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Effect of Strength Training on Jump-Landing
Biomechanics in Adolescent Females

Daniel C. Herman, MD, PhD, " Kimberly A. Pritchard, PhD, ATC,*
Nicole L. Cosby, PhD, ATC,® and Noelle M. Selkow, PhD, ATC'"

Background: Sex-based differences in neuromuscular characteristics relevant to anterior cruciate ligament (ACL) injury
risk may arise as compensation for divergent strength development during puberty. Strength training during this period may
prevent the development of these undesirable neuromuscular characteristics.

Hypothesis: Strength-trained middle school girls will have improved jump-landing biomechanics compared with control
participants.

Study Design: Cohort study.
Level of Evidence: Level 3.

Methods: Maximum voluntary isometric contraction in hip extension and abduction and knee extension and flexion as
well as Landing Error Scoring System (LESS) scores were collected for healthy female middle school students of grades 6 to
8. Strength-training participants (STR: N = 30; height, 1.63 + 0.07 m; mass, 48.1 £ 7.6 kg; age, 12.5 £ 1.0 y) were matched
with control participants (CON: N = 30; height, 1.60 £ 0.09 m; mass, 47.2 + 8.9 kg; age, 12.6 + 0.9 y). The training consisted
of a 6-month strength-training program administered through a gym class curriculum that targeted the lower extremity. A
repeated-measures mixed-model analysis of variance was used for comparisons between groups and across time (a = 0.05).
Stepwise linear regression was used to examine the relationship between strength change and LESS score change.

Results: Strength values (N-m/kg) increased across time and to a greater degree in STR for hip extension (baseline
3.98 £ 1.15 vs follow-up 4.77 + 1.80), hip abduction (4.22 £ 1.09 vs 5.13 % 2.55), and knee flexion (3.27 + 0.62 vs 3.64 +
1.40) compared with CON. LESS grades significantly decreased across time in STR (5.58 + 1.21 vs 4.86 + 1.44) and were
significantly lower than CON (5.98 £ 1.42) at follow-up (P < 0.001). The change in hip extension and knee extension
strength explained 67% of the variance (P < 0.001) in the LESS change score in the STR group.

Conclusion: A school-based strength-training program that focused on hip and knee musculature significantly improved
jump-landing biomechanics (as determined by LESS) relevant to ACL injury risk. Further investigation using different
strength-training approaches in this age group is warranted.

Clinical Relevance: Strength training during adolescence holds promise as an injury prevention program. The use of
a school-based approach is novel and may represent a robust opportunity for injury prevention programs, as physical
education class is often mandatory in this age group.
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tudies have repeatedly demonstrated that female patients | Differences in lower extremity biomechanics are believed
have a higher rate of noncontact anterior cruciate to be a significant contributor to this sex bias in injury
ligament (ACL) injury than male patients.”**"*’ risk, 1%
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These differences in lower extremity biomechanics increase
during maturation and are associated with a concomitant increase
in injury risk. 1214042 Seycrural changes such as with height
and body mass may result in increased forces during sports
activities.""*"* " Increases in strength may help athletes
accommodate these changes in height and mass; however, male
athletes tend to gain greater strength during maturation compared
with their female counterparts; peak strength gains tend to follow
peak height velocity and peak mass velocity closer in male
athletes.” This “uncoupling” of strength in both magnitude and
temporal effect from changes in height and mass may help drive
the development of compensatory high-risk biomechanics in
female athletes and thus increase injury risk.***

Lower extremity biomechanics can be improved and the risk of
ACL injury decreased via neuromuscular-based interventions."”*”
However, these studies have primarily focused on improving
existing altered lower extremity biomechanics as opposed to
preventing the high-risk biomechanical patterns, which may
develop during maturation. An intervention that improves
strength development in female athletes during maturation may
serve to prevent the development of risky biomechanical
patterns and hence reduce future risk of ACL injury.24'29

Strength-training interventions in prematuration female
athletes may have an advantage over multicomponent injury
prevention programs. It may be easier to gain acceptance by
athletes and coaches because of its performance benefits.
Simple strength-training regimens may also be easy to
implement and could potentially even be part of the curriculum
for a physical education class, which is often mandatory in
middle schools in the United States. To date, strength-training
interventions have had mixed results in improving lower
extremity biomechanics; however, most of these studies have
targeted postmaturation participants such as college-aged
athletes.*™*7% As such, the strength interventions in these
studies were applied after the development of altered
biomechanical patterns rather than as a method of preventing
the development of these biomechanical patterns.

