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A B S T R A C T

This review elucidates the impact of electrical stimulation (ES) and blood flow restriction (BFR) training on
muscle function. ES induces a transformation in muscle fibers type by rearranging myosin heavy chain isoform
patterns. Additionally, it influences muscle protein synthesis and degradation through specific signaling pathways
such as protein kinase B/mechanistic target of rapamycin (Akt/mTOR), as well as via autophagy and the
ubiquitin-proteasome system, thereby effectively maintaining muscle mass. BFR, on the other hand, restricts
muscle blood flow, leading to metabolic products accumulation and localized hypoxia, which not only promotes
the recruitment of fast-twitch fibers but also activates the mTOR signaling pathway, enhancing muscle protein
synthesis. The combination of ES and BFR synergistically facilitates muscle protein synthesis through the mTOR
pathway, thereby accelerating the recovery of muscle function following peripheral nerve injury.
1. Introduction

According to relevant research, up to one million individuals world-
wide suffer from peripheral nerve injuries (PNI) annually. In the United
States, 2.3% of patients with limb trauma are diagnosed with one or more
PNIs.1 In China, the number of PNI cases ranges from 300 000 to
500 000, accounting for 2.8% of trauma patients.2 Following a PNI, pa-
tients may face a myriad of complex physiological and functional chal-
lenges, including, but not limited to, sensory loss, pain, muscle weakness
and atrophy, and impaired motor coordination. The interruption of nerve
signal transmission caused by the injury not only impairs normal muscle
function and strength but can also lead to prolonged sensory deficits and
muscle atrophy. This condition poses a direct challenge to patients'
ability to perform daily activities, affecting their self-care and social
participation, and places a significant burden on families and society.2

Therefore, timely and effective interventions are crucial to aid patient
recovery.

In this context, the restoration of muscle function emerges as a pivotal
need in the rehabilitation process of patients with PNI. Specialized ex-
ercise regimens and physical therapy interventions can gradually help
patients regain strength and functionality in the affected muscles. This
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process is crucial for restoring patients' self-care capabilities, enhancing
their quality of life, and mitigating long-term sequelae. Moreover, by
slowing muscle atrophy and improving muscle strength, these in-
terventions boost patients' confidence in their recovery progress, pro-
moting psychological well-being and social adaptation. In the fields of
sports medicine and rehabilitation, enhancing muscle performance is a
key factor in improving athletic performance, facilitating recovery, and
maintaining overall health.

Recent scientific research has unveiled various effective muscle
enhancement strategies, among which Blood Flow Restriction (BFR)
training and Electrical Stimulation (ES) have garnered widespread
attention and application due to their unique mechanisms of action and
ease of use.3–5 The aim of this review is to explore the unique mechanism
of action of electrical stimulation therapy and blood flow restriction
training on each of the muscle fiber structure and muscle protein meta-
bolism, and then to speculate how these two methods synergistically
contribute to the process of muscle strength restoration after peripheral
nerve injuries when applied in combination. In this comprehensive
analysis, we expect to explore a more efficient treatment plan for muscle
strength reconstruction for patients with peripheral nerve injuries to help
them recover motor function and improve their quality of life.
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Abbreviations

4E-BP1 eukaryotic initiation factor 4E binding protein 1
Akt(PKB) protein kinase B
BFR Blood Flow Restriction
ES Electrical Stimulation
FT fast-twitch muscle fibers
GH Growth Hormone
IGF-1 Insulin-like growth factor-1
MPB Muscle Protein Breakdown
MPS Muscle protein synthesis
mTOR mechanistic target of rapamycin
mTORC1 mTOR Complex 1
mTORC2 mTOR Complex 2
PI3K phosphatidylinositol 3-kinase
PNI peripheral nerve injury
S6K ribosomal protein S6 Kinase

Fig. 1. The location of myosin in muscle and myogenic fibres.
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2. Physiological changes following peripheral nerve injury

Muscle atrophy and strength loss following PNI is a complex biolog-
ical process involving multiple factors. After peripheral nerve injury, the
decline in muscle strength presents a multidimensional character, which
is not only reflected in the weakening of muscle contraction force, but
also affects the performance of muscle endurance. Specifically, type I
muscle fibers (i.e., slow muscle fibers) are more resistant to fatigue and
play a central role in prolonged, low-intensity muscle activities. Their
ability to provide a steady supply of energy over prolonged periods of
activity ensures that muscle strength remains relatively stable over long
periods of time, especially when the body has to overcome gravity to
maintain a particular posture for a prolonged period of time. In contrast,
type II muscle fibers (fast muscle fibers), especially type 2A (IIA) and type
2X (IIX), have stronger contraction forces and faster contraction rates.
They can be rapidly activated in a short period of time to produce a
significant muscle contraction effect. However, after peripheral nerve
injury, muscle strength decreases due to the impairment of muscle fiber
type-specific function and its disturbed synergy with each other, a pro-
cess that not only affects the performance of a single muscle fiber type,
but also disrupts the overall coordination of the muscle fiber network,
leading to an overall decline of the muscle in both the dimensions of
contraction force and endurance. Previous studies have shown that PNI
affects muscle fibers and muscle protein metabolism, leading to changes
that impact muscle tissue. These changes are not confined to the local
muscle area but can extend to entire muscle groups, consequently
affecting the individual's overall motor abilities and quality of life.

2.1. Changes in muscle fibers type

Following PNI, the conduction of nerve signals is impaired, leading to
a reduction in neural stimulation received by the muscles. Muscle fibers
depend on these neural signals for normal contraction and relaxation.
The lack of nerve signals results in structural changes in muscle fibers,
primarily manifesting as atrophy and fibers type transformation. This, in
turn, affects muscle strength output and endurance.

