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Eight weeks of focal muscle vibration shows
improvements in muscle co-ordination

and co-contraction in cerebral palsy children:
a randomized control trial
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Abstract

Background Muscle spasticity, impaired coordination and fatigue are common in cerebral palsy (CP) children. This
study investigated frequency-specific effects of focal muscle vibration (FMV) on neuromuscular activation, fatigue,
and agonist—antagonist coordination. We hypothesized that 8 weeks of FMV would improve lower limb muscle
activation, reduce fatigue, and optimize co-contraction compared to control, with differential effects between 80 and
100 Hz stimulation.

Methods In a double-blind randomized controlled trial, 65 spastic diplegic CP children (GMFCS lI-IV) were allocated
to Control, 80 Hz, or 100 Hz FMV groups. Primary outcomes were EMG-derived muscle activation (RMS) and fatigue
(median frequency; and fatigue index). Secondary outcomes included co-contraction index (CCl) between tibialis
anterior (TA) and soleus (Sol). Assessments were conducted at baseline, 4, 8, and 12 weeks. Linear mixed-effects
models evaluated Group, Time, and Group X Time effects, with Bonferroni-corrected post-hoc comparisons.

Results Significant group differences were observed primarily in the TA. In non-dominant leg, the 100 Hz group
showed higher RMS compared to Control at 4 weeks (p=0.027) and 8 weeks (p=0.027) and compared to 80 Hz at

4 weeks (p=0.045) and 8 weeks (p=0.008). In dominant leg, 100 Hz also demonstrated higher RMS than Control at

8 weeks (p=0.003). Fatigue analysis revealed significant time effects in soleus muscle (p <0.009), with 100 Hz group
demonstrating more sustained MDF values in the dominant limb, suggesting improved fatigue resistance, whereas
80 Hz group showed greater fatigue-related declines. Fl analysis further revealed significant Group x Time interactions
in non-dominant Sol (p=0.008), with 80 Hz differing from Control (p=0.019) and 100 Hz (p=0.008) at 8 weeks. For
co-contraction, a significant group effect was observed in the non-dominant limb (p=0.034), indicating differences
between intervention and control groups, although post-hoc comparisons were not significant.

Conclusion FMV induces frequency-specific neuromuscular adaptations in CP children. 100 Hz stimulation appears

more effective for enhancing short-term muscle activation and fatigue resistance, while 80 Hz may promote longer-
term coordination changes.
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Trial registration Trial prospectively registered with United States clinical trial registry (clinicaltrials.gov), trial ID:

NCTO05751135.
Highlights

Clinical and Impact: Clinically, the findings advocate personalized FMV protocols and adjunct therapies to prolong
benefits. This study advances mechanistic insights into FMV, informing targeted rehabilitation strategies for CP.
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Background

Cerebral palsy (CP) is a non-progressive neurological
disorder stemming from early brain insult, and can lead
to complications like cognitive deficits, epilepsy, and
musculoskeletal deformities [1]. CP is one of the leading
causes of childhood motor disability [2], globally affect-
ing 2—-3 per 1000 live births approximately [1]. It has a
profound socioeconomic burden [3-6], costing up to
$2.9 billion annually in direct and $12.2 billion in indirect
costs in the US, for example [7]. Spastic CP accounts for
around 80% CP cases (35% diplegic, 20% quadriplegic and
25% hemiplegic) [1, 8], and is characterized by hypertonia
and stiffness, muscle weakness, impaired coordination,
and restricted mobility [1, 8, 9]. Current rehabilitation
strategies for CP provide partial relief, require specialized
effort, or are invasive. Physical therapy — involving struc-
tured exercises, is limited by long-term effectiveness [10,
11], occupational therapy fails to address underlying neu-
rological deficits [12], and pharmacological agents, such
as botulinum toxin injections, temporarily reduce spas-
ticity but carry risks of sedation, fatigue, and tolerance
development [13-16]. Surgical interventions, including
selective dorsal rhizotomy, offer lasting relief for severe
spasticity but involve invasive risks and extended recov-
ery [17, 18].

Focal muscle vibration (FMV) has emerged as a prom-
ising neuromodulatory intervention for CP. By deliver-
ing mechanical vibration stimuli to the targeted muscles,
FMYV enhances proprioceptive feedback, activates muscle
spindles, and may induce cortical reorganization through
plasticity [19-23]. Unlike conventional therapies, FMV
is passive, non-invasive, and customizable to individual
needs via adjustable frequencies and amplitudes [24, 25].
Wearable FMV devices have already shown promising
results in improving limb function and reducing spastic-
ity in the stroke population [26, 27].

Focal muscle vibration (FMV) primarily acts through
activation of muscle spindle primary endings (Ia affer-
ents), which are highly sensitive to vibration frequencies
typically ranging between 60 and 120 Hz [28, 29]. Impor-
tantly, the firing behaviour of these afferents is not linear
across frequencies; rather, it exhibits frequency-depen-
dent entrainment and saturation characteristics [30, 31].
Experimental neurophysiology studies have shown that

Ia afferents can synchronize their discharge to vibra-
tion stimuli, with optimal responsiveness often reported
around 80-100 Hz, but with subtle shifts in firing regu-
larity, recruitment, and central transmission occurring
even within this range [32-34].

Critically, it is not only the mean firing rate but the tem-
poral regularity of this discharge that shapes downstream
effects: more regular, phase-locked Ia volleys produce
more reliable temporal summation at the motoneuron
pool and more coherent corticospinal drive, whereas
small upward shifts in frequency near the entrainment
ceiling of Ia afferents can push firing toward intermittent
or saturated patterns [31, 32, 39, 40]. Because such syn-
chronized, regular afferent input is the principal driver of
the long-term potentiation (LTP)-like plasticity thought
to underlie durable motor improvements after repeated
muscle vibration [65], even modest changes in discharge
regularity can alter how efficiently a given frequency con-
solidates neuromuscular adaptation, rather than deter-
mining whether an effect occurs at all.

Small variations in vibration frequency may therefore
differentially modulate the temporal pattern of affer-
ent input to the central nervous system. There is grow-
ing evidence of FMV’s utility in neurorehabilitation of
conditions such as stroke, multiple sclerosis, and spinal
cord injury, and the magnitude of therapeutic benefit is
consistently tied to the vibration frequency employed
[19, 24, 35-37]. For example, [25] found that in spinal
injury populations, 80 Hz better modulates reciprocal
inhibition than 20, 40, and 120 Hz. Therefore, identify-
ing the optimal stimulation frequency becomes impor-
tant for effective rehabilitation. Furthermore, evidence
from studies on vibration-induced kinesthetic illusions
and corticospinal excitability suggests that even small
differences in vibration frequency can alter the balance
between spinal reflex pathways and supraspinal process-
ing [34, 38, 39]. This may result in frequency-specific
effects on motor coordination, co-contraction patterns,
and fatigue dynamics. In populations with neurological
impairments such as cerebral palsy, where sensorimotor
integration is already disrupted, these subtle differences
in afferent drive may be amplified, leading to distinct
functional outcomes.
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Among the most widely reported FMV frequencies for
neurorehabilitation are 80 Hz and 100 Hz, both of which
fall within the optimal range for primary spindle affer-
ent activation [29, 32-34, 40]. While 100 Hz has been
the more extensively studied frequency, predominantly
for its acute spasticity reduction and cortical excitabil-
ity modulation, 80 Hz has been associated with distinct
effects on agonist—antagonist coordination through pref-
erential engagement of spinal inhibitory circuits [19, 25,
36, 37]. Despite both frequencies being within 20 Hz of
each other, the available evidence suggests they may dif-
fer mainly in the magnitude and temporal persistence of
their effects rather than engaging qualitatively distinct
mechanisms; indeed, perceptual studies report that fre-
quencies above approximately 80 Hz alter mainly the
duration of vibratory after-effects rather than their quali-
tative nature [63]. We therefore did not assume separate
mechanisms a priori but instead tested whether 80 Hz
and 100 Hz would modulate the size and time course of
neuromuscular adaptations differentially in children with
spastic diplegic CP, over a sustained 8-week intervention
period.

In the CP population, preliminary studies demonstrate
FMV’s short-term benefits, including reduced spastic-
ity and improved gait parameters [41-43]. For instance,
three days of FMV intervention at 100 Hz has been
shown to reduce spasticity up to 40% [20]. However,
existing research predominantly focuses on the acute
effects or low dosage of FMV; with limited insight into
sustained neuromuscular adaptations or (vibration) stim-
ulation frequency-specific mechanisms caused by FMV,
limiting FMV’s therapeutic potential.