To date, there is only 1 study that has investigated the effects
of strength training on lower extremity biomechanics in girls
during maturation. Parsons et al®® examined the effect of lower
extremity strengthening on Landing Error Scoring System (LESS)
grades in girls aged 10 to 14 years compared with upper
extremity strengthening in an active control group. Although no
differences were found between the 2 groups, the investigators
noted that the upper extremity strengthening program in the
active control group may have resulted in improvements in core
strength and control.* This is significant, as core strengthening
has been shown to improve biomechanics in postmaturation
athletes.*'"*** The investigators did report increases in strength
measures for 10-repetition maximums of squats and lunges in
the intervention group and chest presses and curls in the
control group‘%; however, they appeared to assess neither lower
extremity strength gains by the control group nor strength gains
by individual joint motion in either group. As such, the
possibility exists that the strength-training intervention was not

of sufficient intensity, frequency, or duration to create a
differential effect in strength compared with the active control
group. Of note, postintervention measures of grip strength,
push-ups, and vertical jump height appeared to be similar
across the 2 groups.*

Given the potential for strength training during maturation to
reduce ACL injury risk, it is important to gain an understanding of
the effects of strength training on lower extremity biomechanics
in this age group. This includes an understanding of the effects of
strength training on different lower extremity muscle groups, as
well as how strength develops in control participants. The
purpose of this study was to examine the effect of a school
physical education class-based strength training program on
lower extremity strength and jump-landing biomechanics in
middle school girls compared with matched control participants.
We hypothesized that lower extremity strength would be greater
and LESS grades would be lower in the strength-training group
after implementation of a school-based strength-training
curriculum compared with control participants. We further
hypothesized that the magnitude of change in LESS score would
be significantly associated with strength changes.

METHODS

Participants were female students recruited from local area
middle schools in Charlottesville, Virginia, in a clustered,
nonrandomized fashion. Participants were required to be in
sixth, seventh, or eighth grades at the time of baseline testing
and were excluded if they had any musculoskeletal injury that
would preclude participation in sports within the prior 3
months. Study participants in the strength-training group (STR;
n = 30) were at a single private middle school (height, 1.63 £
0.07 m; mass, 48.1 £ 7.6 kg; age, 12.5 = 1.0 y) underwent a
6-month strength-training program, while control participants
(CON; n = 30) (height, 1.60 £ 0.09 m; mass, 47.2 £ 8.9 kg; age,
12.6 £ 0.9 y) were selected from a separate observational study
using the same data collection methods, which involved 2
public and 2 private middle schools. CON participants were
matched to STR participants on a 1-to-1 basis using age (within
4 months), height (within 6 cm), and mass (within 5 kg) as the
matching criteria. This study was approved by the institutional
review board at the University of Virginia. Informed consent
was obtained from the parents of the participants, and assent
was obtained from the participants themselves.

Data Collection

In the first month of the academic school year at each location,
participants were assessed for their height and mass using a
standard scale and stadiometer. A handheld dynamometer
(Chatillon DFX2-200; Ametek, Inc) was used to obtain the
maximum voluntary contraction strength in newtons, which was
then standardized to participant height and mass. Maximum
voluntary contraction strength was obtained for the following
motions with landmarks assessed by visual assessment and direct
palpation following the protocol of the Joint Undertaking to
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Table 1. Outline of strength-training exercises

Initial Exercises

Knee extensions (supine position, hip at 45° of flexion)

Knee flexions (standing position, hip at neutral)

Hip extensions (quadruped position, knee at 90°)

Hip Abductions (side-lying position, knee at 0 degrees)

Forward lunges

Advanced Exercises Progression

Increasing sets (2-3) and repetitions (8-12)

Side lunges Initial to advanced exercises
Squats Advanced to initial with resistance bands
Supine bridges Initial with resistance to advanced with resistance as able

