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Introduction: Stroke is usually accompanied by a range of complications,
like post-stroke motor disorders. So far, its evaluation of motor function
is developed on clinical scales, such as Fugl-Meyer Assessment (FMA),
Instrumental Activities of Daily Living (IADL), etc. These scale results from
behavior and kinematic assessment are inevitably influenced by subjective
factors, like the experience of patients and doctors, lacking neurological
correlations and evidence.

Methods: This paper applied a microstate model based on modified k-means
clustering to analyze 64-channel electroencephalogram (EEG) from 12 stroke
patients and 12 healthy volunteers, respectively, to explore the feasibility of
applying microstate analysis to stroke patients. We aimed at finding some
possible differences between stroke and healthy individuals in resting-state
EEG microstate features. We further explored the correlations between EEG
microstate features and scales within the stroke group.

Results and discussion: By statistical analysis, we obtained significant
differences in EEG microstate features between the stroke and healthy groups
and significant correlations between microstate features and scales within
the stroke group. These results might provide some neurological evidence
and correlations in the perspective of EEG microstate analysis for post-stroke
rehabilitation and evaluation of motor disorders. Our work suggests that
microstate analysis of resting-state EEG is a promising method to assist clinical
and assessment applications.

resting-state EEG, microstate analysis, post-stroke, rehabilitation assessment, clinical
scales

frontiersin.org


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2022.1032696
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2022.1032696&domain=pdf&date_stamp=2022-11-18
mailto:cagor@tju.edu.cn
mailto:richardming@tju.edu.cn
https://doi.org/10.3389/fnins.2022.1032696
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnins.2022.1032696/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Wang et al.

Introduction

Stroke is usually accompanied by a range of complications,
one of the recognized post-stroke complications is motor
disorder (Handley et al, 2009). Although dyskinesia occurs
uncommonly in adult stroke patients, about 1-4% of patients
have dyskinesia after stroke severely affecting their life of
patients (Bansil et al., 2012; Mehanna and Jankovic, 2013).

There are two clinical scales for motor function evaluation.
The first one is the Fugl-Meyer Assessment (FMA), which
assesses sensory-motor disorders in stroke patients. FMA has
good consistency, responsiveness, and accuracy and is most
widely used in clinical assessment (Gladstone et al., 2002). The
other is the Instrumental Activities of Daily Living (IADL)
assessment, which assess IADL functions in eight categories:
shopping in the street, going out, food preparation, household
maintenance, laundry, ability to use the telephone, taking
medication, and ability to handle finances (Lawton and Brody,
1969). Both scales are based on behavioral scores, which are
inevitably influenced by subjective factors, like the experience
of patients and doctors, lacking neurological correlations and
evidence.

Electroencephalogram (EEG) is an electrical field recording
of the cerebral cortex (Nunez and Srinivasan, 2006), where
the large-scale activity of cortical neurons creates a specific
distribution of electrical fields in the cortex (Schmidt, 1983)and
through volume conduction (Helmholtz, 1853), a potential
distribution is created on the scalp surface through the skull
and scalp (Michel and Murray, 2012). Placing electrodes on
the scalp surface, changes in scalp surface potential distribution
can be recorded and used to assess the spatial and temporal
dynamics of brain electrophysiological activity (Rappelsberger,
1978). EEG is non-invasive, easy to use, and inexpensive, so
it is a quite common tool for studying brain activity. EEG
signals have a high temporal resolution (Michel and Brunet,
2019) compared to other neuroimaging tools, such as functional
magnetic resonance imaging (fMRI). However, the presence of
volume conduction affects the spatial resolution of EEG (Michel
and Murray, 2012), and the high spatial dimension of EEG
signals cannot be interpreted directly, so it is difficult to extract
valuable information from EEG data.

There are many methods of EEG analysis used to extract
feature information, and microstates analysis is one of them.
A microstate is a sub-stable pattern of cortical potential
distribution in space and time (Lehmann et al, 1987).
In the temporal dimension of EEG, it can be observed
that the temporal sequence of EEG topography consists of
a set of discrete prototype topographies, each of which
maintains a sub-stable state for approximately 60-120 ms before
shifting to another prototype topography (Michel and Koenig,
2018). These prototypical topographies are called functional
microstates, and in resting-state EEG, microstate topographies
share a high similarity across individuals (Koenig et al., 1999),
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which ensures the feasibility of consistent microstate analysis
among subjects. At present, microstate analysis is widely used,
such as in the fields of Alzheimer’s disease, schizophrenia, and
depression research (Michel and Koenig, 2018), but it is rarely
used for motor disorder analysis in stroke.

We applied this method to explore the feasibility of applying
microstate analysis to stroke patients. Our work is to find some
possible differences between stroke and healthy individuals in
resting-state EEG microstate features, and furthermore, to find
some correlations between EEG microstate features and scales
within stroke patients. It expects to obtain some significant
results which can provide some neurological evidence or
correlations in the perspective of EEG microstate analysis for
post-stroke rehabilitation and evaluation of motor disorders.

Materials and methods

Subjects

Our study included 12 patients (nine males and three
females, with an average age of 59.8 £ 12.8) with different
degrees of stroke motor disorder and 12 healthy subjects (eight
males and four females, with an average age of 29.0 £+ 7.1).
All subjects gave signed informed consent. This study has been
approved by the Ethics Committee of Tianjin University and
Tianjin Hospital in Tianjin, China.

Experimental setup

For both groups, resting EEG was collected with eyes open,
and additional FMA scale and IADL scale scores were collected
in the patient group with stroke motor disorders. Clinical
diagnosis was assessed by experienced doctors. The experiment
was performed in a quiet room. Subjects were comfortably
seated in a chair, and they were asked to rest for a period to
meet the standard of resting state EEG. Subjects were asked
to keep still to avoid artifacts such as myoelectricity. The EEG
data were acquired while remaining resting in the open-eyed
state, and record each subjects EEG for more than 200 s. For
patients, the clinical diagnosis was evaluated by an experienced
doctor after data collection, then FMA and IADL scores were
given. FMA has three scores: total score, upper limb score, and
lower limb score.

Data acquisition and preprocessing

Eye-opened resting-state EEG data were acquired from a 64-
channel electrode cap with 64 scalp electrodes (Ag-AgCl) placed
according to the 10-20 electrode system of the International
Federation of Clinical Neurophysiology (Klem et al,, 1999).
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A 64-channel SynAmps2 system (NeuroScan Inc., USA) was
used for EEG recording. The sampling rate was 1,000 Hz. The
impedance for all electrodes was kept below 10 kQ.

Electroencephalogram data were preprocessed offline on
MATLAB (R2021b, MathWorks Inc., USA) with the EEGLAB
(Delorme and Makeig, 2004) 2022.0 toolbox.

First, down-sampling was performed, and the sampling rate
was reduced to 250 Hz, for decreasing the amount of data and
the computational stress of data processing. The sampling rate
satisfies Nyquist’s sampling theorem (Landau, 1967), and 250 Hz
is much larger than twice the 45 Hz.

Second, a Finite Impulse Response (FIR) filter with a
filtering range of 1-45 Hz was applied to eliminate low-
frequency signal shifts and high-frequency interference.

