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Abstract: Characterized by high morbidity, mortality, and disability, stroke usually causes symp-
toms of cerebral hypoxia due to a sudden blockage or rupture of brain vessels, and it seriously
threatens human life and health. Rehabilitation is the essential treatment for post-stroke patients
suffering from functional impairments, through which hemiparesis, aphasia, dysphagia, unilateral
neglect, depression, and cognitive dysfunction can be restored to various degrees. Noninvasive brain
stimulation (NIBS) is a popular neuromodulatory technology of rehabilitation focusing on the local
cerebral cortex, which can improve clinical functions by regulating the excitability of corresponding
neurons. Increasing evidence has been obtained from the clinical application of NIBS, especially
repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS).
However, without a standardized protocol, existing studies on NIBS show a wide variation in terms
of stimulation site, frequency, intensity, dosage, and other parameters. Its application for neurore-
habilitation in post-stroke patients is still limited. With advances in neuronavigation technologies,
functional near-infrared spectroscopy, and functional MRI, specific brain regions can be precisely
located for stimulation. On the basis of our further understanding on neural circuits, neuromodula-
tion in post-stroke rehabilitation has also evolved from single-target stimulation to co-stimulation of
two or more targets, even circuits and the network. The present study aims to review the findings of
current research, discuss future directions of NIBS application, and finally promote the use of NIBS
in post-stroke rehabilitation.

Keywords: noninvasive brain stimulation; repetitive transcranial magnetic stimulation; transcranial
direct current stimulation; transcranial focused ultrasound stimulation; transcutaneous vagus nerve
stimulation; post-stroke

1. Introduction

Stroke is the second-leading cause of death and the third leading cause of disability in
the world, and patients with stroke often suffer from functional impairments and deficits [1].
Motor weakness, sensory dysfunction, speech disturbances, dysphagia, unilateral neglect,
cognitive dysfunction, and emotional impairment in post-stroke patients will need long-
term rehabilitation [2—4]. The pathology of stroke involves both the focal neurologic deficits
and the impairment of the neural circuit or brain networks [5,6].
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Physical therapy includes two types of treatments, of which one is physiotherapy,
such as functional exercise and movement therapy [7]. The other one is physical factor
therapy, a rehabilitation treatment employing physical stimulation such as heat, electricity,
and magnetism [8-10]. Physical therapy is commonly used in stroke rehabilitation and has
been demonstrated to improve brain plasticity after focal neurological impairment [11].
In addition, previous evidence has demonstrated positive effects of physical therapy on
treating depression [12], schizophrenia [13], and Parkinson’s disease [14]. As a means of
physical factor therapy, noninvasive brain stimulation (NIBS) is a physical therapy that can
regulate specific regions in brain by electrical, magnetic, or ultrasound stimulation in vivo,
thereby modulating the excitability of neurons and multiple brain functions [13,15-17].

The effects of NIBS on physical functions in post-stroke patients have been reported
by extensive clinical research [18,19]. However, due to the small sample size (less than 30
individuals) and unstandardized stimulation parameters of clinical studies [20-22], NIBS
has not yet been included in the standardized treatment protocols for post-stroke rehabili-
tation. Several systematic reviews, meta-analyses, and even guidelines have summarized
the application of NIBS. However, little attention has been paid to the evolution of its
modalities [23,24], namely, paradigms or protocols [20,21,25-31].

A review providing a valuable overview of different stimulation parameters of NIBS,
such as stimulation site, intensity, duration, frequency, and mode, is necessary and mean-
ingful to promote its application in post-stroke rehabilitation. These were lacking in a
previous article by Shen et al. [32]. In the present study, we aim to summarize the advan-
tages of different stimulation modalities, the basic principles of the four NIBS techniques,
and their current application in post-stroke dysfunction. Furthermore, the potential trend
of NIBS-related research is further presented.

2. Search Strategy and Selection Criteria

The published studies cited in this review were published between 2000 and 2022,
with a major focus on the years 2017 to 2022. The PubMed database was used to search
relevant studies with the following keywords: non-invasive brain stimulation, repetitive
transcranial magnetic stimulation, transcranial direct current stimulation, transcranial
focused ultrasound stimulation, transcutaneous vagus nerve stimulation, post-stroke,
neurorehabilitation, and dysfunction. All references were cited to the content-related parts
of the review.

3. Overview of Neuromodulation and NIBS

Neuromodulation technology refers to the use of implantable or non-implantable
techniques (e.g., electrical, magnetic, or ultrasonic methods) to obtain therapeutic effects
by changing the function or state of the nervous system. Through this approach, neurons
or nerve signal transduction in adjacent or distant parts of the stimulation site are excited,
inhibited, or regulated, thereby changing nerve function and improving the quality of life of
patients [15,18,19]. Noninvasive neuromodulation techniques mainly include transcranial
magnetic stimulation (TMS), transcranial electrical stimulation (tES), transcranial focused
ultrasound stimulation (tFUS), transcranial unfocused ultrasound stimulation (tUUS),
and transcutaneous vagus nerve stimulation (tVNS), among which repetitive transcranial
magnetic stimulation (rTMS) and tDCS have proven effective in treating depression and
pain [33-35]. Due to the specific advantages of being noninvasive, painless, safe, and
cheap, in addition to having different parameters and treatment modes, NIBS shows broad
prospects for development.

3.1. Technology and Research Situation of NIBS
3.1.1. TMS

TMS induces electrical currents in the brain through electromagnetic induction caused
by an energized coil placed on the scalp that is a highly effective, painless, and noninvasive
brain stimulation procedure, causing changes in excitability and plasticity of the targeted
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cortical neuronal populations. Magnetic fields can penetrate the scalp and skull and gener-
ate subthreshold- or suprathreshold-induced currents in the cerebral cortex concurrently,
which depolarize neurons to generate action potentials to modulate and stimulate neuronal
activity in target areas, and then can mostly affect the cortex function by synchronizing
activity in related brain regions [22]. The regulatory effect of TMS on the cerebral cortex
is influenced by factors such as coil shape, stimulation site, frequency, intensity, dosage
(number of pulses, time, and duration) and other parameters.