Prone planks

Increasing resistance with an exercise group

Side-lying planks

Monitor and Prevent (JUMP)-ACL study: hip extension (prone,
dynamometer positioned at posterior distal thigh, hip at neutral,
90° of knee flexion); hip abduction (side-lying dynamometer
positioned at lateral distal thigh, hip at neutral, 0° of knee flexion);
knee extension (sitting, dynamometer at the anterior distal leg,
hip, and knee at 90°); and knee flexion (prone, dynamometer at
the posterior distal leg, hip in neutral, knee at 90°).” Strength
measures from handheld dynamometers using these and similar
positions have good to excellent reliability (inter- and intrarater
coefficients, >0.70).'* Each participant was allowed 1 practice
trial. Each trial was for a 3-second duration during which verbal
encouragement was provided to the participant. Three trials in
each position were obtained, with the peak force generated
during each recorded, averaged, and standardized to the height
and mass of the athlete.

Landing Error Scoring System

Jump-landing biomechanics were assessed using the LESS. The
LESS uses 2-dimensional video during a standard jump landing
to complete a 17-item scoring rubric.” Briefly, the LESS assesses
measures such as stance width, foot position, and joint
displacement, as well as ankle plantarflexion, trunk flexion/
lateral flexion, and knee flexion and medial knee positioning on
landing. Individuals with a higher score (representing a higher
number of errors) are considered to have worse landing
mechanics compared with individuals with lower scores. This
instrument has been validated against laboratory-based
3-dimensional motion analyses and has strong interrater
reliability.”*> Furthermore, the LESS has been found to be
sensitive to changes in biomechanics from training interventions
and have predictive capacity for ACL injuries in adolescent

athletes."”"*** The LESS raters for this study completed an
internal training protocol and achieved inter- and intrarater
correlation coefficient values of at least 0.80, which
demonstrates good reliability.

The protocol from Padua et al” was followed for LESS data
collection. Briefly, a participant stood on a 30-cm tall box and
jumped forward with both feet at the same time to a landing
target positioned 50% of the participant’s height away from the
box. The participant then immediately completed a second jump
at maximal effort in a vertical direction. The jump landing was
recorded by 2 video cameras (DCR-HC38 Camcorder; Sony Corp)
positioned at a standard distance according to protocol to capture
the jump-landing motion from the frontal and sagittal planes.®
Participants were required to complete at least 1 practice jump
and were allowed to complete additional practice trials until they
felt comfortable with the task requirements. Participants then
performed 5 jump landings during data collection, with the LESS
score from the middle 3 jump landings recorded and averaged.
LESS scoring was completed in a blinded fashion using a media
player (VLC; VideoLAN) on standard computers.

Strength Training

This investigation took advantage of the presence of a new
physical education instructor for the strength-training school.
This instructor utilized a curriculum that included lower body
strength training for the students. The strength training was
completed twice a week over the course of the school year.
Students started with initial exercises that included simple single-
joint exercises performed against gravity, which were primarily
intended to target the hip extensors, hip abductors, knee
extensors, and knee flexors. Students were then progressed to
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Table 2. Participant baseline demographics

Age, y, Mean (SD)

Strength training 12.5(1.0)

Height, m, Mean (SD)
1.63 (0.07)

Mass, kg, Mean (SD)
48.1 (7.6)

Control 12.6 (0.9)

1.60 (0.09) 47.2 (8.9)

advanced exercises that included more complex multijoint
exercises such as lunges and squats (Table 1). Once these
exercises could be performed, students progressed to initial
exercises with resistance bands and then to advanced exercises
with resistance bands. Students were switched between simple
and advanced exercises depending on resistance used and other
factors such as school vacation periods. Exercises were
performed in 2 to 3 sets of 8 to 12 repetitions. The instructor
typically required students to be able to complete all exercises at
3 sets of 12 repetitions with good biomechanical form prior to
progression to other exercises; however, determinations for
exercise and resistance progression were the sole purview of the
class instructor, as it was a part of the instructor’s curriculum for
the entire class as opposed to a student-specific investigator-led
intervention. The CON participants similarly participated in a
physical education class twice a week; however, the curriculum
for the CON participants lacked a strength-training component
and was focused on general physical activity and exposure to
different sports. Both STR and CON participants repeated data
collection at the end of the school year approximately 6 months
after baseline data collection.