Crucially, the relationship between vibration param-
eters (e.g., frequency, duration) and long-term neuro-
plastic changes remains poorly characterized. While
electromyography (EMG) offers a window into neuro-
muscular dynamics, few studies have employed EMG to
quantify how FMYV influences muscle activation, fatigue,
or agonist—antagonist coordination over extended peri-
ods. Present EMG studies focus on using EMG as bio-
feedback to guide vibration delivery rather than on
understanding the effect of vibration on the neuromus-
cular underlay [43]. Addressing these gaps could refine
FMV protocols, optimize outcomes, and unlock its full
rehabilitative potential.

Therefore, this study aimed to investigate the efficacy
of two FMV frequencies (80 Hz and 100 Hz) adminis-
tered over 8 weeks in children with spastic diplegic CP.
Using surface EMG (sEMG) during dorsiflexion tasks,
we evaluated (1) time-dependent changes in muscle
activation, (2) fatigue dynamics, and (3) co-contraction
between the agonist and antagonist muscles in the lower
limb. We hypothesized that FMV stimuli (80 Hz/100 Hz/
both) would elicit superior muscle activation patterns

(2026) 23:250

Page 3 of 21

and exhibit greater fatigue resilience, compared to the
Control (no vibration). By elucidating (stimulation) fre-
quency-specific mechanisms, this work aims to advance
EMV as a precision therapy for CP, bridging the gap
between empirical application and mechanistic under-
standing. As per our knowledge, this is the first com-
prehensive study to systematically investigate the effects
of wearable FMV on muscle activation, fatigue and co-
contraction, in spastic diplegic CP children. This is also
the first study to compare these effects, with two FMV
stimulation frequencies (80 and 100Hz) over a longer (12
weeks) period, in CP children. Thus, the study aims to
provide more comprehensive insight into the use of wear-
able FMV as an intervention technology in CP children.

Methods

Participants

The inclusion criteria were age between 3 and 15 years,
a clinical diagnosis of spastic diplegic CP, Gross Motor
Function Classification Scale (GMFCS) levels II-1V,
absence of severe cognitive, visual, or hearing impair-
ments, no history of metabolic diseases, and no history
of fractures in the past one year. Additionally, individu-
als who had received botulinum toxin injections within
the past year were excluded. The study was designed as
a double-blind, randomized, controlled trial with a three-
group parallel structure. Participants were randomly
assigned to one of three groups: a Control group and two
intervention groups, labelled intervention-1a (80 Hz) and
intervention-1b (100 Hz). Randomization was computer-
generated. Groups were comparable in age, GMFCS
level, and MAS scores at baseline. The participants and
outcome assessors were kept blinded about the allocated
groups. Due to the physical nature of vibration interven-
tion, it was not possible to blind the control group from
the intervention groups. The sample size for the main
trial was calculated using G*Power, with an effect size
of 0.25, a power of 80%, and three groups, resulting in a
requirement of 96 participants. However, EMG assess-
ments were only performed in a sub-cohort, due to the
limitation in time and resources. Eligible participants
for EMG data collection were randomly allocated into
groups. Recruitment was open for a maximum of two
months, during which we aimed to enrol as many eligi-
ble participants as possible. The two-month recruitment
period was determined by the availability of researchers
and equipment on site.

A total of 65 participants were recruited for the study;
55 were retained at the 4-week assessment, and 6 were
lost to follow-up by the 8-week assessment. Therefore, a
total of 49 participants completed the complete 8-week
intervention treatment. Modified Ashworth scale scores
of the participants were 1 (12), 1+(18), 2 (25), and 3
(10). The gross motor function classification system
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(GMECs) of the recruited participants was as follows: 9
subjects in level II, 34 in III, and 22 in level IV. The study
was a double blinded randomized controlled trial with a
three-group parallel design. The control group consisted
of 20 participants, the Intervention-la (80 Hz) group
had 10, and the Intervention-1b (100 Hz) group had 19
participants. The 12-week assessments to check reten-
tion effects were conducted on half (27 participants) of
the study population with the following population dis-
tribution: 9, 8 and 11 participants in the control, Inter-
vention-la, and Intervention-1b groups, respectively.
The CONSORT diagram for the study detailing the data
collection procedures is visualized in Fig. 1. Of the par-
ticipants with volitional control over their lower limbs,
all were right leg dominant. The dominant leg was deter-
mined by asking the children which leg they would use to
kick a football with. The children who were able to ambu-
late without assistance were also instructed to mimic a
football kick.

Data collection took place from March to August 2023
et al. Farabi Special Education Centre and the National
Institute of Rehabilitation Medicine, located in Islam-
abad, Pakistan. The trial was prospectively registered
with United States clinical trial registry (clinicaltrials.
gov) with trial ID: NCT05751135. Prior to enrolment,
a detailed explanation of the experimental procedures
was provided to the children and their parents. Written
informed consent was obtained from the parents of the
participating children. Verbal assent from the children
was also recorded, with those able to speak or nod will-
ingly proceeding with the study. The study was carried

Assessment for eligibility ‘
(n=114)

l
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out in compliance with the Declaration of Helsinki's ethi-
cal standards and with approval from the ethical com-
mittee of Riphah International University, Islamabad,
Pakistan (REC-01289).

Procedures
Intervention protocol
The FMV intervention was delivered to participants
using a custom-built device, reported earlier [44]. The
population was divided into three groups: (1) Interven-
tion-la group received FMV at a frequency of 80 Hz,
(2) Intervention-1b group received FMV at 100 Hz. The
amplitude of the vibrations was set at 0.5 mm, (3) The
control group did not receive any FMV intervention,
while all three groups received physical therapy (details
below). Participants in the FMV groups were blinded to
the specific frequency of vibration they received. How-
ever, blinding was not possible for the control group,
as the administration of vibration involved the use of a
physical device. Stimulation frequencies were chosen
based on previous evidence of their effectiveness [20].
The FMV intervention was delivered bilaterally to six
lower-limb muscles, four in the thigh: the biceps femoris,
vastus lateralis, adductor longus, rectus femoris and two
in the distal lower-limb: gastrocnemius, and tibialis ante-
rior (TA) muscles. These muscles were selected because
they are commonly associated with spasticity, weakness,
impaired selective motor control, and abnormal gait
mechanics in children with spastic diplegic cerebral palsy
[45—-48]. In particular, the adductors and gastrocnemius
contribute substantially to scissoring gait and equinus

Exclusion (n=49)
» Not meeting inclusion criteria
(n=42)

!

Randomized (n=65)

A

« Declined to participate (n=3)
o Other reasons (n=4)

(

Baseline assessment

Allocation

l | )

Baseline assessment Baseline assessment

Analysis

Control group

(n=28)

Standard exercises 3/ week
for 8 weeks

Intervention-1a group
(n=17)

FMV 80 Hz 3 times/ week,
standard exercises 3/ week

Re-assessment at 4, 8 and 12
weeks
Lost to follow up at 8-weeks: 8

l

Analysis (n=20)
Exclusion from analysis if any
(n=0)

Fig. 1 CONSORT diagram for the experiments

for 8 weeks

Re-assessment at 4, 8 and 12
weeks
Lost to follow up at 8-weeks: 7

|

Analysis (n=10)
Exclusion from analysis if any
(n=0)

Intervention-1a group
(n=20)

FMV 100 Hz 3 times/ week,
standard exercises 3/ week
for 8 weeks

Re-assessment at 4, 8 and 12
weeks
Lost to follow up at 8-weeks: 1

l

Analysis (n=19)
Exclusion from analysis if any
(n=0)
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deformity, while tibialis anterior weakness is associated
with impaired dorsiflexion and foot clearance during gait.
FMV was delivered with participants positioned supine
for all muscles except the biceps femoris and gastrocne-
mius, which were stimulated in the prone position. The
right leg was treated first, followed by the left leg. Fig-
ure 2 illustrates the FMV device and the placement loca-
tions used for vibration delivery.

