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Section II — Exercise Physiology and Sports Medicine

Effects of Mixed Training on Biomechanical Risk Proxies
for ACL Injury in Trained Youth Basketball Athletes

by
Loudovikos-Dimitrios Liosis 1>, Jordan Santos-Concejero ?,
Raul Martinez-Santos 2

Mixed training may serve as a tool to mitigate injury risk by reducing lower-limb asymmetries, enhancing
neuromuscular control, and optimizing landing biomechanics. The purpose of this study was to investigate the effects of
mixed training on unilateral lower-limb stiffness (LLS) and the landing error scoring system (LESS) as biomechanical
risk proxies associated with anterior cruciate ligament (ACL) injuries. Thirty-two trained youth male basketball athletes
were randomly assigned to a French contrast, a contrast, or a complex training protocol in a six-week mesocycle with a
training frequency of twice per week. All groups performed pre- and post-training intervention measurements of
unilateral drop jump stiffness and the bilateral drop jump LESS. Two-way ANOVAs revealed significant interaction
effects between the round and the protocol for non-dominant LLS (p = 0.03) and the LESS (p = 0.003). Athletes
experienced significant and pronounced improvements in non-dominant LLS and the LESS following complex (LLS: p =
0.0008, d =1.30; LESS: p = 0.005, d = 1.41) and contrast (LLS: p = 0.017, d = 1.10; LESS: p = 0.007, d = 1.35), but not
French contrast training strategies. Linear regression showed significance (p = 0.009), with changes in non-dominant
LLS accounting for 21% of the variance in LESS changes. Our findings demonstrate the effectiveness of both complex
and contrast training as an indirect ACL injury risk minimization tool via improvements in non-dominant LLS and the
LESS. Such improvements may be attributed to post-intervention neuromuscular adaptations, including greater higher-
threshold motor unit recruitment, rate coding, and synchronization.
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minimization interventions targeted to basketball
athletes at the grassroots level (Joseph et al., 2013).

The development of lower-limb stiffness
(LLS) has been correlated with more efficient
landing biomechanics, which help prevent
excessive loading of the ACL and protect athletes
from decreases in lower-limb dynamic stability
and an increased risk of ACL injury (Blackburn et

Introduction

One of the most common injuries
requiring surgery in youth basketball athletes is an
anterior cruciate ligament (ACL) tear (Joseph et al.,
2013). Although not as common as in females, an
ACL injury rate of 2.3 incidents per 100,000 athletes
has been reported in male high school basketball

athletes (Joseph et al., 2013). Non-contact ACL
injuries account for up to 70-84% of all cases and
typically occur during high-risk basketball
movements, such as cutting/stopping drills
coupled with deceleration/change of direction, and
landing from a jump (Kaneko et al., 2017). These
patterns underscore the need for ACL injury risk

al., 2013; Zhang et al., 2023b), while simultaneously
promoting improvements in various athletic tasks
and physical performance variables (Brazier et al.,
2019). Exercise modalities targeting unilateral LLS
are of paramount importance and should be
incorporated into ACL injury risk minimization
strategies; in fact, Zhang et al. (2023b)
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demonstrated that inadequate levels of LLS during
a single-leg drop jump (D]J) test corresponded with
lower levels of dynamic stability, knee joint
hypermobility, and an increased risk of non-
contact ACL injuries. Knee joint stiffness, achieved
via greater muscle activation, is considered
essential for maintaining joint stability during
activities deemed high-risk for ACL injury, such as
landing (Ambegaonkar et al., 2011). It must be
emphasized that when an athletic task requires
increased levels of LLS, a solid strength base must
already be established in the corresponding
musculature to manage the substantial loading
rate demands and limit the inherent injury risk
associated with the activity (Brazier et al., 2019).

The constituent elements of mixed training
(MT) strategies are compatible with the
components of ACL injury risk minimization
protocols recommended by Nessler et al. (2017),
including plyometrics, integrative neuromuscular
training, and strength exercises, and can effectively
target the development of LLS. To our knowledge,
only one study has explored the effect of MT on
neuromuscular strength and landing kinematics
from a knee injury perspective in youth athletes.
Humphrys et al. (2018) investigated the effects of a
6-week MT program, performed once per week
and incorporating bilateral lower-body complex
training pairs, on the countermovement jump
(CMJ) vertical displacement, CM] power output,
the landing error scoring system (LESS), and
single-leg CMJ vertical displacement in youth
netball players. Those authors reported significant
improvements in CM]J vertical displacement and
power output, as well as in the LESS and non-
dominant leg CM] vertical displacement,
suggesting that MT can serve as a viable tool to
indirectly mitigate injury risk by reducing lower-
limb asymmetries, enhancing neuromuscular
control, and optimizing landing biomechanics
(Humphrys et al.,, 2018). Future studies should
focus on the effect of MT on LLS as a potential
mechanism for knee injury risk minimization
(Humphrys et al., 2018). Assessment of unilateral
LLS may enable practitioners to identify
neuromuscular deficits as well as the adaptive
neuromuscular reserve for LLS regulation in youth
athletes, thereby allowing targeted interventions
through specialized injury risk minimization
strategies (Tai et al., 2025).

