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ABSTRACT
Purpose/Background: Female adolescents change their landing mechanics during puberty. It is unknown 
whether implementation of anterior cruciate ligament (ACL) injury prevention training reduces the loss of 
knee control in female athletes during puberty. The purpose of this study was to evaluate the effect of 
injury prevention training on dynamic knee alignment in female basketball players specifically when the 
knee mechanics were changing during puberty.

Methods: Sixty female junior high school basketball players participated and were divided into two groups: 
a training group (n = 32) and a control group (n = 28). The training group underwent an injury prevention 
program for 6 months, whereas the control group maintained a regular training routine. The knee valgus 
motion and knee flexion range of motion during a drop vertical jump were measured before and after the 
training period. The probability of a high knee abduction moment (pKAM) was also evaluated using an 
ACL injury prediction algorithm.

Results: The knee valgus motion was significantly increased in the control group (p < 0.001), whereas it 
did not change in the training group (p = 0.64). Similarly, the knee flexion range of motion was signifi-
cantly decreased in the control group (p < 0.001), whereas it was not changed in the training group (p = 
0.55). The pKAM was significantly increased in the control group (p < 0.001), but not in the training group 
(p = 0.06).

Conclusions: Implementation of injury prevention training was effective in limiting the loss of knee con-
trol in female athletes during puberty. Lowering the risk of ACL injury might be possible in this 
population. 

Level of Evidence: 2b

Keywords: Anterior cruciate ligament, adolescent, female, injury prevention, landing

I
J
S
P

T
ORIGINAL RESEARCH

EFFECT OF INJURY PREVENTION TRAINING ON KNEE 

MECHANICS IN FEMALE ADOLESCENTS DURING 

PUBERTY 

Reiko Otsuki, PT, MSc1

Rieko Kuramochi, PhD2

Toru Fukubayashi, MD, PhD3

1 Doctoral student, Graduate School of Sport Sciences, Waseda 
University, Tokorozawa, Saitama, Japan  

2 Lecturer, School of Health and Sport Sciences, Chukyo 
University, Toyota, Aichi, Japan

3 Professor, Faculty of Sport Sciences, Waseda University, 
Tokorozawa, Saitama, Japan

Study approval: 
The protocol for this study was approved by the Offi ce of 

Research Ethics of Waseda University.

Acknowledgements:
The authors would like to acknowledge the participants, parents/

guardians, and coaches who volunteered for this study.

CORRESPONDING AUTHOR
Reiko Otsuki
2-579-15 Mikajima, Tokorozawa, Saitama, 
Japan, 359-1192
Email: rotsuki@akane.waseda.jp
Phone: +81-4-2947-6879
Fax: +81-4-2947-6879



The International Journal of Sports Physical Therapy | Volume 9, Number 2 | April 2014 | Page 150

INTRODUCTION
Anterior cruciate ligament (ACL) injuries are one 
of the most common injuries in sports, specifically 
basketball. Female athletes between the ages of 14
and 19 years are among those who have the highest 
incidence of ACL injury.1-4 Injury to the ACL during 
this period is problematic because surgery in skel-
etally immature patients might cause growth dis-
turbance. Also, surgery and rehabilitation prevent 
adolescents from participating in sports activities 
for a long period, affecting healthy physical devel-
opment. In addition, regardless of management, 
the risk of developing osteoarthritis is significantly 
increased after an ACL injury.5-7 This could poten-
tially affect later quality of life as well. 

One of the risk factors for developing ACL injuries is 
poor lower extremity kinematics. Levine et al found 
that a combination of anterior tibial shear force, knee 
abduction, and internal tibial rotation led to ACL fail-
ure.8 In addition, video analysis of actual injury situ-
ations revealed that the main mechanisms of ACL 
injury were increased knee valgus motion with inter-
nal tibial rotation.9,10 A reduced knee flexion angle 
was also commonly observed in injury situations.9,10 
Female athletes with an increased knee valgus motion 
and reduced knee flexion angle during landing are at 
a high risk of developing ACL injury.11 

Female adolescents increase knee valgus motion 
following the onset of the pubertal growth spurt.12-14 
Female athletes might also land with a reduced knee 
flexion angle after puberty as age increases.15 This 
phenomenon is probably the consequence of rapid 
physical development. In addition, female adoles-
cents do not demonstrate sufficient neuromuscular 
adaptation to rapid skeletal growth like male adoles-
cents.12 Since these changes in female adolescent 
movement patterns coincide with an increase in the 
number of ACL injuries, changes in landing mechan-
ics might be a factor contributing to the increased 
incidence of ACL injuries in female athletes after 
the pubertal growth spurt. 

