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Highlights

What are the main findings?

e A single mini-trampoline training session decreased inter-limb asymmetry in partici-
pants with higher baseline inter-limb asymmetry, without affecting countermovement
jump performance.

e  Participants with lower baseline inter-limb asymmetry did not show a reduction in
inter-limb asymmetry, showing a decrease in CM]J performance, possibly reflecting
fatigue-related compensatory strategies.

What are the implications of the main findings?

e  Mini-trampoline training may serve as an effective exercise to acutely reduce asymme-
tries in individuals at higher injury risk.

e  Given its low impact, mini-trampoline training represents a safe and accessible plyo-
metric exercise to use in preventive and rehabilitative programs.

Abstract

Background: Inter-limb asymmetry has implications for both athletic performance and
healthcare practice. High baseline inter-limb asymmetries have been associated with im-
paired mobility, increased fall risk, and musculoskeletal injuries across the lifespan. Exercise
interventions able to stimulate the stretch—shortening cycle (e.g., plyometric training and
jump training) have been shown to have a good impact on asymmetries. Among these,
Mini-Trampoline Training (MTT) has recently emerged as potentially effective in reducing
asymmetries. Objectives: The study aimed to evaluate the acute effects of a single MTT
session on muscle power and inter-limb asymmetry in young adults. Methods: Twenty-
eight recreationally active participants (25.6 & 2.4 years) completed one MTT session.
Before (PRE) and after (POST) the MTT session, single-leg 6 m Timed Hop (6MTH) and
countermovement jump (CM]J) tests were administered. Additionally, 6 MTH values of the
dominant (DOM) and non-dominant (NODOM) limbs were used to stratify participants
according to higher (HBIA) or lower (LBIA) baseline inter-limb asymmetry, based on a
commonly adopted Normalized Symmetry Index (NSI) threshold (NSI > 10%, n = 12;
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NSI < 10%, n = 16). Repeated-measures mixed models were used to evaluate the effects
of the MTT session on 6MTH, NSI, and CM]J. Results: Regardless of group and limb,
significant (p < 0.0001) improvements in 6MTH (PRE: 2.5 & 0.06 s; POST: 2.3 & 0.05 s) were
found. Interestingly, the MTT session had a significant (p = 0.01) effect on both groups, with
a significant (p = 0.003) interaction with NSI values, showing an improvement for HBIA
(PRE =154 £+ 1.1%, POST = 11.3 %+ 2.1%), whereas a decrement in LBIA was recorded
(PRE =5.1 £ 0.6%, POST = 9.6 &+ 1.5%). CM] did not show any changes in HBIA (PRE:
36.2 & 0.9 cm; POST: 35.1 £ 0.7 cm), while a significant (p = 0.007) decrease was found
in LBIA (PRE: 34.8 £ 1.2 cm; POST: 33.2 £ 1.3 cm). Conclusions: A single MTT session
induced acute neuromuscular fatigue, reflected by reduced CM] performance and im-
proved (~8%) inter-limb control during hopping. The HBIA group preserved jump height
(~36 cm) and demonstrated a significant reduction in asymmetry (NSI: —4.1%), suggesting
more balanced lower-limb recruitment. Conversely, LBIA showed a significant decrease
in CMJ and an increased NSI (+4.5%), possibly reflecting fatigue-related compensatory
strategies. Overall, a single MTT elicited distinct responses according to baseline asym-
metry, supporting its potential as an adaptable modality for enhancing neuromuscular
function in HBIA.

Keywords: prevention; inter-limb asymmetry; health promotion; countermovement
jump; plyometric

1. Introduction

Inter-limb asymmetry, or inter-limb difference, referring to the differences in func-
tion or performance between upper or lower limbs [1], is a relevant parameter in both
athletic performance monitoring and healthcare practice [2]. Several methodologies to
quantify asymmetries have been established as the difference between dominant and non-
dominant [3], stronger and weaker [4], right and left [5] and injured and un-injured [6]
limbs. Despite this variety of methodologies, no standardized method has been established,
with the percentage difference between limbs remaining the most widely used approach [7].

Evidence [8-11] indicates that inter-limb asymmetry is prevalent among adolescents
and elite athletes engaged in various sports (e.g., football, short track speed skating, volley-
ball, basketball, and karate) as a consequence of repeated unilateral or sport-specific motor
patterns. A similar phenomenon is observed in non-athletic populations, such as older
adults, where inter-limb asymmetry occurs due to age-related neuromuscular decline, sar-
copenia, or neurological conditions (e.g., Parkinson’s disease and Alzheimer’s disease) [12].
Moreover, high baseline inter-limb asymmetry levels (>10-15%) can compromise gait
efficiency and increase fall risk [5,13]. Given their implications across both performance-
and health-related domains, there is growing interest in interventions aimed at treating
both participants with higher and lower baseline inter-limb asymmetries within sports and
healthcare contexts.

The most effective non-pharmacological strategies for the treatment of inter-limb
asymmetry are found in exercise-based interventions [14]. In particular, plyometric exer-
cises have been shown to enhance neuromuscular function, improving performance and
decreasing injury risk in both athletic and participants with higher baseline inter-limb
asymmetry populations, through improvements in stretch-shortening cycle function, mus-
cular strength, power, and coordination [14,15]. Among these activities, mini-trampoline
training (MTT) represents a form of plyometric exercise combining aerobic and anaerobic
demands with rhythmic and music-driven movements. In particular, MTT has been shown
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to improve bone metabolism, body composition, balance, and neuromuscular coordination
in different populations [16-18]. By reducing impact forces compared with traditional ply-
ometric drills performed on rigid surfaces, MTT offers a safer and more accessible training
modality. In addition, the compliant surface of the mini-trampoline allows the execution
of repetitive plyometric actions with lower joint loading and mechanical stress, which
may be particularly suitable for participants with higher baseline inter-limb asymmetry,
balance deficits, or increased injury risk. These characteristics make MTT a promising
alternative to traditional plyometric training in healthcare and preventive contexts. Despite
its high potential, little is known about the acute effects of MTT on unilateral and bilateral
functional lower-limb tasks.