Data Analysis

SPSS Statistics (Version 27; IBM Corporation) was used for all
statistical analyses. Kolmogorov-Smirnov test and Levene test
were used to assess for normality and homogeneity of the data,
respectively. Strength measures and LESS scores were evaluated
using a mixed-model repeated-measures analysis of variance
with time (baseline and follow-up) and group (intervention and
control) as fixed factors. Dependent and independent ¢ tests
were used for post hoc analyses as appropriate. Stepwise linear
regression analyses were performed to determine the
relationship between individual cohort strength gains and
change in LESS scores over time. Alpha was set a priori at 0.05.

RESULTS

A total of 35 participants originally enrolled into the study with
5 dropping out from follow-up testing without providing a
reason or being otherwise unavailable for testing at follow-up,
resulting in 30 participants with complete data at both time
points. These participants were then matched to CON
participants based on the previously described matching rubric
for age, height, and mass. There were no significant differences
in participant characteristics (Table 2).

Strength and LESS

Participant strength and LESS scores for each cohort at each time
point are listed in Table 3. The data were found to be
homogeneous and distributed normally. The only difference
between the 2 groups at baseline was a greater hip extension
strength in the CON group than the STR group. A main effect across
the combined groups was demonstrated for hip abduction strength
over time. Hip extension, hip abduction, and knee flexion strength
demonstrated statistically significant group x time interactions, with
the STR group demonstrating strength gains over time.

There was also a statistically significant group x time
interaction with regard to LESS scores with STR participants
demonstrating significantly reduced (better) LESS scores over
time, as well as significantly reduced LESS scores compared
with the CON group at follow-up. Using guidelines of 0.01,
0.06, and 0.14 for small, medium, and large partial 0 effect
sizes, respectively, the effect sizes for significant effects ranged
from medium to large.

Regression Analyses

Stepwise linear regression was performed to determine the
effect of change in strength over time on change in LESS scores
for each group. Strength and LESS scores were significantly
related in the STR group, A2, 27) = 27.879, P < 0.001, with
change in hip extension strength and knee extension strength
accounting for 67% of the variance in change in the LESS score
(Figure 1). The variance inflation factor was less than 1.5,
indicating a very low level of collinearity between the 2
predictor variables. The predicted change in the LESS score

in STR participants was equal to —0.483(Ahip extension
strength) -0.286(Aknee extension strength). While a significant
regression equation was found for change in the LESS score for
the CON group, F(1, 28) = 18.910, P < 0.001, the only predictor
was change in knee extension strength, which accounted for
37% of the variance in change in the LESS score (Figure 2). The
predicted change in the LESS score in CON participants was
equal to —0.552(Aknee extension strength).

DISCUSSION

We hypothesized that lower extremity strength would be greater
and LESS grades would be lower in the STR group after strength
training compared with CON participants. STR participants
experienced increases in hip extension, hip abduction, and
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Table 3. Strength and LESS outcomes?

Hip Extension Strength

Group Baseline, N-m/kg Follow-up, N-m/kg
Strength training (STR) 3.98 (1.15) 4.77 (1.80)
Control 4.63 (1.08) 4.38 (1.13)

Analysis
Main effect (time)

F(1, 58)
2.810

P
0.099

Partial n?
0.046

Observed Power
0.378

Interaction (group x time)

9.990

0.003°

0.147

0.875

Hip Abduction Strength

Group Baseline, N-m/kg Follow-up, N-m/kg
Strength training 4.22 (1.09) 5.13 (2.55)
Control 4.59 (1.83) 4.97 (1.74)

Analysis

F(1, 58)

P

Partial n?

Observed Power

Main effect (time) 7.490 0.008 0.114 0.767
Interaction (group x time) 4.463 0.039° 0.061 0.512
Knee Extension Strength

Group Baseline, N-m/kg Follow-up, N-m/kg

Strength training 4.66 (0.89) 5.29 (1.66)

Control 5.18 (1.96) 5.29 (1.90)

Analysis F(1,58) P Partial n? Observed Power
Main effect (time) 1.243 0.270 0.021 0.195
Interaction (group x time) 1.249 0.268 0.021 0.196

Knee Flexion Strength

Group Follow-up, N-m/kg Baseline, N-m/kg

Strength training 3.27 (0.62) 3.64 (1.40)

