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Abstract

Purpose Blood flow restriction (BFR) is a resistance training technique that enhances muscle adaptation and strength gains
under hypoxic conditions. However, its impact on motor unit (MU) coordination remains unclear. This study investigated
how BFR influences intra- and inter-muscular common drives to MUs in two functional agonists during a static precision
pinch task.

Methods Eighteen adults (23.9 + 1.3 years; nine men, nine women) performed a thumb—index finger precision pinch under
BFR and non-BFR conditions, while force fluctuation dynamics and MU activities in the flexor pollicis brevis (FPB) and
first dorsal interosseous (FDI) were analyzed.

Results The results revealed a significant reduction in maximal voluntary contraction following BFR application (p=0.003).
In addition, BFR significantly increased force fluctuations (p =0.007), potentiated discharge variability (p=0.018), and
strengthened force—discharge coupling specifically in the FPB (p=0.010). BFR increased the mean recruitment threshold
of motor units in the FDI (p <0.001), but not in the FPB (p > 0.05) during finger precision pinch. Intra-muscular common
drive increased within the FDI (p <0.001) and FPB (p <0.001), whereas inter-muscular common drive between agonist
MUs decreased (p <0.001).

Conclusion BFR application disrupts force precision stability and neuromuscular coordination between functional agonists
during precision pinch. It increases global discharge variability and intra-muscular MU synchrony. However, the resulting
force fluctuations are only partially compensated by reduced inter-muscular MU synchrony, offering limited coordination
flexibility among agonists.
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MUAPT Motor unit action potential train
MVC : Maximum voluntary contraction
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NO Nitric oxide

RMS Root mean square

ROI Region of interest
Introduction

Blood flow restriction (BFR) is a hypoxic training technique
that restricts venous return while maintaining arterial inflow
during low-load resistance exercises (Suga et al. 2009; Pope
et al. 2013). This approach enhances muscle strength with-
out requiring high loads by limiting oxygen availability,
thereby increasing metabolic, and mechanical stress to acti-
vate hypertrophic signaling pathways that stimulate muscle
protein synthesis (Pearson & Hussain 2015; Biazon et al.
2019). Additionally, BFR-induced release of growth hor-
mone and nitric oxide (NO) promotes vasodilation and nutri-
ent delivery, further supporting muscle growth (Rossi et al.
2018; Christiansen et al. 2019). Studies have demonstrated
that low-load BFR training produces muscle growth and
strength gains comparable to those of high-load resistance
training (Lixandrao et al. 2018; Grgnfeldt et al. 2020).
Beyond its effects on muscle adaptation, BFR induces
distinct neuromuscular changes, altering motor unit (MU)
behaviors. The hypoxic environment promotes early recruit-
ment of high-threshold MUs (type II fibers), which are
typically activated only during high-load resistance train-
ing (Fatela et al. 2019). BFR applied to the biceps brachii
significantly increases MU firing rates, specifically with
similarly sized MUs exhibiting higher discharge rates than
under non-BFR (NBFR) conditions (Olmos et al. 2024b).
However, BFR accelerates muscular fatigue due to hypoxia-
induced metabolic stress (Fatela et al. 2016, 2019; Chen
et al. 2023; Wu et al. 2024), as evidenced by a faster decline
in MU discharge rates compared to NBFR training (Chen
et al. 2020; Copithorne et al. 2021; Lowe et al. 2023).
Muscle synergies, defined as coordinated muscle activa-
tion patterns, simplify complex force regulation (Berger &
d'Avella 2014; Singh et al. 2018). Effective synergies rely
on balanced MU coordination within and between muscles,
enhancing force stability (Madarshahian et al. 2021) and
facilitating adaptation to task complexity. The common
drive theory, introduced by De Luca (1982), describes how
presynaptic inputs or shared local excitatory interneurons
synchronize MU firing patterns. MU coordination can be
examined within a single muscle (De Luca & Erim 1994) or
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between synergistic muscles (De Luca & Erim 2002), typi-
cally revealing a short-lag positive correlation in cross-cor-
relation analyses, reflecting shared neural drive. The degree
of common drive varies based on task demands, muscle
groups, and functional requirements (Laine & Valero-Cue-
vas 2017; Kenville et al. 2020). Under conditions of fatigue
and increased exertion, the common synaptic input to motor
neurons intensifies, strengthening MU synchronization
(Boonstra et al. 2008; Castronovo et al. 2015; Hwang et al.
2020). Adaptations in common drive following exercise (Ye
et al. 2014) and with advancing age (Castronovo et al. 2018)
lead to declines in force steadiness because excessive com-
mon drive amplifies motor unit synchronization and dimin-
ishes motor control precision. Conversely, weaker common
synaptic input and greater independence among MUs pro-
mote adaptive fatigue responses (Rossato et al. 2022) and
flexible muscle coordination (Chen et al. 2019; Rossato et al.
2022). As motor skill proficiency advances, the central nerv-
ous system optimizes neuromuscular control by reducing
common synaptic input within muscles, prioritizing force
precision, and stability (Cabral et al. 2024).