Therefore, the present study aimed to examine the acute effects of a single MTT session
on unilateral and bilateral jumping performance and inter-limb asymmetry in young adults
with higher and lower baseline inter-limb asymmetry. We hypothesized that a single MTT
session would acutely reduce asymmetry in participants with higher baseline inter-limb
asymmetry, while not inducing clinically relevant increases in asymmetry in participants
with lower baseline inter-limb asymmetry, thereby supporting its potential application in
both health-related and injury-prevention contexts.

2. Materials and Methods
2.1. Experimental Approach to the Problem

This observational cohort study was conducted in accordance with the Declaration
of Helsinki and the study protocol was approved on 4 December 2019 by the Institutional
Review Board of the Department of Human Sciences, Society, and Health of the University
of Cassino and Lazio Meridionale (approval number 26898) to evaluate the effects of
the MTT on participants” Normalized Symmetry Index (NSI) and unilateral and bilateral
jumping performance.

The 6 m Timed Hop (6MTH) test is widely adopted for the assessment of unilateral
lower-limb performance and inter-limb asymmetry [19]. Given that both MTT and the
6MTH test involve repeated plyometric actions, examining the effects of MTT on 6MTH
performance may help clarify its acute influence on neuromuscular function and asymmetry.
Traditionally, inter-limb asymmetry in the 6MTH has been quantified using the Ratio Index,
Symmetry Index, Symmetry Angle, or Gait Asymmetry [20]. However, these indices may
produce non-linear results and perform asymptotically as values increase and do not
provide a clear upper limit for asymmetry, which makes it difficult to interpret what should
be considered a meaningful maximum value [20]. The NSI addresses these limitations
by providing linear values, being normalized to variable magnitude and functioning as
a bounded symmetry index. In the present study, the baseline NSI values were used to
classify participants as those with higher baseline inter-limb asymmetry or lower baseline
inter-limb asymmetry. Considering that MTT involves dynamic, elastic, and plyometric
components relevant to lower-limb function and injury prevention, it could be interesting,
in health contexts, to evaluate whether dynamic inter-limb asymmetries are influenced by
a single session of MTT. Moreover, given that individuals with different baseline inter-limb
asymmetry levels may respond differently to the training, this study also investigated the
acute effects on unilateral hopping and vertical jump performance in individuals with
higher and lower baseline inter-limb asymmetry.

To complement unilateral assessments, explosive performance was also evaluated
through the Countermovement Jump (CM]J), a widely used measure of lower-limb power.
The CM] was included to provide additional information on global neuromuscular re-
sponses to MTT, particularly with respect to acute neuromuscular fatigue, given its sensi-
tivity to short-term neuromuscular impairment [21,22]. Although the CM] is performed
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bilaterally and does not directly quantify inter-limb asymmetry, its jump height reflects
the combined force and power output of both limbs and is sensitive to acute neuromus-
cular fatigue [23]. In this context, CMJ performance was used to help interpret whether
changes observed in unilateral hopping and asymmetry indices occurred alongside signs
of generalized fatigue or altered neuromuscular function following MTT.

The assessment of bilateral and unilateral jumping performance was completed before
(PRE) and after (POST) MTT training. Baseline NSI values obtained at PRE were used
exclusively for participant classification into higher (>10%) and lower (<10%) baseline
inter-limb asymmetry. Changes in NSI following the MTT session (POST-PRE) were then
analyzed as outcome measures to evaluate acute modifications in inter-limb asymmetry.
Thus, group classification and outcome assessment were based on temporally distinct
measurements. In the absence of a non-exercise control condition, participants with lower
baseline inter-limb asymmetry were included as a reference comparison group, allowing the
examination of whether acute responses to MTT differed according to baseline asymmetry
levels. This comparative approach was intended to distinguish changes potentially related
to the training stimulus from those attributable to repeated testing or time-related effects,
while acknowledging the observational nature of the study design. Additionally, to avoid
the influence of fatigue on the evaluation, participants were asked to refrain from moderate-
to-vigorous physical activity for 24 h before the experimental sessions.

2.2. Participants

Thirty-two (17 females and 15 males) recreationally active students voluntarily par-
ticipated in this study and received information about the procedures and the aim of
the study. All participants were asked to read and sign the consent form, and they were
able to withdraw from the study at any time for any reason, without any consequences.
Participants with prior experience in MTT and those who reported preexisting limitations
such as cardiovascular, respiratory, metabolic diseases, and musculoskeletal injuries of the
back or lower extremities were excluded from the study. Participants were classified as
recreationally active and included in the study if they reported participating in at least
150 to 300 min of moderate-intensity exercise or 75 to 150 min of vigorous-intensity ex-
ercise per week, plus muscle-strengthening activities 2 or more days per week, over the
previous 6 months [24,25]. These criteria were used to exclude sedentary individuals and
frequent MTT users and were not intended to provide a detailed quantification of habitual
physical activity levels or exercise intensity. In accordance with Regulation (EU) 2016/679,
to maintain anonymity, each participant was assigned a unique identification code, and
personal data were solely used for statistical purposes.