Therefore, the purpose of this study was to
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investigate the effects of short-term MT on
unilateral LLS following a 6-week mesocycle in
trained youth basketball players, with the aim of
evaluating its indirect potential as an ACL injury
risk minimization training strategy, indicated by
changes in the LESS. It was hypothesized that MT
would increase unilateral LLS in both limbs, with
greater adaptations in the non-dominant limb. It
was also hypothesized that MT would improve the
LESS, reflecting more optimal landing mechanics
(Padua et al., 2009).

Methods

Participants

Thirty-two male basketball athletes (age
16.06 + 0.79 years; body mass 71.34 + 9.75 kg; body
height 183.06 + 6.53 cm) voluntarily took part in
this experiment. All athletes had at least four years
of experience as competitive athletes, as well as a
minimum of 2 years of supervised resistance
training experience, consisting of free weights,
plyometrics, and  Olympic  weightlifting
components. The biological maturity of the
participants was not assessed in this study.
Athletes, parents, and coaches were informed
about the purpose and procedures of this study.
Informed assent was read and approved by all
participants and informed consent forms were
signed by the parents of all athletes to confirm the
inclusion of their children in the training
intervention. All information was delivered in a
simplified and easy to comprehend format. Ethical
approval was granted by the Institutional Review
Board of DEREE—The American College of
Greece, Athens, Greece (IRB protocol: #202405432;
approval date: 16 May 2024). All procedures of this
study were in accordance with the Helsinki
declaration of 1975, as revised in 2024. Based on a
power analysis conducted before the beginning of
this experiment, thirty-two participants were
needed to establish a statistical power above 0.80
with an effect size of 0.5 and expected type I error
of 0.05.

Design and Procedures

This study employed a parallel-group
design in which one experimental group followed
a French contrast (FCT) MT protocol, a second
experimental group performed a traditional
complex (CXT) MT protocol, a third experimental
group completed a contrast (CT) MT protocol, and
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a control group (CG) resumed standard basketball
practice and on-court strength and conditioning.
Participants were randomly allocated to the FCT
group (n = 8), the CXT group (n =8), the CT group
(n=8), or the CG (n =8) during a 6-week mesocycle
with a training frequency of twice per week. All
experimental groups and the CG underwent pre-
and post-training measurements, consisting of the
evaluation of the kinetic parameter of unilateral
LLS and the LESS, used for indirect ACL injury
screening.

All experimental protocols incorporated
both vertical and horizontal muscle force vector
orientation lower-body exercises, the concomitant
inclusion of which had been demonstrated to
enhance jump performance in youth athletes
(Abade et al., 2021). The bilateral and unilateral DJ
exercises used to evaluate the LESS and LLS in this
study were also characterized by both vertical and
horizontal muscle force vectors, with horizontal
ground reaction forces stabilizing the body and
controlling the center of mass upon landing and
vertical ground reaction forces absorbing impact
upon landing and propelling the body upward
(Fransz et al.,, 2016). Unilateral strength training
has been suggested to be more effective for
unilateral jump power patterns, while bilateral
strength training appears more effective for
bilateral patterns (Zhang et al., 2023a). However,
concerns about suboptimal movement mechanics
during progressive overloading in unilateral
strength exercises (Zhang et al., 2023a), combined
with evidence showing minimal differences
between unilateral and bilateral plyometric
training on unilateral performance and symmetry
(Cao et al., 2024), supported the exclusive use of
bilateral strength-power training pairs in this
study.

The unilateral DJ test was initiated with a
box step-off from a height of 25 cm. Participants
were then instructed to initiate the take-off by
leaning forward, maintain hand placement on their
hips, keep their knees at full extension during
flight time, and land in an upright position by
touching down on the mat with one foot at the
same point during each successive trial (Ball et al.,
2010). Upon landing, participants were advised to
jump as high as possible, while minimizing knee
flexion and ground contact time (Ball et al., 2010).
A total of three jumps were performed for each leg,
with approximately 30 s of rest in between; the best

of the three trials was selected for further analysis.
The performance variable assessed during
unilateral DJs was single-leg LLS. The same
procedure used for the unilateral DJ test was
applied during the bilateral D] test; however, for
the bilateral assessment, a 40-cm box was
positioned at a distance equal to half the
participant's body height from the landing zone,
which was marked by a line on the ground, and
participants executed the drop jump using both
legs instead of one (Padua et al., 2015). The testing
variable for this task was the LESS.