BFR application may alter motor unit (MU) discharge
behavior and recruitment patterns, likely through modula-
tion of the central common drive. However, its effects on
MU synchrony within and between muscles remain largely
unexplored. This study examines how BFR influences force
fluctuations, MU behavior, and intra- and inter-muscular
common drive in the flexor pollicis brevis (FPB) and first
dorsal interosseous (FDI) muscles during a precision pinch
task. We hypothesized that 1) BFR would impair force pre-
cision control during precision pinch; and 2) BFR would
modulate common drive, altering MU discharge patterns
and interactions. Elucidating BFR-induced changes in MU
synchrony within and between muscles may provide criti-
cal insights for optimizing muscle strengthening strategies.

Methods
Subjects

Eighteen healthy young adults (age: 23.9 + 1.3 years;
nine men, nine women; height: 164.6 +9.0 cm; weight:
60.4 +13.0 kg; BMI: 22.05 +3.23 kg/m?; right-hand domi-
nance) provided informed consent before participating in
this study, which was approved by the Institutional Review
Board of the National Cheng Kung University Hospital (No.
A-ER-112-037). Subjects refrained from vigorous activity
and caffeine consumption for 24 h prior to the experiment.
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Experimental procedure

On the day of the laboratory visit, the participants first
underwent resting blood pressure measurement with an
electric sphygmomanometer (HEM-7121; OMRON Inc.,
Kyoto, Japan). They sat and relaxed for 5 min before their
blood pressure was recorded. Next, maximal voluntary con-
traction (MVC) for finger pinch of the dominant limb was
determined. Finger pinch involved pressing the thumb pad
against the index finger pad, with the index finger anchored
to a force sensor (MB-100, Interface Inc., Scottsdale, USA)
mounted on a wooden frame (Fig. 1, left plots). The partici-
pants performed three brief (~3 s) maximal pinches and the
highest value was recorded as the MVC. Following MVC
determination, participants completed three trials of a static
force-tracking task at 20% MVC, under blood flow restric-
tion (BFR) and non-BFR (NBFR) conditions, to examine
motor unit (MU) discharge behaviors during force gradation.
A lower exertion level (% MVC) was chosen to ensure that
participants could complete all BFR trials. For the static
force task, the force trajectory included a 3-s baseline (qui-
escent) period, a 2-s up-ramp (increasing at 10% MVC/s), a
58-s steady hold at 20% MVC, a 2-s down-ramp (decreasing
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at 10% MVC/s), and a final 3-s baseline (Fig. 1, right plot).
To focus on stable force output, the region of interest (ROI)
was defined as 9-58 s of each trial. Muscle activity in the
flexor pollicis brevis (FPB) and first dorsal interosseous
(FDI) was recorded using 4-pin wireless surface EMG elec-
trodes (Trigno Galileo sensor; Delsys Inc., Natick, MA,
USA). Each sensor array (23 xX30x 7 mm, 19 g) had four
active electrodes in a diamond formation with a 5-mm inter-
electrode distance.

