons at the level of 
the interaction to assess differences between age group and 
sex. Additionally, Cohen’s d effect size was calculated to 
assess the magnitude of difference between each pairwise 
comparison. 

RESULTS 

There were significant differences between sexes for high 
school athletes in height (p<0.001) and weight (p<0.001) 
(Table 1), with males being taller and heavier. 

At the high school age, males were shown to be stronger 
than females in knee flexion and extension strength, both 
for average peak torque (p<0.001) and relative to body 
weight (p<0.001). (Table 2) High school aged athletes, com-

pared to school age athletes, were stronger in knee flexion 
and extension strength, both for average peak torque 
(p<0.001) and relative to body weight (p<0.001). High 
school aged athletes had a larger hamstring:quadriceps ra-
tio relative to body weight (males p=0.031, females 
p=0.046). Female high school ages athletes had a larger 
absolute peak torque hamstring:quadriceps ratio (p=0.041) 
(Table 2). 

School aged females demonstrated significantly better 
static balance than school aged males in the anterior-pos-
terior (AP) (p=0.047) and the medial-lateral (ML) (p=0.018) 
directions with eyes opened and ML direction with eyes 
closed (p=0.027). High school aged females demonstrated 
better static balance than high school aged males, in all di-
rections, with eyes opened and closed. (Table 3) Males ex-
hibited better static balance at the school age, compared 
to high school, in the AP and ML directions with both eyes 
opened (p=0.001, p<0.001, respectively) and eyes closed 
(p=0.001, p=0.001). Whereas females only displayed better 
static balance at the school age in the ML direction with 
eyes closed (p=0.050). (Table 3) 

Within the single-leg stop-jump task, males at the 
school age displayed greater peak knee flexion angle 
(p=0.011) than females. At the high school age, males 
demonstrated greater peak knee flexion angle (p=0.011) and 
jump height (p<0.001) than females. (Table 4) Both males 
and females performed greater jump heights at the high 
school age compared to school age (p<0.001) and males 
showed greater vertical ground reaction forces at the high 
school age (p=0.034). (Table 4) 
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Table 2: Effects of age and sex on average isokinetic knee strength 

Pairwise Comparison 

Males Females ANOVA Sex Comparisons Age Comparisons 

School High School School High School Interaction School 
High 

School 
Males Females 

Knee flexion average peak torque (Nm) 
34.75 ± 

12.76 
103.26 ± 

19.70 
31.42 ± 

13.49 
69.84 ± 

14.61 
<0.001 
(38.27) 

0.230 
(0.25) 

<0.001 
(1.84) 

<0.001 
(4.22) 

<0.001 
(3.20) 

Knee extension average peak torque (Nm) 
73.20 ± 

21.65 
201.66 ± 

36.98 
66.19 ± 

23.66 
137.35 ± 

26.79 
<0.001 
(42.19) 

0.106 
(0.31) 

<0.001 
(2.42) 

<0.001 
(4.91) 

<0.001 
(3.40) 

Average peak torque hamstring:quadriceps 
ratio 

0.47 ± 0.11 0.52 ± 0.12 0.47 ± 0.10 0.52 ± 0.10 
0.894 

(0.018) 
0.878 
(0.03) 

0.736 
(0.08) 

0.057 
(0.43) 

0.041 
(0.46) 

Knee flexion average peak torque (%BW) 
87.09 ± 

18.00 
152.30 ± 

22.03 
87.07 ± 

23.12 
122.71 ± 

18.95 
<0.001 
(20.64) 

0.762 
(0.08) 

<0.001 
(1.37) 

<0.001 
(3.17) 

<0.001 
(1.86) 

Knee extension average peak torque 
(%BW) 

182.90 ± 
29.86 

291.44 ± 
44.27 

184.26 ± 
36.28 

238.06 ± 
27.50 

<0.001 
(24.42) 

0.714 
(0.04) 

<0.001 
(2.03) 

<0.001 
(3.56) 

<0.001 
(1.76) 

%BW hamstring:quadriceps ratio 0.48 ± 0.10 0.53 ± 0.11 0.47 ± 0.10 0.52 ± 0.09 
0.851 

(0.036) 
0.773 
(0.07) 

0.581 
(0.13) 

0.031 
(0.49) 

0.046 
(0.47) 