Upper-body exercises were also included
in the training protocols given the potential
importance of upper-body strength to contribute to
jumping performance (Curovic et al, 2024).
Training volume was equalized across the
experimental protocols. The constituent elements
of the MT protocols and a schematic representation
of the experiment are presented in Table 1 and
Figure 1C, respectively.

All athletes completed D] experimental
testing five days prior to and five days post-
intervention to evaluate performance changes. All
testing sessions were conducted in the evening
(between 19:00 and 21:00) to minimize diurnal
variations in DJ performance and optimize core
body temperature, a key factor affected by the
circadian rhythm (Trajkovi¢ et al., 2024). Prior to
the  pre-experimental
participants completed a familiarization session

measurements, all

during which they were introduced to the testing
equipment and evaluated their maximal strength
in all resistance training exercises included in the
intervention protocols.

At the outset, participants performed a
standardized total body warm-up routine
consisting of 5 min of light jogging followed by 5
min of dynamic stretching activities and mobility
drills. Subsequently, participants undertook a
standardized one repetition maximum (1RM)
strength testing protocol for the back squat, hip
thrust, landmine squat, and bench press exercises
as recommended by Li et al. (2019). For the hang
power clean (HPC) exercise, participants
completed a standardized warm-up routine as
suggested by Faigenbaum et al. (2012). Maximal
strength testing was conducted over three sessions
interspersed with 48-hour rest intervals: session 1
included the HPC exercise; session 2 consisted of
the landmine squat and barbell bench press
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exercises; and session 3 included the back squat
and hip thrust maximal strength testing.

Pre-experimental measurements were
conducted 48 hours after the final maximal
strength testing session. Unilateral LLS was
measured using an open-source, portable jump
mat (Chronojump Boscosystem, Barcelona, Spain)
interfaced with a laptop, which has been
demonstrated as a valid and reliable testing device
for monitoring changes in jump performance
(Pueo et al., 2020). For the assessment of the LESS,
two tripod-secured Samsung Galaxy A55
smartphones, each equipped with embedded
digital video cameras consisting of a 64-megapixel
main sensor, an 8-megapixel ultra-wide lens, and a
5-megapixel depth sensor, were used to capture
video footage for subsequent analysis. The
cameras were positioned 3 m in front of and to the
right of the participants to capture frontal and
sagittal plane views of all landing efforts;
movements were analyzed beginning at the initial
ground contact frame, defined as the frame
immediately before the foot was flat on the ground,
and throughout the period between initial contact
and maximum knee flexion (Padua et al., 2015).
The LESS has been demonstrated as a valid and
reliable clinical screening tool for identifying high-
risk movement patterns during DJ landing tasks
(Padua et al., 2009).

Statistical Analysis

The statistical analyses for this experiment
were conducted using R statistical software (R
4.3.1) within R Studio (R studio, PBC, USA).
Descriptive statistics (mean + SD) were provided
for the variables of unilateral LLS and the LESS,
followed by normality and sphericity analysis. In
cases where the sphericity assumption was
violated, the Huynh-Feldt correction factor was
applied when epsilon was greater than 0.75,
whereas the Greenhouse-Geisser correction factor
was applied when epsilon was less than 0.75.

A  two-way factorial ANOVA with
repeated measures on the first factor (2 rounds:
pre-training and post-training x 4 protocols: CXT,
CT, FCT, CG) was then conducted to examine pre-
to post-intervention differences within and
between the experimental protocols. In cases
where significant interaction effects were detected,
the simple effects method with Bonferroni
confidence-interval (CI) adjustment was used to
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compare pre- and post-intervention data for each
dependent variable (LLS, LESS). Significance for all
analyses was set at p < 0.05. Cohen’s d effect sizes
and their 95% CIs between pre- and post-
experimental measurements were also calculated
and interpreted as trivial (0.00-0.19), small (0.20-
0.59), medium (0.60-1.19), large (1.20-1.99), or very
large (2.00-3.99), using the scale developed by
Hopkins et al. (2009).