In the BFR condition, wireless auto-calibrating cuffs
(SAGA Fitness, Queensland, Australia) were applied to
the biceps brachii muscle belly. Venous return was fully
obstructed for 10 min with the restriction pressure set at
80% of systolic blood pressure (104.2 + 8.8 mmHg) (Wu
et al. 2024; Chen et al. 2025). This ischemic precondition-
ing technique is widely used to enhance upper limb muscle
strength under hypoxic conditions. In the NBFR condition,
the same setup was used, but restriction pressure was set at
20% of systolic blood pressure. The participants completed
three force-tracking trials, separated by 3-min rest intervals,
to assess precision pinch force scaling under the BFR and
NBFR conditions. The trial order was counterbalanced—
half of the participants started with BFR, while the other

Target

Force N,
1
u s —— sk b - I

Fig.1 System setup of precision pinch in this study. The preci-
sion pinch task in this study involved pressing the pad of the thumb
against the pad of the index finger to scale force according to a tar-
get line (left plot). A force sensor was mounted on the wooden frame
and the pad of the index finger to monitor force output. Multi-channel
surface electromyographic (EMG) arrays were placed on the muscle
bellies of the flexor pollicis brevis (FPB) and first dorsal interosseous

: Region of Interest

Time (Seconds)

(FDI). The right plot shows the typical force output, target line for
the precision pinch, and decomposition results for the FPB and FDI
muscles. The decomposition of multi-channel surface EMG yielded
spike trains of motor units, which were labeled as discharge events
during the precision pinch task. Only data within the window of inter-
est were considered for further analysis
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half began with NBFR. Force data were sampled at 1 kHz
via a 16-bit analog-to-digital converter (DAQCard-6024E;
National Instruments, Austin, USA) using LabVIEW soft-
ware. Surface EMG signals were sampled at 2 kHz, band-
pass filtered (20-450 Hz), and streamed to EMGworks
v.4.7.8 software (Delsys Inc., Natick, USA). Data synchro-
nization between EMG and force recordings was achieved
using a common voltage pulse.

Data analysis

Force fluctuations were defined as the force data of finger
pinch within the window of interest (9th—58th second) after
elimination of its linear trend. The two variables, root mean
square (FFrys), and sample entropy (FFg,,g,), represented
the force scaling properties of precision pinch. The force
fluctuations were down-sampled to 100 Hz before the sam-
ple entropy calculation. The mathematical formula of sample
entropy was SampEn(m, r,N) = —log(¥" A;/ YV B)),
where r=20% of the standard deviation of the data, m is the
length of the template (m=2), and N is the number of data
points in the time series. A; is the number of matches of the
ith template of length m + I data points, and B; is the number
of matches of the ith template of length m data points. The
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FFrms and FFg, g, across three trials were averaged for
each participant in the NBFR and BFR conditions.

The surface EMG signals recorded during the entire
tracking session in the FDI and FPB muscles were processed
using an established Al-based decomposition procedure (De
Luca et al. 2006; Nawab et al. 2010; Kline and De Luca
2014) to obtain motor unit (MU) spike trains with Neuro-
Map v.1.2.1 (Delsys Inc., Natick, MA, USA). The validity
of the EMG decomposition results of each MUAPT was
evaluated with the Decomposition—Synthesis—Decomposi-
tion—Compare (DSDC) test. Only MUs with a decompo-
sition accuracy exceeding 85% using the DSDC method
were included for further analysis. Discharge events of
the decomposed MUs were identified during the experi-
mental trials and only the spike trains of MUs within the
window of interest were considered for further analysis.
In this study, we focused on analyzing the low-frequency
common drive to the MUs of the FDI and FPB muscles
by estimating the cumulative spike trains of all identified
motor units, followed by smoothing and averaging pro-
cesses (Fig. 2). The cumulative spike trains in the window
of interest were smoothed by convolution with a Hanning
window (duration: 400 ms) (Negro and Farina 2012). The
smoothed discharge trace was normalized by the number of
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Fig.2 Schematic illustration of signal processing for common drive
index within the first dorsal interosseous (CDIgp), within the flexor
pollicis brevis (CDIgpg), and between the FDI and FPB (CDIgp; gpp).
The surface EMG from two muscles was decomposed into motor unit
spike trains. The summation of these spike trains resulted in a cumu-
lative motor unit spike train, which was then smoothed into a mean
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discharge trace (MDT) by convolving it with a 400-ms Hanning win-
dow (the smoothing process) and dividing by the number of decom-
posed motor units. The size of fluctuations in the MDT was indexed
using the root mean square (RMS) of the MDT after the removal of
its linear trend. The circle S denotes the smoothing process of a motor
unit spike train
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active motor units to obtain the mean discharge trace (MDT)
for each experimental trial. The variability of the pooled
discharges from MUs (MDTyys) was estimated by apply-
ing the RMS to the MDT after the removal of the linear
trend. The RMS of the MDT from the three experimental
trials for both the FDI and FPB muscles was averaged for
each participant. Due to the non-linear properties associated
with the viscous resistance of the musculotendon system,
the degree of discharge-force coupling was characterized
using entropy-based mutual information (MI) (Hwang et al.
2017, 2020). Mutual information (MI(X;Y)) was defined as:
MIXY) = ¥ oy X ex PO 0g(P(X, ¥) /Py (X)po (), where
p(x,y) is the joint probability density function of force fluc-
tuations (X) and detrended mean discharge rate trace (Y), and
p1(x) and p,(y) are the marginal probability density functions
of the two time series, respectively. A higher MI indicates
that the variability of pooled discharges better accounts for
the force fluctuations during precision pinch.