A target for TMS stimulation refers to the location where the magnetic field acts, also
known as “stimulation target area or action (treatment) target area”. The primary motor
cortex (M1) and dorsolateral prefrontal cortex (DLPFC) are more common targets for stimu-
lation in clinical practice and research [36]. The dorsal premotor region (dPM), subthalamic
nucleus (STN), dorsal anterior cingulate cortex (dACC), primary somatosensory cortex
(51), and supplementary and pre-supplementary motor areas complex (SMA proper and
pre-SMA) are also frequently used as targets [37]. According to the navigation of functional
magnetic resonance imaging (fMRI) results, the precise stimulation of brain regions with
abnormal functional connectivity in stroke patients by rTMS can be achieved, and more
targets that match individual anatomy or functional physiology can be presented [38,39].

TMS includes single-pulse (sTMS), paired-pulse TMS (pTMS), and rTMS according
to the stimulation mode. sTMS means that only one stimulation pulse is issued per stim-
ulation cycle without long-term regulatory effects, and is often used in the detection of
neural pathways [40]. pTMS denotes that two stimuli separated by variable intervals can
be sent out in each stimulation cycle, which is commonly used in the study of cortical
excitability [41]. rTMS refers to the continuous pulse of a specific frequency sent out in
each stimulation cycle, which is divided into low frequency (LF-rTMS, <1 Hz) and high
frequency (HF-rTMS, >1 Hz). LF- and HF-rTMS show different regulatory effects on the
cerebral cortex. Generally, HF-rTMS (especially >5 Hz) can increase cortical excitability,
while LF-rTMS decreases it [42]. Theta burst stimulation (TBS) is another modality deliver-
ing 3-8 Hz rhythmic pulse of HF-r'TMS, in which continuous theta burst stimulation (cTBS)
shows inhibitory effects and intermittent theta burst stimulation (iTBS) shows excitatory
effects [43]. Paired associative stimulation (PAS) is a stimulation program that combines
rTMS and electrical stimulation [37], which acts primarily on the central nervous system
and on the peripheral nervous system, respectively. They were conducted at specific time
intervals to enhance the effects of rTMS and induce lasting changes in the excitability of the
motor system [44].

Another factor that affects the effect of rTMS is the variation of stimulation parameters,
such as frequency (ranging from 5 Hz to 20 Hz), intensity (ranging from 80% to 115% of
resting motor threshold, RMT), and total number of pulses (ranging from 120 to 2500). A
systematic review concluded that higher stimulation frequency (>5 Hz), more stimulation
(>500), and multiple sessions (>1) yielded better results in improving cognitive function for
individuals with neurological diseases, such as attention, executive functions, and working
memory [45]. It has also been reported that multistage rTMS can produce long-term effects
lasting up to 6 months [46]. Other influencing factors [47], including coil orientation,
duration of each pulse sequence, inter-stimulus interval, number of pulse sequences, and
duration of follow-up, still need further investigation.

Since the first device reported by Barker et al. in 1985, rTMS has been widely used
in the treatment of pain, Parkinson’s disease, stroke, cognitive dysfunction, multiple
sclerosis, depression, anxiety, and other disorders (schizophrenia, substance addiction, and
craving) [22,48]. A prior study confirmed the safety of rTMS in the treatment of neurological
disorders [49]. By applying different modes and parameters of stimulation to different
targets, rTMS can regulate the excitability of local neuron clusters, thereby modulating
the excitability of the neural circuits and networks in which they are located, ultimately
improving brain function.
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3.1.2. tES

tES refers to physical therapy using electrical current to stimulate the brain, and it
has gained popularity as a long-term therapy for patients with neurological disorders
due to its convenience and potential effects on the brain network [50]. tES is an NIBS
technique in experimental and clinical fields, including transcranial direct current stim-
ulation (tDCS), transcranial alternating current stimulation (tACS), transcranial pulsed
current stimulation (tPCS), and transcranial random noise stimulation (tRNS). Unlike tACS
and tDCS, tPCS can intrigue randomly generated quadratic pulses, which may in turn
increase endogenously generated brain oscillations, thereby facilitating the synchronization
of deep brain structures with cortical activity [51]. Another promising alternative, tRNS, is
a noisy electrical stimulation that increases cortical excitability through a random “noise”
resonance [52]. Both of them are currently lacking in research, herein, the two most widely
used tES techniques, tDCS and tACS, are summarized in the following section.

