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A B S T R A C T

Background: Anterior cruciate ligament reconstruction (ACL-R) restores mechanical knee stability, but neuro
muscular and balance deficits often persist. Whole-body vibration (WBV) has been widely studied as a method to 
improve postural control and stimulate the neuromuscular system. However, the acute effects of WBV following 
ACL-R on postural control and muscle activation remain unclear.
Methods: Twenty-seven competitive athletes (13 ACL-R, 14 healthy athletes) underwent static and dynamic 
balance assessments using centre of pressure (CoP) measures synchronised with surface electromyography 
(sEMG) recorded in the vastus lateralis, biceps femoris, tibialis anterior, and lateral gastrocnemius muscles 
during single- and double-leg, in static and dynamic conditions. All participants completed a single WBV session.
Findings: Post-WBV, healthy controls showed reduced CoP sway during static single-leg (p < 0.05), while ACL-R 
participants exhibited no significant change (p > 0.05). In dynamic double-leg with eyes closed, ACL-R partic
ipants showed increased medio-lateral sway (p < 0.05). ACL-R group demonstrated reduced sEMG activity in 
proximal muscles (particularly biceps femoris) during double-leg (p < 0.05), and controls in distal muscles 
during single-leg tasks (tibialis anterior, lateral gastrocnemius p < 0.05).
Interpretation: WBV acutely influenced postural stability, improving static balance in healthy controls but 
increasing dynamic sway in ACL-R individuals, suggesting a recalibration of the sensorimotor set. In addition, 
WBV modulated biceps femoris activation in the operated leg, reducing over-activation, indicating a specific 
neuromuscular response. These preliminary findings highlight persistent neuromechanical alterations in ACL-R 
athletes and may support the potential integration of WBV exercise into rehabilitation programs designed to 
restore balance control.

1. Introduction

Anterior cruciate ligament (ACL) ruptures are among the most 
prevalent knee sports injuries (Rowe et al., 2022). Their reconstruction 
(ACL-R) is recommended to restore mechanical knee joint stability and 
pre-injury function (Jenkins et al., 2022). Nevertheless, deficiencies in 
postural control and knee strength frequently persist even after complete 
rehabilitation (Criss et al., 2021). Additionally, many individuals who 
undergo ACL-R may not achieve complete neuromuscular recovery, 
particularly in postural control, even up to 20 years after reconstruction 
(Stensdotter et al., 2016). ACL rupture is acknowledged as a neuro
physiological dysfunction rather than a local joint injury (Criss et al., 

2021; Needle et al., 2017).
Following ACL-R, early rehabilitation is essential for regaining knee 

stability and neuromuscular function (Criss et al., 2021). It focuses on 
quadriceps recovery and somatosensory pathway restoration, both of 
which are required for postural stability and motor control (Criss et al., 
2021; Howells et al., 2011). Current protocols prioritize early full 
weight-bearing and accelerated strength recovery to facilitate the return 
to high-level sports (Jenkins et al., 2022). However, these approaches 
may not fully address compensatory mechanisms developed post-injury, 
and athletes who are ready to return to play after ACL-R still display 
compensatory alterations, particularly during bilateral control, 
compared to healthy athletes (Di Giminiani et al., 2023; La Greca et al., 
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2025a). Specifically, an enhanced activation of the biceps femoris in the 
operated leg may serve as an indicator of neuromuscular compensation 
intended to enhance knee stability (Di Giminiani et al., 2023).

While performing complex motor tasks, these modifications may 
increase the risk of long-term reinjury (Criss et al., 2021). These modi
fications are attributable to the ACL injury-related damage to peri- 
articular soft tissues, which disrupts joint mechanoreceptors, resulting 
in deafferentation and altered afferent input to the central nervous 
system (CNS) (Needle et al., 2017). This sensory impairment compro
mises postural control (Howells et al., 2011), increases the demand for 
CNS activity to generate protective muscle activity (Palmieri et al., 
2005), and induces neuroplastic changes in CNS structure and function 
(Needle et al., 2024). Loss of proprioceptive input from ACL mechano
receptors (i.e. Pacinian corpuscles, Ruffini endings, Golgi organs, and 
free nerve endings) exacerbates joint instability and induces compen
satory neuromuscular strategies, including altered muscle activation 
patterns and increased co-contraction (Criss et al., 2021; Di Giminiani 
et al., 2023). However, these compensations may reduce the ability to 
respond to unexpected perturbations (Needle et al., 2017), which may 
lead to increased postural sway in individuals considered ready to return 
to sport competition (La Greca et al., 2025a).