In addition, we calculated the traditional common drive
index (CDI) within and between the FDI and FPB muscles
(De Luca and Erim 1994, 2002). The calculation involved a
smoothing procedure by convolution of the motor unit spike
train of each MU with a 400-ms Hanning window (Fig. 2).
For an experimental trial, the cross-correlation plot (TQW)
was calculated for the smoothed discharge trace from a given

M U pair: R, = D)

WSO, (10)

wherer, (,7) = x(t + %)y(t - %), x and y are smoothed
discharge traces of the two considered motor units, ¢ is the
time variable, and 7 is the time-lag variable. The correlation
plot (R,,) was further remapped to a normalized correlation
1+R,,

- >) (Chen

plot with Fisher z transformation (z = %ln =

et al. 2019). If a motor unit pair was composed of two MUs
of a muscle (FDI or FPB), the maxima represented CDI
within the muscle (CDIgp; or CDIgpg). If a motor unit pair
consisted of two MUs from different muscles, the maxima
of ﬁx}, represented the common drive index between the mus-
cles (CDIgpy_ppp)-

Statistical analysis

On an individual basis, a multivariate Hotelling’s T2 test,
followed by post-hoc paired t-tests, was used to assess dif-
ferences in force fluctuation variables (FFys and FFg,;,0p,)
between the NBFR and BFR conditions. Similarly, Hotel-
ling’s T test and post-hoc paired t-tests were applied to
compare MDT RMS and discharge-force coupling for the
FDI and FPB muscles between conditions. Recruitment
thresholds of pooled motor units during finger precision
pinch in the NBFR and BFR conditions were compared
using a permutation paired t-test. For CDIpp;, CDIppg, and
CDIgpyppp. @ permutation paired t-test was conducted to
compare the mean CDI values of all motor unit pairs across
participants in the NBFR and BFR conditions. The number
of permutation for all tests was 10,000. All data are reported
as group means + 1 standard deviation. Statistical analyses
were performed in IBM SPSS Statistics (v19), with signifi-
cance set at a=0.05.

Results

The maximal voluntary contraction (MVC) of finger pinch
before and after BFR application was 50.18 +27.44 N and
43.32+24.89 N, respectively, reflecting an average reduc-
tion of 13.65+ 18.16% following BFR application. A paired
t test revealed a significant reduction in MVC under the BFR
condition compared to the NBFR condition (¢;7=3.414,
p=0.003). The size and complexity of force fluctuations
under the NBFR and BFR conditions were assessed using
RMS (FFgys) and sample entropy (FFg,,g,). Hotelling’s T2
test revealed a significant effect of BFR on force fluctuation
metrics (A=0.573, p=0.012) (Table 1). Post-hoc analysis
showed that FFy,,q was significantly larger under BFR than
under NBFR (p=0.007), while FFg,, s, did not differ sig-
nificantly (p=0.117).