Skeletal muscle is an exceedingly complex tissue composed of various
types and subtypes of fast and slow fibers. Muscle fibers can be classified
based on tissue color, fibers diameter, contraction time, power output,
usage in aerobic and anaerobic activities, fatigue resistance, capillary
density, predominant oxidative and glycolytic energy metabolism,
mitochondrial density, myoglobin levels, glycogen levels, triglyceride
storage, and the presence of the phosphocreatine system.6 Muscle fibers
also adjust their phenotypic characteristics in response to changes in
functional demands.7 Myosin was first extracted from muscle tissue by
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Kühne, who named it based on its solubility characteristics and its pro-
nounced susceptibility to denaturation(Fig. 1). The primary distinction
between muscle fibers types lies in their myosin complement, specifically
the subtypes of myosin light and heavy chains.7 One of the most useful
molecular schemes for fibers typing is based on the distribution of highly
abundant myosin heavy chain (MyHC) isoforms within individual muscle
fibers.8 In the adult skeletal muscle of small mammals, four MyHC iso-
forms can be expressed: MyHC-I (or slow type), and MyHC-IIa, MyHC-IIx,
and MyHC-IIb (or fast types). However, in humans, although the
MyHC-IIb gene exists, it is not expressed in adult muscle.9,10 Human
muscles contain three types of MyHC isoforms: type I, type IIa, and type
IIx.

In the natural process of biological adaptation, the composition of
muscle fibers undergoes alterations that can be observed during muscle
development, maturation, nutritional changes, exercise-induced modifi-
cations, and natural aging.11–14 Under certain conditions, the expression
of myosin heavy chain (MHC) subtypes can shift from fast to slow iso-
forms or vice versa. Graded responses that induce muscle transformation
can occur during immobilization, prolonged bed rest, denervation,
resistance training, endurance exercise, and chronic electrical stimula-
tion.15 For instance, Moriggi's et al. research demonstrated that in both
the vastus lateralis and soleus muscles of an immobilized (microgravity
model) group,16 there was an increase in type I and a decrease in type IIA
MHC distribution. Other studies have indicated that prolonged bed rest
results in a reduction of MyHC-IIa and an increase in MyHC-IIx in the
soleus muscle, as well as a decrease in MyHC-I and an increase in
MyHC-IIa in the vastus lateralis muscle.8 Consequently, factors such as
restricted activity, prolonged bed rest, and reduced physical activity due
to PNI can directly lead to alterations in muscle fibers structure and
function. These changes ultimately affect muscle strength and endurance,
diminishing muscle contraction capacity and leading to a decline in
overall muscle performance.
2.2. Alterations in muscle protein metabolism

Prolonged skeletal muscle unloading due to immobilization, nerve
compression, denervation, microgravity, or extended bed rest following
PNI exerts profound effects on skeletal muscle.17 Post-PNI denervation
leads to a rapid and progressive loss of muscle size and function, which
some studies attribute to disrupted protein homeostasis. Following nerve
injury, the rate of muscle protein synthesis (MPS) declines, while muscle
protein breakdown (MPB) may increase. This imbalance between syn-
thesis and degradation results in a net loss of muscle mass (muscle
atrophy).18–21 Research by Jokl and Konstadt demonstrated that muscle
weight decreases after limb immobilization,22 along with a reduction in
both the total content and concentration of myofibrillar proteins (the
contractile proteins of muscle tissue). Additional studies have shown that
within the first 6 h of limb immobilization, the rate of protein synthesis in
the immobilized muscles decreases23; furthermore, these studies
revealed that after several weeks of immobilization, muscles



Table 1

research
target

author electrical
stimulation

parameters Myofibre
changes

rat Kirschbaum
et al.34

chronic electrical
stimulation

10 Hz; IIb→IIa
10 h/d

Wehrle
et al.35

chronic electrical
stimulation

250 ms 40 Hz; →I
4 s/repeat

Windisch
et al.36

chronic electrical
stimulation

20 s/20 Hz; last
10 s

IIb/
IIx→IIa→I

rabbit Mabuchi
et al.37

Long-term
intermittent
stimulation

10 Hz; IIb→IIa
8 h/d

Leeuw,
Pette38

low-frequency
electrical
stimulation

10 Hz (single
pulse width
0.15 ms)/1 h;
12 h/d

IId→IIa→I

Brownson
et al.39

self-contained
miniature
stimulator

10 Hz; IIb→I
3 w

patient Andersen
et al.40

functional
electrical
stimulation

60 Hz; IIb→IIa
30 min/d

Nuhr et al.41 low-frequency
stimulation

15 Hz; IId→I
4 h/d

Gondin
et al.42

neuromuscular
electrical
stimulation

75 Hz; last 400 s IIx→IIa→I

Various scholars' studies on different subjects and changes in muscle fibre types
induced by electrical stimulation. Abbreviations: h, hours; s, seconds; min, mi-
nutes; d, days, ms, milliseconds; Hz, hertz; w, watts.
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predominantly composed of slow-twitch fibers exhibited characteristics
of fast-twitch fibers, indicating a shift in muscle fibers type. This suggests
that the increased levels of protein degradation and decreased rates of
protein synthesis are accompanied by changes in bioenergetics and a
trend toward the transformation of slow-twitch to fast-twitch muscle
fibers.16

Recent studies have elucidated the molecular mechanisms underlying
the imbalance between pathways that control protein synthesis and
degradation.17,20 Among these, several have identified a series of com-
plex signaling pathways whose activation appears to be associated with
enhanced muscle protein synthesis (MPS) and subsequent protein accu-
mulation within muscle fibers. The most renowned of these pathways is
the mechanistic target of rapamycin (mTOR) signaling pathway. The
mTOR pathway can be activated by various stimuli, including mechan-
ical load, growth factors such as insulin and IGF-1, and amino acids
(particularly leucine).24 Once activated, the mTOR pathway promotes
MPS within muscle cells, thereby facilitating muscle fibers growth and
repair.

mTOR exerts its effects through two complexes, mTORC1 and
mTORC2, both of which play distinct roles in cellular metabolism and
growth. Notably, mTORC1 is highly responsive to resistance training,
which effectively activates mTORC1, leading to increased MPS and
directly correlating with gains in muscle mass and strength.Its activation
is crucial for ribosome biogenesis and protein translation,25 processes
indispensable for muscle adaptation and hypertrophy.26 In the context of
MPS, the mTOR pathway primarily functions through two downstream
effectors—S6 kinase 1 (S6K1) and eIF4E-binding protein 1 (4E-BP1).
Activation of S6K1 promotes ribosome biogenesis and mRNA translation,
thereby increasing the synthesis of specific proteins, such as actin and
myosin, which are vital for muscle contraction and strength develop-
ment. Meanwhile, the phosphorylation of 4E-BP1 alleviates its inhibitory
effect on the initiation factor eIF4E, enhancing cap-dependent translation
initiation of mRNA, and further augmenting MPS.