In this context, whole-body vibration (WBV) has been suggested as 
an alternative form of physical exercise with the potential to enhance 
neuromuscular function (Cardinale and Bosco, 2003; Luo et al., 2005) in 
healthy individuals (Krause et al., 2019a; Ritzmann et al., 2014) and 
specific populations, including the elderly (Bogaerts et al., 2007) and 
patients with neurological disorders (Krause et al., 2019b; La Greca 
et al., 2025b; Tankisheva et al., 2014). Additionally, it is considered a 
safe and effective method to accelerate rehabilitation (Fu et al., 2013). 
Sinusoidal oscillations transmitted by a vibrating platform provide a 
strong proprioceptive stimulus (Cardinale and Bosco, 2003). They 
quickly activate sensory pathways, such as muscle spindles (Ribot-Ciscar 
et al., 1998), joint mechanoreceptors (Pollock et al., 2011), and the 
vestibular system (Suvorov et al., 1989). Such stimulation may induce 
acute corticospinal changes (Rigoni et al., 2023) and hormonal re
sponses (Di Giminiani et al., 2020; Gyulai et al., 2013), contributing to 
rapid adjustments in postural control (Rigoni et al., 2023).

Conflicting results have been reported in chronic studies that eval
uate WBV after ACL-R. While some longitudinal interventions have re
ported improvements in proprioception and postural stability (Fu et al., 
2013; Moezy et al., 2008), others have found no benefits despite gains in 
hamstring muscle strength (Pistone et al., 2016). Recent systematic re
views have confirmed heterogeneity (Qiu et al., 2022; Rowe et al., 2022) 
due to differences in WBV protocols, such as the use of fixed frequencies 
(between 20 and 50 Hz) and intervention durations (between 3 and over 
12-weeks). Participant characteristics and the utilization of different 
assessment methodologies introduce additional variability, which re
stricts the comparability of studies. To better optimize training process, 
it is imperative to comprehend the acute neuromuscular and postural 
responses to WBV, given the heterogeneity and conflicting findings re
ported in chronic studies. At present, there is only one study that has 
investigated the acute effects of WBV on postural control in ACL-R (Da 
Costa et al., 2019). However, did not report any significant changes.

In the latter study, the applied WBV workload (~20 g) was relatively 
high in comparison to the values commonly reported in the literature 
(Cardinale and Bosco, 2003), particularly as it was imposed during a 
single-leg support in individuals still undergoing rehabilitation. Thus, 
the neuromuscular responses may have been impaired by the inhibitory 
afferent input (Di Giminiani et al., 2015; Roll et al., 1989), which could 
partially explain the absence of torque and postural sway changes that 
were observed. Therefore, in the current study, we implemented a 
progressive workload (from 0.18 g to 8.40 g) to more effectively stim
ulate the neuromuscular system. In addition, the neuromuscular acti
vation was recorded in the leg muscles. The purpose of the current study 
was to examine the acute effects of WBV on body sway, synchronised 
with surface electromyographic activity of the lower limb in ACL-R 

athletes ready to return to sports competition and in healthy athletes. 
The acute effects of WBV were investigated in both static and dynamic 
balance conditions. We hypothesized that ACL-R athletes would exhibit 
altered postural sway, and changes in neuromuscular activation of the 
operated leg following acute exposure to WBV exercise.

2. Methods

2.1. Participants

Twenty-seven regional/national level athletes (skiers, soccer, rugby, 
volleyball, and basketball players) voluntarily participated in this study. 
Participants formed two groups: 13 individuals with ACL-R (3 females; 
age: 24.5 ± 2.7 years; height: 1.78 ± 0.09 m; body mass: 77.0 ± 10.3 kg; 
BMI: 24.1 ± 2.2 kg/m2; leg dominance: 11 right, operated leg is domi
nant: 9), and 14 matched healthy controls (HC) (3 females; age: 25.4 ±
3.4 years; height: 1.77 ± 0.06 m; body mass: 77.9 ± 14.7 kg; BMI: 24.8 
± 4.1 kg/m2; leg dominance: 12 right). Sample size estimation was 
performed a priori using G*Power 3.1.9.4 (Heinrich Heine-Dusseldorf 
University, Düsseldorf, Germany), based on previous study (La Greca 
et al., 2025a). Assuming a large effect size (ES), α = 0.05, power (1-β) =
0.80, the required simple size was estimated to be 24 participants. All 
ACL-R participants had undergone unilateral surgery using a semite
ndinosus/gracilis graft and completed a full rehabilitation protocol (6–9 
months). Inclusion criteria were complete functional recovery (≥6- 
month post-surgery) and full return to sport competition. Rehabilitation 
was conducted in a NHS-affiliated centre according to the indications of 
Beynnon et al. (2005). For the HC group, inclusion criteria required no 
previous ligament or meniscal injuries. Exclusion criteria for both 
groups included current or previous neurological injuries, neuromus
cular disorder, herniated disks, arrhythmias, epilepsies, or comorbidities 
affecting motor function. Participants were instructed to avoid stren
uous activity and alcohol for at least 24 h before testing and tobacco or 
caffeine for at least 3 h.

