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Abstract

To explore neuromuscular control during blood flow restriction
(BFR) squat exercise using wavelet packet transform (WPT)
combined with non-negative matrix factorization (NMF). Fifteen
resistance-trained males completed four sets of squats at 40% ar-
terial occlusion pressure. Countermovement jump (CMJ) height
and reactive strength index modified (RSImod) alongside surface
electromyographic activity from eight lower-limb muscles were
assessed before after the exercise. CMJ height and RSImod sig-
nificantly increased post-exercise (P < 0.001, Cohen's d = 0.45
and 0.34, respectively). Four muscle synergy modules were con-
sistently identified, though primary muscle contributions shifted
across movement phases. The tibialis anterior (TA) was the pri-
mary contributor in Synergy1, while the gastrocnemius lateralis
(GL) dominated Synergy 2, accompanied by a significant in-
crease in gluteus maximus (GM) weight (P = 0.032). In Synergy
3, the rectus femoris (RF), vastus lateralis (VL), and vastus me-
dialis (VM) were predominant, with significant changes in GM
and VM muscle weights (P = 0.013, 0.039). Synergy 4 was char-
acterized by contributions from the semitendinosus (ST), biceps
femoris (BF), and GM, with a significant increase in VL muscle
weight (P = 0.024). WPT-NMF analysis revealed distinct time-
frequency synergy modules in CMJ movements before and after
BFR squat exercise. Significant changes in activation weights
were observed within the 0-250 Hz range (P < 0.05). BFR squat
exercise acutely enhances countermovement jump performance
by refining muscle synergy and neuromuscular activation pat-
terns, providing novel insights into neuromuscular control strate-
gies.

Key words: Blood flow restriction training, countermovement
jump, muscle synergy, wavelet packet transform, non-negative
matrix factorization.

Introduction

Blood flow restriction (BFR) involves applying a cuff or
tourniquet to the proximal portion of a limb to limit venous
return, while partially restricting arterial inflow. This tech-
nique typically involves moderate external limb compres-
sion (40 - 60% of arterial occlusion pressure) during low-
load exercises such as squats, which are commonly used in
BFR training protocols (Lorenz et al., 2021). By reducing
mechanical load while increasing physiological stress,
BFR training offers an effective low-load alternative to tra-
ditional heavy resistance exercise, with strength gains
comparable to heavier loads (Wortman et al., 2021).

The countermovement jump (CMJ) is a widely used
test of vertical jump performance, reflecting lower limb ex-
plosive power.(Ramirez-Campillo et al., 2022). BFR re-
sistance exercise can potentiate CMJ performance, includ-
ing vertical jump height and rate of force development
(RFD). For instance, half-squat exercises performed at 50
- 70% arterial occlusion pressures led to a ~7% improve-
ment in CMJ height in female soccer players (Sun and
Yang, 2023). Similarly, BFR added to leg half-squats im-
proved CMIJ height under varying external loads in volley-
ball players (Wang et al., 2022). Squats are widely used in
BFR protocols due to their ability to activate multiple
lower-limb muscle groups, making them particularly effec-
tive for strength and power development (Cornejo-Daza et
al., 2025; Jagim et al., 2024; Wang et al., 2022). Given the
biomechanical similarity between squats and CMJ, exam-
ining the impact of BFR squat training on CMJ perfor-
mance can provide valuable insights into underlying neu-
romuscular adjustments. Since CMJ engages multiple
joints and muscles, investigating muscle synergies offers a
novel lens on how BFR enhances jump performance.

Muscle synergy analysis is a method for studying
neuromuscular control by revealing how the central nerv-
ous system (CNS) coordinates multiple muscles through
spatiotemporal activation patterns (Beltrame et al., 2023).
This approach has demonstrated cross-task stability and
broad applicability, enabling detailed examination of
weight distribution, temporal features, and control pattern
variations in motor coordination (Bao Nguyen et al., 2017;
Goudriaan et al., 2022). Muscle synergy analysis is in-
creasingly applied in sports skill assessment, injury mech-
anism analysis, and rehabilitation monitoring, reflecting a
shift from single-muscle analysis toward a more integrated,
system-level understanding of neuromuscular control (Tur-
pin et al., 2021).