Control 3.46 (0.76) 3.29 (0.76)

Analysis F(1,58) P Partial n? Observed Power
Main effect (time) 1.120 0.294 0.019 0.180
Interaction (group x time) 5.186 0.026¢ 0.082 0.610

Landing Error Scoring System (LESS)

Analysis
Main effect (time)

F(1, 58)
0.794

Group Follow-up, error grade Baseline, error grade
Strength training 5.58 (1.21) 4.86 (1.44)
Control 5.60 (1.34) 5.98 (1.42)

P
0.376

Partial
0.014

Observed Power
0.142

Interaction (group x time)

8.102

0.006°

0.123

0.799

#alues are presented in mean + SD.

“Control (CON) greater than strength-training (STR) groups at baseline (P= 0.029); STR increased at follow-up compared with baseline (P= 0.003).
°STR increased at follow-up compared with baseline (P= 0.023).
%STR increased at follow-up compared with baseline (P= 0.023).
°STR decreased at follow-up compared with baseline (P= 0.005); CON greater than STR at follow-up (P= 0.004).
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R?=0.674

Predicted Value
KN

-3 °

-4

-4 -2 0 2 4

ALESS

Variance
Inflation
Factor

Step 1% | 0.744 | 0.553 34.701 | <0.001 1.000

Step2” | 0.821 | 0.674 9.996 0.004 1.489

Figure 1. Strength training group linear regression
scatterplot. LESS, Landing Error Scoring System.
“Predictors: constant, Ahip extension strength.

bPredictors: constant, Ahip extension strength, Aknee extension
strength.

Predicted Value

Variance
Inflation
Factor

Model

Step 1 | 0.609 | 0.371 18.910 | <0.001 | 1.000

Figure 2. Control group linear regression scatterplot. LESS,

Landing Error Scoring System.
“Predictors: constant, Aknee extension strength.

knee flexion strength over time; similarly, the STR participants
had a significant decrease in LESS scores over time, while LESS
scores slightly increased in CON. These results largely
confirmed our hypothesis.

These results are in contrast to a prior study investigating the
effect of strength training in girls during adolescence. Parsons
et al*® randomized female athletes aged 10 to 14 years to a
leg-strengthening group and an active control group (upper

extremity strengthening) for a period of 12 weeks. No difference
in LESS scores between the 2 groups after the intervention. The
lack of findings may be attributable to several factors. Sample
size was smaller (total N = 30) compared with the current
investigation (N = 60). While the strength-training curriculum
employed in this study had a similar training frequency (ie,
twice per week), the strength training in our study was
completed over a 6-month period during the school year. This
may have allowed greater effects to occur over time.

Furthermore, it is unclear whether significant lower extremity
strength gains were achieved by the intervention group in the
study by Parsons et al® They used grip strength, push-ups, and
vertical jump height as the strength and performance outcome
measures; however, these measures did not directly assess
strength of the lower extremities. The most relevant measure
(vertical jump height) did not demonstrate significant
differences over time.* They did report strength gains in
10-repetition maximums in squats and lunges in a subset of the
intervention group but did not report on strength changes in
these tasks by the control group. The STR group in our
investigation demonstrated significant strength gains in 3 of our
4 lower extremity measures relative to the CON group.

Finally, the authors in the prior study acknowledged potential
limitations in their study concerning their control group. In
using an active control that completed upper extremity strength
training, the participants may have received unintended
improvements in core strength and neuromuscular control. Poor
core strength is considered a risk factor for injury, and core
strengthening has been shown to improve neuromuscular
control in previous studies.*'***" Thus, an active upper
extremity strengthening control group may have confounded
their results. The control group in our investigation did not have
any formal strength training of any type.

The results from the CON group are largely consistent with
previous studies, which have demonstrated a lack of significant
neuromuscular performance improvement in girls during
adolescence. These studies demonstrated that female athletes tend
to have worse performance in lower extremity stiffness and knee
abduction angles and moments with landing patterns considered
to increase ACL injury risk.”"**' Prior studies have also
demonstrated that gitls tend to have no change or worsening
performance in measures of strength, vertical jump height, and
power over the course of adolescence. > The CON group did
not demonstrate statistically significant changes in strength.