While mTORC1 primarily stimulates MPS, it also indirectly influences
muscle protein breakdown (MPB). Activation of mTORC1 inhibits the
transcription of genes involved in autophagy and the ubiquitin-
proteasome pathway.27 When mTORC1 is activated, it suppresses the
formation of the ULK1 complex, thereby blocking the initiation of the
autophagy pathway and reducing MPB.28 Autophagy and the
ubiquitin-proteasome pathway are the two principal systems for protein
degradation within muscle cells. Thus, by promoting MPS and concur-
rently inhibiting MPB, mTORC1 facilitates muscle hypertrophy.

Although mTORC1 is widely recognized as a signaling molecule that
regulates muscle protein synthesis, mTORC2 also plays a role in pro-
moting muscle growth.29,30 mTORC2 can regulate protein synthesis
through the modulation of the transcription factor c-Myc.31 Specifically,
MYC, as a direct regulator of ribosome biogenesis, can precisely control
the transcription process of ribosomal RNA and its protein components,
which in turn coordinates the processing of ribosomal RNA, the nuclear
export of ribosomal subunits, and the expression of a series of gene
products necessary for the initiation of mRNA translation,32 and thus
regulates the efficiency of protein synthesis. In addition, mTORC2 ex-
hibits maintenance of a pool of muscle satellite cells,33 a function that
helps support long-term and sustainable muscle growth.

In conclusion, mTOR comprehensively regulates protein metabolic
processes in muscle through a series of complex and fine-grained path-
ways. It not only promotes protein synthesis, but also inhibits protein
catabolism, and this combined effect is crucial for repairing damaged
muscles, enhancing muscle strength, and improving overall muscle
health.

3. The effects of electrical stimulation on muscle tissue

3.1. Inducing transformation in muscle fibers types

Electrical stimulation (ES), as an effective biological intervention
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technique, has been demonstrated to alter myosin types and subse-
quently promote muscle fiber type transformation by regulating RNA
transcription and translation processes. Various researchers have sup-
ported this view through different experiments (Table 1).

In studies conducted on rats, Termin et al. discovered that chronic
electrical stimulation of fast-twitch muscles induces a reorganization of
myosin heavy chain (MHC) isoform patterns, with a gradual reduction in
HCIIb and a concomitant increase in HCIIa and HCIId.43 The temporal
progression and extent of these transitions suggest that HCIId serves as an
intermediate form between HCIIb and HCIIa. Additional research
involving chronic 10 Hz stimulation of rat fast-twitch muscles revealed
rapid and reversible changes in the mRNA isoforms of myosin heavy
chain within the tissue34: specifically, a swift decrease in HCIIb mRNA
and a gradual increase in HCIIa mRNA. Upon cessation of stimulation for
one day, HCIIb mRNA re-emerged, gradually increasing in a compensa-
tory manner while being replaced by HCIIa mRNA. Wehrle et al. estab-
lished myotube cultures from satellite cells of rat muscles composed of
three different fiber types—slow-twitch soleus,35 diaphragm, and
fast-twitch tibialis anterior muscles—and subjected them to electrical
stimulation. The findings indicated that prolonged electrical stimulation
precipitated isoform switching. Furthermore, a study involving long-term
electrical stimulation of denervated (sciatic nerve transection) fast
extensor digitorum longus (EDL) muscle in adult rats over a span of four
months corroborated that electrical stimulation induces muscle fibers
type transitions.36 Windisch et al. observed that within the first three
weeks of stimulation, all IIb fibers and nearly all IIx fibers were replaced
by IIa and I fibers, increasing to approximately 75% and 15%, respec-
tively (normal extensor digitorum longus contains on average 45% IIb,
29% IIx, 23% IIa, and 3% I fibers). The proportion of IIa fibers remained
stable at 75% for nearly two months before gradually being replaced by I
fibers over the subsequent two months, following a sequential transition
pattern of IIb/IIx→ IIa → I.

Similar changes to those observed in rats have also been noted in
studies on rabbits. Mabuchi et al. discovered that prolonged intermittent
stimulation (10 Hz, 8 h/d, 7 weeks) of the rabbit's fast-twitch tibialis
anterior muscle resulted in the conversion of IIb fibers to IIa fibers.37

Subsequently, Aigner and Pette demonstrated that the fast-to-slow fibers
type transition follows a sequential order44: pre-existing IIa fibers are
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converted first, while IIb and IId fibers must initially reach the IIa state
before further conversion. Leeuw and Pette corroborated this finding,
tracking the changes in myosin heavy chain (MHC) during the
fast-to-slow transition in the rabbit tibialis anterior muscle under
low-frequency stimulation.38 It was observed that the predominant fast
myosin isoform, HCIId, was replaced by HCIIa, which eventually was
substituted by the slow myosin isoform, HCI. Kirschbaum et al. also
concluded that electrical stimulation induces a transition from fast to
slow myosin light and heavy chains at the mRNA level in rabbit
fast-twitch muscles.45 Another study involved continuous 10 Hz elec-
trical stimulation for up to 3 weeks, followed by a recovery period of 12
days within the first 6 weeks after cessation of stimulation.39 During the
early stages of response to stimulation, fast MHC mRNA was replaced by
slow MHC mRNA in the fast-twitch muscles of rabbits, specifically in the
tibialis anterior and extensor digitorum longus muscles.

In human studies, similar adjustments in myosin expression patterns
have been observed, suggesting the universal efficacy of electrical stim-
ulation across species. Andersen et al. conducted long-term functional
electrical stimulation (FES) training on the vastus lateralis muscle of
spinal cord injury patients and found that functional electrical stimula-
tion led to significant changes in myosin heavy chain (MHC) expres-
sion40: the expression levels of MHC IIa and MHC IIb shifted from being
roughly equal to a state where MHC IIa predominated almost entirely.
Nuhr et al. investigated the effects of chronic low-frequency stimulation
(CLFS) on the quadriceps and hamstrings of healthy volunteers and
observed that chronic low-frequency stimulation induced a shift in MHC
isoform patterns from fast to slow,41 with a roughly 20% decrease in the
relative concentration of MHCIId/x and a 10% increase in the relative
concentration of MHCI. The following year, Nuhr et al.'s subsequent
study further confirmed that chronic low-frequency stimulation pro-
motes the transition of MHC isoforms towards a slower phenotype,
increasing MHCI expression.46 Abdellaoui et al.'s research on the quad-
riceps of hospitalized COPD patients post-exacerbation revealed that
after six weeks of neuromuscular electrical stimulation (NMES),47 the
proportion of type I fibers significantly increased in the neuromuscular
electrical stimulation group. Gondin et al.'s study on isometric NMES
training of the quadriceps demonstrated that after stimulation, both the
regularly exercised and sedentary groups exhibited a notable transition
from MHC-2x to MHC-2a and MHC-1, indicating a fast-to-slow shift.42