2.3. Procedures

Before starting the testing session, individuals” anthropometric measures were col-
lected. Height and body mass were measured to the nearest 0.1 cm and 0.1 kg, respectively,
by using a scale with an integrated stadiometer (Seca 709, Vogel & Halke, Hamburg,
Germany). Body mass index (BMI) was subsequently calculated and reported as weight
(kg)/height (m?). Preferred dominant lower limb was determined using a functional task,
defined as the limb spontaneously used when stepping on a platform, in accordance with
the previous literature [18,26].

2.4. Mini-Trampoline Training

MTT session was performed on a mini-trampoline (CoalSport, Rome, Italy) with the
diameter of the elastic surface of 122 cm. The MTT included a session of free practice on
the mini-trampoline and 30 min of workout. During the warm-up (5 min) and cool down
(5 min) phases, participants were required to continuously jump on the mini-trampoline
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while performing breathing and mobility exercises. The central phase (20 min) consisted of
jumping exercises, including single and double hops on different planes, and jumping jacks,
double hops with wide and close stances, performed in combination with movements of
the upper body. The total duration for the session was ~40 min [27].

2.5. 6 m Timed Hop

The 6MTH test involved multiple consecutive single limb hops on the same limb
over a distance of 6 m. A 6 m long, 15 cm wide line was marked on the floor with a
standard tape measure placed along the middle, perpendicular to the starting line. Before
the tests, participants performed a standardized warm-up of 5 min at low resistance on
an upright bike at a self-determined intensity, followed by mobility exercise for the lower
limb. After warm-up, all participants completed a familiarization phase of 3 practice trials
of 6MTH, to ensure correct understanding of the test procedures and reduce potential
learning effects [24]. Following the practice trials, participants performed one testing trial
of the 6MTH per limb. Participants stood on one limb (dominant or non-dominant) with
their toes aligned at the starting line and began hopping upon the verbal ‘3-2-1" countdown
given by the principal investigator. Participants were instructed to hop over the designated
distance in as little time as possible and then gradually slow down to a stop, after which
they were asked to walk back to the starting line at a comfortable pace. The test ended when
the heel of the tested limb crossed the finish line. Both limbs were tested in random order,
and no restrictions were given to participants regarding arm movement. A rest period of
30 s was given between limbs. The time taken to cross the 6 m distance was recorded in
seconds using a handheld stopwatch (Seiko Stopwatch, Soler Standard SVAJ001) capable of
measuring to the 1/100th of a second and recording multiple split times. The stopwatch
was operated by a certified Italian Timekeepers Federation operator, trained in manual
timing procedures and movement analysis techniques. Measurements were recorded to
the nearest 100th of a second.

2.6. Normalized Symmetry Index

The NSI was used to assess symmetry between the dominant and non-dominant limb,
calculated as follows [20]:

(ndl —dl)
max = (0,ndl, dl) — min = (0,ndl, dl)

1100 (1)

where ndl = non-dominant limb, dl = dominant limb, max = highest value between non-
dominant and dominant, and min = lowest value between non-dominant and dominant.

In this formula, the numerator represents the difference between the non-dominant
and dominant limb. The denominator represents the maximum and minimum values for
the measure across the trial. Given that the values of 6MTH performance are positive,
0 was used as the minimum value. The NSI provides a normalized percentage of asym-
metry, where a value of 0% indicates perfect symmetry and a maximum value of 100%
indicates maximum asymmetry between limbs. As proposed by previous studies [28,29],
an asymmetry threshold of >10%, indicative of a higher risk of injury, was used to classify
participants as having higher baseline inter-limb asymmetry.

From a total of thirty-two participants who began the study, four were excluded
due to not meeting the inclusion criteria. Subsequently, the twenty-eight subjects were
allocated into two groups, according to their baseline asymmetry values. The number
of participants with higher baseline inter-limb asymmetry was 12, while the number of
participants with lower baseline inter-limb asymmetry was 16 (Figure 1). All participants
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were healthy young adults, with the >10% NSI threshold being used exclusively for
baseline stratification purposes and not indicating a clinical diagnosis.

[ Enrollment ] Assessed for eligibility

(n=32)
Excluded
—»| Previous experience with MTT (n=1)
Previous Injuries (n=3)
Baseline Normalized
[ Evaluation ] Symmetry Index Evaluation
(n=28)
NSI > 10% NSI <10%
/ [ Allocation } \
Allocated to Participants with Allocated to Participants with
Higher Baseline Inter-Limb Lower Baseline Inter-Limb
Asymmetry Asymmetry
(n=12) (n=16)

f s |
| Analysis ]

Analyzed (n=12) Analyzed (n=16)

Figure 1. Flow chart of the recruitment and selection process of the subjects included in the study.
MTT: Mini-Trampoline Training; NSI: Normalized Symmetry Index.

2.7. Countermovement Jump

Participants were instructed to stand with their feet shoulder-width apart to perform a
fast downward movement to approximately 90° of flexion at the hip and knee, immediately
followed by an upward movement. Participants were asked to jump as high as possible,
keeping their hands on their hips, to make their trunk as upright as possible throughout
the entire jump, and land with their legs fully extended. To familiarize the participants
with the jumping technique, a number (3 to 5) of submaximal jumps were conducted before
data collection. Subsequently, participants performed three jumps, with a 1 min recovery
between attempts, and the best was used for analysis. This approach was adopted to reduce
the potential impact of confounding factors such as neuromuscular fatigue and fluctuations
in performance related to circadian rhythms, both of which can affect motor output and

https://doi.org/10.3390 /healthcare14020160


https://doi.org/10.3390/healthcare14020160

Healthcare 2026, 14, 160

7 of 12

measurement reliability. CMJ performance was recorded using the Quattro Jump 9290BA
force plate (Kistler, Winterthur, Switzerland). Data were recorded at a sampling frequency
of 500 Hz. The force plate calculated the time between the take-off and landing phases,
used to establish jump heights [30].