Third, an Independent Component Analysis (ICA) was
performed. After the ICA decomposition of the components,
the joint use of ICLabel (Han et al, 2019) and ADJUST
(Mognon et al., 2011) algorithm assists in identifying artifactual
components, such as blink, muscle movement, eye movement,
and electrode loosening components. After that, use EEGLAB’s
clear raw data and Artifact Subspace Reconstruction (ASR)
function to clean up bad channels and abnormal data segments,
then do ICA on the data again, use ICLabel and ADJUST
algorithm to assist in identifying artifact components, and
visually remove most of the other artifact components.

After the last ICA processing, most of the components in the
top ranking of ICA components are brain-active components,
and their confidence level can reach more than 90%.

Data analysis

We performed microstate analysis to extract features from
data using the microstate toolbox (Poulsen et al., 2018), and then
performed a statistical analysis of the features. The complete
analysis graphical representation shows in Figure 1.

Microstate analysis

A common average reference (CAR) is helpful before
microstate analysis (Ludwig et al,, 2009). Then, the largest
signal-to-noise ratio point is determined by calculating the
Global Field Power (GFP) of each topography in time series,
which is calculated as follows:

N . —_
crp — | 2i Vi) - Vinean (1))

where v,(;) denotes the instantaneous potential value of the No. ;
electrode at time 4; v, (1) represents the average potential value
of all electrodes at time 4; y is the number of electrodes.

Second, the EEG data was segmented. Before segmentation,
EEG data should be normalized. The time point where the GFP
local maximum was located often indicated the presence of a
stable microstate, so the brain topography map at the time point
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FIGURE 1

Graphical representation of the analysis method in the study.
The left side shows five steps: calculate GFP, EEG segmentation,
optimized clustering, back fitting, and feature extraction. On the
right side are examples of each step.

of the GFP local maximum was extracted, these maps were also
called original maps. The extracted brain topographies were
clustered and analyzed using a modified K-means clustering
algorithm (Pascual-Marqui et al, 1995), and the prototype
microstates formed by clustering were ranked based on the
global explained variance. The clustering operation was repeated
using the algorithm for clustering parameters 3-8, respectively.

Third, Optimization of clustering parameters. Usually, the
optimization of the clustering parameters is based on the cross-
validation criterion (CV), Global explained variance (GEV),
Dispersion (W), and Krzanowski-Lai (KL) criterion to choose
the suitable number of prototype microstates (Poulsen et al,
2018). However, according to the previous experience (Koenig
et al,, 1999), the number of resting-state microstates clustering
is generally chosen to be 4, because the topography of four
prototype microstates has high similarity among different
studies, and the fixed microstate clustering number of 4 can
ensure the consistency and comparability between individual
studies (Michel and Koenig, 2018). These prototype microstate
topographic maps are easily recognized, and therefore they
are labeled as four classes A, B, C, and D, which are left-
right direction (type A), left-right direction (type B), anterior-
posterior direction (type C), and frontocentral maximum
(type D).

When we got the four microstates, a back fitting was
performed based on the number of microstates selected. After
the four prototype microstates are obtained by clustering, the
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FIGURE 2
(A) Four prototype microstates extracted from one healthy subject. (B) Four prototype microstates extracted from one patient subject. The brain
topographies are labeled as type A, B, C, and D. In both graphs GFP, the EEG data is divided into small segments. Each of them is corresponding
to one of four microstates and a microstate sequence is formed. There are slight differences between the healthy group and the patient group.

TABLE 1 Microstate features GFP, Occ, Dur, and Cov for each
prototype microstate.

Microstate features A B C D

GFP 2.5429 2.6814 2.9412 2.5121
Occ 3.0817 3.3100 3.7209 1.9061
Dur (ms) 79.1481 85.1345 92.6626 67.9401
Cov 0.2439 0.2818 0.3448 0.1295

whole data set is fitted to the prototype microstates, and each
segment of EEG data is matched with a microstate label,
which is one of the four prototype microstates. A winner-
take-all method was used, i.e., the prototype microstate
with the highest similarity is selected as the microstate
label of the EEG data and a sequence of microstates is
formed. However, the presence of interference and artifacts
in the original data affects the quality of the microstate
back fitting and may produce some microstates with short
durations, which are not true microstates and do not meet the
requirements of sub-stability. Therefore, these short microstates
need to be rejected, temporal smoothing was performed
by merging data segments with microstate durations of
less than 30 ms.

In the last step, the microstate features are calculated.
For each microstate, the duration (Dur) is defined as
the average duration of the microstate per second.
Occurrence (Occ) frequency was defined as the average
frequency of the observed microstates. Coverage (Cov)
was defined as the percentage of each microstate that
occurred in each period. The average GFP is defined as
the average amplitude of GFP during each microstate class
dominance. The transition probability (TP) is defined as
the probability of moving from one microstate to another
different microstate.

Frontiers in Neuroscience

Statistical analysis

Statistical analysis was performed on SPSS software (IBM
Inc., USA). In this study, the significance level is 0.05. All
statistical tests are two-tailed tests.

We conducted an independent sample ¢-test to find whether
there are some differences between the features of resting-
state patients’ microstates and those of healthy subjects. Then
we conducted a Pearson correlation analysis to analyze the
correlation between EEG microstate features and scale scores
within the stroke group. Considering that the features of
microstates may be affected by factors such as age, further
partial correlation analysis was performed with age as the
control variable.

Results
Descriptive statistics

In both groups, the number of clusters was set to 4. The
cluster maps obtained from each subject's EEG were highly
consistent (Michel and Koenig, 2018), so we called them
prototype microstates, yet slight differences could still be found
when comparing patients and healthy subjects as Figure 2
shows. We have marked the type of prototype microstates
manually. In the EEG time series, the EEG signal is segmented
corresponding to each prototype microstate, and each prototype
microstate lasts for about 60-120 ms. The topography of the
microstates was slightly different between patients and healthy
subjects.

For each prototype microstate, we calculated the features
corresponding to each prototype microstate and grouped
them according to the label of the microstate. Each microstate
corresponds to four features: average duration, average
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https://doi.org/10.3389/fnins.2022.1032696
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Wang et al.

>

m

O

o

FIGURE 3
Transition probability matrix.

occurrence, coverage, and average GFP. The features between
microstates are the transition probabilities, 12 values in total,
they are A-B (A-B denotes the transfer from the prototype
microstate A to the prototype microstate B unidirectionally,
the same below), A-C, A-D, B-A, B-C, B-D, C-A, C-B, C-D,
D-A, D-B, D-C, respectively. A TP matrix was formed with a
zero diagonal because the prototype microstate transfer to itself
is not meaningful. Table 1 and Figure 3 show the data on the
microstate features of one of the patients.

Independent samples t-test

To find differences between the health and patient group, we
did independent samples t-test. There are two group settings:

10.3389/fnins.2022.1032696

the experimental group (healthy subjects) and the experimental
group (patients), with a total of 28 test variables, ie., 12
probabilities of transition and a total of 16 (4*4) microstate
features corresponding to each prototype microstate. When
performing the independent samples ¢-test, it was found that
the two groups of data did not meet the requirement of
homogeneity of variance, so Welch’s method was used for
correction. The following Table 2 was obtained, labeling the
differences between the two groups for each microstate feature
respectively, and the average duration of microstate C (Dur_C)
was significantly different between the groups (;=2.268, p=0.038)-
The detailed information is shown in Figure 4. To examine
the influence of age, we applied a two-factor ANOVA analysis
to the data, then, we got the result that the factor age
has no statistical significance (F = 0.782, p = 0.387) and
the factor Dur_C has a statistical significance (F = 5.077,
p=0.036).