We also hypothesized that the magnitude of change in the
LESS score would be associated with strength changes. The
LESS score change over time in the STR group was significantly
associated with specific strength gains with hip extension and
knee extension accounting for 67% of the variance in the LESS
score change. However, the LESS score change over time in the
CON group was only associated with strength gains in knee
extension, which accounted for 37% of the variance in the LESS
score change. It is possible that a formal strength-training
program during adolescence may have effects on
neuromuscular control beyond what may be gained by naturally
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occurring strength gains, even when of similar magnitude. This
may particularly be the case when considering the types of
strength-training tasks implemented toward the end of the
curriculum, which included tasks requiring multijoint dynamic
control such as lunges and squats. These activities may have
resulted in additional mechanisms of effect on neuromuscular
control through improved balance and coordination.

We were particularly curious that change in hip abduction
strength did not have any predictive capacity for change in the
LESS score for either group. We expected that hip abduction
would significantly affect LESS scores through improvements in
frontal plane control, particularly with respect to medial knee
positioning and displacement. However, recent studies suggest
that hip extension strength may have a significant role with
respect to hip adduction and knee abduction angles.“/a’“/6 Thus,
hip extension strength may be a particularly important target for
injury prevention programs, as it may mediate its effect in both
important sagittal and frontal plane neuromuscular components.

The baseline biomechanical characteristics of the study
participants were generally in line with previous studies
including Parsons et al® with average LESS scores of 6.8 and 0.4
for the intervention and control groups, respectively. LESS
scores were similar to those of Padua et al* with demonstrated
baseline LESS scores of 5.70 and 5.17 in extended- and
short-duration neuromuscular control training participants,
respectively, and were slightly higher than the 4.46 average LESS
from a prospective cohort study by Padua et al.*> However, the
participants in both of these studies were recruited from a larger
age range and included both male and female participants.****

It is worth noting that the average LESS improvement of 0.72
in this study is small relative to the neuromuscular training
programs employed by Padua et al.** In their study, the
short-duration group performed the neuromuscular intervention
for 3 months, whereas the extended duration group performed
the intervention for 9 months. The average improvement in
LESS scores were 1.78 and 1.63, respectively, or twice the
average gains compared with the current study. While there are
differences between the present study and that of Padua et al**
in terms of the participant populations, additional training
modalities such as balance and plyometrics likely provides
additional benefit to neuromuscular control.***"*

Limitations

This investigation has many limitations. The most significant of
these was the lack of data regarding the maturational stage of
the participants. This was the result of a restriction imposed by
the school leadership at the strength-training school. This
limitation may act as a confounding factor, particularly with
regard to the matching of CON to STR participants. Furthermore,
it is possible that there were differences in progression of
maturation over the course of the school year between the STR
and CON groups, which also may be a confounding factor.
Strength assessments were conducted using handheld
dynamometers. While strength assessments using these
techniques have been demonstrated to have good reliability in

previous studies, "% reliability was not assessed in the current
study.

The study was also limited in its assessment of lower extremity
biomechanics. The LESS has been demonstrated to be valid and
reliable in comparison with laboratory-based 3-dimensional
measures of lower extremity jump landing biomechanics"*’;
despite this, the relationship between the LESS and ACL injury
risk is somewhat unclear. The LESS has not been demonstrated
to be predictive of ACL injury in adults,” but has been
demonstrated to be predictive of ACL injury in elite youth
soccer players (mean age, 13.9 + 1.8 years) with a LESS grade of
5 generating a sensitivity of 86% and a specificity of 64% for
ACL injury during the season.

Another limitation was the lack of control in the strength-
training program. The physical education instructor instituted
the training as a formal component of the curriculum, as
opposed to the investigators. Additionally, we did not control
for activities that may have occurred outside of the physical
education classroom. The advantage of this being a component
of a school physical education curriculum is that it provides
evidence that a school-based training program may be a feasible
means of intervening to prevent the development of
neuromuscular control patterns associated with an elevated risk
of injury. While several other studies have demonstrated the
efficacy of injury prevention programs in older age groups,
widespread implementation of these training programs has been
lacking. Using a school-based approach may help address these
current implementation challenges.”

CONCLUSION

A school-based strength training program focused on the hip
and knee musculature was significantly associated with
improved jump-landing biomechanics that may be relevant to
ACL injury risk.
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