All measurements at 60°/s. Mean ± sd. p-value (F) p-value (effect size) 

BW= body weight Significance set at 0.05 level 



Table 3: Effects of age and sex on static balance ground reaction force standard deviation in 
eyes open and closed conditions 

Pairwise Comparison 

Males Females ANOVA Sex Comparisons Age Comparisons 

School 
High 

School 
School 

High 
School 

Interaction School 
High 

School 
Males Females 

Eyes 
open - 
AP 

2.16 ± 
1.12 

2.67 ± 
0.84 

1.72 ± 
0.80 

1.81 ± 
0.48 

0.112 
(2.55) 

0.047 
(0.44) 

<0.001 
(1.05) 

0.001 
(0.23) 

0.084 
(0.35) 

Eyes 
open - 
ML 

2.71 ± 
1.57 

3.61 ± 
1.57 

2.12 ± 
1.20 

2.28 ± 
0.77 

0.081 
(3.09) 

0.018 
(0.42) 

<0.001 
(0.61) 

<0.001 
(0.26) 

0.066 
(0.20) 

Eyes 
open - 
V 

4.53 ± 
3.08 

4.65 ± 
1.89 

3.75 ± 
2.55 

2.98 ± 
1.11 

0.221 
(1.51) 

0.200 
(0.27) 

<0.001 
(0.72) 

0.066 
(0.21) 

0.429 
(0.30) 

Eyes 
closed 
- AP 

4.43 ± 
2.40 

5.49 ± 
1.65 

3.71 ± 
2.11 

3.87 ± 
1.11 

0.134 
(2.27) 

0.060 
(0.32) 

<0.001 
(1.25) 

0.001 
(0.45) 

0.079 
(0.19) 

Eyes 
closed 
- ML 

6.72 ± 
3.39 

8.87 ± 
3.22 

5.35 ± 
3.10 

6.29 ± 
2.81 

0.233 
(1.43) 

0.027 
(0.42) 

<0.001 
(0.55) 

0.001 
(0.31) 

0.050 
(0.33) 

Eyes 
closed 
- V 

11.94 
± 7.59 

11.40 
± 4.42 

9.61 ± 
6.44 

8.63 ± 
5.50 

0.823 
(0.05) 

0.118 
(0.33) 

<0.001 
(0.41) 

0.692 
(0.23) 

0.700 
(0.15) 

AP = anterior-posterior, ML = medial-lateral, V = vertical p-value (F) p-value (effect size) 

Mean ± sd Significance set at 0.05 level 

Table 4: Effects of age and sex on single leg stop jump knee joint angles, jump height and 
vertical ground reaction force 

Pairwise Comparison 

Males Females ANOVA Sex Comparisons Age Comparisons 

School 
High 

School 
School 

High 
School 

Interaction School 
High 

School 
Males Females 

knee 
flex @ 
IC (°) 

14.55 
± 7.41 

11.96 
± 5.39 

13.89 
± 7.09 

12.54 
± 6.62 

0.559 
(0.34) 

0.689 
(0.09) 

0.669 
(0.39) 

0.078 
(0.68) 

0.388 
(0.04) 

knee 
AB/AD 
@ IC (°) 

2.83 ± 
8.07 

1.41 ± 
5.37 

2.48 ± 
7.78 

2.95 ± 
4.41 

0.369 
(0.81) 

0.849 
(0.04) 

0.849 
(0.13) 

0.237 
(0.08) 

0.873 
(0.01) 

peak 
knee 
flex (°) 

43.30 
± 

11.54 

45.61 
± 

11.53 

37.39 
± 

10.68 

41.41 
± 9.27 

0.619 
(0.25) 

0.011 
(0.53) 

0.011 
(0.57) 

0.916 
(0.40) 

0.072 
(0.48) 

jump 
height 
(%BH) 

13.38 
± 3.98 

21.24 
± 2.88 

12.78 
± 3.50 

16.19 
± 2.82 

<0.001 
(17.67) 

0.238 
(0.16) 

<0.001 
(2.27) 

<0.001 
(2.66) 

<0.001 
(1.16) 

peak 
vGRF 
(%BW) 

3.48 ± 
0.72 

3.76 ± 
0.65 

3.63 ± 
0.76 

3.39 ± 
0.54 

0.015 
(6.03) 

0.395 
(0.20) 