2.2. Experimental procedure

A two-group parallel design with repeated measures was used. As
sessments were conducted at the Biomechanics Laboratory of the Uni
versity of L'Aquila. The study was approved by the Internal Review 
Board (Protocol n 33/2022), and all participants provided written 
informed consent. Each participant attended two laboratory sessions. 
During the first session, participants were familiarised with experi
mental procedures, including postural control assessments (double-leg 
and single-leg) and the isometric half-squat position required for the 
WBV exercise, performed in the second session. The second session, 
performed 48 h later, involved the experimental protocol (Fig. 1). 
Postural control was assessed in random order under different condi
tions (single-leg and double-leg, static and dynamic) while bilateral 
sEMG activity of leg muscle was recorded. After the initial assessment, 
participants completed seven sets of WBV exercise, followed by an im
mediate post-intervention postural control reassessment under the same 
conditions in a new random order. Testing was performed between 9:30 
and 11:30 a.m. to minimise circadian rhythm effects.

2.3. Postural control assessment

Postural control was assessed by measuring body sway during up
right standing using a force platform (Muscle-Lab 4000e, Ergotest 
Technology, Langesund, Norway). A standardised visual reference was 
provided by white walls placed 1.50 m in front and to the sides of the 
platform, and a red square (1 cm2) positioned at eye level. Body sway 
was evaluated under randomised conditions: double-leg (static and dy
namic) with open eyes (OE) and closed eyes (CE); single-leg (static and 
dynamic) with OE only. During OE conditions, participants were 
instructed to fixate on the red square. Foot placement was marked on the 
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force platform to ensure consistent positioning. In double-leg the forefeet were externally rotated (~30◦), with an intermalleolar distance 

Fig. 1. Flow diagram of the experimental procedure.

Fig. 2. Experimental setup. (A) Assessment of body sway in dynamic upright standing conditions double-leg and single-leg; (B) Placement areas for sEMG electrodes 
on the muscles of the lower limbs; (C) Body position assumed by the participant on the vibration platform.
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of ~1.5 cm. In single-leg the supporting foot was positioned at the centre 
of the platform, while the contralateral leg was flexed at 90◦

(femur–tibia axis). Each trial lasted 30 s, with participants standing still 
and arms relaxed alongside the body. Dynamic conditions were induced 
by controlled perturbations delivered to the upper back using a 
pendulum system individualised to each participant's height (Fig. 2A) 
(Di Giminiani et al., 2024; La Greca et al., 2025b). The mass of the 
pendulum was about 3.5% of the participants' body mass. This system 
has demonstrated high to excellent reliability (ICC 0.70–0.95) (La Greca 
et al., 2025a). Force plate data were collected at 100 Hz, and body sway 
was quantified by centre of pressure (CoP) displacement. Medio-lateral 
(M-L) and anterior-posterior (A-P) CoP displacements were analysed. In 
static conditions, data from the full 30-s trial were considered. In dy
namic conditions, perturbations were applied to capture the responses 
occurring within the first seconds after perturbation onset (Colebatch 
et al., 2016), three 1.5-s time windows were extracted, each triggered by 
the onset of the change in ground reaction force induced by the 
perturbation. Postural sway data were synchronised with surface elec
tromyography (sEMG) signals recorded from the leg muscles.

2.4. Synchronised sEMG activity

The sEMG was recorded using triode electrodes (T3402M, Thought 
Technology Ltd., Montreal, Canada) from the vastus lateralis, biceps 
femoris, tibialis anterior and lateralis gastrocnemius muscles (Fig. 2B). 
Signals were collected bilaterally from the operated leg (OL) non- 
operated leg (N-OL) in the ACL-R group, and from dominant leg (DL), 
non-dominant leg (N-DL) for CG. Electrodes were placed according to 
SENIAM guidelines (Hermens et al., 2000). To minimise skin impedance 
(<5 kΩ), the skin was shaved, lightly abraded, and cleaned with alcohol. 
Electrodes and cables were secured with an elastic band (Flexa Elast, Pic 
Solution, Pikdare S.p.A.) to reduce motion artefacts. Raw EMG signal 
were acquired using the Muscle Lab 4000e system (Ergotest-Innovation, 
Porsgrunn, Norway), preamplified, and band-pass filtered (voltage 
supply ±5 VDC; input impedance 2 GΩ; common-mode rejection rate 
100 dB; input noise level 3 μVCC at 1 kHz; output impedance ≤10 Ω; 
output voltage ±4 V; gain at 100 Hz: 1000; band-pass filter 8–1200 Hz, 
3 dB cut-off). The raw EMG was converted to an RMS signal using a 
hardware circuit network that computed the true root-mean-square 
level according to the standards (International Society of Electrophysi
ology and Kinesiology, https://isek.org/resources/). The RMS con
version circuit had a frequency response (typically) of ±3 dB, a 
bandwidth 450 kHz, an averaging constant 100 ms, conversion accuracy 
of ±0.5%. The RMS signal was sampled at 100 Hz using a 16-bit A/D 
converter. The sEMGRMS values were normalized for each muscle its own 
sEMGRMS peak recorded during the no-vibration condition (isometric 
position on the plate without vibration) for each participant (Di Gimi
niani et al., 2015). The sEMG data were analysed using the same win
dows adopted for body sway analysis: the entire 30-s trial for static 
condition and three 1.5-s windows at perturbation onset for dynamic 
conditions.