In total, we analyzed 745 motor units (NBFR) and 845
motor units (BFR) in the FDI muscle, and 594 (NBFR) and
751 (BFR) in the FPB muscle. On average, the number of
decomposed motor units per trial in the FDI muscle was
13.8+4.7 (NBFR) and 15.7+ 5.4 (BFR), while in the FPB
muscle it was 11.0+4.9 (NBFR) and 13.9+4.8 (BFR). Fig-
ure 3a presents a mean discharge trace RMS (MDTgy,s) for

Table 1 The contrast of root mean square (FFryq) and sample entropy (FFg,,,g,) of force fluctuations between the non-BFR and BFR condi-
tions for submaximal wrist extension and finger opposition. (“: BFR > NBFR, p <.05)

NBFR BFR Post-hoc test
FFgrpys (%MVC) 0.341+0.102 0.399 +0.126 t;,=-3.081, p =0.007
FFgumpEn 0.244+0.047 0.254+0.046 t;,=-1.650, p=0.117

Hotelling’s T Statistics A=0.573,p=0.012
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the FDI and FPB muscles under BFR and NBFR conditions.
Hotelling’s T? test indicated that MDTyy,s varied signifi-
cantly between conditions (A=0.629, p=0.022). Post-hoc
analysis revealed that MDTyyg Was significantly greater
in the FPB muscle under BFR (#,7=-2.620, p=0.018).
However, while MDTyg,,g of the FDI muscle tended to
increase with BFR, the difference did not reach significance
(ti7=-1.735, p=0.101). Figure 3b illustrates mutual infor-
mation (MI) between MDT of the FDI/FPB muscles and
force fluctuations. Hotelling’s T? test confirmed that MI var-
ied significantly between conditions (A =0.630, p=0.025).
Post-hoc tests showed that, while MI for FDI MDT and force
fluctuations did not differ significantly between conditions
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(t17=-0.748, p=0.464), MI for FPB MDT and force fluctua-
tions was significantly potentiated under BFR (#:7=-2.884,
p=0.010).

Figure 4 shows the contrast of recruitment threshold
of MUs in the FDI and FPB between the NBFR and BFR
conditions. The results of permutation t test revealed that
recruitment thresholds of MU in the FDI in the BFR condi-
tion (4.07 +4.14%MVC) was larger than that in the NBFR
conditions (3.04 +3.45%MVC) (p <0.001). However,
no significant difference in recruitment threshold of MU
in the FPB between NBFR and BFR conditions (NBFR:
4.92 +5.67%MVC; BFR: 4.72+5.44%MVC) (p=0.196).
Figure 5 (left plots) displays the histograms of common
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drive indices (CDI) within (CDIgp; and CDIgpp) and between
(CDIgpy.ppg) all motor unit pairs in the FDI and FPB mus-
cles under the NBFR and BFR conditions. Permutation
paired t-tests revealed significant differences in CDIgp,
CDIpg, and CDIgp; ppg between conditions (p <0.001)
(Fig. 4, right plots). CDIgp; and CDIppp increased under
BFR as compared to under NBFR. In contrast, CDIgp; ppp
decreased under BFR, with a notable percentage increase in
negative CDIp; ppp Values, indicating greater inter-muscular
independence.

Discussion

This study demonstrated that blood flow restriction (BFR)
modulated force control, motor unit (MU) discharge pat-
terns, and MU synchrony within and between agonist mus-
cles. Specifically, BFR reduced force generation capacity
and increased force fluctuations (FFgyg) during finger
pinch, accompanied by heightened discharge variability and
stronger force—discharge coupling in the FPB. Recruitment
threshold of FDI was higher in the BFR condition during
finger precision pinch. Additionally, intra-muscular common
drive (CDIgp; and CDIgpp) increased, while inter-muscular
common drive (CDIgp; ppg) decreased, which indicated
enhanced intra-muscular synchrony but greater functional
independence between agonist muscles following BFR
application.

Variations in force characteristics and MU discharge
pattern

The slight reduction in MVC following BFR application
(—13.65+18.16%) is consistent with the findings reported
by Yasuda et al. (2009). Passive BFR without concurrent

BFR NBFR
exercise may impair force generation capacity before finger
precision pinch, likely due to accelerated metabolite accu-
mulation (e.g., lactate and H*) (Pope et al. 2013; Pearson
& Hussain 2015), which can disrupt cross-bridge cycling
and induce central inhibition via group III/IV afferents
(Gandevia 2001). However, this fatigue-like response dif-
fers from fatigue response seen after prolonged submaxi-
mal contractions. Unlike true mechanical fatigue caused by
sustained activation and metabolic depletion, passive BFR
does not overload MUs particularly for low-threshold MUs.
In addition, transient reductions in tissue blood flow have
been shown to increase local muscle stiffness (Kimura et al.
2007), in contrast to the increased intramuscular compliance
typically observed following sustained muscle contraction
(Garcia-Manso et al. 2011). Given the observed decline in
force generation capacity, passive BFR is expected to influ-
ence subsequent force-scaling strategies, in consequence to
neuromuscular adaptations in MU recruitment patterns and/
or synergies within and between synergist muscles.