tDCS

tDCS was reported for use in the intact human as an NIBS technique in 2000 [53]. It
mainly delivers low direct current to brain tissue through electrodes placed on the scalp.
A constant electric field can impact the neurons in the cerebral cortex, thereby activating
sodium-potassium pumps, calcium-dependent channels, and NMDA receptor activity to
depolarize or hyperpolarize neuronal membrane potential [54,55], thus regulating neuronal
activity and cortical excitability. However, unlike TMS, tDCS does not induce action
potentials directly, whereby stimulation sites are more scattered. Its effects are thought
to be achieved by altering the polarity of the membrane to change their probability of
triggering action potentials, thus modulating the activation of neurons in the stimulated
area. The parameters of tDCS have a decisive effect on its biological effects [56], including
electrode shape, size, number, placement, polarity, stimulation intensity, duration, and
stimulation waveform [57,58], in which slight changes will produce distinctly different
effects [59]. The spatial resolution and stimulation depth of tDCS are at the centimeter
level (1 cm); therefore, the cerebral cortex with specific functions is often selected as the
stimulation target area. For most clinical studies, the placement of the electrode is generally
determined by the international convention of the EEG 10/20 system. The area of the
electrodes used ranges from 25 to 35 cm?. In most cases, anodal tDCS depolarizes the
resting membrane potential of neurons, thereby increasing the rate of spontaneous neuronal
discharge and increasing cortical excitability. Common anodal electrode locations include
the primary motor cortex, left dorsolateral prefrontal, and occipital lobes. In contrast,
cathodal tDCS decreases neuronal excitability by shifting the resting membrane potential
toward hyperpolarization. Cathodal electrode locations including the right supraorbital
area, the central region, and the arm were commonly used [60]. Unihemispheric and
bihemispheric montages as a way to optimize electrode placement ensure that specific
brain regions receive the desired dose of current [61]. Yu et al. [62] suggested cathodal
ctDCS stimulation can improve the language and motor dysfunction for post-stroke patients.
Notably, the effects may vary across stimulation sites. The current intensity of tDCS is
usually 0.5-4 mA (most commonly 1-2 mA). There is no strict restriction on the duration of
tDCS stimulation. A duration of 5-30 min is used in most cases, with 20 min being the most
effective, while the interval between sessions is at least 48 h [59]. The waveform of tDCS,
reported by Hsu G et al. [57], is divided into square wave, sharp wave, and sinusoidal
wave, depending on whether the current is constant or pulsed [58]. tDCS also has a post-
stimulus effect, with changes in cortical excitability lasting up to 1 h after stimulation if
the stimulus duration is long enough. In addition to the immediate effect on membrane
potential polarity, tDCS can modulate the synaptic microenvironment, such as altering
NMDA receptor or GABA activity. It thus acts as a post-effect of modulating synaptic
plasticity within the cortex (similar to long-term facilitation). Studies have found that
a sustained increase in postsynaptic excitatory potentials can be observed with anodal
stimulation of the motor cortex [63,64]. In addition, tDCS modulates excitability changes
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in the connected distal septal cortex and subcortical areas. Anodal stimulation of the left-
hemisphere M1 premotor cortex area not only affects the corticospinal circuits involving
the generation of motor-evoked potentials but also modulates transcallosal inhibition in
the contralateral hemisphere via inhibitory interneurons.

tACS

tACS is a noninvasive form of tES using low-intensity alternating current. It selectively
enhances synaptic connectivity in neuronal circuits and synaptic plasticity by modulating
the brain’s intrinsic endogenous neural oscillatory patterns and altering neurotransmitter
levels [65]. Then, tACS ultimately improves the coordinated activity between local brain
areas and brain regions [50,66]. Unlike TMS and tDCS, tACS completely avoids skin
irritations [50]. It stimulates cortical neurons with sinusoidal or biphasic alternating current,
modulates endogenous brain oscillations, and induces changes in synaptic plasticity to
improve long-term brain function and depressive symptoms [67-69]. tACS uses different
parameter stimulation electrodes, alternating current to stimulate specific targets. There
are no acknowledged parameters, including stimulation frequency, intensity, phase, and
duration, which may influence the effects of tACS. The selection of targets is based on
the pathophysiological basis of the disease, with the frontal lobe being frequently used.
The commonly used frequencies are mainly 6 (4 to 7 Hz), « (8 to 14 Hz), 3 (14 to 30 Hz),
and v (30 to 80 Hz) bands [70,71]. The 6-band is associated with working memory and
situational memory [70]. The a-band is strongly associated with executive function and
attention [72]. The 3-band is associated with motor ability, executive power, attention, and
working memory [73]. The y-band is associated with information processing, working
memory, and situational memory [74]. The sensitivity of neurons varies among different
intensities of tACS. Very-low-intensity tACS (<0.4 mA) acts preferentially on inhibitory
neurons and activates inhibitory circuits; low-intensity tACS (0.6-0.8 mA) may activate
inhibitory and excitatory neurons, which interact and cancel each other out, leading to
no significant change in cortical excitability; higher-intensity tACS (>2 mA) activates the
cortical excitatory circuit [75]. However, a higher intensity of tACS increases the risk of
adverse effects such as headache and skin sensitization. Therefore, most tACS studies
used alternating currents with peaks of no more than 4 mA [76]. There is no standard
treatment duration for tACS. The durations used in previous studies ranged from 5 to
40 min. Most clinical trials have shown that tACS produces after effects (effects that persist
after discontinuation of stimulation) in the 10-30 min range [77]. The most commonly
used duration is a single 20 min treatment session once a day for 3 weeks, followed by a
treatment session every other day or as needed [78]. However, when combining tACS with
magnetoencephalography, one should prevent short-circuiting adjacent electrodes due to
conductive fluids between electrodes [79].

As a new transcranial electrical stimulation technique, tACS can be considered a
variation of the traditional tDCS [80]. It generates rhythmic currents at specific frequencies
to induce specific frequencies of neural oscillations, thereby modulating the frequency and
amplitude of cortical background oscillations to externally applied oscillations. Then, it
modulates the synaptic plasticity or neurophysiological activity in specific brain regions
and neural circuits between brain regions in a noninvasive, safe, and modifiable manner.
Multicenter double-blind clinical trials with large sample size are needed to verify the
reproducibility and representativeness of the results, to screen for optimal tACS stimulation
parameters and to exclude parameters with adverse effects in order to obtain just the right
therapeutic effect. It has also been suggested that the optimal tACS parameters may not be
fixed. Combining tACS with techniques such as EEG and fMRI can provide individualized
and adaptive stimulation parameters using feedback from the electrophysiological brain
signals, which may help to improve the effectiveness of tACS and advance the application
of tACS in clinical practice [81-83].
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3.1.3. tFUS

Ultrasound is an acoustic wave with a frequency greater than the hearing detection
level of the human ear (>20 kHz); it is a mechanical wave generated by the vibration of
a sound source and propagated through a compressed and expanded medium. tFUS,
especially MR-guided focused ultrasound (MRgFUS) [16], combines the properties of deep
focus targeting with high spatial resolution. It can stimulate deep and relatively superficial
brain tissue in a precise, stable, focused, and noninvasive manner [84], and it has become
one of the hot spots in basic and clinical research. The neuromodulatory effect of tFUS
is mainly produced by the mechanical, thermal, and cavitation effects of ultrasound. By
changing the frequency, intensity, pulse repetition frequency, pulse width, and duration of
the ultrasound, the neurons at the stimulation site are activated or inhibited, thus regulating
the neural function [17].