2.5. Whole-body vibration intervention

The participants assumed an upright isometric high-squat position 
with raised heels and a forward-tilted trunk (elbow angle = 58◦, hip 
angle = 115◦, knee angle = 90◦ and ankle angle = 100◦) (Fig. 2C) (Di 
Giminiani et al., 2013) on a vertical vibrating platform (Bosco System, 
Nemes Lsb, Rieti, Italy). Participants were allowed to lightly place their 
hands on the bar for safety in case of balance loss; however, they were 
instructed not to apply gripping force or use the bar for weight support. 
Each participant performed seven WBV trials under the following con
dition: isometric (0.0 g), 0.18, 0.30, 1.10, 1.90, 5.70 and 8.40 g, (g is the 
Earth's gravitational field; 9.81 m⋅s− 2). Each trial lasted 30-s, with 2-min 
of rest between trials. Foot positions were marked on the platform to 
ensure consistent placement across trials.

2.6. Statistical analysis

Statistical analyses were performed using the Statistics and Machine 
Learning Toolbox in MATLAB (R2024b; MathWorks, Natick, MA, USA). 
Data normality was assessed using the Shapiro-Wilks's W test. As vari
ables were not normally distributed, non-parametric tests were applied. 
Baseline anthropometric differences between groups were analysed 
using the Mann-Whitney U test. Within each group, acute effect of WBV 
exercise on body sway and synchronised sEMG activity were analyses 
using the Wilcoxon signed-rank test (two-tailed). Between-groups dif
ferences in pre–post change scores (Δ%) were analysed using the Man
n–Whitney U test to compare the magnitude of acute WBV effects. No 
significant differences were found in baseline anthropometric variables 
(age, height, body mass, BMI), confirming that the groups were well- 
matched. Statistical significance was set at α = 0.05. Effect size was 
calculated as r = z/√N. and interpreted as small at r < 0.3, moderate at 
0.3 < r < 0.5, and large at r > 0.5 (Cohen, 2013).

3. Results

3.1. Static balance measures

Following WBV, no significant changes in body sway path (A-P and 
M-L CoP displacement) were observed in ACL-R group across all con
dition (p > 0.05). Conversely, healthy athletes exhibited a significant 
reduction in M-L and A-P sway during the single-leg non-dominant 
condition (p = 0.006, ES = 0.73; p = 0.030, ES = 0.58, respectively) 
(Table 1).

Between-group comparisons of pre-post change scores (Δ%) revealed 
no statistically significant differences (p > 0.05). Nevertheless, a mod
erate between-group effect size was observed for static M-L sway during 
single-leg on the non-operated leg/non-dominant leg (ES = 0.38), 
reflecting a greater sway reduction in the HC group (Table 2).

3.2. Dynamic balance measures

After WBV, the ACL-R athletes showed a significant increase in M-L 
CoP displacement during double-leg with CE (p = 0.027, ES = 0.59). No 
significant changes were observed in the healthy athletes across condi
tion (p > 0.05) (Table 1).

Between-group comparisons of the pre-post changes scores (Δ%) for 
dynamic balance parameters revealed no significant differences (p >
0.05). However, a moderate between-group effect size was observed 
during the single-leg dynamic condition in the A-P direction on the non- 
dominant leg (ES = 0.34) (Table 2).

3.3. Neuromuscular response during static balance

In the ACL-R athletes, WBV acutely reduced the biceps femoris sEMG 
activity in the operated leg during double-leg with CE (p = 0.041, ES =
0.55) and OE (p = 0.033, ES = 0.57) (Fig. 3). A reduction in vastus 
lateralis sEMG activity was also observed during the double-leg CE 
condition (p = 0.015, ES = 0.65) (Supplementary Table S1). In the HC 
athletes, vastus lateralis sEMG activity decreased in the dominant leg 
during the double-leg CE condition (p = 0.033, ES = 0.57). Moreover, 
during single-leg condition, significant reductions were observed in 
tibialis anterior (p = 0.028, ES = 0.59) and lateral gastrocnemius (p =
0.047, ES = 0.53) sEMG activity of the non-dominant leg (Supplemen
tary Table S2).

Between-group comparisons of pre-post change scores (Δ%) for 
sEMG activity during static tasks showed no statistically significant 
differences (p > 0.05) (Supplementary Table S3).

3.4. Neuromuscular response during dynamic balance

In the ACL-R athletes, biceps femoris sEMG activity was significantly 
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reduced during the dynamic double-leg condition with OE (p = 0.032, 
ES = 0.57) (Fig. 3). No other significant changes were observed (p >
0.05) (Supplementary Table S4). The healthy athletes, vastus lateralis 
activity decreased in the dominant leg during dynamic the double-leg 
OE condition (p = 0.023, ES = 0.61). During the dynamic single-leg 
condition, tibialis anterior and lateral gastrocnemius sEMG activity 
decreased significantly in both dominant (p = 0.048, ES = 0.52; p =
0.041, ES = 0.55) and non-dominant legs (p = 0.046, ES = 0.53; p =
0.013, ES = 0.66) (Supplementary Table S5).