Scale correlations

Pearson correlation analysis was performed using SPSS
25 software to analyze the correlation between the microstate
features and the clinical scales. The dependent variables are
the scale scores: FMA, upper limb score, lower limb score,
and IADL score. The independent variables are the microstate
features corresponding to each prototype microstate: average
GFP, average duration, average occurrence, coverage, and
transition probabilities. Statistical analysis showed a significant
correlation between the transition probability from C to D and
the scale scores.

There was a significant correlation between C-D transition
probability and FMA score within the confidence interval of

TABLE 2 Independent samples t-tests for 28 variables respectively with t-values and significance p-values.

Characters A-B A-C A-D B-A B-C B-D C-A

t-value —0.696 1.511 —0.552 —0.227 1.360 —1.009 0.530
Significance 0.499 0.146 0.587 0.823 0.189 0.325 0.602
Characters C-B C-D D-A D-B D-C GFP_A GFP_B
t-value 0.546 —0.843 —0.390 —0.802 0.978 —0.312 —0.131

Significance 0.591 0.409 0.700 0.433 0.344 0.759 0.897
Characters GFP_C GFP_D Occ_A Occ_B Occ_C Occ_ D Dur_A
t-value 0.042 —0.444 —0.409 —0.414 1.439 —0.859 —0.362
Significance 0.967 0.663 0.687 0.684 0.168 0.401 0.722
Characters Dur_B Dur_C Dur_D Cov_A Cov_B Cov_C Cov_D
t-value —0.393 2.268 —0.018 —0.522 —0.564 1.907 —0.716
Significance 0.700 0.038* 0.986 0.607 0.582 0.075 0.482*

GFP_A represents the character GFP of microstate A, and similar definitions as the table show (*represents p < 0.05, **represents p < 0.01).
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Estimation Plot for the average duration of microstate C. C
represents the control group (healthy group) and E represents
the experimental group (patient group).

95% (r = 0.7383, p = 0.0061, two-tailed test), which indicates
that C-D transition probability influences the FMA score.
Furthermore, the C-D transition probability was significantly
correlated with the upper limb score (r = 0.7953, p = 0.0020,
two-tailed test) within the confidence interval of 95%. It is
noted that the r-value of the latter correlation test is higher,
and the p-value is smaller, suggesting that the C-D transition
probability reflects the upper limb score and implies the
mobility of the upper limb. Since the microstate features are
also influenced by age and gender (Hu and Zhang, 2019),
we further implemented a partial correlation analysis, which
was performed mainly on the age variable. By setting the
control variable as age, there was a significant correlation
between C-D and FMA (r = 0.742, p = 0.009), and C-D
0.802, p = 0.003) also had a
significant correlation. The comparison revealed that age had

and upper limb score (r =

an insignificant effect on the correlation, which indicates that
age is not a major factor affecting the scores and that there is
a significant correlation between the transition probability C-D
and the FMA score, as well as the upper limb score. For the
other microstates, no significant correlation was found. Then
we did a linear regression as Figure 5 shows. For transition
probability C-D vs. the FMA score, the R squared is 0.5451; for
transition probability C-D vs. upper limb score, the R squared is
0.6325.

The resting state microstate feature average duration of
microstate A(Dur_A) was significantly correlated with the lower
—0.6415, p = 0.0246) as Figure 6 shows.
Furthermore, partial correlation analysis was performed with

limb score (r =

the control variable age, and there was statistically significant
(r=—0.673, p = 0.023), suggesting that the correlation between
Dur_A and the lower limb score was significant when influenced
by the age variable. Linear regression was done, and the R
squared is 0.4115.
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Discussion

We used microstate analysis to assess the EEG differences
between patients and healthy subjects, and further assessed the
correlations between patient microstate features and clinical
scales. Our study got statistically significant results. The
transition probability from A to C was slightly decreased in
patients with stroke motor disorders compared to healthy
subjects and the variance was larger within the patient group
compared to the healthy group. There was a significant
correlation between transition probability from C to D and the
FMA score, upper limb score. Particularly, a more significant
correlation between transition probability from C to D and
upper limb score was found. There was a significant correlation
between the average duration of microstate A and the lower limb
score. For other microstate features, no significant difference
was found between groups, and no correlation was found
between other features and other clinical scale scores.

Microstates provide information on the combinatorial
activity of large-scale neural networks, and correlations between
EEG microstates and fMRI resting states are found in previous
studies (Britz et al., 2010; Musso et al., 2010; Yuan et al., 2012).
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Microstate A correlates with negative Blood Oxygen on Level
Depending (BOLD) activation in the bilateral superior temporal
lobe and middle temporal lobe, microstate B correlates with
negative BOLD activation in the bilateral occipital cortex.
Microstate C correlates with positive BOLD activation in the
dorsal anterior cingulate cortex, bilateral inferior frontal cortex,
and right insula area. Microstate D is associated with negative
activation of BOLD in frontal and parietal cortical righting
dorsal and ventral areas. Britz et al. (2010) correlate microstate
C with activity in cognitive control networks (mainly salience
networks) and with activation of the anterior cingulate and
insula (Seeley et al., 2007). According to (Britz et al., 2010),
microstate D is associated with the focal attention network.

There is an antagonistic relationship between microstate C
and microstate D, creating a dynamic equilibrium (Santarnecchi
etal, 2017). When a stroke occurs, the equilibrium is disrupted,
and the degree of this imbalance varies depending on the
severity of the stroke motor disorder. As seen in the figure, the
lower the patient score is, the lower the transition probability
C-D is, representing a state transition from microstate C
to microstate D is less likely to occur. This suggests that
the connectivity of the microstate C salience network to the
microstate D dorsal attention network is reduced. However,
there is no evidence to determine the relationship between
changes in network connectivity balance and stroke motor
disorder. This may be related to impaired proprioception, which
requires a more detailed study of the relationship between
microstates and fMRI of patient brain function.

Our study involved a limited number of subjects, more
healthy subjects and patients could be involved to get
furthermore detailed analysis in the future. However, it suggests
the feasibility of applying microstate analysis to stroke patients
and that there are some correlations between microstate features
and clinical scales. As a purely phenomenological concept,
the association between microstates and brain activity remains
vague, and more work needs to be done in the future to reveal
the association between microstate features and brain activity
and to find more neurological evidence.

Conclusion

In summary, we found some differences between stroke
and healthy individuals in resting-state EEG microstate features,
which is statistically significant by independent samples ¢-test.
And we performed the Pearson correlation analysis between
EEG microstate features and scales within the stroke group.
We obtained significant differences in EEG microstate features
between the stroke and healthy groups, and significant
correlations between microstate features and scales within the
stroke group. These results might provide some neurological
evidence of EEG microstate analysis for stroke rehabilitation.
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Resting-state EEG microstate might assist clinical diagnosis and
assessment application as a neurological marker.
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The use of Brain—Computer Interfaces (BCI) as rehabilitation tools for chronically
ill neurological patients has become more widespread. BCls combined with
other techniques allow the user to restore neurological function by inducing
neuroplasticity through real-time detection of motor-imagery (MI) as patients
perform therapy tasks. Twenty-five stroke patients with gait disability were
recruited for this study. Participants performed 25 sessions with the MI-BCI and
assessment visits to track functional changes during the therapy. The results of this
study demonstrated a clinically significant increase in walking speed of 0.19 m/s,
95%Cl [0.13-0.25], p<0.001. Patients also reduced spasticity and improved their
range of motion and muscle contraction. The BCl treatment was effective in
promoting long-lasting functional improvements in the gait speed of chronic
stroke survivors. Patients have more movements in the lower limb; therefore,
they can walk better and safer. This functional improvement can be explained by
improved neuroplasticity in the central nervous system.