Vibration stimulus was applied for 30 s, repeated 3
times (90 s) with 10-s intervals. This cycle was repeated
3 times. Each muscle was stimulated for 4.5 min in one
session (making a total of 30 min of FMV for the whole
limb). FMV was given 3 times a week for 8 weeks. Before
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the intervention, participants were instructed to lie down
on a floor mat. The FMV device was positioned on the
belly of the targeted muscle and securely strapped with
Velcro straps to minimize lateral movement. The inter-
vention lasted for 8 weeks, with three sessions adminis-
tered per week (refer to Fig. 4). To ensure consistency, a
single physiotherapist conducted all FMV sessions, mini-
mizing intra-participant variability in device placement
and muscle tautness.

Wearable FMV intervention device
The FMV device was custom-designed [44]. Briefly, it
consisted of an eccentric rotating mass motor (Precision

A. Quadriceps
(Subject in Supine lying)

D. Vastus Lateralis
(Subject in supine lying)

B. Rectus Femoris
(Subject in prone lying)

E. Tibialis Anterior
(Subject in supine lying)

C. Adductor Longus
(Subject in Supine lying)

F. Gastrocnemius
(Subject in prone lying)

Fig. 2 FMV device and the location of the delivery of FMV intervention to the lower limb muscles
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Microdrives® 302—102) to generate vibrations regulated
by a custom-built electronic circuit to produce frequen-
cies of 80 Hz and 100 Hz. The motor was housed within
a 3D-printed casing, and Velcro straps were incorporated
to secure the device around the targeted muscles. Addi-
tionally, a pressure sensor (Flexiforce® A-201) was inte-
grated into the device to maintain a consistent pressure
of 1IN during vibration delivery. The device underwent
extensive laboratory testing to confirm the accuracy and
reliability of its vibration parameters (frequencies and
amplitudes. More detailed information about device con-
struction and its operation is presented here [28] in our
previous research. See Fig. 2 for a visual representation of
device use for the intervention delivery.

Physical therapy

All participants received standardized physical ther-
apy interventions in addition to their group alloca-
tion. In the intervention groups, focal muscle vibration
(FMV) was administered immediately prior to physi-
cal therapy to leverage its short-term neuromodulatory
effects. FMV is known to enhance proprioceptive input
by activating muscle spindle Ia afferents, leading to
transient increases in spinal and corticospinal excitabil-
ity. Delivering FMV prior to active therapy may there-
fore facilitate a more responsive neuromuscular state,
improving motor unit recruitment and responsiveness
during subsequent exercises [49]. Evidence suggests that
combining vibration-based interventions with motor
training can augment neurophysiological and func-
tional outcomes. For instance, repeated muscle vibra-
tion applied in conjunction with rehabilitation has been
shown to induce sustained increases in cortical excitabil-
ity and enhance motor recovery in neurological popula-
tions [49]. Although these findings are primarily derived
from stroke cohorts, similar mechanisms of sensorimo-
tor plasticity are thought to underlie motor impairments
in cerebral palsy. Therefore, administering FMV prior to
physiotherapy in the present study was intended to opti-
mize the sensorimotor state and enhance the effective-
ness of the therapeutic exercises.

Therapy sessions were held three times per week for 8
weeks, lasting approximately 40—60 min each. The reha-
bilitation program consisted of positioning, stretching,
strengthening, and gait training, targeting motor impair-
ments commonly observed in children with spastic diple-
gic cerebral palsy. These were consistent with previous
literature [50, 51] and recommended dosing for physio-
therapy interventions in children with cerebral palsy [52].
Details of therapy were as follows:

Positioning and postural training: Participants were
seated on a block with hips abducted, feet flat on the
ground, and the trunk maintained in an upright position
to minimize posterior pelvic tilt and promote optimal
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alignment. Following the exercise session, participants
were encouraged to stand against a wall with their legs
abducted and externally rotated for 15 min, to improve
weight-bearing symmetry and postural control. Parents
were instructed to continue these positioning strategies
at home to reinforce carryover effects. This is consistent
with previous literature [52].

Stretching protocol: Passive stretching was applied to
spastic muscle groups. Each stretch was held for 20 s,
with 5 repetitions per muscle group, at an intensity just
below mild discomfort. This approach is consistent with
commonly recommended stretching protocols for spas-
ticity management in cerebral palsy [51, 52].

Strengthening exercises: Strengthening exercises were
performed in 3 sets of 10 repetitions, with 2 min of rest
between sets to minimize fatigue. Exercise intensity
was individualized using a 10-repetition maximum (10
RM) approach, ensuring that the resistance level corre-
sponded to the maximum load the participant could lift
for 10 repetitions with proper form. This method allowed
for controlled and progressive overload tailored to each
participant’s functional capacity. This is consistent with
previous literature [51, 52].

Gait training: Gait training was incorporated as a func-
tional component of therapy, focusing on improving
walking patterns, balance, and coordination. Activities
included assisted ambulation, weight-shifting exercises,
and step training, adapted to each participant’s GMFCS
level.

Progression criteria: Progression of strengthening
exercises was guided by periodic reassessment of the
participant’s 10 RM. When participants completed the
prescribed repetitions with relative ease and proper tech-
nique, resistance was increased accordingly to maintain
the target intensity. Functional progression was also
implemented by advancing from assisted to more inde-
pendent movements.

Electromyography (EMG) assessments

Electromyography (EMG) data were collected from all
participants to evaluate the effect of FMV on underlying
muscle activation and its influence on co-contraction in
children with CP. Assessments were conducted at base-
line (prior to the start of interventions), and at 4-, 8-,
and 12-week follow-up after the intervention began. The
12-week follow-up was specifically designed to examine
the retention effects of the intervention after the 8-week
dose had concluded and was performed on half of the
study population.

To analyse muscle activations and co-contraction
effects, a dorsiflexion (DF) task was employed. Each
participant performed 30 DF in response to a visual cue
displayed on a smartphone tablet. The start of each DF
was timestamped and synchronized with the recorded
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electromyography (EMG) data. Each DF task lasted 2 s,
with a 4-s window (2 s before and 2 s during the task)
used for analysis. EMG signals were recorded from the
TA and Soleus (Sol) muscles using bipolar electrodes
(DelSys, Inc.; model: DE 2.1) with a 1 cm inter-electrode
distance connected to the Bagnoli EMG data acquisition
system from Delsys (DelSys, Inc.; model: Bagnoli-4). A
reference electrode was placed on the knee of each par-
ticipant. The SENIAM guidelines were followed for elec-
trode placement and data recording [53]. Prior to data
collection, the skin was cleaned with isopropyl alcohol or

Laptop for
storing data

Screen for cues

EMG reference

electrode \

Bipolar EMG
electrodes

L

Dorsiflexio
movement

Fig. 3 Experimental setup for EMG data collection
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shaved if necessary to ensure optimal signal quality. The
experimental setup design is presented in Fig. 3, and the
detailed protocol design is shown in Fig. 4.

Data processing

EMG features

EMG data was detrended, rectified, and band-pass fil-
tered to remove noise using a Butterworth filter of 6th
order (20-450 Hz). 50 Hz line noise and its harmonics
at 100 and 150 Hz were removed using a notch Butter-
worth filter of the same order, the bandwidth of the filter

EMG amplifier

Participant



Ashfaque et al. Journal of NeuroEngineering and Rehabilitation

(2026) 23:250

Page 8 of 21

G — saa

Recruitment Randomization
No dosage 80 Hz vibration 100 Hz vibration
Control Intervention-1a Intervention-1b
group group group
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Assessments
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Dosage: 3 session a
week for 8 weeks

)

:

0 week 4 week

8 week 12 week

Pre Mid

Fig. 4 Experimental protocol design for the study

was set at 1 Hz. All the 30 DF EMG epochs were aver-
aged for each participant for the left and right leg sepa-
rately. These individual averages were then pooled across
the three intervention groups (Intervention-la (80 Hz),
Intervention-1b (100 Hz) and control) to compute EMG
features for comparative analysis. All data was processed
in MATLAB.

To understand the effects of FMV on the muscular
performance EMG signals were analysed and their Root
Mean Square (RMS) values were calculated and com-
pared across the study groups (Intervention-la (80 Hz),

Post Follow up

Intervention-1b (100 Hz) and control) and assessments
(baseline, 4-, 8-, 12-weeks). We also analysed the effect
of vibrations on fatigue in the study population, as pro-
longed use of vibration may affect the fatigue character-
istics. We checked how the fatigue behaved over time
(baseline, 4-, 8-, 12-weeks). To assess the development
of fatigue over time, median frequencies (MDF) of the
EMG signal were calculated and compared for the study
groups. These features (RMS and MDF) were calculated
using source code from [54].