BFR application impaired force steadiness, as reflected by
increased FFyyq compared to that of NBFR (Table 1). This
decline may stem from disrupted calcium handling during
excitation—contraction coupling, driven by lactate accumula-
tion under hypoxic conditions (Husmann et al. 2018). From a
MU perspective, BFR-induced earlier recruitment of higher-
threshold MUs contributes to unsmooth twitch-force fusion
and force instability (Fatela et al. 2019), given the larger,
shorter-duration twitch forces and lower discharge rates
of these recruited MUs. Centrally, BFR may impair corti-
cospinal adaptation to fatigue due to lower levels of cerebral
oxygenation (Peyrard et al. 2019; Zambolin et al. 2024).
Peripherally, decomposition surface EMG studies report
increased MU firing rates (Fatela et al. 2019; Olmos et al.
2024b) and greater discharge variability with BFR (Lowe
et al. 2023), resembling the discharge patterns observed in
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peripheral neuromuscular fatigue. In line with existing evi-
dence on BFR’s central and peripheral effects, our study
revealed a pronounced increase in MU discharge variability
(MDTgp) in the FPB muscle during finger pinch (Fig. 3a),
underscoring its selective impact on agonist muscle control
and force stability. MDTgy,g reflects fluctuations in low-fre-
quency common neural inputs (0—4 Hz), correlating with
voluntary force output variability (Negro & Farina 2011;
Farina & Negro 2015). Under fatigue conditions, increased
low-frequency common input leads to greater MU discharge
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variability and reduces force steadiness (Hwang et al. 2020).
By analogy, the increased MDTy,,s in BFR trials accounts
for the observed force fluctuations during precision pinch.
This interpretation is further reinforced by the elevated
force-discharge coupling (MI) in the FPB muscle (Fig. 3b),
suggesting that MU discharge fluctuations directly contrib-
ute to force instability through the musculo-tendon system’s
low-pass filtering dynamics. Both the FPB and FDI are pri-
mary agonists in precision pinch (Long et al. 1970; Lee et al.
2012). However, given that the maximal strength of the FPB
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exceeds that of the FDI (Chen et al. 2018), precision pinch
force steadiness under BFR appears to depend more on FPB
stability. This reliance is particularly evident when the FDI’s
force contribution is lower, as in the relatively neutral pinch-
ing position used in this study (Zijdewind et al. 1998). How-
ever, the selective susceptibility of these agonist muscles to
ischemic contraction remains an open question, warranting
further investigation.

Variations in intra-muscular and inter-muscular MU
synchrony

Previous studies reported that BFR could accelerate higher-
threshold MU recruitment during the steady force-segment
(Fatela et al. 2019; Olmos et al. 2024a). This observation
aligns with our current finding of an increased mean recruit-
ment threshold of MUs in the FDI during finger precision
pinch under the BFR condition (Fig. 4). However, recruit-
ment threshold of MUs in the FPB did not significantly vary
with BFR application. The selective response is likely due
to anatomical and hemodynamic differences between the
radial and ulnar arteries following upper limb BFR (Loen-
neke et al. 2013; Condello et al. 2022). The superficial radial
artery, which supplies the FDI, is more susceptible to cuff
occlusion pressure, whereas the ulnar artery, supplying the
FPB, may remain partially perfused. This selective BFR-
related response between the FDI and FPB has not been
previously reported, motivating further exploration of MU
synergy variations between the two muscles.