There are no clear criteria for the classification of tFUS, and the safety threshold
for adult diagnosis defined in FDA guidelines is also used for adult cephalic ultrasound
and neuromodulation. Its parameters include intensity spatial-peak pulse-average (Isspa)
< 190 W/cm?, intensity spatial-peak temporal-average (Ispta) < 94 mW/cm?, and a me-
chanical index < 1.9 [17]. Matt et al. demonstrated for the first time that low-intensity
tFUS on S1 increased the efficiency of signal transmission in the sensorimotor network and
improved white-matter microstructure in the stimulated regions [85]. Subsequently, many
reports have investigated different parameters of tFUS in terms of frequency, intensity, and
duration in order to obtain better treatment effects.

The inhibitory neuromodulation of tFUS is mainly achieved by high-intensity focused
ultrasound (>1 W/cm?), which can cause a decrease in axonal action potential amplitude
and conduction velocity or disrupt the ultrastructure of synapses and inter-synaptic con-
nections of neurons in the brain through thermal effects. It, therefore, inhibits neuronal
electrical activity and temporarily or permanently blocks nerve conduction [86]. It is com-
monly used to treat irreversible lesions [87,88]. In contrast, the activating effect is produced
by low-intensity tFUS (<1 W/cm?), which acts on the phospholipid bilayer of neuronal
cells through mechanical and cavitation effects, affecting sodium, potassium, and calcium
channels, and promoting the opening of these voltage-gated ion channels. Accordingly, it
can promote action potentials, increase neuronal cell membrane permeability by generating
nanobubbles in the phospholipid bilayer, and promote interneuronal synaptic transmis-
sion [89,90], ultimately selectively stimulating brain local activity and modulating the
excitability of neural circuits [91,92].

Low-frequency ultrasound (250-350 kHz) is more effective than high-frequency
(500-650 kHz) for neuromodulation [17,91]. The frequency and duration of pulse rep-
etition and duty cycle can influence the effect generated by tFUS, but a unified agreement is
lacking. Pulsed ultrasound modulation with low frequency, low intensity, 50% duty cycle,
and 300 ms duration is generally considered to be most effective [17].

3.1.4. tVNS

tVNS is a neuromodulation technique that involves applying electrical stimulation on
peripheral vagus nerves. It transmits signals to the brain, causing changes in brain electrical
activity and neurotransmitters, thereby modulating the functional activity of neurons [93].
tVNS can be mainly classified into two types: one is transcutaneous auricular vagus nerve
stimulation (taVINS), which consists of electrically stimulating the auricular branch of the
vagus nerve [94] (especially the auricular vessels); and the other is transcutaneous cervical
vagus nerve stimulation (tcVNS), which consists of electrically stimulating the vagus nerve
in the carotid sheath of the anterolateral neck [95].

tVNS exerts neuromodulatory effects, mainly by transmitting electrical stimulation
to the brain, as well as increasing the plasticity of neural activity in the left prefrontal
cortex, motor cortex, sensory cortex [96], right caudate nucleus, middle cingulate gyrus,
and cerebellum [97]. It also enhances the plasticity of corticospinal motor pathways by
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activating widely projected neuromodulatory systems [98], ultimately increasing synaptic
connections to muscle tissue and enhancing motor function [99].

Morrison et al. [100] showed that vagal stimulation at a moderate intensity of 0.8 mA
enhanced motor cortex plasticity well, unlike vagal stimulation at a low intensity of 0.4 mA
and a high intensity of 1.6 mA. Furthermore, an animal experiment [101] demonstrated that
tVNS at a medium intensity of 0.8 mA significantly improved functional recovery compared
with vagal stimulation at 0.4 mA or 1.6 mA intensity. An inverted U-shaped relationship
between the degree of cortical plasticity induced by tVNS and its frequency has been
found, with vagal stimulation at moderate frequencies (30 Hz) enhancing cortical plasticity,
whereas neither slower (7.5 Hz) nor faster (120 Hz) pulse frequencies significantly enhance
plasticity [102]. Therefore, tVNS with frequencies of 20 Hz, 25 Hz, and 30 Hz are commonly
used in clinical trials for post-stroke rehabilitation [19,103]. In addition, the enhancement of
cortical plasticity and memory due to vagal stimulation is also influenced by pulse width.
Increasing pulse width can compensate for the decrease in stimulus intensity [104]. tVNS
can reduce neurological deficits and has good efficacy in combination with rehabilitation
in improving muscle function in patients with chronic stroke. However, more basic and
clinical studies are needed to fully understand the mechanisms of efficacy, especially with
large samples of phase III trials [105].

3.2. Application of NIBS in Post-Stroke Rehabilitation

The use of NIBS in clinical practice is continuously developing, and its role and
position in neurological rehabilitation have become increasingly prominent. Combined
with adjunctive exercises, the application of NIBS has been extrapolated from the treatment
of post-stroke motor dysfunction to sensory disorders, aphasia, dysphagia, unilateral
neglect, cognitive dysfunction, depression, and even disorders of consciousness in the
acute phase [106].