Ashfaque et al. Journal of NeuroEngineering and Rehabilitation

Fatigue was also quantified using a combined fre-
quency-amplitude fatigue index (FI) derived from surface
EMG that integrates the spectral and amplitude compo-
nents of the motor activation pertaining to fatigue:

_ MDF

FI= RMS

1)

A decrease in the fatigue index corresponds to an
increase in muscle fatigue, analogous to classical EMG
median-frequency metrics, but with the added advan-
tage of incorporating amplitude-related compensatory
mechanisms. This dual-domain approach makes the
Fatigue Index more sensitive to fatigue development than
frequency-only measures.

To study how FMV affects muscle synergy we calcu-
lated co-contraction between the TA and Sol muscles.
We examined the behaviour of co-contraction over time,
specifically at baseline and at 4-, 8-, and 12-week assess-
ments, across all three study groups, to investigate how
FMYV might influence contraction patterns.

The co-contraction was measured through the co-con-
traction index (CI) [55], which is calculated as follows:

_ QIant

tot

CcI x 100 (2)

where 7,,,” and 1, represent the area under the EMG
graph for the antagonist (TA) muscle and the common
area for both muscles, respectively. A CI value of 100%
represents total co-contraction, while a value of 0% rep-
resents pure agonist activation.

Statistical analysis

To analyze the effects of interventions on EMG features
(RMS, MDF, FI and CI) values, individual linear mixed-
effects model (LMM) were employed, with Group (Con-
trol, Intervention-la (80 Hz), Intervention-1b (100 Hz))
as a fixed between-subjects factor, Time (0, 4, 8, 12
weeks) as a fixed within-subjects factor, and a random
intercept for subjects to account for repeated measure-
ments. This approach generalizes the classical two-way
repeated measures ANOVA while accommodating miss-
ing data and unequal group sizes. Post-hoc pairwise com-
parisons with Bonferroni correction were conducted for
significant interactions.

Assumptions were verified as follows: homogeneity of
variance via Levene’s test. For violations, robust LMMs
with Kenward-Roger approximation were applied. Post-
hoc comparisons used Bonferroni-adjusted p-values.
Analyses were performed in MATLAB (R2023a, Math-
Works) using restricted maximum likelihood (REML)
estimation.
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Results

Results for the effect of FMV intervention on muscle
activation (EMG root mean square), muscle fatigue
(EMG median frequency) and muscle co-contraction are
presented below.

EMG root mean square (RMS)

This study investigated the effects of two interventions,
1) FMV Intervention-1a (at 80 Hz) and 2) FMV Interven-
tion-1b (at 100 Hz), versus a Control group on normal-
ized EMG RMS amplitudes of the TA and Sol muscles
bilaterally across four timepoints: baseline, 4, 8, and 12
weeks.

For the right TA (dominant leg) muscle (Fig. 5a), a gen-
eral trend was observed: mean EMG RMS amplitudes
increased at 4 weeks relative to baseline, followed by pro-
gressive declines at 8 and 12 weeks. The Intervention-la
group (80 Hz) demonstrated lower baseline amplitudes
than controls, increased to exceed control levels by 4
weeks, maintained this elevation at 8 weeks, and returned
to control-equivalent values by 12 weeks. In contrast, the
Intervention-1b group (100 Hz) exhibited slightly higher
baseline amplitudes than controls, further increased at
4 and 8 weeks, but decreased below control levels by 12
weeks. The left TA (non-dominant leg) muscle (Fig. 5b)
exhibited analogous trends with attenuated magnitude.
The Intervention-1a group (80 Hz) consistently remained
below control levels across all time points, suggesting
limited efficacy of 80 Hz vibration on the non-dominant
limb. Conversely, the Intervention-1b group (100 Hz)
started below controls at baseline, increased at 4 and 8
weeks, and declined at 12 weeks while remaining above
controls, indicating the potential benefits of 100 Hz
vibration for non-dominant limb muscle activation.

Trends in Sol mirrored those of their agonist TA coun-
terparts, albeit with reduced amplitude magnitudes.
For the right (dominant) Sol (Fig. 6a), both intervention
groups began below controls at baseline. By 4 weeks,
Intervention-la (80 Hz) approached control levels,
while Intervention-1b (100 Hz) slightly exceeded them.
At 8 weeks, Intervention-la (80 Hz) matched controls,
whereas Intervention-1b (100 Hz) surpassed them. By 12
weeks, Intervention-la (80 Hz) declined below controls,
and Intervention-1b (100 Hz) returned to control-equiv-
alent values. In the left (non-dominant) Sol (Fig. 6b),
effects were less pronounced. Both intervention groups
started below the controls at baseline. At 4 weeks, Inter-
vention-1la (80 Hz) transiently rose above controls, while
Intervention-1b (100 Hz) approached control levels. By
8 weeks, Intervention-1a (80 Hz) dipped below controls,
and Intervention-1b (100 Hz) marginally exceeded them.
At 12 weeks, both groups registered slightly below con-
trol levels.
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These findings underscore divergent time-depen-
dent effects of vibration frequencies (80 Hz vs. 100 Hz)
on neuromuscular activation, with sustained benefits
observed for 100 Hz (Intervention-1b) in the non-dom-
inant TA and transient efficacy in other muscle groups.

The statistical analysis revealed the following indica-
tions for the experimental findings:

Right (dominant) leg TA: A LMM revealed no sig-
nificant main effects of Group (F(2163.45)=2.87, p
=0.060) or Time (F(3149.16)=1.86, p=0.139), and
no Group x Time interaction (F(6177.73) =1.00, p =0.429).
However, post-hoc analysis at 8 weeks showed a signifi-
cant between-group difference (p=0.003), with Inter-
vention-1b (100 Hz) exhibiting higher EMG RMS than

both Control (p=0.003) and Intervention-la (80 Hz)
(p=0.045).

Left (non-dominant) leg TA: Significant main
effects were observed for Group (F(2192.36)=5.84,
p=0.003) and Time (F(3136.56)=4.03, p=0.009), but
no Group x Time interaction (F(6155.98) =0.96, p=0.455).
Post-hoc tests at 4 and 8 weeks demonstrated that Inter-
vention-1b (100 Hz) had significantly higher EMG RMS
than both Control (4 weeks: p=0.027; 8 weeks: p=0.027)
and Intervention-la (80 Hz) (4 weeks: p=0.045; 8
weeks: p=0.008).

Right (dominant) leg Sol: A significant main effect
of Time (F(3186)=5.81, p=0.001) was found, but no
effects for Group (F(2186)=1.15, p=0.320) or Grou
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Table 1 Summary of LMM results for all conditions for EMG RMS

(2026) 23:250

Page 11 of 21

Muscle Leg Effect F-value DF (Num, Den) p-value n
TA Right Group 287 216345 0.060 0.034
Time 1.86 3149.16 0.139 0.036
GroupxTime 1.00 6177.73 0429 0.033
Left Group 5.84 2192.36 0.003 0.057
Time 4.03 3136.56 0.009 0.081
GroupxTime 0.96 6155.98 0455 0.036
Sol Right Group 1.15 2186.00 0.320 0.012
Time 5.81 3186.00 0.001 0.086
Group xTime 0.82 6186.00 0.559 0.026
Left Group 1.92 213261 0.151 0.028
Time 5.73 3109.79 0.001 0.135
Group xTime 1.59 6164.77 0.152 0.055
The bold texts represent entries with p-values>0.001
Table 2 EMG RMS significant post-hoc comparisons (p < 0.05)
Muscle Leg Timepoint Comparison Diff cl p-value Cohen’'sd
TA Right 8 weeks Control versus Intervention-1b -2.1e-6 [-3.56e—6 -0.59e—-6] 0.003 =025
8 weeks Intervention-1a versus 1b —1.8e—6 [-3.6e—6 —0.03e—6] 0.045 -0.16
Left 4 weeks Control versus Intervention-1b —1.26e—6 [-2.4e-6-0.11e-06] 0.027 -0.19
4 weeks Intervention-1a versus 1b —1.30e-6 [-2.58e—6 —0.002e—6] 0.045 -0.17
8 weeks Control versus Intervention-1b —1.76e—6 [-3.36e—6 =0.16e—6] 0.027 -0.19
8 weeks Intervention-1a versus 1b —2.47e-6 [4.4e—6 —0.53e—-6] 0.008 -023
Sol Left 8 weeks Intervention-1a versus 1b —-0.22e-6 [-0.40e—06 —0.03e-06] 0.020 -0.22

The bold texts represent entries with p-values>0.001

pxTime (F(6186)=0.82, p=0.559). Post-hoc analy-
sis at 8 weeks showed a marginal between-group effect
(p=0.024), but no pairwise differences survived correc-
tion. Within-group analyses revealed significant temporal
changes in all groups (Control: p =0.046; Intervention-la
(80 Hz): p=0.022; Intervention-1b (100 Hz): p=0.017),
with Intervention-1b showing a notable Week 2 vs. Week
3 difference (p=0.035, uncorrected).