Between-group comparisons of pre-post change scores (Δ%) the 
sEMG activity for dynamic conditions revealed no significant differences 
(p > 0.05). However, the largest moderate effect size was observed for 
the biceps femoris during the double-leg OE condition (ES = 0.38) 
indicating a greater reduction in the ACL-R group. A moderate effect size 
was also found for the lateral gastrocnemius during the double-leg CE 
condition on the non-operated leg/non-dominant leg (ES = 0.38) 
(Table 3).

4. Discussion

The present study investigated the acute effects of WBV exercise on 
postural control and neuromuscular activation in athletes following 
ACL-R and healthy controls. The results supported our initial hypothesis, 
showing group-specific responses in both balance condition and muscle 
activity.

Table 1 
Body sway path values (mean ± SD) during static conditions, pre- and post-WBV 
exercise, in anterior cruciate ligament reconstruction (ACL-R) and healthy 
controls.

Variables Pre Post p ES

ACL-R athletes
Static Double-leg OE M-L (mm) 308.8 ±

104.4
314.56 ±

96.4
0.893 0.04

Static Double-leg OE A-P (mm) 550.3 ±
186.3

611.9 ±
158.1

0.893 0.04

Static Double-leg CE M-L (mm) 338.7 ±
114.6

366.86 ±
96.4

0.146 0.39

Static Double-leg CE A-P (mm) 658.4 ±
226.3

611.9 ±
158.1

0.455 0.20

Static Single-leg operated leg M- 
L (mm)

850.2 ±
165.1

888.2 ±
312.5

0.388 0.23

Static Single-leg operated leg A-P 
(mm)

1145.5 ±
409.2

1144.9 ±
589

0.638 0.13

Static Single-leg non-operated 
leg M-L (mm)

867.7 ±
133.2

877.8 ±
198.2

0.388 0.23

Static Single-leg non-operated 
leg A-P (mm)

1194.7 ±
314

1179.8 ±
311.2

0.735 0.09

Dynamic Double-leg OE M-L 
(mm)

102.8 ±
54.7

143.1 ±
56.8

0.146 0.39

Dynamic Double-leg OE A-P 
(mm)

362.5 ±
74.9

386.2 ±
96.8

0.305 0.27

Dynamic Double-leg CE M-L 
(mm)

111.5 ±
48.6

175.3 ±
48.5

0.027* 0.59

Dynamic Double-leg CE A-P 
(mm)

385.6 ±
88.1

415.0 ±
122.3

0.542 0.16

Dynamic Single-leg operated leg 
M-L (mm)

130.7 ±
36.5

147.0 ±
48.8

0.191 0.35

Dynamic Single-leg operated leg 
A-P (mm)

316.6 ±
59.9

350.6 ±
90.9

0.060 0.50

Dynamic Single-leg non- 
operated leg M-L (mm)

124.2 ±
27.9

130.2 ±
35.4

0.497 0.18

Dynamic Single-leg non- 
operated leg A-P (mm)

308.3 ±
87.9

314.8 ±
91.5

0.988 0.01

Healthy controls
Static Double-leg OE M-L (mm) 242.6 ±

56.1
240.4 ±

63.3
0.391 0.23

Static Double-leg OE A-P (mm) 350.6 ±
145.9

324.5 ±
121.3

0.670 0.11

Static Double-leg CE M-L (mm) 271.7 ±
81.2

317.6 ±
87.6

0.062 0.50

Static Double-leg CE A-P (mm) 422.4 ±
176.2

470.1 ±
163.1

0.345 0.25

Static Single-leg dominant leg M- 
L (mm)

930.2 ±
245.4

855.6 ±
175.05

0.216 0.33

Static Single-leg dominant leg A- 
P (mm)

1005.6 ±
335.4

889.7 ±
266.5

0.080 0.47

Static Single-leg non-dominant 
leg M-L (mm)

940.4 ±
214.4

822.1 ±
219.1

0.006* 0.73

Static Single-leg non-dominant 
leg A-P (mm)

1082.7 ±
318.9

950.7 ±
281.6

0.030* 0.58

Dynamic Double-leg OE M-L 
(mm)

86.6 ± 58.9 89.1 ± 60.6 0.463 0.20

Dynamic Double-leg OE A-P 
(mm)

271.1 ±
198.2

271.2 ±
180.5

0.326 0.26

Dynamic Double-leg CE M-L 
(mm)

107.9 ±
70.0

111.3 ±
84.7

0.424 0.21

Dynamic Double-leg CE A-P 
(mm)

269.0 ±
178.4

269.8 ±
209.4

0.626 0.13

Dynamic Single-leg dominant 
leg M-L (mm)