Non-negative matrix factorization (NMF) is widely
used in synergy analysis to decompose multi-dimensional
surface electromyography (SEMQG) signals into distinct
synergy patterns. By preserving non-negativity in both the
decomposed matrices and basis vectors, NMF aligns with
the inherent characteristics of SEMG signals and improves
interpretability (Xie et al., 2022). However, NMF has lim-
itations in capturing time-varying characteristics, as it de-
composes signals into fixed spatial and temporal compo-
nents. This poses challenges in dynamic sSEMG analysis,
where different frequency bands encode complex physio-
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logical information related to motor control (Vigotsky et
al., 2017). Consequently, NMF is less effective in contexts
requiring detailed time-frequency analysis to fully under-
stand complex neuromuscular processes.

To address the limitations of traditional NMF,
wavelet packet transform-based non-negative matrix fac-
torization (WPT-NMF) has been introduced to capture
both time- and frequency-dependent characteristics of
EMG signals during dynamic movements (Xie et al.,
2022). The CMIJ, which involves rapid muscle activation
and motor unit recruitment, contains high-frequency
sEMG components indicative of complex motor unit re-
cruitment information (Enoka, 2008). Therefore, time-fre-
quency-based muscle synergy analysis using WPT-NMF is
particularly well-suited for studying dynamic tasks like
CMJ. Thus, WPT-NMF enables detailed synergy analysis
in explosive tasks like CMJ. A previous study by our group
applied WPT-NMF to examine muscle synergies during
BFR squat exercise under varying external compression
parameters, and found that pressure differences selectively
influenced the number of synergies within specific fre-
quency bands (Chang and Hu, 2025). Building upon this
framework, the present study shifts focus to pre—post inter-
vention changes during CMJ, aiming to investigate acute
neuromuscular adaptations induced by BFR exercise.

While BFR exercise is widely recognized for en-
hancing athletic performance, its impact on muscle syn-
ergy during CMJ execution remain underexplored. To ad-
dress this gap, we collected EMG signals during CMJ tasks
performed before and after an acute BFR squat session and
analyzed time-frequency muscle synergies using the WPT-
NMF method. We hypothesized that acute BFR squat ex-
ercise would improve CMJ performance and alter time-fre-
quency muscle synergy patterns. Specifically, we expected
trained males to exhibit adjustments in muscle synergies
across frequency bands during CMJ execution post-inter-
vention, reflecting neuromuscular adjustments associated
with BFR-induced performance improvements.

Methods

Participants

Fifteen healthy male participants (age: 23.4 + 2.2 years;
height: 178.5 + 5.4 cm; body weight: 76.7 + 7.5kg; IRM:
139.4 + 21.8kg) were recruited. Participants met the crite-
ria for the Trained/Developmental level, as defined by
McKay et al. (2022), based on their resistance training his-
tory and movement proficiency. Inclusion criteria were: (1)
at least three years of resistance training experience, (2)
ability to perform a 1-repetition maximum (1RM) squat ex-
ceeding 1.5 times their body weight, and (3) proficiency in
both CMJ and squat techniques. Exclusion criteria in-
cluded: (1) current or recent musculoskeletal or joint inju-
ries involving either the upper or lower limbs (within the
past six months), (2) diagnosed cardiovascular conditions,
and (3) any other medical conditions that could contraindi-
cate participation in high-intensity lower-limb exercise.
The study was approved by the Ethics Committee of Capi-
tal University of Physical Education and Sports (Approval
No. 2025A074), in accordance with the Declaration of Hel-
sinki. Because of the nonlinear nature of muscle synergy

data, traditional power analysis using G*Power may not be
appropriate(Guo et al., 2025). Prior studies using similar
synergy analysis included 10 to 14 participants (Fan et al.,
2024; Matsunaga et al., 2021). Based on the similarity in
methodology and task features, the present study included
15 participants.