3.2.1. Motor Dysfunction

The most widely used application of NIBS in post-stroke rehabilitation is the treatment
for motor dysfunction, especially rTMS and tDCS. In general, LE-rTMS (<1 Hz) decreases
the excitability of the motor cortex, while HF-rTMS (>5 Hz) activates the cortical excitability
and increases the amplitude of motor-evoked potential (MEP) related to motor function
improvement. In a randomized controlled trial conducted by Du et al. [107] in patients
with early stroke, cortical excitability and exercise-induced fMRI activation in the ipsilateral
motor area were significantly increased after HF-rTMS, whereas they were significantly
decreased in the contralateral motor cortex after LF-rTMS. Patients were found to have
an increase in Fugl-Meyer scores in both strategies after treatment and 3-month follow-
up, suggesting that rTMS could improve motor function at the early post-stroke stage,
which was related to motor cortical activation. Combining rTMS with hand grip and
treadmill training would significantly improve hand motor coordination, motor speed,
hand grip strength, walking speed, and spatial asymmetry, and quality of life in post-stroke
patients [107-109]. Many studies have reported that rTMS can achieve modulation of the
contralateral M1, supplementary motor areas, thalamus, postcentral gyrus, and frontal
lobe, as well as other multi-brain areas through inter-region connections, in addition to
intervention in the affected M1 area [110-112]. Current investigations have focused on the
possible mechanism via which rTMS may enhance its functional connectivity with another
brain region by modulating the neural circuit in which it is located through single-target
stimulation [113,114].

tDCS is another common neuromodulation technique applied for motor dysfunction
in post-stroke patients. In general, it is considered to generate similar effects of rTMS on
improving limb motor function in stroke patients by stimulating the M1 cortex with anodal
electrodes [115]. Bolognini et al. [1] found that hand grip strength, motor power index,
and Barthel index were improved after treatment of tDCS over bilateral motor cortices
for a 5-day session in post-stroke patients suffering from severe motor impairment. This
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suggested that tDCS accelerates motor recovery of the upper limb. It has been shown
that stimulation of specific motor areas can selectively improve proximal or distal motor
function of the upper limb [116]. Ojardias et al. [117] found that when tDCS was applied to
M1 of the affected lower limb in patients with chronic hemiplegia, there was a significant
increase in the patient’s distance in a 6 min walk test after a single treatment session. The
patient’s overall walking ability also improved significantly. As a variant and innovative
form of tDCS, tACS is still seldom used, although it is reportedly efficient in improving
motor function. tACS oscillatively re-establishes connections between brain regions [118],
promotes motor recovery, and improves cerebral hemodynamics after stroke [119]. There
are still limitations concerning the effects of tDCS on improving motor function in post-
stroke patients. Straudi et al. [120] reported that tDCS combined with robotics may be more
beneficial for chronic and subcortical stroke patients than acute and cortical ones. As inef-
fectiveness has also been reported, many investigators choose to conduct tDCS combined
with movement training or other rehabilitative therapies to achieve better outcomes. One
study [121] compared tDCS with tACS or tRNS, and found that tRNS was more effective
than tACS in increasing cortical excitability and may be the most effective tES method
for stroke rehabilitation, with both being superior to tDCS. It is suggested that to obtain
the maximum benefit of post-stroke rehabilitation, the future direction of tES should be
more focused on high-definition stimulation [122], selecting for more effective stimulation
parameters (frequency, intensity, and time) [123,124], combined with other rehabilitation
modalities [125] and stimulation with synchronized functional images or EEG [126].

tFUS has become an emerging and attractive NIBS technique due to its high spatial
resolution and deeper target of brain stimulation [127]. Although many animal trials have
reported the benefits of tFUS for stroke [128-131], its application in post-stroke patients
is still rare. We can identify from the limited number of studies of tFUS in humans that
it can stimulate M1 motor areas with high spatial precision, thus modulating fine hand
activity [132]. The mechanism may be related to the fact that low-intensity tFUS can
noninvasively affect human brain activity by inhibiting cortical-evoked potentials, affecting
cortical oscillatory dynamics, and altering the outcome of motor tasks [133].

The literature has shown that tVNS has the potential to enhance central noradrenergic
activity and improve clinical outcomes in stroke. Studies from Capone et al. [134] and
Wau et al. [105] demonstrated that tVNS combined with robotic rehabilitation improved
upper-limb motor function and increased the ability of daily life in post-stroke patients.
Other similar studies have shown that tVINS combined with rehabilitation training [135] is a
safe and feasible treatment with good time dependence effects [136] and can be an effective
assistive neurorehabilitation technique [137]. A multicenter, triple-blind, randomized
controlled trial involving 108 patients conducted at 19 rehabilitation facilities in the U.K.
and USA also confirmed that tVNS (18 times in 6 weeks) combined with rehabilitation was
a safe and effective treatment for patients with long-term moderate to severe arm injury
after ischemic stroke [138].

3.2.2. Sensory Dysfunction

Sensory signals impact motor function by feeding information about the external
environment and the intrinsic physiological state, as well as by directing the activation
of the motor system. The impairment of sensory function after stroke, which injures
motor control, would prevent recovery of motor function and reduce quality of life. Motor
and sensory rehabilitation reinforce each other in a positive feedback loop [139]. Current
studies on the effects of NIBS on superficial sensation in stroke patients have yielded
some positive results, especially for tactile sensation. Baig et al. [19] performed taVNS
for 6 weeks in 12 patients with ischemic stroke and found improvement in light tactile
sensation after treatment. Another study also reported that 20 sessions of 2 h of VNS
treatment combined with tactile sensation resulted in significant improvements in sensory
function [140]. In addition, tRNS and anodal tPCS can improve tactile discrimination
by modulating neuronal activity in the primary somatosensory cortex [141]. In contrast,
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the effect of tDCS on superficial sensation in post-stroke patients is mainly reflected in
nociception and temperature perception [142].