2.8. Statistical Analysis

STATA software version 18 (StataCorp, College Station, TX, USA) was used for sta-
tistical analysis. Means, standard deviations (SD) and 95% confidence intervals (95% CI)
were calculated for all variables. The Shapiro-Wilk test was used to assess the normal
distribution of the data. Linear repeated-measures mixed model analyses were performed
to examine the effects of the MTT on individuals” 6MTH, NSI, and CMJ performance.
Linear repeated-measures mixed model analyses were intentionally chosen because they
account for individual variability and are more robust to violations of sphericity [31].
Effect Size (d, n%) was calculated to determine the magnitude of the effects. Cohen’s d
was interpreted as trivial (<0.2), small (0.2 to 0.6), moderate (0.61 to 1.2), or large (>1.2),
and nf, was interpreted as 0.01 (small), 0.06 (medium), and 0.14 (large) [32]. For these
analyses, the level of significance was set at p < 0.05. Because baseline NSI was used
for stratification, inferential interpretation focused on PRE-POST changes in NSI and the
time x baseline asymmetry interaction, rather than on baseline group differences, which
were expected by design. Moreover, because the asymmetry classification (>10% NSI) was
derived from baseline NSI values and could be influenced by regression to the mean, a
sensitivity analysis was performed to avoid dichotomization. Specifically, baseline NSI
(PRE) was calculated for each participant and included as a continuous moderator in a
repeated-measures mixed-effects model testing the time x baseline NSI interaction (PRE
vs. POST). Model estimation was performed using restricted maximum likelihood with the
subject specified as a random effect.

3. Results

The anthropometric characteristics of the participants, divided by baseline NSI values,
are presented in Table 1.

Table 1. Mean values and standard deviations of the participants’ characteristics.

Participants with Participants with
Lower Baseline Higher Baseline Total
Inter-Limb Asymmetry Inter-Limb Asymmetry
N 16 12 28

Age (years) 243+12 272428 25.6+24
Body height (m) 1.59 £ 0.0 1.74 £ 0.1 1.65 £ 0.1
Body mass (kg) 56.6 £ 5.7 727 £119 63.5 +11.9
BMI (kg-m~2) 224423 240+32 231+£25

N = Number; BMI = Body Mass Index.

The analysis showed a significant main effect of time (F(;83 = 5.82, p = 0.01,
n% = 0.09), indicating a difference in 6MTH performance between PRE (d = 0.21;
dominant: 2.46 + 0.48 s; non-dominant: 2.51 + 0.41 s) and POST (d = 0.27; dominant:
2.36 £ 0.44 s; non-dominant: 2.38 £ 0.44 s) MTT session regardless of group and limb
(Supplementary Figure S1).

The model was found to be statistically significant for NSI (Supplementary Figure S2;
F(1,26) = 8.94, p = 0.0003), with a significant main effect found for time (p < 0.001, 95%CI: 6.21
to 14.51) and group (p = 0.01, 95%CI: 1.09 to 8.23), and a significant interaction (p = 0.003,
95%CI: —14.11 to —3.21). Specifically, NSI values were different between PRE and POST in
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both participants with higher baseline inter-limb asymmetry (d = 0.69; PRE: 15.4 &+ 3.8%;
POST: 11.3 £ 7.4%) and participants with lower baseline inter-limb asymmetry (d = 0.99;
PRE: 5.0 & 2.7%; POST: 9.7 & 6.1%) populations. Additionally, PRE values were significantly
different among groups (d = 3.1; p < 0.001, 95%CI: 6.39 to 14.32); thus, the difference did
not persist in POST evaluation (p = 0.4, 95%CI: —2.26 to 5.65). Additionally, a significant
time X baseline NSI interaction was observed (3 = —0.78, SE = 0.21, p < 0.001), indicating
that both the magnitude and the direction of PRE-POST changes in asymmetry depended
on baseline NSI values.

Lastly, CM] analysis showed the significance of the model (F3 56 = 3.39, p = 0.003,
n% = 0.28), with a significant main effect found for time (p = 0.01, 95%CI: —2.88 to —0.35).
Specifically, in participants with lower baseline inter-limb asymmetry, significant (d = 1.27;
p =0.009; 95%CI: —2.82 to —0.41) differences emerged between PRE (34.8 £ 1.2 cm) and
POST (33.2 & 1.3 cm) evaluation. No significant interactions were detected.

Means, SD, contrast, 95% CI, and interaction effects of all variables are shown in
Table 2.

Table 2. Means, standard deviations (SD), contrast, 95% confidence intervals (95% CI), and interaction
effects of the 6 m Timed Hop Test (6MTH), Normalized Symmetry Index, and Countermovement
Jump Test before and after the mini-trampoline training session.