Finally, a Pearson product-moment
correlational analysis was conducted to examine
the relationship between changes in LLS and
changes in LESS scores, followed by a simple linear
regression to determine whether LLS changes
could explain changes in landing performance. The
regression analysis was exploratory and
hypothesis generating, rather than a confirmatory
test of pre-specified hypotheses. Correlation
magnitudes (r) of 0.1, 0.1-0.3, 0.3-0.5, 0.5-0.7, 0.7—
0.9, and >0.9 were interpreted qualitatively as
trivial, small, moderate, large, very large, and
almost  perfect  correlations, respectively.
Coefficients of determination (R?) of 0.02, 0.03-0.13,
0.14-0.26, 0.27-0.39, 0.40-0.50, and >0.50 were
interpreted qualitatively as small, small-to-
medium, medium, medium-to-large, large, and
very large effects, respectively.

The bilateral and unilateral DJs performed
during the familiarization-baseline testing session
were used to calculate intraclass correlation
coefficients (ICC [3,1]), 95% ClIs for the ICC, and
coefficients of variation (CV) to determine within-
and between-participant variability in D]
performance. Reproducibility was high for all
tested variables: LESS: (CV = 6.81%, ICC =0.91; CI
95%: 0.846-0.951), LLS (dominant limb): (CV =
3.89%, ICC = 0.972; CI 95%: 0.95-0.985), and LLS
(non-dominant limb): (CV = 5.35%, ICC = 0.958; CI
95%: 0.926-0.978). The smallest real difference for
95% Cls was 1.44 points for LESS, 1355.7 N/s for
dominant LLS, and 1801.51 N/s for non-dominant
LLS.

Results

Tables 2 and 3, and Figures 1A and 1B,
present peak LLS and LESS performance from
baseline to post-intervention.

LLS

A two-way factorial ANOVA revealed a
significant interaction effect between the round
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and the protocol for non-dominant LLS: F(3, 28) =
3.46, p = 0.03. Subsequent pairwise comparisons
indicated that the CXT protocol (pre-post LLS

change =2960.01 N/m, p = 0.0008, d = 1.30; CI 95%:
0.31-2.23, large) and the CT protocol (pre-post LLS
change: 2661.74 N/m, p = 0.017, d = 1.10; CI 95%:
0.19-1.97, medium) produced  significant
improvements in non-dominant LLS. In contrast,
the FCT and the CG protocols elicited non-
significant (p > 0.05) changes in non-dominant LLS.
No significant interaction effects (p > 0.05) were
observed between the round and the protocol for
the dominant LLS variable.

LESS

A two-way factorial ANOVA revealed a
significant interaction effect between the round
and the protocol for the LESS: F(3, 28) = 5.99, p =
0.003. Subsequent pairwise comparisons indicated
that the CXT protocol (pre-post LESS change =1.25,
p=0.005, d =1.41; CI 95%: 0.39-2.39, large) and the
CT protocol (pre-post LESS change: 1.12, p = 0.007,
d = 135 CI 95%: 0.35-2.30, large) produced
significant improvements in the LESS. It should be
noted that the improvements were reflected by a
lower LESS score.

Correlational Analysis— Linear Regression

The Pearson product-moment correlation
analysis revealed a significant negative
relationship between changes in non-dominant
LLS and changes in LESS scores (#(30) = -0.45
(large), p = 0.009). Linear regression analysis
further indicated that the model was statistically
significant (F(1, 30) = 7.77, p = 0.009), with an R? =
0.21 (medium), suggesting that approximately 21%
of the variance in changes in LESS scores could be
explained by changes in non-dominant LLS. The
regression coefficient for non-dominant LLS
change was negative and statistically significant (b
=-0.00015, t (30) =—-2.79, p = 0.009).

Discussion

This study investigated the effects of three
6-week, volume-equated MT program strategies
(CXT, CT, FCT) on bilateral and unilateral DJ
performance. The CXT and CT interventions
demonstrated significant improvements in non-
dominant LLS (CXT, p = 0.0008, d = 1.30; CT, p =
0.017,d=1.10) and the LESS (CXT, p =0.005, d=1.41;

CT, p = 0.007, d = 1.35). No significant interaction
effects were detected for the dominant LLS
performance variable.

Our findings on non-dominant LLS align
with those of Toumi et al. (2004), who reported
significant bilateral LLS improvements following 8
weeks of CXT consisting of strength training
exercises followed by plyometric drills in male
handball players. However, strength and power
exercises were performed in series rather than
alternated, a configuration suggested to produce
lower effects in jump performance compared to
traditional CXT setups (Cormier et al., 2022).
Additionally, the biomechanical similarity
principle was not strictly followed (Galiano et al.,
2025), as the leg press exercise was paired with
crossover jump plyometrics. In contrast to the
protocol used by Toumi et al. (2004), Lu et al. (2026)
employed biomechanically similar strength-power
complexes by pairing heavy half squats with
unloaded hurdle jumps and reported significant
improvements in LLS during the first step of a
sprint start following 8 weeks of traditional CXT in
male  sprinters. Our study  employed
biomechanically similar exercises within a
traditional CXT configuration and further enriched
the current research pool by showing that the most
substantial LLS improvements under both
traditional CXT and CT conditions occurred in the
non-dominant limb.