108.8 ±
42.4

118.5 ±
56.8

0.245 0.31

Dynamic Single-leg dominant 
leg A-P (mm)

303.8 ±
244.3

269.2 ±
186.7

0.542 0.16

Dynamic Single-leg non- 
dominant leg M-L (mm)

117.6 ±
55.5

110.7 ±
62.6

0.808 0.06

Dynamic Single-leg non- 
dominant leg A-P (mm)

261.4 ±
139.1

264.2 ±
181.4

0.952 0.02

Abbreviations: anterior cruciate ligament reconstruction (ACL-R); open eyes 
(OE); closed eyes (CE); medio-lateral (M-L); anterior-posterior (A-P); * Signifi
cant difference between pre- and post-WBV exercise, p ≤ 0.05; r effect size (ES).

Table 2 
Between-group comparisons of Δ% (post–pre) sway path values (mean ± SD) in 
medio-lateral and anteroposterior directions during static and dynamic balance 
conditions.

Static body sway

Variables ACL-R HC p ES

Double-leg OE M-L (mm) 5.7 ±
126.7

− 2.2 ±
43.4

0.797 0.05

Double-leg OE A-P (mm) − 2.8 ±
117.8

− 26.1 ±
112.5

0.644 0.09

Double-leg CE M-L (mm) 28.1 ±
86.7

46.9 ± 81.7 0.959 0.01

Double-leg CE A-P (mm) − 46.6 ±
197.0

47.7 ±
122.5

0.305 0.20

Single-leg operated leg/dominant 
leg M-L (mm)

38.1 ±
254.1

− 74.63 ±
173.0

0.572 0.12

Single-leg operated leg/dominant 
leg A-P (mm)

− 0.6 ±
457.6

− 115.9 ±
196.1

0.383 0.18

Single-leg non-operated leg/ non- 
dominant leg M-L (mm)

10.1 ±
186.6

− 117.5 ±
121.0

0.057 0.38

Single-leg non-operated leg/ non- 
dominant leg A-P (mm)

− 14.9 ±
166.5

− 132.1 ±
193.2

0.151 0.29

Dynamic body sway
Variables ACL-R HC p ES

Double-leg OE M-L (mm)
13.9 ±
31.8 2.6 ± 27.6 0.572 0.12

Double-leg OE A-P (mm)
− 28.1 ±

108.2
0.1 ± 203.7 0.111 0.32

Double-leg CE M-L (mm) 30.2 ±
39.6

3.4 ± 32.2 0.123 0.30

Double-leg CE A-P (mm)
29.5 ±
102.2 0.8 ± 72.4 0.329 0.20

Single-leg operated-leg/ 
dominant-leg M-L (mm)

16.3 ±
40.7 9.7 ± 26.9 0.719 0.07

Single-leg operated-leg/ 
dominant-leg A-P (mm)

33.9 ±
58.0

− 33.7 ±
135.1

0.091 0.34

Single-leg non-operated leg/ non- 
dominant leg M-L (mm)

5.9 ± 33.5 − 6.9 ±
43.5

0.441 0.16

Single-leg non-operated leg/ non- 
dominant leg A-P (mm)

29.1 ±
241.9 2.8 ± 72.5 0.608 0.11

Abbreviations: anterior cruciate ligament reconstruction (ACL-R) group; healthy 
control (HC) group; open eyes (OE); closed eyes (CE); medio-lateral (M-L); 
anterior-posterior (A-P); r effect size (ES).
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In healthy athletes, WBV improved postural control during static 
condition, particularly in single-leg tasks, as indicated by reduced CoP 
path length and decreased ankle muscle activation (tibialis anterior and 
lateral gastrocnemius) in the non-dominant leg. During dynamic con
ditions, WBV did not significantly reduce CoP displacement; however, 
decreased ankle muscles activations was observed in both limbs. These 
findings are consistent with previous studies showing that WBV can 
induce the maintenance or enhancement of balance performance by 
optimising neuromuscular strategies. Krause et al. (2019b) reported 
reduced H-reflex excitability and shank co-contraction after WBV during 
dynamic single-leg condition, while Maslova et al. (2024) reported that 
WBV induced a modulation of proprioceptive integration and improve 

balance in young healthy adults. Similarly, Rigoni et al. (2023) showed 
that acute WBV induces sensorimotor recalibration during static bal
ance, leading to changes in neuromuscular activation, postural control, 
and corticomuscular coupling. Together, these findings indicate that 
healthy athletes respond to WBV through optimisation of neuromus
cular activation strategies.