PRE POST Interactions
Mean + SD Mean + SD Contrast (95%CI) Time x Group
Participants with 6MTH in Dominant limb (s) 2.37 £0.59 237 +£0.49 0.06 (—0.25 to 0.11) p=046
Higher Baseline 6MTH in Non-dominant limb (s) 2.54 +0.39 2.33 +£0.32 0.21 (—0.41 to —0.01) p=0.03
Inter-Limb Normalized Symmetry Index (%) 15.38 +3.81 11.38 +3.24 4.00 (—7.92 to —0.07) p=0.04
Asymmetry (n =12) Countermovement Jump (cm) 36.24 +3.24 35.17 £2.74 1.07 (—2.46 to 0.32) p=0.13
PRE POST Interactions
Mean + SD Mean + SD Contrast (95%CI) Time x Group
Participants with 6MTH in Dominant limb (s) 2.53 +0.47 242 +0.44 0.11 (—0.27 to 0.04) p=0.16
Lower Baseline 6MTH in Non-dominant limb (s) 248 +0.44 242 +£0.52 0.06 (—0.23 to 0.11) p=0.46
Inter-Limb Normalized Symmetry Index (%) 5.02+2.72 9.69 + 6.12 4.66 (1.26 to 8.06) p =0.007
Asymmetry (n = 16) Countermovement Jump (cm) 34.88 +4.93 33.26 £ 5.53 1.61 (—2.82 to —0.41) p =0.009

4. Discussion

This study examined the acute effects of a single MTT session on unilateral and vertical
jump performance and inter-limb asymmetry. Our findings showed a significant interaction
between time (PRE vs. POST) and group (participants with higher vs. participants with
lower baseline inter-limb asymmetry), whereby participants with higher baseline inter-limb
asymmetry levels demonstrated a decrease in NSI (—-4.0%) after MTT, whereas those with
lower baseline inter-limb asymmetry levels showed a small, non-significant increase (4.6%),
which remained below the critical cut-off. Although we hypothesized that asymmetry
would remain stable in participants with lower baseline inter-limb asymmetry, the small
increase observed following MTT should not be interpreted as a negative or clinically
relevant outcome. Rather, it likely reflects a transient acute response to the training stimulus,
potentially driven by post-session neuromuscular fatigue or short-term compensatory
motor strategies adopted during post-intervention testing. Regarding 6MTH performance,
participants completed the test faster after MTT, regardless of the limb used and the group,
indicating an acute improvement in lower-limb functional performance.

Repetitive jumping on a mini-trampoline involves stretch—-shortening cycle actions
comparable to traditional plyometric training, but with reduced mechanical load due to
the compliant surface [15,33]. Previous studies [18,27] have shown that MTT can enhance
balance and leg stiffness, supporting its potential application in both preventive and re-
habilitative contexts. Specifically, Di Rocco et al. [27] showed that, despite the elastic and
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compliant nature of the mini-trampoline surface, a single session induced a reduction in
reactive power, interpreted as an acute neuromuscular fatigue response. In contrast, leg
stiffness did not change, indicating that MTT might exert a protective effect on leg stiffness,
preventing acute decreases that are commonly observed in other training modalities. Con-
sistent with these findings, our results suggest that even a single session may help reduce
inter-limb asymmetry in individuals with higher baseline values. The contrasting responses
between groups can be explained by their different baseline asymmetry values. These
group differences align with the concept of baseline dependency, in which individuals
with greater initial asymmetry typically show larger acute improvements, a pattern also
documented in previous plyometric training studies [18]. This reinforces that baseline
asymmetry is a key factor influencing the magnitude of acute adaptations. Regarding
vertical jump performance, CMJ performance decreased only in participants with lower
baseline inter-limb asymmetry. This reduction may be attributed to acute neuromuscular
fatigue associated with plyometric exercise, involving mechanical, neuromuscular, and
metabolic factors [34]. The lack of decrease in the participants with higher baseline inter-
limb asymmetry may indicate a more balanced force and power contribution from both
limbs following the intervention. However, this remains speculative and cannot be con-
firmed without direct biomechanical measures. It should be noted that CMJ performance
was not intended to assess inter-limb asymmetry per se, but rather to contextualize unilat-
eral performance outcomes within a measure of overall bilateral neuromuscular function.
The improvement observed in 6MTH performance, combined with the reduction or stability
in CM] performance, could also be related to the specific demands of the training. MTT
primarily involves repeated bilateral jumps that more closely resemble the 6MTH task
than the CM]J, possibly facilitating better neuromuscular activation patterns for hopping
performance. A mild post-activation potentiation effect cannot be excluded, but should
be considered only as a possible contributing factor, given that CMJ performance did not
improve uniformly [35].

Overall, these findings indicate that MTT may acutely benefit individuals with higher
baseline inter-limb asymmetry, while inducing a fatigue-related response in those with
minimal asymmetry. This highlights how the same training stimulus may yield different
short-term outcomes depending on initial functional status. From a healthcare perspective,
these results have important implications as inter-limb asymmetry has been associated
with increased musculoskeletal injury risk and reduced functional mobility [36]. In this
context, the present findings support the potential role of MTT primarily in clinical and
rehabilitative contexts, particularly for participants with higher baseline inter-limb asym-
metry. The reduced impact forces of the mini-trampoline limit landing stress and may
lower injury risk, making this modality suitable for populations with joint instability or
balance deficits. Additionally, the accessibility and enjoyable nature of MTT may enhance
long-term adherence to exercise interventions, which is essential for promoting sustained
health benefits [37].