Experimental procedure

The study consisted of two phases: a preparation phase and
an exercise intervention phase. During the preparation
phase, participants' age, height, weight, 1RM, and thigh
circumference were recorded to calculate individual train-
ing loads and occlusion pressures. In the intervention
phase, participants first completed a 10-minute running
warm-up, followed by the placement of SEMG electrodes
and BFR cuffs. They then performed three CMJ trials fol-
lowing standardized testing protocols (Sun and Yang,
2023). The two highest jumps (based on jump height) were
selected for further analysis, and the corresponding EMG
signals were used for muscle synergy analysis. After CMJ
testing, participants rested for one minute before perform-
ing four sets of occluded squats. During the BFR squat ses-
sion, participants performed four sets of occluded squats,
with 1-minute inter-set rest intervals, resulting in approxi-
mately 4 minutes of accumulated recovery. Post-exercise
CMI testing was conducted immediately following the fi-
nal set, without additional rest. Throughout the experiment,
CMJ performance and EMG signals were synchronously
collected using a force platform (Kistler, USA) and EMG
equipment (Delsys, USA). The full experimental proce-
dure lasted approximately 60~75 minutes per participant,
and all testing was performed between 2:00 p.m. and 5:00
p.m. to minimize circadian variation.

Exercise intervention

The exercise intervention consisted of resistance squats
performed on a squat rack, following a standardized low-
load exercise routine at 30% of each participant’s 1RM.
The protocol included four sets: the first set consisted of 30
repetitions, followed by three sets of 15 repetitions, with
60 seconds of rest between sets (Patterson et al., 2019).
Squat tempo was standardized to 2 seconds for the eccen-
tric (downward) phase and 1 second for the concentric (up-
ward) phase (Patterson et al., 2019).

Occlusion pressure was applied using a pneumatic
cuff and occlusion pump (Harvard Apparatus, USA), start-
ing 5 seconds before each set. The cuff was positioned just
below the gluteal fold, perpendicular to the thigh (Patterson
et al., 2019). After the pressure was applied, participants
began the first squat set. The cuff was deflated during rest
periods and re-inflated 5 seconds before the next set. This
cycle was repeated for all four sets, with the cuff was re-
moved after the final set.

Individual occlusion pressure was determined based
on thigh circumference and the arterial occlusion pressure
estimation method described elsewhere (Loenneke et al.,
2015), with the target pressure set at 40% of each partici-
pant’s arterial occlusion pressure (Loenneke et al., 2015).
An overview of the entire experimental procedure, includ-
ing EMG application, testing, and BFR intervention, is il-
lustrated in Figure 1.
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Figure 1. Experimental procedure.

Measurements

1RM Test

Participants first completed a 10-minute treadmill warm-
up, followed by 5 - 10 repetitions at 40% to 60% of their
estimated 1RM. After a 1-minute rest, they performed 3-5
repetitions at 60 - 80% of their estimated 1RM. For the for-
mal testing phase, participants began with a load set at 90%
of their estimated 1RM. If successful, the load was progres-
sively increased (Comfort et al., 2018). Attempts were sep-
arated by 3~5 minutes, with participants deciding when to
proceed based on their perceived recovery. If an attempt
failed, the last successfully lifted load was recorded as the
IRM (Kraemer and Ratamess, 2004). All participants
achieved their 1RM within five attempts. The test was su-
pervised throughout by two trained researchers who pro-
vided verbal encouragement. The protocol was terminated
if the attempt failed or if proper squat technique could not
be maintained (Olah et al., 2025).