KEYWORDS

brain—computer interfaces, BCI, stroke, neurorehabilitation, functional electrical
stimulation, lower limb, 10 Meter Walking Test, gait

1. Introduction

Stroke is one of the main causes of mortality and long-term disability worldwide. Functional
deficit of the lower limb is the most common paresis after a stroke. Stroke patients rarely fully
recover after months or even years of therapy and other treatment, leaving them with permanent
impairment. Many of these patients never regain the ability to walk well enough to perform all
their daily activities (Hesse et al., 2008; Mehrholz et al., 2017). Gait recovery is one of the major
therapy goals in rehabilitation programs for stroke patients and many methods for gait analysis
and rehabilitation have been developed (Mehrholz et al., 2017). Weakened muscle tone is
another common challenge in motor rehabilitation. Therapies such as active foot drop exercises,
electromechanically assisted therapy and treadmill therapy are usually limited to patients with
mild or moderate impairment (Mills et al., 2011; Mehrholz et al., 2017).
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A 2018 study (Mehrholz et al., 2018) conducted a network meta-
analysis based on 95 publications out of 44.567 that were considered. In
this study, 4.458 patients were included, and the effectiveness of the most
common interventions for gait rehabilitation after stroke was analyzed.
The interventions where classified in five groups: (1) No walking training,
(2) Conventional walking training (walking on the floor, preparatory
exercises in a sitting position, balance training etc. without technical aids
and without treadmill training or electromechanical-assisted training),
(3) Treadmill training without or with body-weight support, (4)
Treadmill training with or without a walking speed paradigm, (5)
Electromechanical-assisted training with end-effector devices or
exoskeletons. For the primary endpoint of walking speed, end-effector-
training (EGAIT_EE)
improvements than conventional walking rehabilitation (mean difference
[MD]=0.16m/s, 95% CI=[0.04, 0.28]). None of the other interventions
improved walking speed significantly.

assisted achieved significantly greater

Functional electrical stimulation (FES) has also been used in motor
rehabilitation therapy over the last few decades. Passive FES therapy can
reduce muscle spasms and shorten the term of motor recovery (Hong
et al,, 2018). Passive therapies such as continuous passive motion or
cycling therapy have been employed for patients and showed functional
improvements in previous studies (Janssen et al., 2008; Yeh et al., 2010;
Ambrosini et al., 2011). However, they do not include devices or systems
to monitor the patient’s active engagement in the therapy.

Today, Brain-Computer Interfaces (BCIs) can provide an objective
tool for measuring Motor Imagery (MI), creating new possibilities for
“closed-loop” feedback (Wolpaw and Wolpaw, 2012). Closed-loop
feedback depends on sensing the desired mental activity and is
possible with MI-based BCIs, which could significantly improve
rehabilitation therapy outcomes (Ortner et al., 2012; Cho et al., 2016;
Cantillo-Negrete et al., 2018; Irimia et al., 2018).

MI-based BCIs have been employed in rehabilitation training for
stroke patients to fill the gap between patients’ expectations and
therapy outcomes. In conventional rehabilitation therapies, patients
are often asked to try to move the paretic limb, or to imagine moving
it, while a FES, physiotherapist and/or robotic device helps them to
perform the desired movement. Their feedback is often provided
when the users are not performing the required mental activity. There
is no objective way to determine whether patients who cannot move
are actively performing the desired motor imagery (MI) task and thus
producing concordant neural activation. Its efficacy has been shown
in multiple studies implementing exoskeleton, orthosis or robots
which induce passive movement of their affected limbs (Ramos-
Murguialday et al., 2013; Ono et al., 2014; Ang et al., 2015). During
repetitive neurofeedback training sessions, even patients with severe
impairment could complete the sensorimotor loop in their brains
linking coherent sensory feedback with motor intention (Cho et al.,
2016; Pichiorri et al., 2017; Irimia et al., 2018).

This concurrent sensory feedback with motor intention is an
important factor for motor recovery (Ortner et al.,, 2012; Bolognini et al.,
2016; Pichiorri et al., 2017; Cantillo-Negrete et al., 2018; Irimia et al.,
2018). Concurrent feedback based on users’ intention may help them
learn mental strategies associated with movement and BCI use, which can
affect results (Neuper et al., 2005; Neuper and Allison, 2014). Neural
networks are strengthened when the presynaptic and postsynaptic
neurons are both active. In conventional therapies, when patients receive
feedback while they are not performing MI, these two neuronal networks
are not simultaneously firing. This dissociation between motor commands
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and sensory feedback may explain why the therapy does not significantly
induce the reorganization of the patients’ brains around their lesioned
area. Non-simultaneous, dissociated feedback cannot underlie the
Hebbian learning between two neuronal populations that underlies the
desired improvements from rehabilitation (Mayford et al., 2012; Wolpaw
and Wolpaw, 2012). Thus, conventional therapies may sometimes fail
because they rely on open-loop feedback.

This clinical trial investigated the impact of combining BCI
technology with MI and FES feedback for motor recovery of the lower
limbs. The patients’ real-time sensory feedback depended on their
movement intention. We explore the relationship between the
proposed rehabilitation method and rehabilitation results, including
changes in walking speed. Patients who use the training mode may
have better motor outcomes, and these outcomes will be compared
with those from patients who had EGAIT_EE therapy.

2. Methods
2.1. Participants and study design

The study was approved by the Ethikkommission des Landes
Oberosterreich (Nr. 1,126/2020) and the Bundesamt fiir Sicherheit im
Gesundheitswesen (clinical trial number 101210314) in Austria. Each
participant provided written informed consent before the
pre-assessment. No adverse events were reported during the entire
study period.

Each participant received 3 months of BCI-supported MI training
with 3 weekly sessions, 25 sessions in total. Two pre-assessments (Prel
and Pre2) and three post-assessments (Post1, Post2, and Post3) were
performed by two certified physiotherapists and were evaluated by the
research team. Prel and Pre2 were scheduled 1 month and a few days
before the intervention (respectively), while Post1, Post2, and Post3
were carried out a few days, 1 month, and 6months after the
intervention (respectively).

2.2. Inclusion and exclusion criteria

The following inclusion criteria were used when recruiting
patients: understand written and spoken instructions; at least 10 days
after stroke onset; a restriction of the lower extremities that prevents
activities of daily life; stable neurological status; willing to participate
in the study and to understand and sign the informed consent;
available to attend meetings; be able to provide their diagnosis in
detail including brain images; can perform 10 Meter Walking Test.