Left (non-dominant) leg Sol: A significant Time effect
(F(3109.79)=5.73, p=0.001) was observed, but
no Group (F(2132.61)=1.92, p=0.151) or Group x Tim
e (F(6164.77)=1.59, p=0.152) effects. Post-hoc tests at
8 weeks indicated lower EMG RMS in Intervention-la
(80 Hz) compared to Intervention-1b (80 Hz) (p =0.020).
Within-group analyses demonstrated significant tempo-
ral changes in all groups (Control: p = 0.018; Intervention-
1a (80 Hz): p =0.013; Intervention-1b (100 Hz): p =0.005),
with Intervention-1b (100 Hz) exhibiting reduced activity
at Weeks 8/12 versus baseline (p=0.015, uncorrected).

All the statistical results for EMG RMS are presented
in Table 1 for the LMM analyses and Table 2 for the post-
hoc analyses. Although several post-hoc comparisons
reached statistical significance, the corresponding effect
sizes were small (Cohen’s d<0.25), suggesting that the
magnitude of change was modest relative to inter-subject
variability.

EMG median frequency (MDF)

EMG median frequency (MDF) analysis revealed distinct
fatigue and activation patterns across intervention groups
and muscles. For the right (dominant) leg TA muscle
(Fig. 7a), the Intervention-la (80 Hz) group exhibited
marginally higher baseline MDF values than controls,
which increased at 4 weeks before declining below con-
trol levels by 8 weeks. A modest rebound at 12 weeks
restored values to near-control equivalence. In con-
trast, the Intervention-1b (100 Hz) group demonstrated
baseline MDF values slightly below controls, transiently
increased at 4 weeks, sharply decreased at 8 weeks, and
rebounded above controls by 12 weeks. In the left (non-
dominant) leg TA muscle (Fig. 7b), the Intervention-la
(80 Hz) group matched control MDF values at baseline,
increased above controls at 4 and 8 weeks, but declined
below controls by 12 weeks. The Intervention-1b (100
Hz) group began with a higher baseline MDF than con-
trols, maintained this elevation at 4 weeks, equilibrated
with controls at 8 weeks, and dropped below controls by
12 weeks.

For the right (dominant) leg Sol muscle (Fig. 8a),
the Intervention-la (80 Hz) group displayed elevated
baseline MDF relative to controls, followed by pro-
gressive declines at 4, 8, and 12 weeks. Conversely, the
Intervention-1b (100 Hz) group matched controls at
baseline, increased at 4 weeks, and sustained elevated
MDF through 12 weeks. In the left (non-dominant) Sol
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(Fig. 8b), the Intervention-la (80 Hz) group fluctuated
dynamically: baseline values exceeded controls, dipped
below at 4 weeks, rebounded above controls at 8 weeks,
and declined below controls by 12 weeks. The Interven-
tion-1b (100 Hz) group, initially higher than controls at
baseline, normalized to control levels by 4 weeks and
remained stable thereafter.

These MDF trajectories suggest frequency- and mus-
cle-specific fatigue dynamics, with 100 Hz (Interven-
tion-1b) eliciting more sustained activation in the right
(dominant) Sol and transient resilience in the TA, while
80 Hz (Intervention-la) induced progressive fatigue in
the right (dominant) Sol and variable responses in the

non-dominant limb. It should be noted that MDE, EMG,
and fatigue have an inverse relation.

Statistical analysis revealed the following significance
of the results:

TA: For both left and right tibialis anterior muscles,
the LMM showed no significant group effects (Left:
F(2,195.14)=0.35, p=0.70; Right: F(2,194.09)=0.38,
p=0.68) or GroupxTime interactions  (Left:
F(6,174.4)=1.13, p=0.35; Right: F(6,177.83)=0.91,
p=0.49). The right tibialis anterior demonstrated a sig-
nificant Time effect (F(3,152.78) =3.61, p=0.015), though
post-hoc analyses failed to identify specific time points
driving this effect. No significant post-hoc differences
were found for either leg.
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Table 3 Summary of LMM results for all conditions for Median Frequency

Muscle Leg Effect F-value DF (Num, Den) p-value n
TA Left Group 0.35 2195.14 0.703 0.004
Time 0.78 3149.62 0.508 0.015
GroupxTime 1.13 617440 0.348 0.037
Right Group 0.38 2194.09 0.681 0.004
Time 3.61 3152.78 0.015 0.066
GroupxTime 091 6177.83 0.492 0.03
Sol Left Group 1.02 2181.02 0.361 0011
Time 4.32 313543 0.006 0.087
GroupxTime 1.71 6163.23 0.122 0.059
Right Group 0.82 2171.81 0441 0.009
Time 4.01 3148.88 0.009 0.075
Group xTime 0.93 6185.50 0477 0.029
The bold texts represent entries with p-values>0.001
Table 4 Median frequency significant post-hoc comparisons (p < 0.05)
Muscle Leg Condition Comparison Difference Cl p-value Cohen’'sd
Sol Left Baseline Control versus Intervention-1b —-65515 [-123.092, —7.938] 0.020 -0.17
Intervention-1a 8- versus 12-week 92.870 [6.175, 179.568] 0.030 0.19
Right Intervention-1a 4- versus 12-week 103.54 [0.1419, 207.166) 0.049 0.16
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Fig.9 Mean and standard deviation EMG Fl values of TA muscle for the study participants across the intervention groups and the assessment timepoints,

for the a right and b left leg DF tasks

Sol: More pronounced effects were observed in the
soleus muscles. Both left and right Sol showed sig-
nificant Time effects (Left: F(3,135.43)=4.32, p=0.006;
Right: F(3,148.88) =4.01, p=0.009), indicating temporal
changes in median frequency. For the left (non-domi-
nant) soleus: (1) baseline differences were found between
Group 1 (Control) and Group 3 (Intervention-1b, 100Hz)
(p=0.020), (2) Intervention-1a (80 Hz) group showed sig-
nificant Time effects (p=0.013), with 8-week vs 12-week
differences (p=0.030). The right (dominant) soleus dem-
onstrated significant time effects in the Intervention-la

(80 Hz) group (p=0.030), particularly between 4 and 12
weeks (p=0.049) Tables 3 and 4.

Fatigue index (FI)

The trends in FI follow a similar pattern to the MDFs for
both TA and the left (non-dominant) Sol muscles, except
that the control group had higher amplitudes in left TA
(see Figs. 9a, b, and 10b). For the right (dominant) leg Sol
muscle (Fig. 10a), the Intervention-1la (80 Hz) group dis-
played lower baseline MDF relative to controls, followed
by progressive increases at 4, 8 and 12 weeks. Conversely,
the Intervention-1b (100 Hz) group exceeded controls



Ashfaque et al. Journal of NeuroEngineering and Rehabilitation

%108 Right leg - Sol
4.5 T T T
I Control
4 F I intervention-1a |
[intervention-1b
35F 1
=) |
€
; {»
<
= 4
@
°
£ 4
)
=]
R
ﬁ -
w
baseline 4-week 8-week 12-week
Assessments

(@)

(2026) 23:250

Page 14 of 21

x10° Left leg - Sol
12 T T T T
I Control
I Intervention-1a

10} [intervention-1b |
Z 8} ]
N
T
x
g 6t 1
£
o
=1
o2
© 4T b
w

2r .