Countermovement jumps

The CMJ test was conducted on a three-dimensional force
platform with a sampling frequency of 1000 Hz. The test-
ing procedure was as follows: (1) Participants stood on the
force platform in a stationary position with hands placed
on their hips, and (2) On the tester's command, they initi-
ated a countermovement by flexing their knees, then
jumped vertically as high as possible, followed by con-
trolled landing. CMJ height and the reactive strength index
modified (RSImod) were calculated from the vertical force
trajectory recorded during each jump (Healy et al., 2018).
The CMJ movement was divided into five distinct phases
(Figure 2): unweighting, braking, propulsion, flight, and
landing. Test-retest reliability was assessed using
ICC(2,1), with values of 0.95 and 0.96 for CMJ height and
0.71 and 0.81 for RSImod before and after the intervention,
respectively.
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Figure 2. The five phases of the countermovement jump.
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Figure 3. Energy distribution of sSEMG signals during countermovement jumps. The color gradient in the legend transitions from blue
to yellow, indicating amplitude levels from low to high. rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), semitendinosus (ST), biceps
femoris (BF), gluteus maximus (GM), tibialis anterior (TA), and gastrocnemius lateralis (GL).

Lower limb SEMG testing

A 16-channel wireless SEMG system was used to monitor
signals from eight lower-limb muscles: rectus femoris
(RF), vastus lateralis (VL), vastus medialis (VM), semiten-
dinosus (ST), biceps femoris (BF), gluteus maximus (GM),
tibialis anterior (TA), and gastrocnemius lateralis (GL).
The system sampled at 2000 Hz and was synchronized with
the Kistler three-dimensional force platform.

Before each test, the SEMG acquisition system was
calibrated and set to standby mode. Testing commenced af-
ter participants completed their warm-up, with sSEMG sig-
nals recorded during the CMJ trials following the estab-
lished protocol. The dominant frequency range of the
sEMG signals was 0 - 250 Hz. The time-frequency analysis
revealed higher amplitudes primarily within the 250Hz
band (Figure 3). Therefore, the frequency range studied
was 0 - 250 Hz, divided into four bands: 0 - 62.5 Hz, 62.5
- 125 Hz, 125 - 187.5 Hz, and 187.5 - 250 Hz.

Data analyses

SEMG signal pre-processing

For the NMF-based muscle synergy analysis, the following
steps were taken: 1) A second-order Butterworth notch fil-
ter was applied to remove 50 Hz powerline interference; 2)
A second-order Butterworth band-pass filter (20 - 400 Hz)
was applied to isolate the target frequency band signals; 3)
The filtered signals were full-wave rectified; 4) The RMS
envelope was extracted and normalized to the maximum
value; 5) The envelope signals were time-normalized to 0
- 100%. For WPT-NMF muscle synergy analysis, steps 3,
4, and 5 from the above preprocessing were applied to the
sEMG signals.

NMF-based SEMG signal processing
The sEMG signal processing and decomposition were car-

ried out in two major steps:

(1) The SEMG signal matrix Vi, was subjected to
decomposition into muscle synergy vectors Wp,; and tem-
poral coefficient matrices Cin, as per the following formula:

k
Vin = Z 1WmiCin = Von
i=

The original SEMG signal matrix V,,,, comprises m chan-
nels and n sampling points. This matrix was decomposed
into two components: the muscle synergy vector matrix
Wi, which defines the activation weights of each muscle
within the respective synergy module (with values of with
Wi > 0.3 indicating muscles as primary contributors to a
specific synergy), and the temporal coefficient matrix C;y,
which reflects the time-dependent contributions of the i-th
synergy module. The matrix Vp,, represents the recon-
structed SEMG signal matrix.

(2) The number of synergies k was established us-
ing the Variability Accounted For (VAF) method, with a
threshold for the overall VAF set at 0.9. The formula for
calculating VAF is as follows:

VAF = 1 RSS—1
B TSS

Z(an - Vr{nn)z
Y Viin

where RSS denotes the Residual Sum of Squares, and TSS
refers to the Total Sum of Squares.