Both groups experienced increases in maximal voluntary contraction
force and neural activation post-NMES (approximately þ 30% and þ
10%, respectively), with significant muscle hypertrophy observed in both
type I and type II fibers. Toth et al. investigated whether NMES could
serve as an alternative to conventional exercise for breast cancer patients
and found that NMES promoted muscle fiber hypertrophy, particularly in
MHC IIa fibers, and tended to induce a fibers type transition in MHC II
fibers.48 However, NMES had minimal impact on the contractile strength
of single muscle fibers and could not prevent the functional decline of
MHC IIa fibers. In the same year, Toth et al. also studied the quadriceps
Fig. 2. Cross-sectional view of a muscle.
(a) Type IIb/IIx muscle fibres; (b) Type IIa muscle fibres; (c) Type I muscle fibres
Electrical stimulation induces the conversion of type II muscle fibres to type I, and t
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after anterior cruciate ligament (ACL) injury and reconstruction, finding
that early use of NMES reduced skeletal muscle fiber atrophy in MHC II
fibers.49 NMES preserved the contractility of MHC I fibers, increased
maximal contraction velocity, and maintained power output (but not in
MHC II fibers). Six months post-surgery, no significant difference in
overall muscle strength was observed between the NMES and non-NMES
groups. These findings collectively demonstrate that NMES can influence
muscle fiber type transitions and enhance muscle function by affecting
muscle fibers.

In summary, electrical stimulation (ES) can induce a reduction in IIb/
IIx fibers, an increase in IIa fibers, and a conversion between IIa and I
fibers (Fig. 2). As an effective method for regulating muscle fibers type
transitions, ES has demonstrated significant effects in animal models and
shows substantial potential for improving muscular performance in
humans.
3.2. Regulation of muscle protein synthesis and degradation

Electrical stimulation (ES), as a non-invasive therapeutic method, can
mimic neural signals to induce muscle contractions, thereby enhancing
muscle strength and endurance. This is particularly beneficial for in-
dividuals experiencing muscle function decline due to injury or disease.
Research indicates that ES can also enhance muscle protein synthesis
(MPS) rates or slow muscle protein breakdown (MPB) by activating
intracellular signaling pathways within muscle cells, thereby aiding in
muscle growth and recovery.

Akt, also known as protein kinase B (PKB), is a serine/threonine-
specific protein kinase that plays a pivotal role in various cellular pro-
cesses, including protein synthesis, glucose metabolism, apoptosis, cell
proliferation, and other cellular functions. The activation of mTOR
complex 1 (mTORC1) stimulates downstream effectors such as S6 kinase
(S6K) and 4E-binding protein 1 (4E-BP1), which directly promote protein
synthesis. Previous studies have indicated that Akt and p70 S6 kinase
(p70S6K) are crucial in the intracellular signaling integration of protein
synthesis in skeletal muscle cells.50–53 Akt has been shown to be activated
by mechanical stretching, which induces muscle hypertrophy.51,53–55

Additionally, Akt can indirectly regulate p70S6K by activating the mTOR
pathway.56 The upregulation of phosphorylated p70S6K (p-p70S6K) is
associated with increased muscle protein synthesis (MPS), as it enhances
mRNA translation by phosphorylating ribosomal protein components.57

Increased phosphorylation of Akt (p-Akt) and p-p70S6K can be observed
during muscle hypertrophy and the regeneration of atrophied skeletal
muscle(Fig. 4).58,59

Ohno et al. investigated the effects of microcurrent electrical neuro-
muscular stimulation (MENS) on the regeneration of atrophied skeletal
muscle in rats subjected to hindlimb suspension.60 The study found a
reduction in both the mass and protein content of the soleus muscle
post-suspension. However, microcurrent electrical neuromuscular stim-
ulation intervention in the rats resulted in a faster recovery of the
ype IIa may be an intermediate form in the conversion of type II to type I.
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atrophied soleus muscle compared to the natural recovery group, with a
significant increase in the phosphorylation levels of p70 S6 kinase and
protein kinase B (Akt) in the microcurrent electrical neuromuscular
stimulation group. This suggests that microcurrent electrical neuromus-
cular stimulation may serve as a potential extracellular stimulus capable
of activating intracellular signaling involved in muscle protein synthesis
(MPS), thereby promoting muscle recovery. Marlou L and colleagues
conducted a study on comatose ICU patients under complete sedation,
using neuromuscular electrical stimulation (NMES) to determine its ef-
ficacy in mitigating skeletal muscle atrophy.61 The results showed that
the NMES group exhibited higher expression levels of MAFBx, MuRF1,
FOXO1, mTOR, and P70S6K compared to healthy controls. NMES also
reversed the decline in mTOR phosphorylation, thereby increasing the
rate of MPS, consistent with previous findings by Wall et al.62 Mettler
et al.'s research demonstrated that acute NMES increased the phosphor-
ylation levels of mTOR and S6K1 in the vastus lateralis muscle of the
paretic leg in stroke patients, with a marked increase in the anabolic
response of phosphorylated muscle.63 This indicates that NMES may help
maintain the capacity for MPS in paralyzed muscles of chronic stroke
patients. Khodabukus et al. utilized an intermittent stimulation protocol
to apply electrical stimulation (ES) to 3D tissue-engineered human
muscle bundles.64 The study found that ES significantly enhanced
mTORC1 activity in a frequency-dependent manner and increased the
activation of anabolic pathways involving mTOR, S6K, Akt, and ERK1/2.
These studies collectively confirm that ES can promote MPS through the
activation of the Akt/mTOR signaling pathway.