0.395 
(0.42) 

0.034 
(0.28) 

0.285 
(0.32) 

IC = intitial contact, vGRF = vertical ground reaction force. p-value (F) p-value (effect size) 

Mean ± sd Significance set at 0.05 level 

DISCUSSION 

Children and adolescents are subjected to a maturation 
process that is not linear, creating the need for periodic 

assessment to correctly define and change training pro-
grams. This study examined the effects chronological age 
and sex have on modifiable musculoskeletal and neuromus-
cular characteristics to help inform effective training pro-
grams. Unlike previous literature, the current study looked 
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at multiple variables in the same participant. The results 
observed in this study predominantly supported the hy-
potheses. Differences after maturation were seen in 
strength, balance, and biomechanics. These findings 
showed increase in strength and jump performance in both 
sexes and decreases in male static balance as age increased. 
We saw limited differences between sexes at the school age. 
In this study, both sexes had a significant increase in height 
and weight through maturation, although high school aged 
male athletes were on average almost 15kg heavier than 
their female counterpart (Table 1). With one-third of youth 
requiring medical attention for activity related injuries, it is 
essential to understand the effect of growth, development 
and sex related physiological differences on sports injury 
and performance.1 Development of muscular strength, bal-
ance and proper mechanics through age and sex appropri-
ate interventions is essential for sustainable long-term ath-
letic performance. Identifying neuromuscular differences 
between sexes and changes throughout maturation can 
help to develop specific training techniques to reduce the 
incidence of these injuries. 

ISOKINETIC KNEE STRENGTH 

Dynamic knee stability is essential in an athlete’s safety 
while participating in activities that require cutting, jump-
ing, and landing. Co-contraction of the hamstring and 
quadriceps muscles has been found to stabilize the knee24 

and an imbalance in hamstring to quadriceps strength may 
be of significance in non-contact leg injuries.25 The current 
study shows a significant increase in the ratio of hamstring-
to-quadriceps strength, normalized to body weight, from 
the school to high school age of male and female athletes 
but no difference between sex. This demonstrates that 
while the hamstrings and quadriceps of both sexes in-
creased with age, hamstring strength increased to a greater 
extent. Previous work that found significant differences in 
hamstring-to-quadriceps strength ratio between sex in 9-12 
year old.14 This may be due to their participants being chil-
dren recruited from local schools rather than specifically 
using athletes as in the current study. In young soccer ath-
letes, an significant increase in hamstring-to-quadriceps 
strength ratio was seen from immature to mature females 
but not in males.26 

Moreover, knee stability is related to quadriceps and 
hamstring individual action at the knee; with quadriceps 
strength playing a vital role during landing to decelerate the 
body and absorb impact forces27 and the hamstrings con-
trolling anterior tibial translation.28 It has been proposed 
that differences in muscular strength and sex specific neu-
romuscular activation patterns are one reason females have 
a greater risk of noncontact ACL injury.29 The current find-
ings agree with previous research, that absolute and body 
weight corrected strength gains occur in both sexes after 
puberty and significant differences can be seen between 
sexes at the high school age (Table 2).30 Parallel to the 
current findings, the Physical Activity Guidelines released 
from the federal government reported that both sexes sig-
nificantly increase strength through maturation. Their data 
show adolescent boys and girls exerted significantly more 
pounds of force with knee extension than younger boys and 

girls.31 Similarly, significant increases in quadriceps and 
hamstring strength were seen with maturity in male and fe-
male soccer players.32 Barber-Westin et al.33 also found sig-
nificant strength differences as chronological age increases. 
Thirteen-year-old female athletes were shown to have 20% 
greater knee extension peak torque than 9-year old, while 
14-year-old male athletes had 38% greater peak torque than 
9-year old. It was also found that no significant differences 
in knee extension or flexion peak torque exist between 
sexes until the age of 14 years. Male athletes between 14-17 
years had significantly greater extension and flexion peak 
torque than their female counterparts.33 Data also aligns 
with current findings that no significant difference in 
strength were seen between younger girls and boys (age 
6-11) for knee extension but they did find significant dif-
ferences between adolescent girls and boys (age 12-15).31 

Decrements in muscular strength have been associated with 
the lack of dynamic stability surrounding lower extremity 
joints, potentially resulting decreased balance ability. 