The patients’ recruitment used the following exclusion criteria:
ossification; contraction or stiffness of the wrist or ankle joint; metal
(e.g., jewelry, piercings, buckles, surgical surface staples) in the target
stimulation area; strong visual or auditory deficits that could prevent
them from following the tasks; had a brain stem stroke; unable to
tolerate cutaneous electrical stimulation; implanted medical devices
such as pacemakers; implanted metallic fragments in the extremities
which can limit the use of FES; cerebellar lesions; multiple stroke
history; elevated intracranial pressure; pronounced hemi-neglect;
uncontrolled epilepsy or seizures; under the influence of anesthesia or
similar medication; fractures or lesions in the stimulated extremities;
severe lung diseases, infections, renal insufficiency, liver damage, heart
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diseases: severe pusher syndrome; significant circulatory disturbances
of the stimulated extremities; inability to independently maintain a
seated position (without assistance) for about 60min; sensory
disorders which can significantly affect the patient’s ability to feel pain
and react to unsuitable proprioceptive stimuli; diseases of the
peripheral nervous system affecting the upper or lower limbs;
botulinum-toxin treatment of the paretic lower limb during this study;
cognitive impairments that could limit understanding of task
instructions (MOCA <22).

2.3. Subjects

Twenty-five stroke patients were enrolled in this study. Three of
them withdrew from the study after the Pre2 assessment. This analysis
is based on the 22 remaining patients. Thirteen were males and nine
females. The mean age was 53.79 years (SD =17.22). The median time
since the stroke was 47.63 months, IQR =[26.7-99.66]. The time since
the stroke ranged between 7 months and 397 months. Twenty-one
patients were in the chronic phase, and only 1 was in the
subacute phase.

The functional measures recorded in Prel and Pre2 assessment
did not show any significant differences, indicating that the patients’
functional baseline was stable before the BCI treatment.

2.4. Functional and behavioral assessment

The following personal data were recorded for each participant:
date of birth; sex; contact information; profession; hobbies, medical
history and diagnosis; and previous and current rehabilitation
if available.

A series of functional and behavioral scales were administered in
pre- and post-assessments. These scales were used to evaluate each
patient’s performance in the following five spheres: (1) Gait speed, (2)
Balance and gait quality, (3) Range of motion and muscular balance,
(4) Motor function, and (5) Cognition and daily living activities. The
assessments were conducted by a qualified healthcare professional
with expertise in stroke rehabilitation.

2.4.1. Gait speed

The primary measure of this study is the gait speed assessed by the
10 Meter Walking Test (IOMWT). The I0MWT assesses walking
speed in meters per second over a short duration and is one of the
most common ways to evaluate the functional mobility, gait, and
balance for lower limb therapy (Wade, 1992). In this test, the
individual walks 10 meters without physical assistance. The first and
last two meters are not considered to provide time for acceleration and
deceleration, and the time to walk the intermediate six meters is
measured. Assistive devices can be used but should be kept consistent
and documented from test to test. This test is repeated 3 times for
more robust measurements.

2.4.2. Balance and gait quality

Timed Up and Go (TUG) assesses the time that patients need to
get out of a chair, walk 3 meters, turn around, walk back 3 meters, and
sit down again. This measure is related with the coordination and
balance (Bohannon, 2006).
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The Berg Balance Scale (BBS) was designed to assess static balance
and risk to fall. Scores on the BBS range from 0 to 56. 0 and 56 indicate
low and high level of function and balance, respectively.

The Functional Ambulation Classification (FAC) categorizes
patients according to basic motor skills necessary for functional
ambulation. Patients are classified into six different classes: (1)
Non-functional, (2) Dependent Level III, (3) Dependent Level I1, (4)
Dependent with supervision, (5) Independent, level surfaces only, and
(6) Independent.

2.4.3. Range of motion and muscular balance

We used the Modified Ashworth Scale (MAS) to assess spasticity,
in which low punctuations reflect less spasticity (Meseguer-Henarejos
etal., 2018). The MASAnkle was used to test ankle spasticity and the
MASKnee scale tested knee spasticity.

The passive and active range of motion (ROMp and ROMa
respectively) of the ankle and the knee movements were analyzed
using a digital goniometer. The same starting position was used
through all measurements in order to keep consistent results and
detect changes in mobility.

Muscle strength of the ankle and the knee was assessed by the
Manual Muscle Test (MMT), where high values are related to high
muscle strength and low values to muscle weakness.

2.4.4. Motor function

The Fugl Meyer Assessment for the Upper Extremity and Lower
Extremity (FMA-UE and FMA-LE) was used to evaluate the motor
impairment. FMA-UE ranges from 0 to 66 points, and FMA-LE from
0 to 34. The score reflects impairment in limb functions, with lower
scores corresponding to greater impairment, and is often used to
assess the damage resulting from stroke and progress during therapy
(Woytowicz et al., 2017).

2.4.5. Cognition and daily living activities

The Barthel Index (BI) is a questionnaire designed to test the
patient’s ability to perform daily living activities (Quinn et al., 2011).

We used the Stroop Color-Word Test (SCWT) and the Montreal
Cognitive Assessment (MOCA) for cognitive assessment (under
academic license), both tests were in paper version. The SCWT entails
three different cards, each with a 10 x 10 matrix of words of color
names, and the patient is asked to read as many words as possible in
455 (Stroop, 1935). The first card is printed in black, the second card
contains words printed in the same color (such as the word “BLUE”
printed in blue), and the third card has words printed in a different
color (such as the word “BLUE” printed in red). People with some
types of cognitive dysfunctions will be able to read fewer words than
healthy persons. The MOCA scale is widely used to assess the
cognitive state of neurologic patients (Koski, 2013). This scale has 8
parts, and the total score ranges from 0 points to 30 points. Higher
scores indicate better cognitive function and a MOCA score above 25
points is considered normal.

2.5. BCl system description
Patients were seated in a comfortable chair in front of an LCD

screen with the arm resting on a desk and the leg on a support chair.
Patients wore EEG caps with 16 active electrodes (g.Nautilus PRO,
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g.tec medical engineering GmbH, Austria). EEG electrode positions
were FC3, FCz, FC4, C5, C3, C1, Cz, C2, C4, C6, CP3, CP1, CPz, CP2,
CP4 and Pz according to the international 10/20 system. A reference
electrode was placed on the right earlobe and a ground electrode at
AFz (see Figure 1).

One pair of FES pads were placed on the skin over both the ankle
and wrist extensors. The two FES devices (g.Estim FES, g.tec medical
engineering GmbH, Austria) were set to a frequency of 50Hz and a
rectangular pulse width of 300 pis for the wrist and 400 ps for the ankle.
The stimulation amplitude (in mA) was adjusted to find the optimal
movement produced by electrical stimulation in both the healthy and
affected limbs without inducing pain or spasms.

All participants were instructed to imagine dorsiflexion of the
paretic ankle vs. opposite wrist based on the system indications. This
is a type of MI task. Each recording session was divided in 3 runs with
40 trials for each limb type (wrist or ankle). Hence, each session had
240 MI trials. Each session lasted about 1h, including time for
preparation and cleaning.

The MI tasks were presented in a pseudo-random order with
inter-trial intervals of 1s. Figure 2 depicts the timing of each trial.
Patients were first cued to the start of a trial with an attention beep.
Two seconds later, an animated arrow in the avatar window pointed
either left or right to instruct patients to imagine moving the ankle or
hand. At the same time, an auditory instruction cued the patient to
imagine either ankle or hand movement during that trial. During the
feedback phase, the FES and avatar were triggered when the system
detected MI of the correct limb. If no MI was detected, feedback was
deactivated. Feedback was updated five times per second.