WPT-NMF-based sEMG signal processing involves the
following steps:
1-) The original signal is decomposed into multiple
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frequency bands using the wavelet packet transform
(WPT). The signal in each frequency band is expressed as:

G ENGTINE

where xﬂ (t) represents the signal in the i-th channel, j-th
layer ; XP,]',N denotes the wavelet packet coefficients,
which indicate the projection weights of the signal onto the
current wavelet basis; and ¢; y . (t) is the basis function for
the N-th sub-band, used to capture the local time-frequency
characteristics.

2-) Perform NMF decomposition:

N N-~N
Vi = WG

where V]-N represents the time-frequency signal matrix cor-
responding to the j-th layer and N-th sub-band. W]-N is the
synergy matrix that characterizes the features of different
synergy patterns in the sub-band signal, and C]-N is the tem-

poral coefficient matrix, which indicates the time-varying
contributions of the synergy patterns.

K-means clustering

The CMJ synergy modules from all 15 subjects were clas-
sified using a k-means clustering algorithm. Since VAF
represents four cooperative modes, K was set to 4. To re-
duce the randomness introduced by the initial clustering
centroids, the process was repeated 50 times using different
initial centroids (Fan et al., 2024). The optimal number of
clusters was determined using the Elbow Method, which
identifies the inflection point in the error sum of squares
relative to the number of clusters.

Statistical analyses

The Shapiro-Wilk test was used to assess the normality of
data distribution. For normally distributed variables, paired
sample t-tests were conducted to analyze pre- and post-in-
tervention differences. For non-normally distributed varia-
bles, Mann-Whitney U tests were performed. Effect sizes

were calculated using Cohen's d, with values of 0.2, 0.5,
and 0.8 representing small, moderate, and large effects, re-
spectively. All statistical analyses were conducted using
MATLAB 2022a and GraphPad Prism 9.

Results

Changes in CMJ performance

Both CM1J height (0.417 £ 0.066 vs 0.442 + 0.068 m; P <
0.001, d = 0.45) and RSImod (0.51 £ 0.11 vs 0.56 £ 0.12;
P <0.001, d =0.34) increased from pre- to post-BFR exer-
cise (Figure 4).

Number of synergy modules across different time-fre-
quency segments

The number of synergy modules observed before and after
BFR training across the four frequency bands were as fol-
lows (Figure 5):1) 0 - 62.5 Hz: 4.00 + 0.53 and 3.93 + 0.45
(p =0.726); ii) 62.5 - 125 Hz: 4.41 £ 0.49 and 4.52 = 0.50
(p=0.607); iii) 125 - 187.5 Hz: 4.55+ 0.50 and 4.24 + 0.57
(p=0.068); and iv) 187.5 - 250 Hz: 4.38 + 0.55 and 4.24 +
0.50 (p = 0.460).

Muscle synergy analysis of CMJ

Muscle synergy analysis of synergy 1, which occurs during
the Unweighting to Braking Phases of the CMJ, showed
that the ankle dorsiflexor TA had the highest contribution
both pre- and post-BFR training (weights = 0.78 and 0.81,
respectively).

In Synergy 2, which is active during the Braking to
Propulsion Phases of the CMJ, the ankle plantar flexor GL
was the primary contributor (weights = 0.79 for both pre-
and post-BFR), with a significant increase in GM activa-
tion post-training (weight A% = 33%; p = 0.032).

Synergy 3, active during the Propulsion to Flight
Phases, revealed that the knee extensors RF (weights =
0.41, 0.43), VL (weights = 0.42, 0.36), and VM (weights =
0.5, 0.46) were the main contributors. Significant differ-
ences were observed between Pre-and Post-BFR interven-
tion for GM (weight A% = 57%; p = 0.013) and VM
(weight A% = -8%, p = 0.039).
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Figure 4. CMJ height (A) and reactive strength index modified (RSImod) (B) pre-BFR and Post-
BFR exercise. ** denotes a significant difference in reference to Pre-BFR (P < 0.01).
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Figure 6. Muscle synergy modules of CMJ movement Pre- and Post-BFR exercise based on NMF decomposition. A, B, C, D,
and E represent the Unweighting, Braking, Propulsion, Flight, and Landing Phases of the CMJ movement, respectively.
* indicates a significant difference between time points (Pre- vs Post-BFR intervention) (p < 0.05).