STATIC BALANCE GROUND REACTION FORCE 

Poor balance has been significantly associated with an in-
creased risk of lower extremity injury.7,34 One measure is 
single leg static balance, requiring an athlete to minimize 
center of mass movement over a small base of support,35 is 
related to the unconscious neuromuscular control and sta-
bilization of joints.36 Balance begins to emerge as a train-
able motor skill from the age of 10,37 therefore this study 
evaluated static balance as a prerequisite to the additional 
coordination needed for dynamic balance. This study 
showed significant decreases in static balance in male ath-
letes as they reached the high school age (Table 3). This may 
be due to the greater physical growth that occurs in males 
during puberty. Increases in body weight have been shown 
to cause a decrease in balance, due to changes in center 
of mass.38 During puberty, growth changes may happen 
at a faster rate than the visual, vestibular and somatosen-
sory systems can adapt. Increases in body weight, without 
increase in neuromuscular control, may be the cause of 
the disturbances in equilibrium seen in high school aged 
males. To decrease risk of injury in male athletes during 
and after puberty, prophylactic balance training may lead to 
task-specific neural adaptations.39 Additionally, training to 
improve balance can decrease risk of injury by enhancing 
agonist-antagonist muscle co-contractions which increases 
joint stiffness, and stabilizing joints against perturba-
tions.40 Similar to knee stability, balance requires swift and 
constant feedback from visual, vestibular and somatosen-
sory systems for coordinated movement to maintain bal-
ance.41 This study shows that female athletes have signif-
icantly better medial-lateral stability at both age groups 
(Table 3). All static balance measures were also significantly 
different between sexes in the high school age group. These 
results may be due to a lower center of gravity in females 
compared to males. While not assessed in this study, if fe-
males had smaller and lighter upper body with larger and 
heavier lower body, compared to males, this would increase 
the stability of their center of gravity. A difference in static 
balance at the high school age compared to females and to 
males at the school age may also be the result of increased 
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strength seen in this study. However, Granacher and Goll-
hofer42,43 reported no significant associations between pos-
tural control and muscular strength. These current findings 
are consistent with previous literature that also revealed 
young females had significantly better static balance than 
males.44 Since balance and coordination are not fully ma-
tured in children, balance training is an important prepara-
tory phase of athlete development for enhancing strength 
and power and reducing the risk of athletic injury. 

SINGLE LEG STOP-JUMP 

The vertical jump has been found to be a predictor of per-
formance, running speed and agility.45 The neuromuscular 
spurt seen in adolescent boys throughout maturation 
causes increased power, strength and coordination.30 This 
growth spurt may explain why vertical jump height, a mea-
sure of whole body power, increases in boys during puberty 
but not usually in girls. Significant pubertal stage by sex 
interaction has been previously seen in maximum vertical 
jump height, with boys increasing jump height after puberty 
but not girls.16 However, the current study found a sig-
nificant difference in both male and female athletes’ jump 
height through maturation (Table 4). Increased jump height 
at the high school age may be related to the increase in 
muscular strength seen in both sexes at the high school age. 
Differences in jump height between sex at the high school 
age may be due to increased testosterone levels in males. 
Following puberty, males have 15 times higher circulating 
testosterone concentration than in females.46 The biolog-
ical effects of elevated testosterone include larger muscle 
mass and stiffer connective tissue, allowing males to ex-
ert greater muscular force more rapidly.47,48 However, this 
study did not assess hormone or associated hemoglobin 
levels in participants. This study only showed significant 
differences in peak vertical ground reaction forces (GRF) 
between school-aged and high school aged male athletes. 
Increased vertical GRFs in males at the high school age 
may be due to the larger increase in vertical jump height. 
Although jump height significantly increased at the high 
school age for both sexes, on average, males jumped 8 
inches higher than their school age counterparts, while fe-
males only jumped 4 inches higher. No difference in vertical 
GRF was found between sexes at the school or high school 
age (Table 4). This differs from Pappas et al.49 who found 
females to have greater vertical GRF during jump tests than 
is found in male athletes. However, current results are sim-
ilar to previous research that found no vertical GRF differ-
ence between sexes, but did report differences in rate of 
loading in which females reached vertical GRF 20% faster 
than males.50 It was proposed that decreased knee flexion 
and neuromuscular response reduces the ability of females 
to attenuate forces when landing. Lack of differences be-
tween sexes at each age group may be related to the speed 
in which participants decelerated, which was not assessed 
in the current study. These findings of no differences be-
tween sexes in knee kinematics at initial contact may also 
be associated with similar GRF values for both sexes. 