Implementation of neuromuscular training strate-
gies in children and adolescents to reduce the risk of 
developing ACL injuries has been recently encour-
aged.16 A meta-analysis revealed that implementing 
injury prevention training in the mid-teen years was 

more effective in reducing ACL injury than in the 
late teen or early adult period.17 This finding sug-
gests that injury prevention training should be initi-
ated in young athletes. 

Although injury prevention training seems to be 
effective in reducing the number of ACL injuries in 
adolescents, there is a need to understand the under-
lying mechanisms of this phenomenon. There is a 
lack of knowledge regarding the relationship between 
the changes in knee mechanics that may be asso-
ciated with pubertal growth and injury prevention 
training. Several studies have evaluated the effect of 
injury prevention training on dynamic knee align-
ment in adolescents.18-20 However, it is still unknown 
whether injury prevention training is effective in 
limiting the movement pattern changes associated 
with pubertal growth in female adolescents.

To the best of the authors’ knowledge, no studies have 
investigated the effect of injury prevention training 
on knee mechanics, specifically during puberty. 
Thus, the purpose of this study was to evaluate the 
effect of injury prevention training on dynamic knee 
alignment in female basketball players specifically 
when the knee mechanics were changing during 
puberty. The authors hypothesized that the imple-
mentation of an injury prevention training program 
in female basketball players during puberty could 
limit the loss of dynamic knee control. 

METHODS
Subjects
Seventy-one female basketball players from five local 
junior high school basketball teams were recruited to 
participate in this study. A power analysis was per-
formed based on a pilot study. Thirty-one subjects 
were needed in each group to achieve 80% power 
with alpha level of 0.05 (20% difference in pKAM 
means, pooled standard deviation of 30.8%, effect 
size of 0.65). All teams trained 6 days/week and 
had similar skill level. Subjects participated in the 
study during the first 6 months of a 12-month sea-
son. Subjects were excluded from the study if they 
had a history of ACL injury, a lower extremity injury 
within 6 weeks that prevented full participation in 
basketball, any medical or neurological pathology, 
or previously participated in an injury prevention 
program. Maturational stage was evaluated using 
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the self-administered rating scale for pubertal devel-
opment.21 Subjects were categorized into five matu-
rational stages: pre-pubertal, early pubertal, middle 
pubertal, late pubertal, and post-pubertal. To evalu-
ate pubertal subjects, females who were categorized 
at a pre- or post-pubertal stage were excluded from 
the study. There were 2 pre-pubertal and 4 post-
pubertal subjects. A total of 65 subjects participated 
in the study. Two teams (n = 36; age, 13.1 ± 0.8 
years) that were able to participate in the injury pre-
vention training were assigned to the training group. 
The other three teams (n = 29; age, 13.1 ± 0.8 years) 
were assigned to the control group. A total of 60 sub-
jects (training group: n=32; control group: n=28) 
completed the study and were analyzed. Four sub-
jects from the training group and one subject from 

the control group were unable to participate in the 
post-training testing session for personal reasons. 

Injury prevention training
An injury prevention training program (Table 1) was 
developed based upon previous literature.22-25 The 
program was modified considering basketball spe-
cific skills. The focus of this program was to ensure 
proper movement patterns, particularly avoiding 
knee valgus motion and encouraging knee flexion 
during landing and cutting. The program was 20 
minutes long and was implemented as a warm-up 
routine. The training group performed the program 
three times per week for 6 months. A six-month 
training period was selected to observe the changes 
associated with growth. The initial training session 

Table 1. Injury prevention training program.
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was conducted by a physical therapist. To ensure that 
the exercises were correctly performed and to help 
advance, the therapist followed up with the subjects 
every two weeks. The coach was also trained on how 
to instruct athletes on each skill at the initial train-
ing session. The coach led the training during the 
two weeks between therapist follow-ups. The con-
trol group performed their regular training routine 
for six months. Both groups did not perform any 
additional training or conditioning which may have 
had an influence on their landing performance.