Moreover, electrical stimulation (ES) can reduce muscle protein
breakdown (MPB) by inhibiting the ubiquitin-proteasome pathway, the
primary intracellular mechanism for protein degradation. This pathway
regulates the total protein content by marking and degrading damaged or
unnecessary proteins. By slowing down protein degradation, ES helps
maintain or increase muscle mass. Liu et al. immobilized the knees of
rabbits and found that after four weeks,65 the levels of five
autophagy-related proteins—mTOR, phosphorylated mTOR (p-mTOR),
autophagy-related protein 7 (Atg7), p62, and microtubule-associated
protein light chain 3B-II (LC3B-II)—were significantly elevated in skel-
etal muscle. However, low-frequency electrical stimulation (LFES)
markedly reduced the expression of these autophagy-related proteins,
suggesting that ES might reduceMPB by inhibiting autophagy. Kanazashi
and Tanaka discovered that two weeks of hindlimb unloading in rats led
to a decline in mTORC1 signaling downstream factors p70S6K and S6rp
activation and MPS, along with an increase in the autophagy marker
LC3-II/I ratio.66 ES applied to the atrophied muscles successfully acti-
vated mTORC1 signaling and decreased the expression of ubiquitinated
proteins and the LC3B-II/I ratio, indicating an inhibition of MPB. These
findings suggest that ES can suppress MPB when applied to disused
skeletal muscles.

ES influences muscle protein synthesis and degradation through the
aforementioned pathways, promoting muscle repair and enhancing its
function. In addition to the mTOR pathway, ES may also impact several
other critical biological signaling pathways,67,68 such as AMP-activated
protein kinase (AMPK) and the pathways of certain growth factors like
IGF-1.69 These pathways collectively regulate muscle growth, repair, and
remodeling. By activating these pathways, ES can improve muscle
function and increase endurance, further promoting muscle health and
recovery. In summary, ES is an effective non-pharmacological therapy
that directly stimulates muscles and activates key biochemical pathways,
thereby improving muscle function and positively influencing muscle
protein synthesis and degradation.

4. The impact of blood flow restriction on muscle tissue

Blood flow restriction (BFR) typically involves applying pressure to a
limb (proximal to the trained muscle) using specialized devices such as
pneumatic cuffs or elastic bands during exercise. This pressure obstructs
venous return and reduces arterial blood flow, causing ischemia in the
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distal part of the limb.70 In Japan, this type of training is also known as
“kaatsu training.” BFR training has been shown to induce muscle adap-
tations in both clinical populations and athletes and has seen widespread
application in exercise training and rehabilitation therapy in recent
years.71–74 However, scholars have proposed various mechanisms to
explain the effects of BFR. Most research points to the interplay of mul-
tiple potential mechanisms,75–77 primarily involving metabolic stress
responses such as muscle fiber recruitment, activation of protein syn-
thesis signaling pathways, and hormone secretion. Additionally, cell
swelling induced by the pressure may contribute to adaptive responses in
the muscle (Fig. 3).

4.1. Enhancement of fast-twitch muscle fibers activation and hypertrophy

During BFR, activation of type III and IV afferent nerve fibers and
inhibition of α-motor neurons are stimulated due to decreased oxygen
and high accumulation of metabolites,78,79 thereby increasing fiber
recruitment to maintain muscle strength(Fig. 3). According to Henne-
man's size principle of muscle fibers recruitment, slow-twitch fibers are
the first to be utilized during exercise. As exercise intensity increases, the
recruitment of high-threshold fast-twitch fibers progressively rises.80

However, when blood flow back to the heart is blocked in the local
muscle, oxygen content and phosphocreatine decrease and hydrogen ions
increase at the site of pressurization, resulting in a decrease in the pH of
the internal environment.81,82 This hypoxic and acidic condition impedes
muscle metabolism and elevates the perceived level of fatigue. Under
these conditions, the activation threshold of muscle fibers is reduced,
making it easier to activate fast-twitch (FT) muscle fibers even during
low-intensity resistance training. The hypoxic conditions caused by
vascular occlusion may recruit more motor units,83,84 further enhancing
muscle fibers recruitment. Electromyography (EMG) studies have shown
increased recruitment of FT muscle fibers during Kaatsu training.85,86

Another study on low-intensity blood flow restriction training demon-
strated that due to inadequate oxygen delivery, type I muscle fibers
experienced early fatigue. Consequently, in a two-week training regimen
at 20% of 1 RM, the cross-sectional area of type II muscle fibers increased
by 27.6%, while that of type I fibers increased by only 5.9%.87 In addi-
tion, the rapid accumulation of metabolites, such as lactate, results in a
mismatch between metabolic demand and supply, which accelerates
muscle fiber fatigue and triggers the recruitment of fast-shrinking muscle
fibers.88 Metabolic stress during BFR caused by the hypoxic environment
seems to be the main mechanism of enhanced hypertrophy of BFR during
low-intensity strength training, as suggested by Suga et al.89

In summary, blood flow restriction training (BFRT) subjects muscles
to hypoxic and acidic conditions, stimulating adaptive responses in
muscle fibers, including enhanced activation and recruitment of fast-
twitch (FT) fibers. This is highly beneficial for the growth of strength
and muscle mass.

Furthermore, BFR training can increase the cross-sectional area (CSA)
of muscle fibers, particularly fast-twitch (FT) fibers, under low-load
conditions, as demonstrated by numerous studies. Takarada et al.
found that in elderly women, low-intensity occlusion exercise (LIO) at
approximately 50%–30% of 1 RM with about 110 mmHg pressure
resulted in similar increases in elbow flexor CSA and isokinetic strength
as high-to-moderate intensity exercise (HI) at approximately 80%–50%
of 1 RM without occlusion, and significantly greater increases than low-
intensity exercise (LI) without occlusion.90 This suggests that resistance
exercise with intensities even below 50% of 1 RM, when combined with
vascular occlusion, can effectively induce muscle hypertrophy and in-
crease strength. Another study by Takarada et al. also indicated that
low-intensity resistance exercise (50% 1 RM) combined with vascular
occlusion (200 mmHg) significantly increased isokinetic knee extension
torque and quadriceps CSA compared to low-intensity exercise without
occlusion or no exercise, thus promoting muscle hypertrophy.91 Addi-
tionally, dynamic endurance of the quadriceps improved following BFR.
Sudo et al.'s researth on rats further elucidated that repeated BFR and