5. Conclusions

This study demonstrated that a single MTT session can acutely reduce inter-limb
asymmetry, depending on baseline asymmetry values, during unilateral hopping without
affecting CM] performance in participants with higher baseline inter-limb asymmetry.
Participants with higher baseline inter-limb asymmetry showed a reduction in NSI after
MTT, compared to the participants with lower baseline inter-limb asymmetry, confirming
that individuals with a higher level of asymmetry may achieve greater benefits in reducing
performance imbalance during the 6MTH. From a practical perspective, mini-trampoline
exercise represents an accessible and safe intervention that may be particularly beneficial
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within clinical and rehabilitative programs aimed at reducing functional inter-limb asym-
metry in individuals with higher baseline asymmetry. Future research should investigate
the long-term effects of MTT and evaluate its applicability in several populations, includ-
ing sedentary adults, older individuals, and participants with higher baseline inter-limb
asymmetry. Additionally, the use of automated measurement tools, such as timing gates or
photocells, should be considered to enhance accuracy and reduce potential measurement
error. Confirming its effectiveness across different settings could establish MTT as a valu-
able non-pharmacological intervention to improve functional capacity, prevent injury, and
promote health and well-being across the lifespan.

6. Limitations

This study has several limitations that must be acknowledged when interpreting the
findings. These include a relatively small sample size restricted to healthy young adults,
the short term evaluation, and the absence of a non-exercise control group, which limits
generalizability to clinical or older populations. Although participants with lower baseline
inter-limb asymmetry were included as a reference comparison group to explore differential
acute responses to MTT, this approach does not fully account for potential learning, fatigue,
or time-related effects. Additionally, the study examined the short-term effects of a single
session of MTT. Consequently, the present findings are specific to the acute response to
exercise, whereas potential long-term effects necessitate further investigations. Using the
6MTH test to assess asymmetry may not capture all aspects of functional imbalance. There-
fore, additional tests such as single hop, triple hop, and crossover hop could be considered
for inclusion in future studies to better capture functional asymmetry. In addition, the
lack of detailed biomechanical data (e.g., limb-specific force output or force symmetry
during jumping tasks) limits the ability to explain the neuromuscular mechanisms un-
derlying the preserved CM] performance observed in participants with higher baseline
inter-limb asymmetry.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/healthcare14020160/s1. Figure S1. Distribution of 6 m Timed
Hop Test performance before (PRE) and after (POST) the mini-trampoline intervention for the
dominant and non-dominant limb. The 6MTH performance was significantly (p = 0.01) different
between PRE and POST MTT session regardless of group and limb. Figure S2. Distribution of the
Normalized Symmetry Index before (PRE) and after (POST) the mini-trampoline intervention in
both groups. * Significantly (p = 0.01) different between PRE and POST in both groups. # PRE
values significantly (p < 0.001) different among groups; thus, the difference did not persist in the
POST evaluation
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The following abbreviations are used in this manuscript:

MTT Mini-Trampoline Training
6MTH 6 m Timed Hop

CMJ Countermovement Jump
NSI Normalized Symmetry Index
N Number
BMI Body Mass Index
SD Standard Deviation
CI Confidence Interval
dl Dominant Limb
ndl Non-Dominant Limb
References
1.  Espada, M.C,; Jardim, M.; Assuncao, R.; Estaca, A.; Ferreira, C.C.; Pesso6a Filho, D.M.; Verardi, C.E.L.; Gamonales, ].M.; Santos, EJ.

10.

11.

12.

13.

14.

15.

Lower Limb Unilateral and Bilateral Strength Asymmetry in High-Level Male Senior and Professional Football Players. Healthcare
2023, 11, 1579. [CrossRef] [PubMed]

Afonso, ].; Virgile, A.; Pena, ].; Jordan, M.; Garcia-de-Alcaraz, A.; S4, M.; Bishop, C. On Uneven Ground: Embracing the Challenges
of Inter-Limb Asymmetries and Their Assessment. Asymmetry 2025, 1, 4. [CrossRef]

Newton, R.U.; Gerber, A.; Nimphius, S.; Shim, ].K.; Doan, B.K.; Robertson, M.; Pearson, D.R.; Craig, B.W.; Hakkinen, K.; Kraemer,
WJ]. Determination of Functional Strength Imbalance of the Lower Extremities. J. Strength Cond. Res. 2006, 20, 971-977. [CrossRef]
[PubMed]

Impellizzeri, EM.; Rampinini, E.; Maffiuletti, N.; Marcora, S.M. A Vertical Jump Force Test for Assessing Bilateral Strength
Asymmetry in Athletes. Med. Sci. Sports Exerc. 2007, 39, 2044-2050. [CrossRef]

Sun, W,; Li, H.; Qu, L.; Zhou, Y.; Cao, X.; Wang, K.; Li, K. Unilateral Plyometric Training Effectively Reduces Lower Limb
Asymmetry in Athletes: A Meta-Analysis. Front. Physiol. 2025, 16, 1551523. [CrossRef]

Ardern, C.L.; Webster, K.E.; Taylor, N.E; Feller, ].A. Return to the Preinjury Level of Competitive Sport After Anterior Cruciate
Ligament Reconstruction Surgery. Am. J. Sports Med. 2011, 39, 538-543. [CrossRef]

Bishop, C.; Turner, A.; Read, P. Effects of Inter-Limb Asymmetries on Physical and Sports Performance: A Systematic Review.
J. Sports Sci. 2018, 36, 1135-1144. [CrossRef]

Sliwowski, R.; Paillard, T; Bojkowski, L.; Dudziriski, W.; Patek, M.; Marynowicz, J. Intra- and Inter-Limb Strength Imbalance and
Asymmetry in Soccer: A Comparison of Elite Senior and Junior Players. PLoS ONE 2024, 19, e0302474. [CrossRef]

Kalata, M.; Williams, C.A.; Verbruggen, EF.; De Ste Croix, M.; Lehnert, M.; Zahalka, F.; Maly, T. Strength and Jumping Performance
in Youth Athletes: Do Sport Specialization and Age Categories Affect Strength Asymmetry? Res. Sport Med. 2025, 33, 334-351.
[CrossRef]