2.6. Signal processing

EEG signals were sent from a biosignal amplifier and were
bandpass filtered (4th order Butterworth filter) between 8 and 30 Hz.
Then, common spatial patterns (CSP) were applied to transform the

FIGURE 1

This photograph shows components of the BCl system used in this
study, including a monitor with an avatar to instruct the patient and
provide visual feedback. The EEG system measures the brain activity
that the BCl analyzes in real-time. As soon as the BCI system detects
foot or hand movement imagination, the avatar moves its foot or
hand while the FES activates to produce the movement.

Frontiers in Neuroscience

16

10.3389/fnins.2023.1256077

data to a new matrix with minimal variance of one class and maximal
variance of the other class (Blankertz et al., 2008). Each class reflects
the MI of the cued limb versus the MI of the other limb. The CSP
method calculated a 16 x 16 projection matrix from 16 EEG channels
for each left and right trial X. This matrix is a set of spatial patterns
that may reflect regional cortical activation during hand MI. The
decomposition of a trial is written as Z= WX. This transformation
projects the variance of X onto the rows of Z and results in 16 new
time series. The columns of A=W~"are a set of CSPs and are time-
invariant EEG distributions. The variance for left trials is largest in the
first row of Z and decreases with the subsequent rows. The opposite
occurs in a trial with right trials. The variances were extracted as
reliable features of the newly calculated 16 time series for the binary
classification (left vs. right).

According to Mueller-Gerking’s work, the optimal number of
CSPs should be four (to reduce the dimensionality of EEG) (Muller-
Gerking et al., 1999). Using an artifact corrected training set, XT, only
the first and last two rows (p=1, 2, 15, and 16) of W were used to
process new input X. Then, the variance (VARp) of the time series was
calculated for a time window 7. After normalizing and
log-transforming, four feature vectors were obtained via equation 1.

VAR,

e a— 1)
szlVARp

fp =log

A linear discriminant analysis (LDA) classified each trial as either
left or right MI. When the input signals were correctly classified
according to the assigned task, the feedback devices were triggered.
This online classification and control of the FES and avatar were
updated every 20 ms.

We estimated offline classification accuracy via a 10-fold cross
validation. This refers to partitioning a sample of movements into 10
complementary subsets and validating the analysis on one subset
(called the validation set or testing pool) and training the CSPs and
classifier on the other subsets (called the training pool).

The accuracy was calculated (in steps of half a second) for all trials
in the testing pool within a 4.5 s time window beginning 1.5s after the
attention beep and ending with the end of the trial. For each step and
each single trial, the classification result is either 100% or 0%. The
accuracy of all trials of the test pool is then averaged for each single
step, resulting in accuracy levels ranging between 0 and 100%. After
averaging all 10 repetitions of the cross validation, the maximum value
during the feedback phase was noted as the session accuracy.

2.7. Statistical analysis methods

The software used for the statistical analysis was MATLAB R2020a
and RStudio (R version 4.0.3 and RStudio version 2022.02.4).
We designated the mean of Prel and Pre2 as the baseline value for
each outcome measure [Baseline = (Prel + Pre2)/2]. Post-assessment
was the outcome measure after completion of the 25 training sessions.
The primary and secondary outcomes were statistically analyzed after
a normal distribution was determined with the Shapiro-Wilk test. The
significance threshold was set to a=0.05. The statistical test was
chosen according to the normality of the sample, the homogeneity of
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FIGURE 2
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Trial description. The patient hears an attention sound at trial onset. At second 2, the system presents an arrow on the computer screen to instruct the
patient to imagine ankle or hand movement (through the left/right cue) and a corresponding verbal instruction in the patient’s native language. During
the feedback period, the FES and the virtual avatar are activated if the Ml was classified correctly. At second 8, the patient hears a relax command.

variance (Levene’s or Brown-Forsythe test of equal variance) and
sample size. Descriptive statistics will be shown as mean and the
standard deviation (SD), or the median with the inter-quartile rate
(IQR) of 0.25 and 0.75.

A two-tailed paired sample t-test or a Wilcoxon signed rank test
was used to investigate the outcome of changes between two different
assessments in the same group of patients.

For multiple comparisons, p-values were corrected using the False
Discovery Rate (FDR) described by Benjamini and Hochberg (1995),
which explains that adjusted p-values can be greater than 1. All
p-values greater than 1 were converted to 1. The p-values below 0.05
that are shown in the results tables are marked in red color.

First, we analyzed the functional improvement after the BCI
therapy using paired comparison (¢-test or Wilcoxon signed rank test)
between PRE values and Post1 values. The second step was to analyze
the middle-term effects 1 month after therapy by comparing Post1 vs.
Post2, and long-term effects 6 months after the therapy by comparing
Post1 vs. Post3.

2.8. Ethics for re-use

Written informed consent was obtained from the individual (s)
for the publication of any potentially identifiable images or data
included in this article.

3. Results

Twenty-seven patients were assessed for eligibility. Two of these
patients were immediately excluded because their stroke location did
not meet the inclusion criteria. The other twenty-five patients were
assigned to the intervention group (BCI group). Three patients
dropped-out from the study. One of those three patients decided to
not continue in the study because of a loss of interest. The other two
patients could not finish the study because they lacked transportation
to attend the sessions. Hence, twenty-two patients finished the BCI
sessions, and only results from these patients were analyzed further.

3.1. Functional improvement after BCI
therapy

The results in this section summarize differences from the
Baseline to Post1 assessments across different tests (please see Table 1).
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We used the Wilcoxon signed rank test or paired t-test for statistical
analysis, depending on whether or not the data presented a normal
distribution. The improvement of each scale is presented using the
median and IQR, and the mean and SD are also provided if differences
are significant.

Gait function was mainly assessed by IOMWT and the balance
and coordination by TUG, all of which show some significant
improvement after the therapy.

3.2. Gait speed

The primary measure of this study is the IOMWT. This test has
two different parameters: Self-Selected Velocity (LOMWT-SS) and Fast
Velocity (10MWT-FV). The results can be presented based on the
time (s) or speed (m/s).

3.2.1. Self-selected velocity (10MWT-SS)

The results at the baseline (X=8.5s IQR=[6.8 to 28.91]) and
Post1 assessment (X=6.81s IQR=[6.03 to 18.54]) show a significant
reduction in the test time, AIOMWT-SS [t] =—1.58s IQR=[-2.23
to —0.49], Z=4.901, p<0.001. The results also show an increase of
the test speed from the baseline (x=0.71 m/s IQR=[0.21 to 0.88])
and Post1 assessment (X =0.88 m/s IQR=[0.32 to 1]), ALOMWT-SS
[v]=0.08m/s IQR=[0.02 to 0.16], Z=4.718, p<0.001. See
Figure 3A.

A non-parametric Friedman test of differences among repeated
measures was conducted and rendered a Chi-squared value of 33.379
with p<0.001 Therefore, a post-hoc test was conducted using the
Nemenyi multiple comparison test. Table 2 presents the results.

3.2.2. Fast velocity (100MWT-FV)

The results of the 10MWT-FV in the baseline (X=5.78s
IQR=[5.15 to 26.08]) vs. Post1 assessment (X=5.14s IQR=[4.56 to
15.09]) show a significant reduction in the test time, ALOMWT-FV
[t]=—0.995s IQR=[—-3.9 to —0.46], Z=3.442, p=0.012. The results also
show an increase of the test speed from the baseline (Xx=1.09m/s
IQR=[0.25 to 1.2]) and Post1 assessment (X=1.26 m/s IQR=[0.41 to
1.43]), ALOMWT-FV [v]=0.16m/s IQR=[0.08 to 0.3], Z=4.649,
p<0.001. The mean improvement with 95% CI: AIOMWT-FV
[v]=0.19,95% CI [0.13, 0.25]. See Figure 3B.