In recent years, there has been an increasing number of studies on the effects of
NIBS on deep sensation in post-stroke patients. Li et al. [143] found a significant trend of
improvement in Fugl-Meyer somatosensory scores in acute stroke patients after taVINS
combined with conventional rehabilitation training at 1-year follow-up, suggesting that
taVNS can improve sensory function in post-stroke patients [19]. There was a significant
increase in hand tactile thresholds and two-point discrimination sensation after HF-rTMS
was applied to post-stroke patients, suggesting that HF-rTMS improves hand sensory
function in chronic stroke patients, but no improvement was found in vibration, kinesthetic,
or proprioceptive sensation [144]. In contrast, Koo et al. [145] found that tDCS showed
significant improvements in deep sensation, tactile, pinprick, kinesthetic, and stereoscopic
sensation in post-stroke patients. A trial using transcranial pulse stimulation (TPS) as a new
low-intensity tFUS modality provided the first evidence [85] that tFUS improves functional
connectivity between the primary somatosensory cortex and adjacent sensorimotor areas,
which leads to improved sensory function and fine motor movements. Although the
study was conducted in healthy participants, it provides ideas for the use of tFUS in post-
stroke sensory dysfunction. It has also been shown that prolonged continuous theta burst
stimulation (pcTBS) modulates the sensitivity of Af3 fibers and pain thresholds in healthy
adults. Single pcTBS placed on the left M1 increases the excitability of DLPFC and FPC,
suggesting that the interaction between M1 and PFC may be a potential mechanism for the
analgesic effects of HF-r'TMS [146]. However, studies in patients with central post-stroke
pain are needed to confirm the clinical effects of pcTBS.

3.2.3. Aphasia

Approximately one-third of stroke patients are diagnosed with aphasia [147], which
exerts negative effects on functional outcomes, mood, quality of life, social participation,
and the ability to return to work. Language impairment following post-stroke aphasia
is heterogeneous, with many subtypes, including varying degrees of difficulty in com-
prehension, spontaneous speech, reading, or writing. Each subtype is associated with
damage to specific cortical areas and may extend to subcortical areas. The use of NIBS
techniques for aphasia rehabilitation has aroused wide interest, especially the application
of TMS and tDCS. Growing evidence has verified their effectiveness in modulating cortical
excitability [148], facilitating functional reorganization [149], and improving speech and
language performance [150].

LF-rTMS was applied to the right-hemisphere regions to suppress cortex activation
during language-related tasks and to encourage left-hemisphere activation around the
lesion [151,152]. HF-rTMS, however, is used to promote activation of the remaining
left hemisphere region [153] or the right hemisphere region [154]. Both LF- and HF-
rTMS contribute to improved language outcomes in both subacute and chronic aphasia.
However, the sample sizes of most studies are small, and only a few are randomized
sham-controlled trials [152].

Most studies explored the effect of excitatory anodal stimulation of tDCS targeting the
area around or ipsilateral to left-hemisphere lesion [155-158], with a few concentrating on
inhibitory cathodal stimulation of healthy right hemisphere to suppress transhemispheric
inhibition and thus greatly activate the impaired left hemisphere [159]. Some studies have
focused on the application of tDCS in bilateral hemispheres, aiming to simultaneously com-
bine anodal stimulation with cathodal stimulation to increase left hemisphere excitability
and decrease right hemisphere excitability [160,161]. A Recent tDCS approach for aphasia
targeted the right cerebellum [162], an area structurally and functionally connected to the
language areas of the left hemisphere, which is particularly relevant with a large lesion in
the left hemisphere, where it may be difficult to find live tissue to stimulate. The results
of tDCS for aphasia were mostly positive, although the sample sizes of patients involved
were small. Only two tDCS studies enrolled more than 50 patients [157,163]. Although
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it is not possible to determine an optimal method for improving speech function, both
tDCS and TMS are prospective tools. However, due to being low-priced, portable, seizure
risk-free [163], and easily paired with simultaneous speech therapy, tDCS is suitable for a
wide range of clinical applications. Studies or clinical trials of other NIBS techniques in
aphasia are not available and further research is expected.

3.2.4. Dysphagia

The prevalence of oropharyngeal dysphagia after stroke is high [164], which is charac-
terized by reduced swallowing efficiency and safety, leading to increased morbidity and
mortality associated with nutritional and respiratory alterations. The neural circuits that
generate swallowing patterns are located in the medulla oblongata [165], with extensive
cortical and subcortical activation associated with motor preparation and sensory process-
ing [166]. Thus, dysphagia or swallowing difficulties can be induced by stroke-related
lesions in the cortical hemispheres, subcortical control circuits, or brainstem [167]. Evidence
suggests that neurorepair and increased cortical activity play an important role in swal-
lowing rehabilitation after stroke. NIBS, which is a particularly concerned treatment for
post-stroke dysphagia [168], may promote cortical reorganization to accelerate the natural
process of stroke rehabilitation.

Both HF- and LF-rTMS can be used for the treatment of post-stroke dysphagia, in
which the commonly used frequencies are 10 Hz and 1 Hz [169]. The commonly used stim-
ulation modes are bilateral high-frequency (10 HZ), ipsilateral high-frequency combined
with contralateral low-frequency, and contralateral HF-rTMS stimulation of the pharyngeal
motor cortex [169], in which bilateral high-frequency stimulation of the motor cortex is
most effective for post-stroke dysphagia [170,171].