Ojeda-Aravena, A.; Warnier-Medina, A.; Brand, C.; Morales-Ztiiiga, J.; Orellana-Lepe, G.; Zapata-Bastias, J.; Tuesta, M. Rela-
tionship between Body Composition Asymmetry and Specific Performance in Taekwondo Athletes: A Cross-Sectional Study.
Symmetry 2023, 15, 2087. [CrossRef]

Gawet, E.; Drozd, M.; Maszczyk, A.; Zajac, A. Acute Effects of a Simulated Karate Bout on Muscular Strength Asymmetries of the
Lower Limbs in Elite Athletes of Different Age Categories. Appl. Sci. 2025, 15, 888. [CrossRef]

Perry, M.C.; Carville, S.F; Smith, I.C.H.; Rutherford, O.M.; Newham, D.]. Strength, Power Output and Symmetry of Leg Muscles:
Effect of Age and History of Falling. Eur. J. Appl. Physiol. 2007, 100, 553-561. [CrossRef] [PubMed]

Klawitter, L.; Bradley, A.; Hackney, K.; Tomkinson, G.; Christensen, B.; Kraemer, W.; McGrath, R. The Associations between
Asymmetric Handgrip Strength and Chronic Disease Status in American Adults: Results from the National Health and Nutrition
Examination Survey. J. Funct. Morphol. Kinesiol. 2021, 6, 79. [CrossRef] [PubMed]

Ramirez-Campillo, R.; Andrade, D.C.; Izquierdo, M. Effects of Plyometric Training Volume and Training Surface on Explosive
Strength. J. Strength Cond. Res. 2013, 27, 2714-2722. [CrossRef]

Séez-Séez de Villarreal, E.; Requena, B.; Newton, R.U. Does Plyometric Training Improve Strength Performance? A Meta-Analysis.
J. Sci. Med. Sport 2010, 13, 513-522. [CrossRef]

https://doi.org/10.3390 /healthcare14020160


https://github.com/ccortis/DataHop.git
https://doi.org/10.3390/healthcare11111579
https://www.ncbi.nlm.nih.gov/pubmed/37297719
https://doi.org/10.55092/asymmetry20250004
https://doi.org/10.1519/00124278-200611000-00039
https://www.ncbi.nlm.nih.gov/pubmed/38604988
https://doi.org/10.1249/mss.0b013e31814fb55c
https://doi.org/10.3389/fphys.2025.1551523
https://doi.org/10.1177/0363546510384798
https://doi.org/10.1080/02640414.2017.1361894
https://doi.org/10.1371/journal.pone.0302474
https://doi.org/10.1080/15438627.2025.2465544
https://doi.org/10.3390/sym15112087
https://doi.org/10.3390/app15020888
https://doi.org/10.1007/s00421-006-0247-0
https://www.ncbi.nlm.nih.gov/pubmed/16847676
https://doi.org/10.3390/jfmk6040079
https://www.ncbi.nlm.nih.gov/pubmed/34698229
https://doi.org/10.1519/JSC.0b013e318280c9e9
https://doi.org/10.1016/j.jsams.2009.08.005
https://doi.org/10.3390/healthcare14020160

Healthcare 2026, 14, 160 12 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.
34.

35.
36.

37.

Vasto, S.; Amato, A.; Proia, P; Caldarella, R.; Cortis, C.; Baldassano, S. Dare to Jump: The Effect of the New High Impact Activity
SuperJump on Bone Remodeling. A New Tool to Maintain Fitness during COVID-19 Home Confinement. Biol. Sport 2022, 39,
1011-1019. [CrossRef]

Contro, V.; Bianco, A.; Cooper, J.; Sacco, A.; Macchiarella, A.; Traina, M.; Proia, P. Effects of Different Circuit Training Protocols on
Body Mass, Fat Mass and Blood Parameters in Overweight Adults. J. Biol. Res. Boll. Della Soc. Ital. Di Biol. Sper. 2017, 90, 6279.
[CrossRef]

De Maio, M.; Di Rocco, F,; Papale, O.; Festino, E.; Fusco, A.; Cortis, C. Could Mini-Trampoline Training Be Considered as a New
Strategy to Reduce Asymmetries? Appl. Sci. 2023, 13, 3193. [CrossRef]

Ebert, ].R.; Du Preez, L.; Furzer, B.; Edwards, P.; Joss, B. Which Hop Tests Can Best Identify Functional Limb Asymmetry in
Patients 9-12 Months After Anterior Cruciate Ligament Reconstruction Employing a Hamstrings Tendon Autograft? Int. |. Sports
Phys. Ther. 2021, 16, 393-403. [CrossRef]

Queen, R.; Dickerson, L.; Ranganathan, S.; Schmitt, D. A Novel Method for Measuring Asymmetry in Kinematic and Kinetic
Variables: The Normalized Symmetry Index. J. Biomech. 2020, 99, 109531. [CrossRef]

Markovic, G.; Dizdar, D.; Jukic, I.; Cardinale, M. Reliability and Factorial Validity of Squat and Countermovement Jump Tests.
J. Strength Cond. Res. 2004, 18, 551-555.