To our knowledge, the only study that
utilized a unilateral jump test to measure LLS was
conducted by Scott et al. (2023), who reported
significant unilateral LLS improvements in both
the dominant and non-dominant limbs following a
6-week CXT intervention in university rugby
league athletes, employing a traditional CXT
configuration. In contrast, our study demonstrated
significant LLS increments only in the non-
dominant limb. Our training intervention appears
to have reduced inter-limb stiffness asymmetries
commonly observed in basketball athletes, who
typically exhibit higher LLS in their dominant limb
(Struzik et al., 2020), and in youth athletes around
the period of peak height velocity (Madruga-
Parera et al, 2019). This reduction may be
attributed to neuromuscular adaptations that
enhance stiffness regulation, particularly in the
non-dominant limb (Tai et al., 2025).
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Table 1. Experimental training protocols for Day 1/Day 2 (Part I).

Week

Week 1-2

Weeks 3-4

Week 5-6

French Contrast Training*

Exercise 1A

Squat/Hang Power Clean & Jerk!

Squats/Hang Power Clean &

Squats/Hang Power Clean & Jerk

Sets x Reps 1x3 @80/70% 1RM Jerk 1x3 @90/80% 1RM
1x3 @85/75% IRM
Exercise 1B CMJS/DJs* CM]Js/DJs CMJs/DJs
Sets x Reps 1x3 1x4 1x5
Exercise 1C Barbell Squat Jumps® Barbell Squat Jumps Barbell Squat Jumps
Sets x Reps 1x3 @35% IRM 1x3 @40% IRM 1x3 @45% IRM
Exercise 1D Assisted CM]Jsé Assisted CMJs Assisted CM]Js
Sets x Reps 1x3 1x4 1x5
Exercise 2A Landmine Squat/Brb Hip Landmine Squat/Brb Hip Landmine Squat/Brb Hip Thrusts
Sets x Reps Thrusts? Thrusts 1 x 3 @90/90% 1RM
1x 3 @80/80% 1RM 1x 3 @85/85% IRM
Exercise 2B BJs” BJs BJs
Sets x Reps 1x3 1x4 1x5
Exercise 2C Landmine Jumps/S. Plyo. Landmine Jumps/S. Plyo. Landmine Jumps/S. Plyo. Thrusts
Sets x Reps Thrusts? Thrusts 1x3 @45% 1RM
1x3 @35% IRM 1x3 @40% IRM
Exercise 2D Downhill BJs8 Downhill BJs Downhill BJs
Sets x Reps 1x3 1x4 1x5
Exercise 3A Barbell Bench Press® Barbell Bench Press Barbell Bench Press
Sets x Reps 1x3@80% 1IRM 1x3 @85% IRM 1x3@90% 1IRM
Exercise 3B Plyo. Push-Ups!? Plyo. Push-Ups Plyo. Push-Ups
Sets x Reps 1x3 1x4 1x5
Exercise 3C Smith Throws!! Smith Throws Smith Throws
Sets x Reps 1x3 @35% 1IRM 1x3 @40% IRM 1x3 @45% 1IRM
Exercise 3D Incline Plyo. Push-Ups!2 Incline Plyo. Push-Ups Incline Plyo. Push-Ups
Sets x Reps 1x3 1x4 1x5

Complex Training**

Exercise 1A
Sets x Reps
Exercise 1B
Sets x Reps
Exercise 2A
Sets x Reps

Exercise 2B
Sets x Reps
Exercise 3A
Sets x Reps
Exercise 3B
Sets x Reps

Hang Power Clean & Jerk/Squat!
2 x 3 @80/70% 1RM
DJ/CMJs*
2x3
Landmine Squat/Brb Hip
Thrusts?