Data collection
Pre-training data were collected prior to the initial 
training session and post-training data were obtained 
after the 6-month training period in all subjects. An 
ACL injury prediction algorithm developed by Myer 
et al. was used to evaluate knee mechanics and ACL 
injury risk.26-28 This algorithm was reported to have 
high sensitivity and specificity and was able to iden-
tify female athletes who demonstrate a high knee 
abduction moment that increases the risk of ACL 
injury.26-28

Height, weight, and tibia length were measured. 
Tibia length was measured as the distance between 
the lateral knee joint line and prominence of the lat-
eral malleolus with the subjects standing with their 
knees extended. The quadriceps: hamstrings (QH) 
strength ratio was obtained using surrogate calcula-
tions by multiplying the female athlete’s body mass 
by 0.01 and adding the resultant value to 1.10.28

Two-dimensional lower extremity kinematics mea-
surements were conducted. Eight bilateral markers 
were placed on each subject in the following loca-
tions: the greater trochanter, lateral knee joint line, 
patella, and lateral malleolus. Frontal and sagittal 
plane images were simultaneously captured with 
three video cameras (30 Hz; CASIO EXILIM, Japan). 
A basketball goal was used as an overhead target. 
The subjects performed a drop vertical jump (DVJ) 
as described previously.28 The subjects stood on a box 
(31 cm high) with their feet positioned 35 cm apart. 
The subjects were instructed to drop off the box and 
immediately perform a maximum vertical jump, 
raising both arms towards the target. Prior to testing, 
the subjects were allowed to perform one to three 
practice trials to familiarize themselves with the test 

maneuver. Once the subjects were able to perform 
the test maneuver, each subject performed three DVJ 
trials. No feedback was provided between the trials.

Data analysis
Frontal and sagittal images of the first DVJ landing 
were analyzed. The video files were first de-interlaced 
using VirtualDub software (Avery Lee). Then the 
data were imported into ImageJ software (National 
Institute of Health, USA) to measure the knee val-
gus motion and knee flexion range of motion. The 
knee valgus motion was defined as the displacement 
between the patellar markers at the frame prior to ini-
tial contact and at the frame with a maximum medial 
position on the analyzing leg, and was calculated 
using the frontal view. The displacement measure-
ments were calibrated using a known distance. The 
knee flexion angle was measured in the sagittal view 
with the angle made by the greater trochanter, lateral 
knee joint line, and lateral malleolus. The knee flex-
ion range of motion was defined as the difference in 
the knee flexion angles at the frame prior to initial 
contact and maximum knee flexion. Using the tibia 
length, body mass, QH ratio, knee valgus motion, and 
knee flexion range of motion, the ACL injury predic-
tion algorithm was used to obtain the probability of 
a high knee abduction moment (pKAM). Only the 
left leg was analyzed since previous literatures found 
that female athletes were more likely to tear their left 
ACL than the right.29-31 Based on these studies, left leg 
was analyzed to limit data from bilateral subjects with 
assumed normal growth and risk in both legs. 

Statistical Analysis
The mean and standard deviation of the knee valgus 
motion, knee flexion range of motion, and pKAM 
were calculated for each group. A 2 × 2 (group × 
time) analysis of variance with a mixed model design 
was conducted for each dependent variable. When 
there were significant interaction effects, a post hoc 
test was performed using a Bonferroni correction. 
The alpha level was set at 0.05. SPSS Ver. 21 (SPSS 
Inc. Chicago IL, USA) was used to perform the statis-
tical analysis.

RESULTS
There were no statistically significant differences in 
the number of subjects in each stage between the 
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training and control groups (p=0.09) (Table 2). No sta-
tistically significant differences were found between 
the training and control groups for age, height, or 
body mass at the two testing sessions (Table 3). Data 
for the knee valgus motion and knee flexion range 
of motion are summarized in Table 4. A significant 
group × time interaction was found for the knee val-
gus motion (p = 0.01), knee flexion range of motion 
(p = 0.01), and pKAM (p=0.02) (Figure 1). Post hoc 
analysis revealed that the knee valgus motion was 
significantly increased in the control group (p < 
0.001), whereas it did not change in the training 

group (p = 0.64) (Table 4). Similarly, the knee flex-
ion range of motion was significantly decreased in 
the control group (p < 0.001); however, it did not 
change in the training group (p = 0.55) (Table 4). 
The pKAM was significantly increased in the control 
group (p < 0.001), but not in the training group (p = 
0.06) (Table 4).

DISCUSSION
The incidence of ACL injury increases after puberty 
in female athletes.4 Recent authors have suggested 
that the biomechanical changes associated with 

Table 2. Number of subjects in each pubertal stage.

Table 3. Subject demographics. Data are shown as mean ± SD. Training group: n = 32, 
control group: n = 28.