Fig. 3. BFR accelerates the muscle growth process.
Abbreviations: GH, Growth Hormone; IGF-1, Insulin-like growth factor-1; mTOR, mechanistic target of rapamycin.
Blood flow restrictive training creates a low oxygen environment that stimulates afferent nerve fibres and inhibits alpha motor neurons, thereby accelerating the
recruitment of fast-acting muscle fibres. The low PH environment increases the activity of growth factors such as IGF-1, which activates the mTOR signalling pathway
and stimulates muscle protein synthesis. Blood entry into muscle fibres due to increased pressure causes cell swelling, which also promotes protein synthesis and
inhibits protein hydrolysis.
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eccentric contractions (ECC) combined with BFR induce muscle fiber
hypertrophy at the cellular level.92 A study on older adults demonstrated
that just six weeks of low-load blood flow restriction resistance exercise
(BFRRE) resulted in a roughly 20% increase in CSA of both type I and
type II fibers, along with improvements in maximal muscle strength and
endurance.93 Libardi et al.'s six-week study on low-load BFR resistance
training (LL-BFR) revealed significant increases in CSA of type II and
average (type I þ type II) muscle fibers,94 with proportional expansion of
both myofibrillar and non-myofibrillar regions. This indicates that
LL-BFR, similar to traditional high-load resistance training (HL-RT), can
contribute to the hypertrophy of type II fibers and induce skeletal muscle
hypertrophy. However, some studies also concluded that low-intensity
resistance combined with blood flow restriction training is not as effec-
tive as traditional high-intensity resistance training in increasing muscle
strength, but it is better than traditional low-load resistance training.95 In
conclusion, low-intensity blood flow restriction training is an effective
method of building muscle strength for people of all ages and fitness
levels and may be a better choice for those with physical limitations.

The environment created by BFR induces a unique physiological state
that effectively activates fast-twitch (FT) muscle fibers, which are
particularly important for explosive activities requiring high intensity
and short duration. In this way, training conditions at lower intensities
may in someways achieve similar results to high intensity training. Blood
flow restriction training enhances the recruitment of fast-contracting
muscle fibers compared to load-and-volume matched exercise training,
which may contribute to muscle strength gain. Furthermore, blood flow
restriction training can improve muscle endurance performance because
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it forces muscles to work under conditions of limited oxygen supply,
thereby enhancing their adaptability to anaerobic exercise. Overall,
blood flow restriction training enhances muscle strength, endurance, and
overall performance through these mechanisms.

4.2. Activation of the mTOR pathway in muscle protein synthesis

BFR can lead to the metabolic accumulation of biomarkers such as
whole blood lactate, plasma lactate, and intramuscular lactate,84,87

creating an acidic environment within the muscle. Additionally, the
accumulation of metabolites can affect oxygen delivery to the muscles, as
the arterial and venous blood flow is continuously compressed during
restricted blood flow exercise, potentially leading to acute hypoxia and a
decrease in intramuscular pH levels.85 This low pH environment,
resulting from metabolic accumulation, can stimulate the secretion of
growth hormone (GH), which may interact with muscle protein synthesis
(Fig. 3). One study found that implementing Kaatsu training resulted in
post-exercise GH levels that were ten times higher than those in the
control group without blood flow restriction.85,96 Loenneke et al. also
observed that BFR training could increase GH levels to approximately
290.84 Some research suggests that the primary function of GH is to assist
the overall process of skeletal muscle hypertrophy by promoting the
release of insulin-like growth factor 1 (IGF-1).85 Other studies indicate
that muscle protein synthesis may require the combined effects of GH and
IGF-1 concentrations.85,97 Takano et al. found that increased IGF-1 ac-
tivity is a response to low-intensity occlusion training.98 Additionally,
other studies have shown that during blood flow restriction resistance



Fig. 4. Schematic representation of muscle protein regulation through the mTOR pathway.
Abbreviations: 4E-BP1, eukaryotic initiation factor 4E binding protein 1; Akt(PKB), protein kinase B; BFR, Blood Flow Restriction; ES, Electrical Stimulation; FT, fast-
twitch muscle fibers; GH, Growth Hormone; IGF-1, Insulin-like growth factor-1; mTOR, mechanistic target of rapamycin; mTORC1, mTOR Complex 1; mTORC2,
mTOR Complex 2; PI3K, phosphatidylinositol 3-kinase; S6K, ribosomal protein S6 Kinase.
Mechanical tension and metabolic stress induced by blood flow restriction training leads to activation of PI3K, which in turn activates Akt; Akt further directly ac-
tivates mTORC1 through phosphorylation and inhibition of TSC2. mTORC1 activation marks the initiation of protein synthesis because mTORC1 phosphorylates its
downstream effector molecules 4E-BP1 and S6K1. 4E-BP1 phosphorylation by mTORC1 initiates translation initiation; S6K1 activates ribosomal protein S6 after
phosphorylation by mTORC1. Phosphorylation of 4E-BP1 by mTORC1 initiates translation initiation; after S6K1 is phosphorylated by mTORC1, S6K1 activates ri-
bosomal protein S6, which increases the translation efficiency of mRNA and promotes protein synthesis. Electrical stimulation also promotes muscle protein synthesis
via the AKT/mTOR pathway, and also inhibits the FoxO transcription factor by reducing its nuclear translocation, thereby inhibiting the activity of the ubiquitin-
proteasome pathway, which reduces the expression of genes related to protein hydrolysis and inhibits protein catabolism.

Fig. 5. Schematic diagram of the combined effects of Blood Flow Restriction and Electrical Stimulation.
Blood flow restriction training and electrical stimulation promote muscle protein synthesis and inhibit muscle protein catabolism via the mTOR signalling pathway to
promote cell growth and improve muscle strength.
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training, circulating levels of IGF-1 increase in correlation with muscle
volume growth (Fig. 3).97,99

Skeletal muscle growth occurs when the balance between protein
synthesis and degradation shifts towards synthesis. Multiple intracellular
signaling pathways facilitate muscle growth through these adaptive
molecular signals. The IGF-1/PI3K/Akt signaling pathway plays a critical
role in regulating muscle mass by stimulating overall protein synthesis
and inhibiting protein degradation,58,100,101 thereby promoting muscle
hypertrophy. mTOR is essential in exercise-induced muscle protein syn-
thesis and training-induced hypertrophy.58,102–104 In skeletal muscle,
MPS is achieved by activating the insulin-like growth factor 1-phosphoi-
nositide 3-kinase-Akt/protein kinase B-mammalian target of rapamycin
(IGF1-PI3K-Akt/PKB-mTOR) signaling pathway and downregulating the
myostatin-Smad 3 pathway, a negative regulator of skeletal muscle
growth.85,105,106 Once Akt stimulates MPS by activating mTOR and its
downstream effectors, the mTOR kinase interacts with proteins to form
two major complexes105,106: mTOR complex 1 (mTORC1), containing
raptor, and mTOR complex 2 (mTORC2), containing rictor.105,106 In the
Akt/mTOR pathway, the two primary effectors of mTORC1 that lead to
MPS are eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) and S6 kinase 1 (S6K1).105 Phosphorylation of S6K1 is a critical
regulator of exercise-induced muscle protein synthesis (Fig. 4)(See
Fig. 5).