0

baseline 4-week 8-week 12-week
Assessments

(b)

Fig. 10 Mean and standard deviation EMG Fl values of Sol muscle for the study participants across the intervention groups and the assessment time-

points, for the a right and b left leg DF tasks

Table 5 Summary of LMM results for all conditions for Frequency Index

Muscle

Leg Effect F-value DF (Num, Den) p-value n
TA Left Group 0.30 219553 0.736 0.003
Time 0.58 3150.04 0.624 0012
Group xtime 0.89 617437 0498 0.03
Right Group 0.35 2184.21 0.702 0.004
Time 0.73 3156.35 0.530 0014
Group xtime 0.32 6185.56 0.923 0.01
Sol Left Group 0.39 2179.63 0.672 0.004
Time 541 3156.43 0.001 0.094
Group x time 2,99 6187.02 0.008 0.088
Right Group 0.20 21784 0.815 0.002
Time 2.55 3155.07 0.057 0.047
Groupxtime 0.27 6185.73 0.950 0.009
The bold texts represent entries with p-values>0.001
Table 6 Fatigue index (F) significant post-hoc comparisons (p < 0.05)
Muscle Leg Condition/timepoint  Comparison Difference  Cl p-value Cohen’sd
Sol Left 8-week Control vs. Intervention-1a —4.36e+8 [-8.17e+8, —5.54e+7] 0.019 -0.19
8-week Intervention-1a vs. Intervention-1b~ 4.81e+8 [1.04e+8, 8.58e+8] 0.008 0.21
Left Intervention-1a baseline vs. 8-week —5.95e+8 [-9.91e+8, — 1.97e+8] 0.0009 -0.27
Intervention-1a 4-week vs. 8-week —6.53e+8 [-1.06e+9, —2.41e+8] 0.0004 -0.28
Intervention-1a 8-week vs. 12-week 6.14e+8 [1.42e+8, 1.086e+9] 0.005 0.22

The bold texts represent entries with p-values>0.001

at baseline, decreased at 4 and 8 weeks, and rebounded
above baseline at 12 weeks (Table 5).

Statistical analysis revealed the following significance
of the results:

TA: For either left or right TA, the LMM revealed no
significant Group effects, Time effects or Group x Time
effects. See Table 6.

Sol: No significant effects were seen for the right Sol
muscle. For the left Time effects (F(3156.43)=5.41,
p=0.001) and Group x Time effects (F(6187.02)=2.99,

p=0.008) were observed. Post-hoc analysis revealed sig-
nificant interactions at 8 weeks: Control vs intervention-
la (80 Hz) (»p=0.019) and intervention-la (80 Hz) vs
intervention-1b (100 Hz) (p=0.008). Significant inter-
actions were also observed for intervention-la (80 Hz):
for baseline vs 8-weeks (p=0.0009), 4-weeks vs 8-weeks
(p=0.0004), and 8-weeks vs 12-weeks (p =0.005). Table 6.

Although several post-hoc comparisons reached sta-
tistical significance, the corresponding effect sizes for
both MDF and FI analysis were small (Cohen’s d <0.30),
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Fig. 11 Mean and standard deviation CCl values between TA and Sol muscle across the intervention groups and the assessment timepoints, for the a

right and b left leg DF tasks

suggesting that the magnitude of change was modest rel-
ative to inter-subject variability.

EMG co-contraction index (CCl)
CCI analysis revealed distinct temporal and interven-
tional patterns in agonist—antagonist coordination
(Fig. 11a—b). For the right (dominant) leg, both interven-
tion groups exhibited lower baseline and 4-week CCI
values compared to controls. The Intervention-1b (100
Hz) group remained below Controls until 8 weeks but
surpassed them by 12 weeks, whereas the Intervention-
1la (80 Hz) group marginally exceeded controls at 8 weeks
and stabilized at this elevated level through 12 weeks,
indicative of a gradual, vibration-modulated increase in
co-contraction activity. In the left (non-dominant) leg,
divergent trends emerged. The Intervention-la (80 Hz)
group demonstrated fluctuating CCI dynamics: base-
line values matched controls, exceeded them at 4 weeks,
settled back to control-level at 8 weeks, and rebounded
above controls by 12 weeks; possibly showing an adapta-
tion to intervention at the 8-week point, but an improve-
ment effect in the long-term (12 weeks). Conversely, the
Intervention-1b (100 Hz) group exhibited persistently
lower CCI values than controls across all time points,
suggesting a minimal influence of 100 Hz vibration on
co-contraction modulation in the non-dominant limb.
Lower CCI reflects reduced unwanted co-activation
(improved control), whereas higher CCI may indicate
compensatory stiffness. These findings highlight limb-
and frequency-dependent disparities in neuromuscu-
lar coordination, with 80 Hz (Intervention-1a) eliciting
progressive adaptation in the dominant leg and adaptive
non-dominant responses. In comparison, 100 Hz (Inter-
vention-1b) showed delayed dominance-leg efficacy and

Table 7 Summary of LMM results for all conditions for CCls

2

Leg Effect F-value DF (Num,Den) p-value n

Left Group 346 2192.57 0.034 0.035
Time 137 315238 0.256 0.026
Groupxtime 035 6178.96 0.908 0.012

Right  Group 0.21 218348 0.808 0.002
Time 3.14 3155.29 0.027 0.057
Groupxtime 134 6186.90 0.240 0.041

no detectable effects on non-dominant co-contraction.
Low statistical significance suggests interpreting these
results with caution.

Right (dominant) leg showed different coordination pat-
terns: a significant main effect of Time (F(3155.29) =3.14,
p=0.027) was found, and no group effects (p=0.808)
or interaction (p=0.240) effects were found. No post-
hoc significant effects were identified. In the left (non-
dominant) limb, a significant main effect of Group was
observed (F (2192.57)=3.46, p=0.034), indicating co-
contraction patterns differences between intervention
and control groups. However, post-hoc analyses failed
to identify specific group differences. No significant time
effects (p=0.256) or Group x Time interactions (p =0.908)
were found. See Table 7.

Discussion

The present study investigated the effects of focal mus-
cle vibration (FMV) at two frequencies (80 Hz and
100 Hz) on neuromuscular activation, fatigue, and co-
contraction patterns (between agonist—antagonist pair)
in children with spastic diplegic cerebral palsy (CP).
The findings revealed frequency-dependent, time-vary-
ing, and muscle-specific responses across EMG RMS
(muscle activation), MDF (fatigue dynamics), and CCI



Ashfaque et al. Journal of NeuroEngineering and Rehabilitation

(agonist—antagonist coordination). These results provide
critical insights into the therapeutic potential of FMV for
modulating motor control in CP while underscoring the
complexity of neuromuscular adaptations to vibration
interventions. Below, we discuss the implications of these
findings in the context of existing literature, clinical rel-
evance, and methodological considerations.

Muscle activation

The normalized EMG RMS amplitudes demonstrated
divergent trends between intervention groups and limbs.
For the dominant (right) tibialis anterior (TA), the 100 Hz
group (Intervention-1b) exhibited a transient increase in
activation at 4 and 8 weeks, followed by a decline to base-
line by 12 weeks. In contrast, the 80 Hz (Intervention-1a)
group showed sustained activation in the dominant TA
but limited efficacy in the non-dominant (left) TA. Simi-
lar trends were observed in the soleus (Sol), with 100 Hz
eliciting transient activation peaks and 80 Hz showing
progressive declines. These findings suggest that higher-
frequency vibrations (=100 Hz) may enhance acute neu-
romuscular recruitment, potentially through increased
muscle spindle modulation, while lower frequencies
(<80 Hz) may promote longer-term adaptations in mus-
cle tone and stiffness. These observations are supported
by earlier research, which suggests that neuromuscular
responses are dependent on vibration stimulation fre-
quencies [19, 56].

The statistical analysis reinforced these observations.
For the left TA, a significant main effect of Group (F(2,
192.36) =5.84, p=0.003, n?=0.057) highlighted the supe-
riority of 100 Hz (Intervention-1b) in increasing RMS
amplitudes compared to controls and 80 Hz (Interven-
tion-1a), particularly at 4 and 8 weeks. This suggests that
100 Hz may transiently improve muscle activation and/
or inhibit spasticity in non-dominant limbs, potentially
by modulating reflex pathways or reducing co-contrac-
tion. However, the lack of significant Group x Time inter-
actions in most muscles implies that the interventions’
effects were consistent over time rather than progres-
sively amplifying. Furthermore, the low effect size values
(n?<0.06 and Cohen’s d<0.20) indicate that the magni-
tude of change was small.