Table 4. Changes in the knee valgus motion, knee fl exion range of motion, and probability of a high knee 
abduction moment (pKAM). Data are shown as mean ± SD.
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pubertal growth may contribute to the increased 
occurrence of ACL injury after puberty.12-15 Injury 
prevention strategies that minimize these biome-
chanical changes during puberty are necessary. 

The results of this study support the hypothesis that 
the implementation of injury prevention training is 
effective in limiting the loss of dynamic knee con-
trol in female basketball players during puberty. 
Although injury prevention training was able to 
limit the changes in knee mechanics, no improve-
ment was observed. Previous studies evaluating high 
school female athletes found that injury prevention 
training improved knee mechanics in both the frontal 

and sagittal planes.18-20 Although the methods of eval-
uating knee mechanics were different, it seems that 
the injury prevention training was not as effective 
in pubertal girls compared with post-pubertal girls. 
This may be due to the changes in landing mechan-
ics that pubertal girls naturally develop during this 
period. A rapid increase in height and weight might 
increase torque at the knee joint.32 In addition, the 
width of the pelvis increases in girls during puberty. 
An increase in pelvic width might bring the hips to a 
more adducted position and therefore affect dynamic 
knee alignment.33 Moreover, it has been reported 
that female adolescents do not have a significant 
neuromuscular development during puberty com-
pared with male adolescents.12 With a combination of 
structural and neuromuscular changes, pubertal girls 
demonstrate changes in landing mechanics. Imple-
mentation of injury prevention training could poten-
tially enhance the neuromuscular system in female 
adolescents. Although a significant improvement 
might not be possible, limiting the changes in knee 
mechanics during this period might be a starting 
point to prevent ACL injury. In some athletes, this 
might be enough to reduce the risk of ACL injury, 
while in those who are at very high risk further train-
ing would need to be done. The effect sizes of the 
difference between the two groups in the knee val-
gus motion, knee flexion range of motion, and pKAM 
were Cohen’s d = 0.70, 0.79, and 0.61, respectively. 
With these medium to large effect sizes, the authors 
believe that the posttest differences between the two 
groups were clinically important. 

The pKAM in the training group was increased fol-
lowing the training period, although it was not sta-
tistically significant. This may be due to the physical 
growth factors, as the algorithm includes the body 
weight and tibia length. During the 6-month period, 
the height and weight of the training group subjects 
increased by 1.6 cm and 3.5 kg, respectively. Sim-
ilarly, the control group subjects gained 1.1 cm in 
height and 2.7 kg in weight. These physical growth 
factors might have played a role when evaluating 
ACL injury risk in female adolescents.

One of the limitations of this study was that the knee 
kinematics was evaluated using two-dimensional mea-
surements. Although a good correlation between two-
dimensional and three-dimensional analysis has been 

Figure 1. The pretest and posttest knee valgus motion, knee 
fl exion range of motion, and pKAM in the training and control 
groups. *Signifi cant difference between pretest and posttest (p < 
0.001).
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reported in the previous studies,26,27 two-dimensional 
measures might not represent the complex 3 dimen-
sional movements that occur about the knee during 
athletics. In addition, the use of the pKAM might not 
be as accurate as the laboratory-based assessment to 
evaluate the risk of ACL injury. However, the use of 
this assessment tool is less costly and easier to apply; 
thus, it is more clinically relevant. Another limitation 
was that the subjects in this study were junior high 
school students with an age between 12 and 14 years. 
This age group might not be representative of all of 
the stages of puberty, as many of the subjects were 
categorized in the middle or late pubertal stages. In 
addition, in this study, randomization during group 
allocation and blinding of the examiner were not 
achieved. This may have produced unintentional 
biases. Also, the generalizability of the results of the 
present study was limited due to the use of a conve-
nience sample. Additional factors such as ethnicity or 
position played were not considered. Since these fac-
tors could affect landing mechanics, they may have 
influenced the results of this study. 

Future studies should focus on evaluation of factors 
that contribute to the changes in landing mechan-
ics in girls during puberty such as body composi-
tion, strength, and neuromuscular control. Further 
understanding of these factors would help identify 
what should be addressed in the injury prevention 
programs for maturing female athletes. In addition, a 
long-term follow-up and investigations of ACL injury 
rates after injury prevention training for pubertal 
females are necessary. 

CONCLUSION
Implementation of an injury prevention training pro-
gram was effective in limiting the increase in knee 
valgus motion and decrease in the knee flexion range 
of motion during landing in female basketball players 
during puberty. Although a significant improvement 
in the landing technique was not observed, affecting 
the factors that contribute to the risk of ACL injury 
might be possible in this population. 
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