2 x 3 @80/80% 1RM
BJs?
2x3
Barbell Bench Press®
2x3@80% IRM
Plyometric Push-Ups!?
2x3

Hang Power Clean & Jerk/Squat
2 x 3 @85/75% 1RM
DJs/CMJs
2x4
Landmine Squat/Brb Hip
Thrusts
2 x 3 @85/85% 1RM
BJs
2x4
Barbell Bench Press
2x3@85% 1RM
Plyometric Push-Ups
2x4

Hang Power Clean & Jerk/Squat
2 x 3 @90/80% 1RM
DJs/CM]s
2x5
Landmine Squat/Brb Hip Thrusts
2 x3@90/90% 1RM

BJs
2x5
Barbell Bench Press
2x3@90 % 1RM
Plyometric Push-Ups
2x5

CM]Js = countermovement jumps, DJs = drop jumps, Brb = barbell, B]s = broad jumps, S. Plyo. Thrusts = Smith-machine
plyometric thrust, Plyo = plyometric
1Squats were performed on day 1 and hang power clean and jerks were performed on day 2 of each microcycle
2 Landmine squats were performed on day 1 and barbell hip thrusts were performed on day 2 of each microcycle
3 Landmine jumps were performed on day 1 and Smith-machine plyometric thrusts were performed on day 2 of each microcycle

456789101112 Same exercise for both training days of each microcycle
* Exercises 1A-1D, 2A-2D, and 3A-3D were performed in sequence, with 20 s of rest between exercises.

** Exercises 1A & 1B, 2A & 2B, and 3A & 3B were performed in sequence with 3 minutes of rest.
*** Exercises 1A & 1B, 2A & 2B, and 3A & 3B were performed in sequence with minimal rest
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Table 1. Experimental training protocols for Day 1/Day 2 (Part II).

Week Week 1-2 Weeks 3-4 Week 5-6
Contrast Training***

Exercise 1A Hang Power Clean & Jerk/Squat! ~ Hang Power Clean & Jerk/Squat Hang Power Clean & Jerk/Squat
Sets x Reps 2 x 3 @80/70% 1RM 2x3 @85/75% 1RM 2x3@90/80% 1RM
Exercise 1B Hang Power Clean & Jerk/Squat! ~ Hang Power Clean & Jerk/Squat Hang Power Clean & Jerk/Squat
Sets x Reps 2x 3 @30/40% 1RM 2 x 3 @ 35/45% 1RM 2x 3 @40/50% 1RM
Exercise 2A Landmine Squat/Brb Hip Landmine Squat/Brb Hip Landmine Squat/Brb Hip Thrusts
Sets x Reps Thrusts? Thrusts 2x 3 @90/90% 1RM

2 x 3 @ 80/80% 1RM 2 x 3 @ 85/85% 1RM
Exercise 2B Landmine Squat/Brb Hip Landmine Squat/Brb Hip Landmine Squat/Brb Hip Thrusts
Sets x Reps Thrusts? Thrusts 2 x 3 @ 50/50% 1RM

2x 3 @40/40% 1RM 2 x 3 @ 45/45% 1RM
Exercise 3A Barbell Bench Press Barbell Bench Press Barbell Bench Press
Sets x Reps 2x3 @80% 1RM 2x3 @85% 1RM 2x3@90 % 1RM
Exercise 3B Barbell Bench Press Barbell Bench Press Barbell Bench Press
Sets x Reps 2x3@40% 1RM 2x 3 @45% 1RM 2x3 @50 % 1IRM

CM]Js = countermovement jumps, DJs = drop jumps, Brb = barbell, B]s = broad jumps, S. Plyo. Thrusts = Smith-machine
plyometric thrust, Plyo = plyometric
! Squats were performed on day 1 and hang power clean and jerks were performed on day 2 of each microcycle
2 Landmine squats were performed on day 1 and barbell hip thrusts were performed on day 2 of each microcycle
3 Landmine jumps were performed on day 1 and Smith-machine plyometric thrusts were performed on day 2 of each microcycle
456789101112 Same exercise for both training days of each microcycle
* Exercises 1A-1D, 2A-2D, and 3A-3D were performed in sequence, with 20 s of rest between exercises.
** Exercises 1A & 1B, 2A & 2B, and 3A & 3B were performed in sequence with 3 minutes of rest.
*** Exercises 1A & 1B, 2A & 2B, and 3A & 3B were performed in sequence with minimal rest

Table 2. Post-hoc unilateral lower-limb stiffness comparisons of experimental protocols following
a significant round*protocol interaction.

Variable Limb Round Protocol LLS A CI95% Padj
DJ Stiffness ND 1-2 CXT 2960.01 1050.9, 4869.2 0.0008*
DJ Stiffness ND 1-2 CT 2661.7 643.4, 4680.1 0.017*
DJ Stiffness ND 1-2 FCT 2996.6 —432.25, 5025.4 0.087
DJ Stiffness ND 1-2 CG -576.3 -1996.1, 843.4 0.369

DJ = drop jump, ND = non-dominant, LLS = lower-limb stiffness, paij = p-value adjustment, CI = confidence intervals, CXT =
complex training, CT = contrast training, FCT = French contrast training, CG = control condition, * = statistically significant values

Table 3. Post-hoc landing error scoring system comparisons of experimental protocols following
a significant round*protocol interaction.