Compared to the NBFR condition, intra-muscular MU
synchrony, indicated by mean CDIgp; and CDIgpy, was ele-
vated under BFR (Fig. 4, upper and middle). The present
findings are congruent with previous findings of increased
common synaptic input within a muscle during fatigue
(Contessa et al. 2009; Castronovo et al. 2015; McManus
et al. 2016) and heightened cognitive load (Kitatani et al.
2023). Given the greater fatigue susceptibility under BFR,
this rise in intra-muscular synchrony may serve as a com-
pensatory strategy to sustain force output as contractile
efficiency declines with BFR-induced fatigue. However,
this adaptation could physically contribute to jerky force
production, as MUs fire in clusters rather than in a stag-
gered pattern, leading to in-phase twitch forces. In contrast,
inter-muscular MU synchrony (CDIgp; ppg) significantly
decreased under BFR (Fig. 4, lower right). This decline is
ascribed to an increased proportion of MU pairs exhibiting
negative CDI values, as shown in the CDIgp;_ppp histogram
(Fig. 4, lower left). Reduced inter-muscular synchrony has
been reported between the FDI and FDS during precision
pinch (Laine & Valero-Cuevas 2017) and in fatigue studies
(Watanabe et al. 2018; Rossato et al. 2022). Functionally,
this reduction enhances the degrees of freedom in muscle
coordination, promoting more flexible and adaptive agonist

control (Rossato et al. 2022). Functionally, out-of-phase
twitch force summation between MU pairs of the two ago-
nists may counteract excessive force fluctuations caused
by heightened intra-muscular synchrony due to BFR. The
exact mechanisms driving the hypoxia-induced reduction
in inter-muscular MU synchrony remain unclear. One pos-
sibility is that hypoxia-induced fatigue increases synaptic
noises in the neural drive (Jones et al. 2002), weakening the
common oscillatory signals shared between muscles. Addi-
tionally, metabolic stress-related alterations in propriocep-
tive signaling (including Ia, Ib, and Group III/IV afferents)
may disrupt muscle synergy (Windhorst et al. 2007), further
contributing to impaired coordination. Finally, BFR led to
increased recruitment heterogeneity due to the activation of
high-threshold motor units in the FDI (Fig. 4). In the BFR
condition, the CDI between higher-threshold FDI motor
units and lower-threshold FPB motor units may be lower
than the CDI observed between motor units with similar
thresholds under NBFR.

Methodological considerations

This study warrants consideration of several methodologi-
cal aspects: (1) Motor unit tracking limitations: although
EMG electrode positioning was consistent, identical MUs
may not have been tracked across the BFR and NBFR condi-
tions due to variations in decomposition. However, this bias
was largely minimized by analyzing a pooled set of MUs;
(2) Surface EMG decomposition issues: the decomposition
algorithms and system for surface EMG signals remain a
topic of debate, with no consensus reached on their accu-
racy and validity (Farina et al. 2011; De Luca et al. 2015).
Resolving these longstanding methodological disputes is
beyond the scope of this study, and both decomposition
approaches are currently accepted for research purposes.
We used few-channel recordings with Delsys 5-pin sensors
to analyze motor unit activities in the thenar and hypothenar
muscles for practical convenience. Moreover, as the study
did not require high spatial resolution of motor units, typi-
cally favored by high-density electrodes, this method was
well-suited to our research objectives. (3) Limited muscle
selection: this study focused on two specific agonist mus-
cles (FPB and FDI) in a precision pinch task. However, MU
synchrony modulation may vary depending on task demands
(Laine & Valero-Cuevas 2017), muscle-specific character-
istics (Hug et al. 2021), and individual differences (Avril-
lon et al. 2021). For example, the present findings on motor
unit synergy differ from those of Chen et al. (2025), where
combined BFR and neuromuscular stimulation modulated
synergy between ECRL and ECRB. Beyond differences in
innervation, the ECRB—ECRL pair functions as a unidirec-
tional force couple for wrist extension, supporting gross
motor synergy for force generation and stabilization. In
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contrast, the FDI-FPB pair produces opposing directional
pulls across the palmar space, facilitating fine motor synergy
essential for dexterity and precision. The origin of fatigue
responses in Chen et al. (2025) also differed from the present
study. Modulation of motor unit synergy may vary between
combined BFR with neuromuscular stimulation and BFR
alone. Given these factors, caution is advised when gen-
eralizing these findings, and further research is needed to
validate and expand upon these observations.

Conclusion

This study unveils novel evidence that blood flow restriction
modulates neuromuscular control within functional agonists,
amplifying global discharge variability and MU synchrony
within a muscle while diminishing synchrony between mus-
cles. These neurophysiological alterations likely underlie
the observed decline in force steadiness with BFR. Notably,
whether neuromuscular coordination adapts differently fol-
lowing low-load BFR resistance training compared to tradi-
tional resistance training, despite comparable strength gains,
remains an open question.
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