Single-leg landings occur frequently in physical activity 
and sports. Proper biomechanics during landing can affect 
ground reaction force and loading of lower extremity struc-

tures, in turn preventing lower limbs injuries.51 This study 
showed no significant difference for either sex through mat-
uration for knee flexion and abduction/adduction angles at 
initial or peak knee flexion angle during a single leg verti-
cal stop jump task (Table 4). This is partially similar to Yu et 
al.52 who found no difference between ages for knee flexion 
angle at initial contact or peak flexion angle in male soccer 
players during a stop-jump task. However, they did find sig-
nificant decrease in both knee flexion angles for female soc-
cer players as they aged.52 

Initiating neuromuscular training in females at a 
younger age may help develop optimal movement strategies 
and mitigate the effects of puberty on dynamic control. As 
knee flexion angle increases, tensile stress on the ACL due 
to quadriceps muscle contraction has been shown to de-
crease.53 Neuromuscular training to develop hamstring and 
quadriceps co-contraction may protect the lower extrem-
ity during sport related movements.54 Significantly smaller 
peak knee flexion angles in females show the need for safe 
landing strategies, increasing knee flexion angle, at all ages. 
This may be related to muscle loading, which was not as-
sessed in the current study. Decker et al.55 reported greater 
knee extensor and ankle plantarflexor energy absorption in 
females during drop jumps. This led to a more upright pos-
ture to maximize energy absorption at the hip and ankles. 
The current study did not find significant sex differences in 
knee flexion and abduction/adduction angle at initial con-
tact in both the school aged and high school aged groups. 
Again, these results are similar to Yu et al.52 who also found 
that female youth soccer players had decreased knee flexion 
angles during a stop-jump task. Yet these results are dif-
ferent from previous findings that show knee valgus angle 
during landing to be greater in female athletes as compared 
to males.49 Increase in female knee valgus angles found in 
their study may be associated with the increase in female 
vertical GRF also seen in their study, neither of which were 
observed in the current study. 

The current study had limitations, including the small 
sample size for each sex in the school aged and high school 
groups. Tanner staging by a trained health care professional 
has long been the medical standard.56 Therefore this study 
only included participants who self-assessed within stage 1 
or stage 4 to reduce the chance of miscategorization. Ad-
ditionally, athletes in this study did not participate in the 
same sport, but all athletes did participate in sports that 
require jumping, cutting and landing (ie: soccer or basket-
ball) to represent the types of sports in which non-contact 
ACL injury can occur. Activity frequency was a component 
of inclusion criteria to ensure athletes had similar general 
sport training. Neuromuscular training has been shown to 
alter strength and biomechanics in adolescent girls.57 Con-
tinued analysis of this data set can look for associations be-
tween variables measured, to determine what the potential 
cause of age and sex related differences may be. Future re-
search examining an age and sex specific training interven-
tion would be beneficial in minimizing significant changes 
in balance and biomechanics from the school to high school 
age. 
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CONCLUSION 

There are a number of factors unique to the adolescent ath-
lete during the period of growth and maturation that have 
the potential to increase injury risk.11 Examination of neu-
romuscular and biomechanical sex differences throughout 
growth and maturation may help identify risk factors that 
lead to injury rate differences. By assessing multiple factors 
within an individual participant, the current study gives a 
more comprehensive assessment of the athlete. This study 
showed significant increase in strength from school age to 
high school age in both sexes and that male athletes were 
significantly stronger at the high school age. Static bal-
ance was significantly better in male athletes at school age 
compared to high school aged. At the high school age, fe-
male athletes demonstrated significantly better static bal-
ance. Vertical stop jump height increased from the school 
age to the high school age in both sexes and peak knee flex-

ion angles were greater in male athletes at both the school 
and high ages. Fitness and skill development occur on a 
constantly changing base of physical growth and biological 
maturation; these processes occur simultaneously and in-
teract with each other and the demands of sport. It is im-
portant to understand how the role of sex and maturation 
influence athletic development for the most effective injury 
prevention and performance programs. 
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