In contrast, ACL-R athletes showed no significant changes in CoP 
displacement during static balance. However, during double-leg static 
condition, WBV induced a reduction in proximal muscles activity, 
particularly the biceps femoris of the operated leg, observed in both 
static and dynamic condition. Despite this neuromuscular modulation, 
ACL-R athletes exhibited an increase in medio-lateral CoP sway during 

Fig. 3. Changes in Biceps Femoris sEMG activity during postural control under different conditions, pre- and post-WBV exercise, in the ACL-R group and health 
control (HC) group.
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double-leg dynamic condition with eyes closed, suggesting altered 
postural response to WBV exercise. This behaviour suggests a dissocia
tion between neuromuscular modulation and postural control outcomes. 
This indicate that acute neuromuscular changes alone may be insuffi
cient to compensate for persistent sensorimotor deficits after ACL-R 
(Criss et al., 2021; Needle et al., 2017). The increase in medio-lateral 
sway observed in ACL-R athletes during dynamic tasks, particularly 
with closed eyes, reflects deficits when visual input is removed. This 
observation aligns with the concept of “sensory reweighting” described 
by Kim et al. (2017), whereby ACL-R athletes rely more on visuospatial 
information to compensate the reduced knee proprioception. This 
finding may be interpreted within the framework of postural control 
models in which sensory integration is less effective when a sensory 
channel is unavailable (Kuo et al., 1998). In addition, medio-lateral 
stability requires greater cortical involvement than anterior-posterior 
stability (Slobounov et al., 2008), and proprioceptive deficits may 
limit the use of somatosensory pathways (Kapreli et al., 2009). Previous 
studies in this population have reported heterogeneous responses to 
WBV; some of them showing improvements in proprioception and bal
ance (Fu et al., 2013; Moezy et al., 2008) and others reporting partial 
benefits (Qiu et al., 2022; Rowe et al., 2022). The present findings seem 
to align with the latter, supporting the notion that altered afferent 
integration may limit the translation of acute neuromuscular responses 
into improved postural stability.

Within this context, muscle modulation provides insight into these 
neuromuscular adjustments. The biceps femoris appear particularly 
responsive to WBV stimulation. In uninjured individuals, WBV has been 
shown to acutely reduce hamstring activation (Chaltron et al., 2023), 
suggesting a high sensitivity of this muscle to WBV stimuli. In ACL-R 
athletes, hamstring over-recruitment of the operated leg is commonly 
reported as a compensatory strategy to enhance knee joint stability (Fu 
et al., 2013; Johnson et al., 2018; Moezy et al., 2008) and may persist 
despite rehabilitation (Di Giminiani et al., 2023). Consistently, La Greca 
et al. (2025a) observed greater biceps femoris activity during balance in 
fully rehabilitated ACL-R athletes compared with healthy controls. The 
reduction in biceps femoris activation observed following WBV may 
reflect a beneficial attenuation of this over-activation, potentially indi
cating a favourable neuromuscular recalibration (Rigoni et al., 2023), 
although its translation into functional stability remains unclear.

Between-group comparisons of delta scores revealed no statistically 
significant differences in CoP sway or EMG activity. Nevertheless, 
several outcomes showed moderate effect sizes, suggesting physiologi
cally relevant trends that may not be reflected by null hypothesis testing. 
These included medio-lateral sway during dynamic single-leg condition 
(ES = 0.38), biceps femoris activity of the operated leg during double- 
leg dynamic condition (ES = 0.37), and lateral gastrocnemius activity 
of the non-operated leg during double-leg dynamic with eyes closed 
condition (ES = 0.39). As these muscles play a key role in postural 
stabilisation, the observed pattern may reflect persistent neuromuscular 
asymmetries or compensatory strategies in ACL-R individuals (Criss 
et al., 2021; Needle et al., 2017). Although not statistically conclusive, 
these findings indicate a modest intergroup differences that may become 
more evident under challenging postural conditions, such as dynamic 
tasks requiring greater sensorimotor integration to maintain balance. 
This pattern appears consistent with sensorimotor deficits previously 
reported in ACL-R individuals (Criss et al., 2021). The lack of statistical 
significance is likely related to the limited sample size of this pre
liminary study, which may reduce statistical power and increase the risk 
of type II error. In this context, effect sizes provide complementary 
insight into neuromechanically meaningful differences that may not 
reach conventional significance thresholds (Cohen, 2013).

These group-specific responses may explain the different effects 
observed across conditions. In healthy athletes, greater improvements 
during single-leg tasks suggest that WBV-induced sensorimotor recali
bration (Rigoni et al., 2023) becomes more evident as postural demands 
increase, whereas in less challenging double-leg conditions the effect is 
mainly reflected in optimised muscle activity. In contrast, in ACL-R 
athletes, even double-leg conditions, particularly with eyes closed, 
appear to represent a meaningful sensorimotor challenge, as suggested 
by reduced biceps femoris activity without corresponding improvements 
in postural control, consistent with persistent somatosensory deficits 
(Criss et al., 2021). Single-leg tasks showed a similar but attenuated 
pattern, with smaller, non-significant changes, suggesting a limited 
responsiveness to a single WBV session under higher task demands.

Taken together, these findings highlight group specific acute re
sponses in postural control and neuromuscular activation following a 
WBV session, with potential clinical implications. Clinically, WBV may 
serve as a useful adjunct tool in rehabilitation, potentially reducing 

Table 3 
Between-group comparisons (mean ± SD) of Δ% (post–pre) normalized sEMG activity values (mean ± SD) during dynamic balance conditions.