Multiple studies have demonstrated that BFR exercise effectively in-
creases the phosphorylation of S6K1, activates mTORC1, and further
promotes muscle protein synthesis (MPS) and muscle hypertrophy.
Research has shown that low-intensity (20% 1 RM) resistance exercise
combined with BFR (200 mmHg) can stimulate the mTOR signaling
pathway through its associated downstream effectors, including the
phosphorylation of ribosomal S6 kinase 1 (S6K1) and ribosomal protein
S6 (rpS6).96 Drummond et al. investigated acute low-intensity (20% 1
RM) resistance exercise in elderly men and found that the BFR group
exhibited a significant increase in the phosphorylation of S6K1 and rpS6,
indicating enhanced mTORC1 signaling following BFR exercise.107 The
enhancement of mTORC1 signaling suggests an improvement in trans-
lation initiation, which is likely the reason for the increase in MPS
induced by BFR. Their recent report indicated that the
contraction-induced increase in MPS depends on the activation of
mTORC1 in human muscle, supporting their finding that BFR exercise
activates mTORC1, playing a crucial role in stimulating MPS and pro-
moting muscle hypertrophy over time.108 Nakajima et al. provided ani-
mal data that also observed increased phosphorylation of p70S6K and
ribosomal S6 in skeletal muscle tissue following repeated use of REST þ
BFR compared to REST alone.109

In summary, BFR induces metabolic accumulation, which subse-
quently activates key signaling pathways and regulates specific protein
synthesis effectors. Together, these components form a complex and
intricate regulatory network that effectively promotes muscle protein
synthesis (MPS) and increases muscle volume.

5. Combined application of electrical stimulation and blood flow
restriction

5.1. The combination of blood flow restriction alone with electrical
stimulation

Previous research has shown that blood flow restriction (BFR)
training can prevent disuse muscle atrophy and reduce muscle weakness
caused by chronic unloading.71,110,111 While BFR can increase metabolic
product accumulation within muscles, its effectiveness may be limited
without concurrent active muscle contractions. This limitation may
prevent full activation of muscle growth-related signaling pathways, such
as the mTOR pathway, thereby failing to effectively promote muscle
protein synthesis or adequately inhibit protein breakdown. A study
measured the effects of BFR during strict bed rest periods on muscle
protein synthesis rates, muscle mass, and strength.112 Results indicate
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that there was no difference in muscle protein synthesis rates during bed
rest between the BFR group and the control group, suggesting that BFR
alone without muscle contractions does not regulate daily muscle protein
synthesis rates, nor does it maintain muscle mass or strength. Research by
Iversen et al. after anterior cruciate ligament reconstruction surgery also
indicated that standalone BFR does not reduce postoperative muscle at-
rophy.113 Additionally, Nyakayiru et al. found no difference in synthetic
metabolic signaling or muscle fiber protein synthesis rates between the
rest combined with BFR group and the rest group under resting condi-
tions,114 suggesting that BFR does not increase muscle fiber protein
synthesis rates during rest conditions.

To overcome this limitation, combining electrical stimulation (ES)
can be employed. ES induces involuntary muscle contractions, providing
an alternative training method when active movement is not feasible.115

However, ES also has constraints as it requires high-frequency stimula-
tion to evoke muscle contractions, which can lead to discomfort and
significant muscle fatigue.116,117 ES primarily triggers contractions by
depolarizing motor axons, recruiting motor units (MUs) synchronously
with each stimulation pulse.118 This necessitates higher ES frequencies to
generate sufficiently strong tetanic contractions, forcing motor units to
discharge at non-physiologically high rates. Increased metabolic de-
mands on muscle fibers and the reduced excitability of motor axons
beneath the stimulating electrode lead to “drop out” of motor units
during ES,119 resulting in elevated fatigue due to the higher discharge
rates of motor units during stimulation.116

Therefore, combining bothmay reduce the limitations observedwhen
each is used alone, and some studies have already explored this combi-
nation. For instance, Slysz et al. investigated the effects of blood flow
restriction (BFR) combined with electrical muscle stimulation (EMS) on
skeletal muscle mass and strength during limb disuse.120 Results indi-
cated that unlike BFR alone, the combination of blood flow restriction
with muscle electrical stimulation could mitigate the loss of muscle mass
during limb disuse, representing an effective intervention strategy,
although it did not conclusively demonstrate strength preservation.
Natsume et al. also found that combining neuromuscular electrical
stimulation (NMES) with blood flow restriction (BFR) increased leg
muscle thickness and maximal knee extension strength after 2 weeks of
training in untrained young men,121 both during isometric and isotonic
voluntary contractions. This suggests that low-intensity NMES-BFR in-
duces muscle hypertrophy and strength gains in untrained young male
participants. However, these studies did not involve active movement by
participants; hence, combining these interventions with active muscle
contractions could potentially yield more significant effects.

5.2. The combination of blood flow restricted exercise with electrical
stimulation

As previously discussed, electrical stimulation (ES) requires higher
frequencies to induce significant muscle contractions, which can cause
discomfort and rapid muscle fatigue in patients. Moreover, the metabolic
accumulation and improvement in muscle strength from blood flow re-
striction (BFR) alone are relatively limited without active movement.
Therefore, compared to the therapy combining BFR alone with ES,
integrating low-intensity exercise with BFR and lower-intensity ES may
avoid discomfort from high current intensity and stimulate beneficial
muscle growth and strength gains. This combination enhances muscle
protein synthesis (MPS) to a certain extent and accelerates the process of
muscle growth and recovery (Fig. 4). On one hand, BFR restricts blood
flow proximal to the limb, prompting muscles to operate in hypoxic and
acidic conditions. This environmental stimulus triggers adaptive re-
sponses in muscles, including the recruitment of fast-twitch (FT) fibers
and the release of growth factors such as GH and IGF-1. Increased
secretion of growth factors activates the mTOR signaling pathway, en-
hances S6K1 phosphorylation, and directly promotes MPS. On the other
hand, ES directly stimulates muscle fibers through electrical currents,
inducing muscle contractions. ES activates multiple intracellular
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signaling pathways to promote muscle hypertrophy and enhance MPS,
thereby contributing to muscle mass maintenance. Firstly, ES activates
the Akt signaling pathway, a key mechanism for inducing muscle hy-
pertrophy, which enhances protein synthesis within muscle cells and
promotes muscle volume increase. Activation of Akt subsequently indi-
rectly activates the mTOR pathway, upregulating phosphorylation of
p70S6K, which accelerates muscle growth. Additionally, electrical
stimulation can inhibit the ubiquitin-proteasome pathway in muscles,
reducing muscle protein breakdown (MPB) and aiding in maintaining
existing muscle mass, particularly crucial in conditions of muscle injury
or disease.