The transient nature of RMS changes—particularly the
return to baseline by 12 weeks—underscores the need for
a continual vibration dose to sustain therapeutic gains.
The decline in RMS amplitudes at 12 weeks may reflect
neural adaptation or habituation to vibration stimuli.
Clinically, these results suggest that 100 Hz FMV could
be prioritized for short-term muscle activation/ function
improvement and/or spasticity management, while 80 Hz
may require adjunct therapies (e.g., task-specific training)
to prolong its effects.
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Fatigue and sustained activation

Median frequency (MDF) analysis provided insights
into fatigue dynamics, with lower MDF values indicat-
ing greater fatigue. The 100 Hz (Intervention-1b) group
demonstrated resilience in the dominant Sol, sustaining
elevated MDF through 12 weeks, while the 80 Hz (Inter-
vention-la) group exhibited progressive fatigue in the
same muscle. Conversely, in the non-dominant TA, 80
Hz initially increased MDF (suggesting reduced fatigue)
but declined sharply by 12 weeks. FI displayed similar
trends. These frequency- and muscle-specific responses
may stem from differences in muscle fiber recruitment:
higher frequencies may preferentially activate the under-
lying fibers at a different rate than lower frequencies,
thereby stemming the difference in behaviors [57, 58].

The significant Time effects in both Sol muscles (left:
F(3, 13543)=4.32, p=0.006, n>=0.087; right: F(3,
148.88) =4.01, p=0.009, n?=0.075) indicate that fatigue
accumulated universally across groups, likely due to
the demanding intervention protocol (three weekly ses-
sions). However, the 100 Hz (Intervention-1b) group’s
ability to sustain MDF in the dominant Sol suggests that
this frequency may delay fatigue onset in postural mus-
cles critical for gait—a finding directly relevant to CP
rehabilitation, where fatigue resistance is a key thera-
peutic target. The transient MDF rebound in the 100 Hz
(Intervention-1b) group’s dominant TA at 12 weeks fur-
ther implies that intermittent "rest periods" in vibration
dosing could potentially enhance performance-related
outcomes. Notably, the effect sizes for the Sol muscle
indicate small-to-medium changes in both the non-
dominant (n?<0.09; Cohen’s d <0.20) and dominant legs
(n?<0.08; Cohen’s d < 0.20).

Notably, the lack of significant Group x Time interac-
tions for MDF suggests that both frequencies induced
comparable fatigue trajectories, differing only in magni-
tude, potentially due to variability in motor unit recruit-
ment thresholds or spasticity severity. Future studies
should explore personalized vibration parameters tai-
lored to individual muscle characteristics (e.g., spasticity
grade).

In addition to MDF, incorporating the composite
fatigue index (FI), which integrates the spectral and
amplitude components of the EMG signal, provides a
more nuanced understanding of fatigue dynamics under
EMV intervention. The FI trends largely paralleled MDF
findings, reinforcing the reliability of the observed fatigue
patterns while offering additional sensitivity to compen-
satory neuromuscular strategies. Notably, significant
Group x Time (F(6, 187.02)=2.99, p=0.008, n*=0.088)
interactions in the non-dominant soleus muscle dem-
onstrate that the pattern of fatigue progression differed
between groups, even though absolute baseline FI val-
ues did not differ. This suggests that the intervention or
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group-specific condition influenced how fatigue devel-
oped over time, rather than initial fatigue levels. Given
that lower FI values correspond to greater fatigue, the
observed reductions in FI over time for the left soleus
represent increasing muscle fatigue, with group-depen-
dent trajectories. Although a trend toward temporal
change was observed, the fatigue index of the right soleus
did not reach statistical significance. This indicates asym-
metric fatigue responses, with significant fatigue devel-
opment occurring only in the left soleus. The effect
sizes support this pattern: the left soleus showed small-
to-medium effects (1> ~ 0.09; Cohen’s d=0.19-0.28),
reflecting modest but measurable changes in fatigue
characteristics. In comparison, the right soleus did not
exhibit statistically significant changes.

These findings suggest that while MDF reflects gen-
eral fatigue trends, FI may better capture the interplay
between motor unit recruitment and compensatory
amplitude modulation, which is especially relevant in
populations with impaired motor control such as CP.
Therefore, the combined use of FI and MDF provides
complementary insights, strengthening the interpre-
tation that FMV induces complex, frequency-specific
fatigue adaptations rather than uniform changes in mus-
cle endurance.

Agonist-antagonist co-contraction

CCI analysis revealed limb- and frequency-dependent
disparities in agonist—antagonist coordination, with
higher CCI values meaning high co-contraction. In the
dominant leg, 100 Hz (Intervention-1b) FMV reduced
CCI initially but surpassed control levels by 12 weeks,
indicating a delayed shift toward co-activation. In con-
trast, 80 Hz (Intervention-la) elicited gradual CCI
increases, suggesting progressive adaptation. For the
non-dominant leg, 100 Hz had minimal impact on CCI,
while 80 Hz induced adaptive patterns, first exceeding
control levels, coming back to control levels by 8 weeks
(the end of the intervention period), but again surpassed
at 12 weeks follow-up; again hinting towards a delayed
co-activation. These results show limb specificity in the
FMYV action and suggest a different rate of adaption for
different frequencies.

The significant Group effect for the left leg CCI (F(2,
192.57)=3.46, p=0.034, n*>=0.035) highlights 80 Hz
FMV’s ability to reduce co-contraction in non-dominant
limbs, potentially by normalizing reciprocal inhibition
disrupted in CP. However, the absence of post-hoc differ-
ences limits definitive conclusions.

Clinically, these findings advocate for combining FMV
with activities that reinforce optimal co-contraction pat-
terns (e.g., balance training). The limb-specific responses
also emphasize the need for bilateral assessments in CP
rehabilitation, as both limbs in CP are known to show
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different task completion behavior, showing varying
compensatory mechanism [59, 60].

Mechanistic interpretation

It is important to reconcile these observations with the
broader vibration literature. In neurologically intact
adults, psychophysical studies of self-motion and pro-
prioceptive perception have reported that frequencies
below approximately 80 Hz produce little effect, while
frequencies above this threshold differ mainly in the
duration of the after-effect rather than in its qualitative
character [63]. Our findings are consistent with this view:
the 80 Hz and 100 Hz protocols did not produce categori-
cally different responses but rather differed in the magni-
tude and temporal profile of a shared set of adaptations:
100 Hz favouring larger, earlier activation and fatigue-
resistance effects, and 80 Hz favouring slower-developing
coordination changes. Several factors may explain why
these magnitude- and timing-related differences become
functionally detectable in children with spastic diplegic
CP when they might be negligible in healthy percep-
tual paradigms. First, the present outcomes are motor
(EMG-derived activation, fatigue and co-contraction)
rather than perceptual, and are measured in a pathologi-
cal substrate. Second, in spastic CP the gain of Ia afferent
pathways, reciprocal inhibition and corticospinal drive
are altered, so identical afferent input can be integrated
differently, and small differences in afferent drive may be
non-linearly amplified or differently weighted between
spinal and supraspinal levels [57, 65, 66]. Consequently,
a frequency difference that yields only a change in effect
duration in intact perception may surface as a measur-
able difference in the magnitude and time course of
motor adaptation in CP.

Mechanistically, these frequency-dependent effects are
best understood within a plasticity framework. Repeated
focal muscle vibration delivers trains of synchronized
Ia afferent input that act as a conditioning stimulus,
progressively strengthening synaptic efficacy at spinal
inter-neuronal and motor-cortical levels and producing
LTP-like, use-dependent reorganization that can out-
last the stimulus [64, 65, 67]. Within this framework, 80
Hz and 100 Hz are not expected to recruit different cir-
cuits, but to drive this common plastic process with dif-
fering efficiency and time constants, depending on how
faithfully each frequency entrains Ia discharge and how
regularly that discharge is patterned. This account is
consistent with our time-dependent findings: the tran-
sient nature of the RMS and MDF effects, which largely
returned toward baseline by the 12-week follow-up, sug-
gests that the relatively modest cumulative dose used
here was sufficient to initiate, but not to consolidate, the
longer-lasting plastic changes described for higher-dose
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protocols [64, 65], reinforcing the dose—response argu-
ment developed below.