A non-parametric Friedman test of differences among repeated

measures was conducted and rendered a Chi-squared value of 43.12
with p<0.001 Therefore, a post hoc test was conducted using the
Nemenyi multiple comparison test.
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TABLE 1 Summary of the functional improvement after BCI treatment.
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Baseline Postl A A
Median [IQR] Median [IQR] Median [IQR] Mean (SD)
90 90 1.25
BI 22 2.73 (SD=3.26) 0.021
[80 to 90] [81.25 to 95] [0to 5]
FMA-UE 22.75 24 0.75
22 2.43 (SD=4.5) 0.103
m [16.25 to 32.75] [18 to 37] [~0.38 t0 5.62]
FMA-LE 24 25 1
21 1.1 (SD=2.68) 0.166
m [20.5 to 25.5] [22to0 27] [0 to 2.5]
26 27 0.5
MOCA 20 0.82 (SD=1.58) 0.126
[22.88 to 28.25] [24 to 30] [—0.5 to 1.62]
SCWT 73 80 3
21 4.67 (SD=7.64) 0.044
Word [46 to 96] [47 to 98] [~1to6]
SCWT 68 65 1
21 1.74 (SD=6.8) 0.383
Color [48 to 93] [50 to 92] [-2to 6]
SCWT 24 26 1.5
21 2.9 (SD=4.06) 0.024
ColorWord [15.5 to 30] [18 to 34] [0to 6]
MAS 0 0 0
22 —0.2 (SD=0.47) 0.195
knee [0to1] [0to1] [0to 0]
MAS 3 2.5 0
22 —0.42 (SD=0.55) 0.038
ankle [1to3] [1to3] [-1to0]
ROM passive 24.75 30.05 4.32
22 5.67 (SD=7.89) 0.023
Ankle DF [19.35 to 31.26] [21.33 to 37.25] [1.16 to 10.09]
ROM passive 15.05 19.15 2.25
22 2.01 (SD=6.53) 0.281
Ankle_FL [8.59 to 21.1] [12.92 to 22.73] [~0.94 to 5.88]
ROM passive 128.9 135.3 2.95
21 7.35(SD=15.2) 0.043
Knee FL [124.1 to 133.95] [126.6 to 139.7] [—1t09.25]
ROM active 7.7 17.7 5.95
22 7.02 (SD=7.27) 0.008
Ankle DF [1.63 to 18.41] [2.08 to 30.6] [0.45 to 8.64]
ROM active 5.55 10 2.13
22 3.7 (SD=5.84) 0.031
Ankle FL [3t09.18] [3.7 to 15.6] [0 to 5.82]
ROM active 114.6 117.1 2.5
21 6.21 (SD=12.96) 0.126
Knee FL [109.2 to 118.1] [112 to 124.6] [-1.1t09.5]
MMT 6 7 0
22 0.73 (SD=1.03) 0.031
Ankle DF [4to 7] [4.5t0 9] [0to1]
MMT 6 7.5 0.25
22 0.84 (SD=1.18) 0.024
Ankle FL [4 to 7.75] [4.25 to 9] [0to1]
MMT 8.25 9 0
22 0.68 (SD=0.91) 0.031
Knee EX [6.25to 9] [8 to 10] [0to 1]
MMT 9 10 0
22 0.34 (SD=0.56) 0.068
Knee FL [8 to 10] [9 to 10] [0to1]
14.09 11.69 —2.59
TUG 21 —5.73 (SD=8) <0.001
[13.5 to 28.97] [11 to 27] [-3.62 to —1.97]
10MWT 8.5 6.81 —1.58
22 —3.89 (SD=6.45) <0.001
SS [6.8 to 28.91] [6.03 to 18.54] [—2.23 to —0.49]
10MWT 5.78 5.14 —-0.99
22 —4.75 (SD=9.09) 0.010
FV [5.15 to 26.08] [4.56 to 15.09] [=3.9 to —0.46]
51.25 52.5 0
BBS 22 0.61 (SD=2.18) 0.294
[28.25 to 54.75] [31.75 to 55] [0to 1.75]
5 6 0
FAC 22 0.3 (SD=0.45) 0.053
[4.12 to 6] [5 to 6] [0 t0 0.88]
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Velocity mode.
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TABLE 2 Repeated measures analysis for the 10MWT.

10MWT
Baseline S6 S11
S6 0.8564 - - - - _
S11 0.3994 0.9906 - - - -
S16 0.0580 0.6791 | 0.9767 - - -
s21 0.0027 0.1547 | 05620 | 09716 - -
Postl 0.0001 00112 = 01015 = 05382 | 09716 -
Post2 0.0024 0.1427 | 05382 09657  1.000 0.9767

Post hoc Nemenyi test.

3.3. Balance and gait quality

3.3.1. Timed up and go

Timed Up and Go test (TUG) was also evaluated for this
study. This scale asks people to stand up, walk 3 m, turn around,
walk back 3 m and sit down. Patient #9 was not able to perform
the TUG test before the therapy, but he could do it in 92.0s
during the Postl assessment. This patient has been excluded from
the time analysis (ATUG [t]). However, this patient has been
included in the TUG-speed based analysis (ATUG [v]). The
Shapiro-Wilk test was significant, so a non-parametric test was
used for this comparison.

The results in the TUG before the therapy (x=14.09s IQR=[13.5
to 28.97]) and Post1 assessment (X=11.69s IQR=[11-27]) show a
significant reduction in the test time, ATUG [t] = —2.59s IQR=[-3.62
to —1.97], Z=4.681, p<0.001. The results also show an increase of the
test speed from the baseline (X=0.39 m/s IQR=[0.15 to 0.44]) to Post1
assessment (X=0.51 m/s IQR=[0.22 to 0.55]), ATUG [v] =0.08 m/s
IQR=[0.02 to 0.1], Z=4.718, p<0.001. See Figure 4.

A non-parametric Friedman test of differences among repeated

measures was conducted and rendered a Chi-squared value of 44.415
with p<0.001. Therefore, a post-hoc test was conducted using the
Nemenyi multiple comparison test shown in Table 3.
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3.3.2. Functional ambulation classification

The Functional Ambulation Classification (FAC) categorizes the
ambulation on different degrees of dependency. This scale ranges from
0 to 6, where 6 reflects totally independent ambulation and 0
represents the inability to walk. Scores from 0-3 indicate dependence,
while 4-5 show reflect independent walking on level ground (4) or
uneven surfaces (5). Only two patients’ scores on this scale changed.
Subject #3 increased one point (FAC_Baseline=5, FAC_Postl =6),
and subject #10 increased one point (FAC_Baseline=5, FAC
Post1=6). The median improvement on this scale was AFAC=0
points, and IQR =[0-0.88], Z=2.439, p=0.053.

3.3.3. Berg balance test

The Berg Balance Test (BBS) assess the balance on different
conditions. This scale ranges from 0 to 56, where higher scores reflect
better balance. The median score on this scale at the baseline was
X=51.25 points, IQR=[28.25 to 54.75], where 2 patients achieve the
maximum score on this scale before the therapy. These high scores
during the pre-assessment suggest that this scale has an important
ceiling effect limitation and that the room for improvement is
relatively low. The median score on the Post1 assessment was X = 52.5
points, IQR=[31.75 to 55]. The median improvement after the
treatment is ABBS=0 points, and IQR=[0-1.75], Z=1.341, p=0.294.