Synergy 4, active during the Flight-to-Landing
Phase of CMJ, showed greater contributions from the knee
flexors ST (weight = 0.34, 0.43) and BF (weight = 0.54,
0.51), as well as the hip extensor GM. A significant post-
BFR exercise increase was noted for VL (weight A% =
92%, p = 0.024) (Figure 6).

Muscle synergy analysis of CMJ in the time-frequency
domain

A comprehensive analysis of muscle activation weights
across frequency bands revealed significant differences
pre- and post-BFR exercise differences (Figure 7). In the 0
- 62.5 Hz frequency band: i) TA in synergy | showed a
significant increase (weight A% = 10%, p = 0.04); ii)) GM
in synergy 2 exhibited a marked increase (weight A% =
238%, p=0.0007); and iii) in synergy 4, BF (weight A% =
32%, p = 0.032) and GM (weight A% = 11%, p = 0.034)
also showed significant increases.
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In the 62.5 - 125 Hz frequency band, significant
changes were found in synergy 3, with a decrease in VL
activation weight (weight A% = -39%, p = 0.003) and an
increase in GM activation weight (weight A% = 87%, p =
0.009).

In the 125 - 185 Hz frequency band, significant dif-
ferences were found in: i) synergy 2, with a significant in-
crease in GM activation (weight A% = 53%, p = 0.031);
and ii) synergy 4, where VM showed a significant increase

(weight A% = 100%, p = 0.007).

In the 187.5 - 250 Hz frequency band, significant
differences were found in: i) synergy 1, where GM activa-
tion significantly decreased (weight A% = -81%, p =
0.002); and ii) synergy 3, where VL exhibited a decrease
in activation weight (weight A% = -22%, p = 0.002), and
TA demonstrated a significant increase (weight A% = 75%,
p=0.001).
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187.5 - 250 Hz
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Figure 7. Muscle synergy modules during CMJ movement Pre- and Post-BFR Training across four frequency bands (0 - 250
Hz), based on WPT-NMF Decomposition. * indicates a significant difference between Pre- and Post-BFR intervention (p < 0.05).

Discussion

This study is the first to investigate neuromuscular control
strategies underlying the effects of BFR training on CMJ
performance using muscle synergy analysis. By employing
WPT-NMF, we analyzed how BFR squats influence mus-
cle activation and synergy across different SEMG fre-
quency bands during CMJ. Our main findings indicate that
acute BFR exercise significantly enhances CMJ height and
RSImod. Although the total number of synergy modules
remained unchanged, time-frequency analysis revealed
adaptive shifts in activation weights. The results support
our hypothesis that acute BFR resistance exercise improves
CM]J performance by modifying time-frequency muscle
synergy patterns.

We observed that acute BFR squats exercise signif-
icantly improves CMJ performance, as evidenced by im-
proved jump height and RSImod. This immediate enhance-