Variable Round Protocol LESS A CI95% Padi
DJ LESS 1-2 CXT -1.25 -1.99, -0.51 0.005*
DJ LESS 12 CT -1.13 -1.82,-0.43 0.007*
DJ LESS 1-2 FCT -0.25 -0.63, 0.14 0.17
DJ LESS 1-2 CG 0.13 -0.57, 0.82 0.69

DJ = drop jump, LESS = landing error scoring system, paaj = p-value adjustment, CI = confidence intervals,
CXT = complex training, CT = contrast training, FCT = French contrast training, CG = control condition, * = statistically
significant values
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Athletes with lower stiffness have been
shown to exhibit an increased risk of ligamentous
injuries (Blackburn et al., 2013; Lipps et al., 2014).
Conversely, LLS improvements can protect the
knee joint from perturbation and extreme loads
that increase the risk of ACL injuries (Nagai et al.,
2018). It has been shown that increased quadriceps
tensile stiffness reduces peak ACL loading during
simulated pivot landings (Lipps et al., 2014), while
higher hamstring stiffness has been associated
with optimized landing biomechanics and reduced
ACL loading (Blackburn et al., 2013). Given the
evidence-based recommendations to target LLS in
ACL injury risk minimization strategies, it seems
surprising that MT has not yet been applied for
injury risk mitigation, despite its potential to elicit
favourable LLS changes.

Brazier et al. (2019) were the first to
propose the use of MT in injury risk minimization
intervention strategies. To our knowledge, no
previous study has evaluated the indirect effects of
short-term MT on ACL injury risk through LESS
improvements in youth basketball athletes. The
LESS is a reliable indirect screening tool for ACL
injury in basketball, a sport characterized by
repetitive jumping (Limroongreungrat et al., 2022).
However, a poor LESS score does not necessarily
indicate higher injury rates but rather reflects high-
risk landing mechanics associated with increased
lower-limb injury risk (Beese et al., 2015). Our
study demonstrated that both CXT and CT
strategies induced favourable improvements in the
LESS, suggesting that the experimental
intervention reduced high-risk movement
patterns. It seems plausible that improvements in
non-dominant LLS contributed to the enhanced
landing strategy. It should be noted, however, that
both LLS and the LESS are indirect indicators of
ACL injury risk; therefore, any observed
improvements reflect changes in biomechanical
risk proxies rather than direct assessments of ACL
injury occurrence. Additionally, it should be
acknowledged that both variables were assessed
during sagittal-plane landing tasks, potentially
overlooking important biomechanical insights that
could be obtained from multiplanar rotational
landing assessments, which may be more suitable
for identifying athletes at increased ACL injury
risk (Jamkrajang et al., 2025).

Our study established a negative
correlation between changes in non-dominant LLS
and LESS scores from baseline to post-

intervention, validating the connection between
stiffness and the optimization of landing
mechanics. We further demonstrated that changes
in non-dominant LLS accounted for 21% of the
variance in LESS changes. Although the regression
model in this study is not a perfect fit and was
primarily exploratory, the findings suggest that
improvements in non-dominant LLS are an
important factor in optimizing landing
biomechanics and could play a key role in ACL
injury risk minimization programs for youth
basketball athletes. Poorer LESS scores have been
observed in younger individuals (14-18 years)
compared to older athletes (18-23 years), with
increases in LLS reducing the likelihood of
excessive loading on passive structures (ACL) of
the knee joint and supporting power output
production and movement efficiency (Hanzlikova
et al.,, 2025).

Given the inter-limb asymmetry in leg
stiffness observed in basketball athletes (Struzik et
al.,, 2020), which has been attributed, at least in
part, to the more frequent use of the dominant limb
during sport-specific activities (Arboix-Alio et al.,
2025), it is possible that in our study the dominant
limb had already reached a ceiling effect due to
long-term sport-specific loading histories, while
the non-dominant limb retained greater neural
adaptive potential; this potential may be attributed
to enhanced motor neuron excitability, increased
motor wunit recruitment, increased higher-
threshold motor unit activation, improved rate
coding, better intermuscular coordination, and
reduced inhibition from the Golgi tendon organ
and Renshaw cells, possibly resulting from the
manifestation of post-activation performance
enhancement (Shen et al., 2025). Asymmetrical
limb loading, the magnitude of which may depend
on whether landing tasks are performed
unilaterally or bilaterally (Chen et al., 2026), has
been identified as a modifiable potential risk factor
for ACL injury (Hewett et al., 2016). Reductions in
inter-limb stiffness asymmetry have been shown to
act as a protective factor against injury and
facilitate performance optimization (Struzik et al.,
2020).