Study limitations and future directions

While this study provides novel insights, several limita-
tions warrant acknowledgment. First, the attrition rate
(16 participants lost by 8 weeks) and uneven group sizes
(Control: 19, Intervention-1la: 11) may have reduced sta-
tistical power, particularly for interaction effects. Sec-
ond, the inability to blind the control group (due to the
visible absence of vibration devices) introduces potential
performance bias. Specifically, participants in the con-
trol group may have had lower expectations for improve-
ment, which could have inflated the perceived efficacy
of the FMV interventions. However, the use of objective
sEMG measures rather than subjective clinical scales
helps mitigate the impact of this lack of blinding on the
primary data. The most likely direction of this bias is an
over-estimation of FMV efficacy: an expectancy (Haw-
thorne-type) effect in the intervention groups, combined
with lower outcome expectations in the unblinded con-
trol group, would tend to exaggerate between-group
differences. While the use of objective SEMG outcomes
attenuates this concern, it does not eliminate it, because
effort and engagement during the dorsiflexion task
may still be influenced by participant expectations. The
absence of a sham condition is therefore a limitation of
the present design, and the magnitude of the reported
between-group differences should be interpreted with
this in mind. Future trials should incorporate a properly
designed sham condition. For example, a visually identi-
cal, non-vibrating device applied with matched contact
pressure, together with an acoustic stimulus that mim-
ics motor noise, so that tactile, visual and auditory cues
are equated across groups while the vibratory component
alone is manipulated. Such a design would allow expec-
tancy effects to be dissociated from the genuine neuro-
muscular effects of vibration and would substantially
strengthen causal inference. Third, the 12-week follow-
up assessed only half the cohort, limiting generalizability
of retention effects. Additionally, focusing on lower-limb
muscles excludes potential systemic or upper-limb effects
of FMV. Future work should explore the relationship
between vibration in the upper and lower limbs and its
impact on functional tasks (e.g., walking, stair climbing).
Using a single physiotherapist for all sessions minimized
intra-participant variability but may limit reproducibil-
ity across clinicians. Further, FMV dosage of 1.5 min/
per muscle and 6 min/session in total, could be consid-
ered lower to induce meaningful functional changes.
For example, earlier FMV studies in stroke population,
which have reported significant benefits in spasticity
reduction and functional improvement, have delivered
a 10 min/muscle/visit FMV dose [35, 46]. Future studies
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with larger FMV dosage (10 min or more/muscle/visit) in
the CP population could further explain dose—response
mechanisms. Furthermore, we acknowledge that our
final sample size (n=65) fell short of the projected power
analysis requirement (n=96). While the results demon-
strate statistical significance in several key metrics, the
study may be underpowered to detect smaller effect sizes
or long-term interactions. Future large-scale multi-cen-
ter trials are required to validate these findings. Overall,
the effect sizes were small to medium (n®<0.10; Cohen’s
d<0.30), indicating that the observed effects, while sta-
tistically significant, were modest and may reflect the
low-dose intervention delivered to a heterogeneous and
underpowered sample.

The frequency-specific effects of FMV highlight its
potential as a precision therapy tool in CP management.
Clinically, these findings suggest distinct applications
for different vibration parameters: 100 Hz FMV appears
optimal for short-term spasticity reduction and delaying
fatigue in dominant limbs, offering immediate therapeu-
tic benefits. In contrast, 80 Hz FMV, with its progres-
sive activation patterns, may synergize effectively with
strength training programs to enhance neuromuscular
adaptation over time. Furthermore, combining protocols,
such as alternating frequencies, could balance acute relief
with sustained improvements, addressing both immedi-
ate and long-term rehabilitation goals. To advance these
applications, future research should prioritize three key
areas. First, extending intervention durations beyond
8 weeks and defining optimal maintenance dosing regi-
mens could clarify FMV’s long-term effects and clinical
scalability. Second, mechanistic studies using neuroimag-
ing (e.g., functional magnetic resonance imaging (fMRI))
and neurophysiological tools (e.g., transcranial magnetic
stimulations (TMS), electroencephalography (EEG)) are
critical to unravelling the neural mechanisms underly-
ing frequency-specific responses, such as cortical reorga-
nization or spinal reflex modulation. Finally, developing
personalized FMV protocols tailored to individual fac-
tors, including spasticity severity, motor function, or limb
dominance, may maximize therapeutic precision and
outcomes. Together, these insights could refine FMV as a
targeted, adaptable intervention in CP care.

An important consideration when interpreting these
findings is the relatively modest FMV dosage used in
the present study (1.5 min per muscle,~6 min per limb
per session), which is lower than that reported in several
prior neurorehabilitation studies. For instance, studies
in stroke and neurological populations have commonly
employed longer stimulation durations (e.g.,>10 min
per muscle per session) [36, 37] and have reported more
sustained reductions in spasticity and improvements in
functional outcomes. This discrepancy suggests a poten-
tial dose—response relationship, where higher cumulative
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vibration exposure may induce stronger or longer-lasting
neuromuscular adaptations, possibly through enhanced
afferent drive and greater cortical plasticity. The transient
nature of the observed effects at 12 weeks in our study
further supports the need for optimized dosing strate-
gies, including longer session durations, increased weekly
frequency, or maintenance protocols to sustain benefits.
Future research should systematically investigate FMV
dose-response characteristics by manipulating dura-
tion, intensity, and frequency in a controlled manner to
identify optimal therapeutic windows. Additionally, while
the present study focused on lower-limb neuromuscular
parameters, future work should extend these findings to
functional and systemic outcomes, such as gait perfor-
mance, balance, and upper extremity coordination, to
better understand the translational impact of FMV on
daily activities in children with CP. Expanding investiga-
tions to include whole-body or multi-limb applications
may also help clarify whether localized FMV induces
broader sensorimotor adaptations across the neuromus-
cular system.

Conclusion

This study investigated the effects of focal muscle vibra-
tion (FMV) at 80 Hz and 100 Hz on neuromuscular
activation, fatigue, and co-contraction in children with
spastic diplegic cerebral palsy (CP). The results high-
light FMV’s potential as a targeted intervention with fre-
quency-dependent effects.

Key results revealed that 100 Hz FMV elicited tran-
sient improvements in muscle activation (EMG RMS)
and delayed fatigue (higher MDF) in the dominant limb,
particularly in the soleus muscle, suggesting its utility for
short-term spasticity management and fatigue mitigation.
In contrast, 80 Hz FMV demonstrated progressive adap-
tations in neuromuscular coordination (CCI), indicating
its potential for fostering longer-term improvements in
agonist—antagonist synergy. Importantly, these between-
frequency differences appear to reflect differences in the
magnitude and time course of a shared, plasticity-based
mechanism rather than qualitatively distinct mecha-
nisms; given the unblinded control condition and the
study’s limited statistical power, they should be regarded
as hypothesis-generating and confirmed in adequately
powered, sham-controlled trials. The time-dependent
nature of these effects—evidenced by the return of RMS
and MDF values to baseline by the 12-week follow-up—
emphasizes the need for longer FMV intervention pro-
tocols to sustain therapeutic gains. These interpretations
are based on EMG outcomes and require confirmation in
studies measuring functional and clinical endpoints.

To our knowledge, this is the first comprehensive study
to compare two FMV stimulation frequencies (80 Hz and
100 Hz) over longer (12 weeks) periods in CP children,
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building on prior work [61]. It offers novel insights into
wearable FMV’s role in managing muscle activation,
fatigue, and co-contraction. Limb-specific co-contraction
differences highlight the importance of bilateral assess-
ments in CP rehabilitation.

Limitations, including attrition, uneven group sizes,
and partial follow-up data necessitate cautious interpre-
tation. Future research should explore longer protocols
(>12 weeks), higher FMV dosages (>10 min/muscle/
visit), and functional outcomes (e.g., gait analysis). Inves-
tigating neural mechanisms via TMS/EEG and inte-
grating FMV with task-specific training could optimize
therapeutic benefits.

In conclusion, this study positions FMV as a precision
tool for CP rehabilitation, providing a foundation for evi-
dence-based, individualized strategies to enhance motor
function [62].

Abbreviations

FMV Focal muscle vibration

cp Cerebral palsy

SEMG Surface electromyography

EMG Electromyography

RMS Root mean square

MDF Median frequency

ccl Co-contraction indices

GMFCS  Gross Motor Function Classification Scale
T™MS Transcranial magnetic stimulation
fMRI Functional magnetic resonance
EEG Electroencephalography

DF Dorsiflexion

Sol Soleus

TA Tibialis anterior

LMM Linear mixed-effects model
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