ment may stem from BFR-induced hypoxia, which stimu-
lates type Il and IV afferent nerves, promoting greater mo-
tor unit recruitment and particularly of type II fibers (Ya-
suda et al., 2015). Likewise, BFR exercise increased mus-
cle activation synergy in the EMG signal and enhanced the
secretion of endogenous hormones (Yasuda et al., 2010).
Under ischemic conditions, improved synchronization of
high-threshold motor unit firing may reduce antagonist co-
activation, thus augmenting force production during explo-
sive movements (Fatela et al., 2016; Loenneke et al., 2011).
Additionally, BFR training has been shown to induce post
activation performance enhancement and improve horizon-
tal explosiveness and strength (Wharemate, 2021). Collec-
tively, these performance benefits are likely driven by neu-
romuscular adaptations resulting from metabolic stress.
One key finding was that the number of muscle syn-
ergy modules across different frequency bands after WPT-
NMF decomposition did not change following the BFR
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squat exercise. This indicates that CMJ performance is
governed by stable neuromuscular control strategies. The
consistency in synergy number may reflect a preserved role
of specific frequency bands in muscle coordination. For in-
stance, six muscle synergies were identified during run-
ning, both before and after fatigue, with no significant
changes in the number of synergy modules, though muscle
weights and activation timing shifted (Xu et al., 2025).
Similarly, the number of muscle synergy modules re-
mained unchanged across varying slopes and running
speeds in uphill and downhill running, despite differences
in muscle activation weights (Saito et al., 2018). These
findings, including ours, suggest that the CNS maintains a
stable core control framework while flexibly adjusting ac-
tivation patterns (i.e., activation timing or weights) to meet
task demands, such as those induced by BFR.

This study showed that while the number of muscle
synergy modules during CMJ remains stable following
acute BFR exercise, notable shifts in muscle activation
weights occurred - particularly during the braking-landing
phases. The dominant contributions of the dorsiflexor TA
(Synergy 1) and plantar flexor GL (Synergy 2) reflect the
importance of ankle joint stability during the braking phase
(Chang et al., 2008). Their unchanged activation weights
post-BFR suggest that distal stiffness is more influenced by
task demands than by metabolic stress. The reduced con-
tribution of VM during propulsion (Synergy 3) and the re-
distribution of VL activity during landing (Synergy 4) re-
flect task-specific adaptations aimed at optimizing knee
joint torque. Comparable compensatory activation patterns
have been observed under fatigue, such as during rowing,
where redistribution helps maintain performance (Turpin
et al., 2011). Enhanced GM activation across transitional
phases (Synergy 2/3) further supports the concept of prox-
imal muscle potentiation following BFR-induced meta-
bolic stress (Fatela et al., 2019). These findings suggest that
BFR modulates neural drive within pre-existing synergy
structures, rather than creating new coordination patterns,
a principle congruent with hierarchical motor control
frameworks (Ting et al., 2015). Overall, BFR exercise en-
hances short-term explosive performance by fine-tuning
neural input within stable synergy frameworks.

This study is the first to reveal frequency band-spe-
cific adaptations in neuromuscular control following acute
BFR exercise during CMJ, using time-frequency domain
muscle synergy analysis. Post-intervention, significant
shifts in muscle activation weights across various fre-
quency bands suggest that the CNS modulates performance
through frequency-dependent strategies. Lower-frequency
components in the SEMG signals are generally linked to the
recruitment of slow-twitch, synchronized motor units, in-
fluenced by factors such as motor unit conduction velocity
and volume-conductor effects (Farina et al., 2014). BFR-
induced vascular occlusion leads to metabolite accumula-
tion, stimulating sympathetic activity and increasing
plasma levels of norepinephrine, epinephrine, and growth
hormone (Takarada et al., 2000). High occlusion pressures
may further activate mechanoreceptors, enhancing sympa-
thetic responses (Williamson et al., 1994). In this study, in-
creased activation weights in lower-frequency bands — par-
ticularly in dorsiflexors and hip extensors — suggest that

BFR-induced metabolic stress and neurohormonal re-
sponses may enhance ankle dorsiflexion stability and im-
prove coordination between hamstrings and gluteus mus-
cles. This low-frequency synchronization likely supports
more efficient intermuscular coordination, thereby contrib-
uting to the stability and performance improvements ob-
served in CMJ.