Stockbrugger, B.A.; Haennel, R.G. Contributing Factors to Performance of a Medicine Ball Explosive Power Test: A Comparison
Between Jump and Nonjump Athletes. ]. Strength Cond. Res. 2003, 17, 768-774. [CrossRef] [PubMed]

Cortis, C.; Tessitore, A.; Lupo, C.; Perroni, F,; Pesce, C.; Capranica, L. Changes in Jump, Sprint, and Coordinative Performances
After a Senior Soccer Match. J. Strength Cond. Res. 2013, 27, 2989-2996. [CrossRef] [PubMed]

Munro, A.G.; Herrington, L.C. Between-Session Reliability of Four Hop Tests and the Agility T-Test. J. Strength Cond. Res. 2011,
25,1470-1477. [CrossRef] [PubMed]

McKay, A K.A,; Stellingwerff, T.; Smith, E.S.; Martin, D.T.; Mujika, I.; Goosey-Tolfrey, V.L.; Sheppard, J.; Burke, L.M. Defining
Training and Performance Caliber: A Participant Classification Framework. Int. |. Sports Physiol. Perform. 2022, 17, 317-331.
[CrossRef]

Steidl-Miiller, L.; Hildebrandt, C.; Miiller, E.; Fink, C.; Raschner, C. Limb Symmetry Index in Competitive Alpine Ski Racers:
Reference Values and Injury Risk Identification According to Age-Related Performance Levels. J. Sport Health Sci. 2018, 7, 405-415.
[CrossRef]

Di Rocco, E,; Papale, O.; Festino, E.; De Maio, M.; Cortis, C.; Fusco, A. Acute Effects of Mini Trampoline Training Session on Leg
Stiffness and Reactive Power. Appl. Sci. 2023, 13, 9865. [CrossRef]

Bishop, C. Interlimb Asymmetries: Are Thresholds a Usable Concept? Strength Cond. J. 2021, 43, 32-36. [CrossRef]

Philipp, N.M.; Crawford, D.A.; Garver, M.].; Davis, D.W.; Hair, J. Interlimb Asymmetry Thresholds That Negatively Affect
Change of Direction Performance in Collegiate American Football Players. Int. J. Exerc. Sci. 2021, 14, 606—612. [CrossRef]
Picerno, P.; Camomilla, V.; Capranica, L. Countermovement Jump Performance Assessment Using a Wearable 3D Inertial
Measurement Unit. ]. Sports Sci. 2011, 29, 139-146. [CrossRef]

van Wely, M. Mixed Models for Repetitive Measurements: The Basics. Fertil. Steril. 2024, 121, 914-917. [CrossRef]

Hopkins, W.G.; Marshall, S.W.; Battheram, A.M.; Hanin, J. Progressive Statistics for Studies in Sports Medicine and Exercise
Science. Med. Sci. Sports Exerc. 2009, 41, 3-12. [CrossRef]

Booth, M.A; Orr, R. Effects of Plyometric Training on Sports Performance. Strength Cond. J. 2016, 38, 30-37. [CrossRef]

Wu, P.P--Y,; Sterkenburg, N.; Everett, K.; Chapman, D.W.; White, N.; Mengersen, K. Predicting Fatigue Using Countermovement
Jump Force-Time Signatures: PCA Can Distinguish Neuromuscular versus Metabolic Fatigue. PLoS ONE 2019, 14, e0219295.
[CrossRef]

Hodgson, M.; Docherty, D.; Robbins, D. Post-Activation Potentiation. Sports Med. 2005, 35, 585-595. [CrossRef]

Guan, Y,; Bredin, S.; Taunton, J.; Jiang, Q.; Wu, N.; Warburton, D. Association between Inter-Limb Asymmetries in Lower-Limb
Functional Performance and Sport Injury: A Systematic Review of Prospective Cohort Studies. J. Clin. Med. 2022, 11, 360.
[CrossRef]

Papale, O.; Festino, E.; Di Rocco, E; Foster, C.; Prestanti, I.; Serafini, S.; Izzicupo, P.; Cortis, C.; Fusco, A. The Impact of a
Multidimensional Physical Activity Intervention on Glycemic Control in Type 1 Diabetes: A Preliminary Study. J. Funct. Morphol.
Kinesiol. 2025, 10, 163. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /healthcare14020160


https://doi.org/10.5114/biolsport.2022.108993
https://doi.org/10.4081/jbr.2017.6279
https://doi.org/10.3390/app13053193
https://doi.org/10.26603/001c.21140
https://doi.org/10.1016/j.jbiomech.2019.109531
https://doi.org/10.1519/00124278-200311000-00023
https://www.ncbi.nlm.nih.gov/pubmed/14636108
https://doi.org/10.1519/JSC.0b013e3182897a46
https://www.ncbi.nlm.nih.gov/pubmed/23439333
https://doi.org/10.1519/JSC.0b013e3181d83335
https://www.ncbi.nlm.nih.gov/pubmed/21116200
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1016/j.jshs.2018.09.002
https://doi.org/10.3390/app13179865
https://doi.org/10.1519/SSC.0000000000000554
https://doi.org/10.70252/OONH8142
https://doi.org/10.1080/02640414.2010.523089
https://doi.org/10.1016/j.fertnstert.2024.04.009
https://doi.org/10.1249/mss.0b013e31818cb278
https://doi.org/10.1519/SSC.0000000000000183
https://doi.org/10.1371/journal.pone.0219295
https://doi.org/10.2165/00007256-200535070-00004
https://doi.org/10.3390/jcm11020360
https://doi.org/10.3390/jfmk10020163
https://doi.org/10.3390/healthcare14020160

	Introduction 
	Materials and Methods 
	Experimental Approach to the Problem 
	Participants 
	Procedures 
	Mini-Trampoline Training 
	6 m Timed Hop 
	Normalized Symmetry Index 
	Countermovement Jump 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Limitations 
	References