In studies such as that by Nyakayiru et al.,114 combining low-load
resistance exercise with blood flow restriction (BFR) increased muscle
fiber protein synthesis rates by 10% � 5% compared to both low-load
resistance exercise alone and BFR during rest. Additionally, the com-
bined group exhibited a higher phosphorylation status of 4E-BP1, indi-
cating that BFR can enhance muscle fiber protein synthesis rates
following physical activity. Nakajima et al. found that low-intensity
electrical stimulation (EXER) combined with BFR enhances ribosomal
protein S6 phosphorylation.122 Yoshikawa et al. found that BFR alone or
ES alone did not induce muscle hypertrophy or increase phosphorylation
of rpS6 Ser240/244, whereas combined BFR þ ES treatment increased
muscle mass, fiber cross-sectional area, and phosphorylation of rpS6
Ser240/244 and rpS6 Ser235/236.123 Furthermore, combined BFR and
low-current ES treatment induces muscle hypertrophy by activating
ERK1/2 and mTOR protein synthesis signaling pathways. Li et al.
demonstrated that combining low-intensity resistance training with
blood flow restriction training (BFRT) enhances lower limb muscle
strength by promoting muscle hypertrophy and improving muscle
activation.124

In conclusion, the combination of BFR and ES can synergistically
enhance MPS, potentially more effectively than either method alone,
thereby promoting muscle growth and recovery. Restricting muscle
blood flow while applying electrical stimulation not only improves
muscle strength and endurance but also enhances muscle tissue adapt-
ability. This could offer potential benefits in restoring muscle function
post-peripheral nerve injury (PNI), accelerating the recovery of muscle
strength following PNI.

6. Conclusion

BFR combined with electrical stimulation of ES works synergistically
to increase muscle strength and endurance for optimized muscle adap-
tation. First, ES, as a non-conventional training tool, stimulates the
muscle directly by means of electric current, which is capable of inducing
contraction of muscle fibers, especially those that are more difficult to
activate during conventional training. This stimulation helps to promote
a switch in muscle fiber type from fast-contracting to slow-contracting, a
switch that enhances muscle endurance and overall performance. Sec-
ondly blood flow restriction training creates a hypoxic and acidic envi-
ronment by restricting blood flow to the limb through the application of
external pressure. This environment and metabolic accumulation stim-
ulates FT activation, recruitment and muscle hypertrophy in the muscle,
which may enhance muscle cross-sectional area and strength output.
When BFR is used in conjunction with ES, the two approaches work
together to activate the mTOR signaling pathway, a key intracellular
pathway responsible for regulating MPS and muscle growth. In this way,
muscle cells are strengthened in terms of MPS, which supports muscle
recovery and growth.

Although electrical stimulation combined with blood flow restriction
(BFR) training has been studied by researchers for its potential thera-
peutic efficacy and application value, safety considerations remain
paramount. Commentaries analyzing the long-term safety of peripheral
nerve electrical stimulation suggest that compared to intraneural elec-
trodes,125 extraneural electrodes demonstrate superior long-term
181
stability. Adjusting relevant parameters such as frequency and pulse in-
tensity for electrical stimulation is considered a safe intervention
method. Regarding the safety of blood flow restriction training, re-
searchers focused on BFR have proposed a series of guidelines.126 These
guidelines emphasize considerations such as vascular responses, venous
thrombosis, and muscle damage. While the occurrence of these risks
remains contentious, adverse events during training can be minimized
through rigorous screening processes, personalized treatment plan ad-
justments, and preventive measures. Stavres et al. studied the feasibility
of blood flow restriction exercise in patients with incomplete spinal cord
injury,127 finding that individuals could safely perform controlled BFR
exercise without increasing cardiovascular fatigue or exacerbating pain.
This supports the application of BFR in neurological injuries. There are
also researchers who have systematically evaluated the safety and
effectiveness of blood flow restriction exercise on skeletal muscle size,
strength, and functional performance in individuals with neurological
disorders, including spinal cord injury, inclusion body myositis, multiple
sclerosis, Parkinson's disease, and stroke, and have found that BFR ap-
pears to be a potentially safe and effective form of training for individuals
with neurological disorders.128 However, this assessment also had the
limitations of limited quality and quantity of studies, small sample sizes,
and a general lack of heterogeneity within and between the cohorts of
patients examined. Loenneke et al. concluded that the risk of injury or
adverse events from blood flow limiting exercise may be consistent with
that of conventional exercise when patients are screened for contrain-
dications and when appropriate training methodology, training loads,
cuff pressures, and equipment are used.129 And when performed by
appropriately trained and qualified professionals, BFRT can be used
safely in appropriate patient populations.130 In conclusion, BFR training
offers an alternative approach to achieving exercise intensity,131 and
current research supports its use in the absence of contraindications. In
populations where contraindications do not exist and where traditional
progressive resistance training is appropriate, BFR training appears to be
a safe and effective approach to therapeutic exercise in the sports med-
icine setting.

Future research could apply this combined approach to the recovery
of muscle strength following peripheral nerve injury (PNI), further
exploring the optimal parameters for this combined training. This in-
cludes determining the optimal frequency and intensity of electrical
stimulation to enhance muscle response and adaptability, and identifying
the appropriate pressure levels and duration for blood flow restriction to
precisely control training effects. Such optimization aims to reduce the
risk of injury associated with high-load training, achieve safe and
personalized training protocols, and promote the recovery of muscle
strength post-PNI.
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