Changes in the sSEMG signal spectrum are closely
related to the recruitment patterns of fast motor units,
which are progressively recruited during high-intensity
contractions and exhibit higher firing frequencies than
slow motor units, particularly under increased force de-
mands. In this study, the activation differences in VL and
GM within the high-frequency band (62.5 - 185 Hz) sug-
gest that BFR selectively facilitates fast-twitch fibers re-
cruitment, likely driven by metabolic byproducts accumu-
lation (e.g., H, inorganic phosphate) - an effect supported
by previous research (Fatela et al., 2019). The mid-to-high
frequency response of GM may compensate for metabolic
limitations in distal muscles by increasing hip joint torque
(Pandy and Zajac, 1991), thereby improving knee exten-
sion efficiency. Additionally, external limb compression
may reduce local muscle activation and muscle cross-sec-
tional area beneath the cuff, potentially inhibiting muscle
activation in these regions (Ellefsen et al., 2015). As a com-
pensatory mechanism, increased GM activation may offset
this inhibition, improving overall movement performance
and neuromuscular efficiency.

During explosive or rapid contractions, motor neu-
rons are recruited within a short time and discharge at high
frequencies (over 200 Hz) to support quick force genera-
tion (Del Vecchio et al., 2019). In this study, muscle syn-
ergy analysis in the high-frequency band (187.5 - 250 Hz)
revealed synchronized activation of GM, VL, and TA
likely due to BFR-induced local hypoxia, which triggers
high-frequency discharge in fast-twitch muscle fibers. A
similar phenomenon was noted previously, where BFR
training significantly increased initial firing frequency, av-
erage discharge rate, and normalized EMG amplitude, in-
dicating higher motor unit activation levels under the same
load (Olmos et al., 2024). These findings suggest that BFR
may enhance high-frequency muscle discharges through
local hypoxia and metabolic stress, thereby modulating
motor unit recruitment patterns to support rapid force pro-
duction. Overall, our findings reinforce the notion that the
CNS adapts through hierarchical, frequency-specific regu-
lation, with BFR influencing muscle synergy by altering
time-frequency muscle coordination patterns.

Although this study revealed that BFR exercise can
enhance lower limb power output and RSImod by influenc-
ing muscle synergy, several limitations should be acknowl-
edged. Firstly, due to equipment constraints, sSEMG data
were collected from only eight lower-limb muscles. The
selection and number of muscles analyzed can influence
muscle synergy outcomes (Steele et al., 2013). Secondly,
the absence of 3D motion capture limited our ability to as-
sess kinematic variables and calculate joint torque param-
eters, resulting in a narrower analytical scope. Although
this study explored the physiological mechanisms of BFR
exercise through changes in muscle synergy patterns, it did
not directly assess neural adaptations. Future research
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should consider incorporating neurophysiological tools,
such as electroencephalography or functional magnetic
resonance imaging, to provide deeper insights into how
BFR exercise influences the neuromuscular system.

Conclusion

Acute BFR exercise significantly enhances CMJ height
and RSImod. Although the number of muscle synergy
modules did not change, notable shifts in muscle activation
weights occurred during key CMJ phases. These findings
suggest that the CNS enhanced CMJ performance by mod-
ulating activation parameters within existing synergy mod-
ules across different frequency bands, rather than altering
the synergy architecture itself. This study also demon-
strates the time-frequency dynamics of synergy modula-
tion following acute BFR squat exercise, offering new in-
sights into the intrinsic neural patterns underlying en-
hanced athletic performance.
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Key points

e Wavelet packet transform combined with non-negative
matrix factorization effectively captures time-frequency
muscle synergy patterns, offering new insights into neu-
romuscular control during countermovement jump post-
BFR exercise.

e Acute BFR exercise enhances countermovement jump
performance by optimizing muscle activation patterns,
without altering the number of synergy modules.

e Frequency-specific shifts in muscle activation suggest
that the central nervous system modulates synergy
through adaptive, frequency-dependent control strategies
to optimize explosive strength.

e BFR exercise serves as an effective strategy to maximize
lower-limb power, with direct applications in sports re-
quiring explosive movements.
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