Variables Operated/Dominant leg Non-Operated/Non-Dominant leg

Double-leg dynamic CE ACL-R HC p ES ACL-R HC p ES
VL (%) 5.2 ± 14.3 − 8.3 ± 15.9 0.151 0.29 5.3 ± 18.5 − 1.5 ± 8.2 0.757 0.06
BF (%) − 43.1 ± 132.5 − 20.1 ± 60.4 0.792 0.06 − 6.2 ± 82.89 34.7 ± 54.7 0.212 0.27
TA (%) 77.8 ± 196.5 − 28.7 ± 105.7 0.259 0.32 − 28.5 ± 182.5 − 5.9 ± 28.2 0.804 0.08
LG (%) − 17.6 ± 66.9 1.6 ± 31.2 0.472 0.15 − 25.6 ± 77.7 14.0 ± 39.1 0.057 0.38

Double-leg dynamic OE ACL-R HC p ES ACL-R HC p ES
VL (%) − 0.4 ± 16.1 − 9.3 ± 12.8 0.342 0.19 − 0.8 ± 19.8 − 3.2 ± 10.2 0.837 0.04
BF (%) − 61.7 ± 116.7 − 4.8 ± 7.9 0.087 0.37 − 19.9 ± 97.2 − 8.5 ± 78.7 0.733 0.08
TA (%) 111.8 ± 318.7 − 37.5 ± 97.7 0.383 0.26 13.8 ± 255.1 − 14.4 ± 30.7 0.804 0.09
LG (%) − 22.7 ± 94.3 3.3 ± 27.6 0.472 0.15 − 30.2 ± 73.7 − 4.9 ± 49.9 0.719 0.07

Single-leg dynamic OL/DL ACL-R HC p ES

VL (%) 6.1 ± 22.1 − 0.3 ± 8.7 0.441 0.15
BF (%) − 5.3 ± 43.7 − 30.2 ± 52.3 0.324 0.22
TA (%) − 24.9 ± 191.9 − 287.7 ± 492.3 0.259 0.32
LG (%) − 28.2 ± 79.3 − 34.8 ± 72.6 0.382 0.18

Single-leg dynamic N-OL/N-DL ACL-R HC p ES
VL (%) − 4.2 ± 16.4 − 6.2 ± 27.6 0.538 0.13
BF (%) − 27.3 ± 93.0 − 5.9 ± 19.9 0189 0.29
TA (%) − 237.2 ± 314.3 − 287.8 ± 329.6 0.901 0.05
LG (%) − 18.6 ± 86.7 − 27.5 ± 53.1 0.199 0.26

Abbreviations: anterior cruciate ligament reconstruction (ACL-R) group; healthy control (HC) group; open eyes (OE); closed eyes (CE); operated leg (OL); non-operated 
leg (N-OL); dominant leg (DL); non-dominant leg (N-DL); vastus lateralis (VL); biceps femoris (BF); tibialis anterior (TA); lateralis gastrocnemius (LG); r effect size (ES).
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hamstring over-activity in ACL-R athletes. However, these results should 
be considered within the context of the study's limitations, including 
that only acute responses were assessed. As a preliminary investigation, 
the sample size may have limited statistical power, although the inclu
sion of competitive athletes with similar characteristics strengthens in
ternal validity. These results cannot be generalised to all ACL-R athletes, 
as only those with a semitendinosus/gracilis graft were included. 
Neuromuscular activity was assessed via EMG amplitude, which, while 
clinically interpretable, may not fully capture temporal and spectral 
complexity, referring to the frequency content and variability of muscle 
activation patterns. Complementary biomechanical measures, such as 
kinematics, were not included. Nevertheless, the rigorous experimental 
design and simultaneous assessment of balance and sEMG provide novel 
insights into the acute neuromechanical effects of WBV in ACL-R ath
letes. Future research should involve larger samples, integrated kine
matic analysis, and longitudinal designs to confirm these preliminary 
findings and determine whether WBV induces long-term neuromuscular 
and postural adaptations. Finally, individualised vibration loading, as 
suggested by Di Giminiani et al. (2015), may enhance intervention 
protocols and optimize neuromuscular responses during postural control 
after ACL-R.

5. Conclusion

This preliminary study suggests that WBV acutely determines 
different neuromechanical responses on postural control in ACL-R and 
healthy athletes. In healthy athletes, WBV promoted a reduction in distal 
muscle activation with improvements in single-leg balance perfor
mance, suggesting optimisation of muscle activation patterns. In ACL-R 
athletes it induced neuromuscular changes, characterised by a reduction 
in biceps femoris activity in the operated leg without improvements in 
postural stability, suggesting sensorimotor recalibration. These findings 
highlight the potential of WBV exercise as a complementary rehabili
tation tool, while emphasising the need for larger, longitudinal studies 
to determine its long-term clinical relevance.
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