This study should be interpreted in light of
its limitations. The MT strategies of this study
employed bilateral strength-power potentiation
complexes. It has been previously suggested that
unilateral training may have more profound effects
on unilateral jump performance measures, power
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production patterns, and lower-limb asymmetries
in basketball, whereas bilateral training is more
advantageous for bilateral outcomes (Zhang et al.,
2023a, 2024). Specifically, unilateral plyometric
training performed from moderate drop heights
(approximately 60 cm) has been suggested as a
potential strategy to enhance neuromuscular
adaptability, improve single-leg force control, and
increase injury resilience during simulated high-
speed landings (Zhao et al., 2026). Additionally,
this study did not conduct a comprehensive kinetic
analysis, the absence of which may have obscured
disproportionate force dissipation during jump
performance resulting from altered kinetics
(Pontillo et al., 2021). Future studies should
investigate whether incorporating unilateral
strength-power pairings within short-term MT
strategies can elicit greater improvements in
unilateral LLS and subsequent LESS outcomes, and
whether kinetic data analysis can better inform
ACL injury risk assessment and occurrence by
identifying abnormal biomechanical patterns.

In addition, our study did not assess
strength capacities for hip external rotation, hip
abduction, knee flexion, or knee extension.
Insufficient hip abductor strength has been shown
to be a contributing factor to dynamic valgus
biomechanics, stronger lateral quadriceps and
weaker medial hamstring strength create
neuromuscular imbalances, and hip external
rotator weakness negatively affects dynamic
control of the lower limbs during landing tasks; all
of these are modifiable risk factors for ACL injuries
(Kuntz et al., 2022). Additionally,
electromyographic data analysis could have
further substantiated strength ~ capacity
assessments by identifying which muscles should
be prioritized for targeted training interventions
(Cui et al., 2023). Future research should examine
whether MT strategies affect hip and knee
isometric  strength and electromyographic
measures alongside LLS and the LESS, and
investigate the residual LESS variance explained
by hip and knee strength variables. These
limitations should be addressed in longer, season-
long training interventions that more closely align
with long-term ACL injury risk minimization
strategies, which were not evaluated in the present
study (Watson et al., 2026).

Finally, the absence of significant findings
following the FCT protocol may be attributed to
the advanced nature of this MT strategy, the
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effectiveness of which may have been confounded
by participants’ baseline strength levels. Indeed,
previous work has suggested that strength levels
may act as a moderating variable in athletes’
physiological responses to the FCT method
(Cormier et al, 2022). Additionally, a
biomechanical similarity mismatch between
bilateral training and unilateral LLS performance
measures may have prevented the realization of
greater performance gains (Zhang et al., 2023a).
However, individualized training responses to
FCT were observed in our study, with 60% of
participants demonstrating non-dominant LLS
improvements exceeding the smallest real
difference. Notably, the non-dominant limb has
been shown to exhibit greater dynamic knee
valgus, hip abductor moments, and knee valgus
moments at peak vertical ground reaction force
during single-leg lateral jump landings
(Warathanagasame et al., 2026). Therefore, the
individual improvements observed in the non-
dominant limb following the FCT protocol should
not be overlooked, as they may be clinically
relevant despite the absence of significant group-
level effects. Future research should consider
splitting participants into groups based on relative
strength and enhancing movement specificity to
explore potential differences in outcome measures.

Conclusions

This study showed that both CXT and CT
MT strategies improved non-dominant LLS and
enhanced landing mechanics, as evidenced by
lower LESS scores. Improvements in non-
dominant LLS not only correlated with lower LESS
scores, but also accounted for 21% of the variance
in LESS changes from pre- to post-intervention.
Accordingly, CXT and CT should be incorporated
in ACL injury risk minimization training strategies
to optimize landing mechanics via improvements
in non-dominant LLS and reductions in inter-limb
stiffness asymmetry. Future research should
delineate the extent to which other performance
variables explain the residual variance in the LESS
to support the development of targeted ACL injury
risk minimization programs.

It is recommended that practitioners
implement CXT/CT strategies as part of a 6-week
pre-season mesocycle, with a training frequency of
two sessions per week, to optimize non-dominant
LLS and landing mechanics in youth basketball
athletes. Training guidelines should include high
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volumes and loads of approximately 80% of 1RM
for strength exercises and 30-40% 1RM for ballistic
and loaded plyometric activities, with particular
emphasis on maintaining movement pattern

similarity within each strength-power pair.
Recovery intervals of three minutes should be used
between strength-power pairs, with minimal rest
recommended within CT pairs and 3 min of rest
within CXT pairs.
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