Anodal tDCS has also been used to improve swallowing function in post-stroke
patients. A meta-analysis found a moderate but nonsignificant combined effect size for
unilateral tDCS treatment compared with sham controls, although studies differed in terms
of hemisphere stimulated, treatment regimen, and outcome measures [172]. Recent studies
exploring bilateral tDCS have yielded positive results [173]. However, current studies
vary considerably in terms of electrode placement site (ipsilateral versus contralateral),
stimulation parameters (intensity and duration), stimulation pattern (unilateral versus
bilateral), time after stroke, and the type of stroke patient who would benefit most. Further
studies are needed to determine the optimal method of tDCS for the treatment of stroke
patients with dysphagia.

Despite significant benefits in swallowing rehabilitation through the use of NIBS in
most studies and their increasing acceptance by patients and clinical providers [174], it re-
mains difficult to draw supportive conclusions about the efficacy of these neurostimulation
techniques given the wide variation between studies [175], and further randomized con-
trolled studies with standardized protocols are necessary to promote NIBS as a mainstream
clinical treatment option for dysphagia [176].

3.2.5. Cognitive Impairment

Post-stroke cognitive impairment (PSCI), which often occurs in survivors within 3
months after stroke [177], is mainly characterized by a decrease in memory, calculation,
attention, and executive and reaction speed. r*TMS and tDCS have been reported to improve
the cognitive functional status in post-stroke patients by modulating the excitability of cor-
tical circuits [178,179], which mainly manifests in small improvements of working memory,
attention, and executive function [180,181]. Currently, NIBS usually produces modulation
of cognitive functional circuits by bilateral or unilateral stimulation of the frontal lobe,
especially the DLPFC [178]. Most studies included a small sample of patients, evaluated
only short-term effects, and had too much variability in stimulation parameters; therefore,
there is limited evidence to recommend rTMS [182] or tDCS [183,184] protocols for PSCIL. In
particular, the parameters of rTMS [182] varied in range from 1 Hz to 20 Hz in frequency,
from 120 to 2000 in the total number of pulses, and from 1 to 20 in the total number of treat-
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ments. Future studies are needed to elucidate the appropriate stimulation targets, optimal
parameters, and stimulation protocols to overcome individual differences [185] as well as
obtain powerful evidence to support the application of NIBS in clinical practice [178].

3.2.6. Unilateral Neglect

Unilateral neglect (UN) is a common functional impairment type after stroke and is
negatively correlated with functional survival [186]; thus, its therapeutic intervention is
an important part of stroke rehabilitation. NIBS, especially TBS [186], can be a promising
rehabilitation option to favorably affect UN in post-stroke patients [18]. According to
Cazzoli’s review, inhibitory rTMS seems to be a viable and effective approach to ameliorate
neglect symptoms [187]. Studies have also reported that 1 Hz TMS stimulation on the
posterior parietal cortex (P5) of the left hemisphere [188,189] with sensory cues significantly
improved attention and hemiplegic upper-limb motor and daily living abilities in post-
stroke patients with UN.

tDCS can also ameliorate UN after stroke by inhibiting excitability in the healthy
hemisphere or by enhancing excitability in the affected hemisphere. The current study
showed that cathodal tDCS (c-tDCS) eliminated the improvement of neglect after prism
adaptation (PA), while anodal tDCS (a-tDCS) over the posterior parietal cortex (PPC) of
the impaired hemisphere could promote the improvement of neglect after PA [190]. It has
also been reported that the application of bimodal tDCS over bilateral PPC has a greater
effect than single stimulation mode or sham stimulation mode. It is an effective treatment
for unilateral visuospatial neglect in post-stroke patients [191]. Therefore, the method and
specific effects of tDCS for UN due to stroke are still controversial, warranting further
exploration of which stimulation modality is more effective [192]. Other NIBS techniques
for UN after stroke are relatively rare. However, several reviews and meta-analyses have
mentioned that TMS, especially the TBS model [186], is beneficial for the improvement
of UN [193]. Existing evidence still cannot support or refute the NIBS technique [194].
Improving the quality of studies and obtaining more reliable evidence is the direction of
future research [195].

3.2.7. Post-Stroke Depression

Post-stroke depression (PSD) is the most common and burdensome neuropsychiatric
complication after stroke [196]. The cross-sectional prevalence of PSD was estimated from
18% to 33% [197]. The pathophysiology of PSD is multifactorial [198] and probably involves
reduced monoamine levels, abnormal neurotrophic responses, increased inflammation,
and dysregulation of the hypothalamic—pituitary—adrenal axis, and glutamate-mediated
excitotoxicity. These processes appear to be most relevant and obvious in the frontal
lobes, hippocampus, limbic regions, and projections from the basal ganglia [199,200],
especially DLPFC.

rTMS is the most frequently studied NIBS modality with few severe side effects. It
can significantly improve PSD by modulating specific brain regions, such as activating the
left DLPFC [201]. The effectiveness of rTMS applied in PSD has been reported in detail
by several meta-analyses [201-203]. However, due to the limitations of failure to reach
deep brain regions, as well as the large variability and small sample size of the included
study protocols, further homogeneous randomized controlled trials with large samples are
warranted to validate the long-term effects of rTMS.

Although tDCS is usually applied in treating depression [204], its effect on PSD has
not been fully illustrated. Valiengo et al. [205] first demonstrated that tDCS can improve
Hamilton Depression Rating Scale scores in patients with PSD through a randomized
controlled trial. It is an effective intervention and may be one of the directions to be
explored in the future.
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4. Current Status and Prospects

As the most commonly used neuromodulation technique, NIBS has achieved prelimi-
nary effects. Many clinical studies have reported the effectiveness of these techniques [28],
but reports of the ineffectiveness of a single NIBS technique should not be neglected [206].
Therefore, the present paper reviews these findings and discusses future directions.

4.1. Effectiveness and Sustainability

Due to the heterogeneity of stroke injury location and the differences in the site,
frequency, and duration of NIBS stimulation, it is difficult to use uniform criteria to judge
the effectiveness and long-term efficacy of NIBS. However, there is a time-dependent effect
of NIBS. In particular, cognitive function is significantly correlated with the number and
duration of stimulation [182], which has been well-validated by recent studies. The session
of commonly used treatments for NIBS reported in studies generally ranges from 5 to
20 (1-4 weeks), with follow-up usually after the end of treatment; the longest reported
effective duration is 1 year [136].

4.2. Limitations and Future Trends
4.2.1. Small Samples, and Insufficient and Short Follow-Up Studies

Firstly, most studies on the application of NIBS in stroke only included small sample
sizes, usually fewer than 30 individuals in each group [207-209]. Due to the complexity
of injury and the diversity of dysfunction, both of which have large individual variations,
studies with limited sample sizes may result in less stable findings and fail to reliably reveal
the true effects of noninvasive brain stimulation. It is necessary to carry out large-sample,
multicenter, double-blind randomized controlled clinical trials in the future for the same
treatment protocol of a single technology to further test the stability and reliability effects
of NIBS.

Secondly, the current research on NIBS for stroke is still inadequate and insufficient.
Specifically, most studies focused on motor function, speech, and cognitive function after
stroke, mainly using rTMS and tDCS for intervention, while there are fewer studies investi-
gating other functional impairments or using alternate NIBS techniques. At the same time,
considering that complex neuromodulatory mechanisms may be involved in the dysfunc-
tion of stroke, the function of the brain may be based on the overall regulation of neural
circuits or brain networks. Therefore, it is necessary to explore the altered function of stroke
patients by integrating microscopic neuronal firing and neurotransmitter release, as well as
macroscopic brain response signals and somatic nervous system signal changes at the level
of the brain network or neural circuit for these NIBS techniques. Comparing sham stimula-
tion groups for scale or behavioral assessment is also needed, so as to reveal the mechanism
of regulation of neural circuits by each NIBS means in a more comprehensive way.

Lastly, the follow-up duration after NIBS intervention in stroke patients was relatively
short. Most studies assessed outcome indicators at the end of the intervention course, with
the longest follow-up duration being 1 year [136]. It is necessary to extend the follow-up
time to further clarify the effect of NIBS intervention in stroke.

4.2.2. Variety of Therapeutic Options and Prospects

In previous studies, M1 and DLPFC were most frequently used as single stimulation
targets, while other brain regions such as supplementary motor areas, S1, dACC, thalamus,
and hippocampus have been rarely reported. Some recent studies found that functional
connections are damaged in post-stroke patients [210]. Stimulating one or two targets
of the same neural circuit can modulate the whole circuit and achieve better functional
recovery. PAS protocols [211] including within-system, cross-system, and cortico—cortical,
which are composed of rTMS or peripheral stimulation, provide the concept and feasibility
of bi-targeted neuromodulation, especially cortico—cortical PAS [37,212]. On the basis
of the understanding of brain network doctrine and the summary analysis of existing
studies, we believe that neuromodulation can go from single-target stimulation to two-
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target stimulation, and then to multi-target stimulation of the same circuit, eventually
achieving stimulation of the whole brain network, which will be a future development
direction. Animal experiments have reported similar approaches, such as modulation of
touch being able to improve dexterous motor function [213].

Secondly, the protocols of these neuromodulation techniques in NIBS applied in
stroke patients still need further optimization and can be combined into exponentially
increasing stimulation programs depending on the choice of stimulation location, intensity,
frequency, total time, and whether the stimulation is continuous or not [214], among which
the treatment parameters that may lead to adverse effects need further modification [206].
The optimal parameters for TMS, tES, tFUS, and tVNS need to be more clearly defined and
harmonized, and more comprehensive well-designed high-quality studies on the selection
of optimal parameters are expected to provide evidence for the early development of
standardized therapeutic protocols for various techniques of NIBS. Additionally, some
factors, such as contact with the operator or clinician, enable participants to generate
specific expectations even before group allocation, which may further interfere with the
effects of interventions and should be considered when implementing treatments [215].

Lastly, most of the available studies focused on examining the therapeutic effects and
neuromodulatory mechanisms of a particular technique in stroke, but the possibility of
combining different NIBS techniques in stroke is often ignored. The main reasons for this
may be the difficulty in assessing the effects of combining various techniques and the
difficulty in explaining the interactions between the combinations. Given the differences
in the mechanisms of various NIBS, the integration of different techniques may enhance
the neuromodulatory effect, and different NIBS combination models have been reported in
the literature for application in stroke patients, such as rTMS-tDCS and TMS-tACS [216].
There are also many studies combining NIBS with fMRI or EEG [212] techniques, for
example, TMS-EEG, and TMS-fMRI can be used in combination to better individualize
and synchronize neuromodulation in stroke patients, revealing possible remote top-down
effects at the neural population level [113]. Furthermore, the combination of cathodal
cerebellar tDCS and visual feedback was reported to improve balance control in a healthy
population [217] and these findings should also be considered to deeply elaborate the
mechanism of NIBS techniques in post-stroke dysfunction, which will be a future direction
of development.

5. Conclusions

In summary, a growing number of studies suggests that NIBS can be used as a ther-
apeutic measure in post-stroke neurorehabilitation to promote recovery of functional
impairment in patients when combined with movement training or other rehabilitation
treatments. Overcoming the limitations of existing studies and using new stimulation
modalities based on fMRI or EEG such as multitarget, bipolar, individualized, and multi-
modal stimulation, in which tDCS/tACS, tFUS, tVNS, and rTMS are combined with each
other, NIBS can provide better and more precise modulation of neural circuits and neural
networks, reduce adverse effects, and improve therapeutic effectiveness. This brings new
opportunities for some patients with poor effect of conventional treatment, and strongly
promotes its clinical application in the field of stroke neuromodulation.
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