3.4. Range of motion and muscular balance
3.4.1. Range of motion
34.1.1. Ankle
3.4.1.1.1. Flexion

The active ROM of the ankle flexion (ROMa_A_FL) at the baseline
was X=5.55°, IQR=[3 to 9.18], and the median ROMa_A_FL after the
therapy was x=10°, IQR =[3.7 to 15.6]. This improvement was significant,

AROMa_A_FL=2.13° and IQR=[0-5.82], Z=2.746, p=0.031.
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FIGURE 4
Timed Up and Go test before and after the BCI treatment based on time (A) and speed (B).
TABLE 3 Repeated measures analysis for the TUG.
Baseline S6 s11 S16 S21 Post1
S6 0.88616
S11 0.02809 0.46745
S16 0.16744 0.87176 0.99452
S21 0.00016 0.02012 0.83997 0.42167
Post1 < 0.00001 0.00238 0.46745 0.13137 0.99703
Post2 0.00007 0.01120 0.74477 0.31565 1.00000 0.99959

Post hoc Nemenyi test.

However, the passive ROM of the ankle flexion (ROMp_A_FL) at
the baseline was x=15.05°, IQR=[8.59 to 21.1], and the median
ROMp_A_FL after the therapy was X=19.15°, IQR=[12.92 to 22.73].
This improvement was not significant, AROMp_A_FL=11.3°, and
IQR=[—0.94 to 5.88], Z=—1.442, p=0.281.

3.4.1.1.2. Dorsiflexion

The active ROM of the ankle dorsiflexion (ROMa_A_DF) at the
baseline was x=7.7°, IQR=[1.63 to 18.41], while the median
ROMa_A_DF after the therapy was Xx=17.7°, IQR=[2.08 to 30.6]. This
improvement was significant, AROMa_A_DF=5.95°, and
IQR =[0.45-8.64], Z=3.598, p=0.008.

The passive ROM of the ankle dorsiflexion (ROMp_A_DF) at the
baseline was x=24.75°, IQR=[19.35 to 31.26], and the median
ROMp_A_DF after the therapy was x=30.05°, IQR=[21.33 to 37.25].
This improvement was significant, AROMp_A_DF=4.32°, and
IQR=[1.16-10.09], Z=—3.368, p=0.023.

3.4.1.2. Knee
3.4.1.2.1. Flexion
The active ROM of the knee flexion (ROMa_K_FL) at the baseline

was X=114.6° IQR=[109.2 to 118.1], and the median ROMa_K_FL
after the therapy was X=117.1°, IQR=[112 to 124.6]. This
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improvement was not significant, AROMa_K_FL=2.5° and
IQR=[-1.11t09.5], Z=1.929, p=0.126.

The passive ROM of the knee flexion (ROMp_K_FL) at the
baseline was %=128.9°, IQR=[124.1 to 133.95]. The median
ROMp_K_FL after the therapy was X=135.3°, IQR=[126.6 to 139.7].
This improvement was not significant, AROMp_K_FL=2.95°, and
IQR=[-11t09.25], Z=2.572, p=0.043.

3.4.2. Modified Ashworth scale

The spasticity in the ankle at the baseline was X=3 points, IQR=[1
to 3], which changed to X=2.5 points, IQR=[1-3] in the Post1. This
improvement was significant, AMAS_ankle =0 points, and IQR=[—1
to 0], Z=2.656, p=0.038.

3.4.3. Manual muscle test

3.4.3.1. Ankle

The Manual Muscle Test (MMT) of the ankle flexion (MMT_A_
FL) at the baseline was X=6 points, IQR=[4.12 to 8.38]. In the
Postl, it was X=8.5 points, IQR=[5-9]. This improvement was
significant, AMMT_A_FL=0.25 points and IQR=[0-1], Z=2.907,
p=0.024.

The MMT of the ankle dorsiflexion (MMT_A_DF) at the baseline
was X=6 points, IQR=[4-7], and in the Postl was X=7 points,
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IQR=[4.5 to 9]. This improvement was significant, AMMT_A_
DF=0.73 points and IQR=[0-1], Z=2.763, p=0.031.

3.4.3.2. Knee

The Manual Muscle Test (MMT) of the knee flexion (MMT_K_
FL) at the baseline was X=9 points, IQR=[8-10], and was X=10
points, IQR=[9-10] in the Postl. This improvement was not
significant, AMMT_K_FL=0.34 points and IQR=[0-1], Z=2.33,
p=0.068.

The MMT of the knee extension (MMT_K_EX) at the baseline
was X=8.25 points, IQR=[6.25 to 9]. In the Postl, it was X=9 points,
IQR =[8-10]. This improvement was significant, AMMT_K_EX=0.68
points and IQR=[0-1], Z=2.777, p=0.031.

3.5. Motor function of upper and lower
limbs

The motor function of the upper and lower extremities was
assessed using the motor section of the Fugl-Meyer Assessment
(FMA). The FMA for the upper extremities (FMA-UE) ranges from 0
to 66 points, while the FMA for the lower extremities (FMA-LE)
ranges from 0 to 36 points.

The FMA-UE of the upper extremity at the baseline was X=22.75
points, IQR=[16.25 to 32.75]. It was X =24 points, IQR=[18-37] in
the Post1. This improvement was not significant, AFMAue_m=0.75
points and IQR=[—0.38 to 5.62], Z=2.115, p=0.103.

The FMA-LE of the upper extremity at the baseline was X=24
points, IQR=[20.5 to 25.5]. In the Postl, it was X=25 points,
IQR =[22-27]. This improvement was not significant, AFMAle_m=1
points and IQR = [0-2.5], Z=—1.872, p=0.166.

3.6. Cognition and daily living activities

3.6.1. Barthel index

The score for daily living activities assessed by the Barthel Index
(BI) at the baseline was X =90 points, IQR = [80-90]. In the Post1, the
BI was X=90 points, IQR=[81.25 to 95]. This improvement was
significant, ABI=1.25 points and IQR=[0-5], Z=3.078, p=0.021.

3.6.2. Montreal cognitive assessment
Cognitive abilities were assessed by the Montreal Cognitive
Assessment. This test contains 7 sections: Visual-execution (Vis-Exe),

10.3389/fnins.2023.1256077

Abstraction (Abst), Attention (Att), Delayed recall (DRec), Language
(Lang), Naming (Nam) and Orientation (Ori). The total score of the
MOCA scale (MOCA_total) at the baseline was X=26 points,
IQR =[22.88 to 28.25], and changed to X=27 points, IQR=[24-30] in
the Post1. This improvement was not significant, AMOCA = 0.5 points
and IQR=[—0.5 to 1.62], Z=1.959, p=0.126.

3.6.3. Stroop color word test

Cognitive state was also assessed by the Stroop Color Word test
(SCWT). This test contains three different sub-test or cards: the Word
card, the Color card and the Color-Word card.

The Word card score at the baseline was X=73 points,
IQR =[46-96], and in the Post1 was X =80 points, IQR = [47-98]. This
improvement was not significant, ASCWT_Word=3 words and
IQR=[-1t0 6], Z=—2.798, p=0.044.

The Color card score at the baseline was X=68 points,
IQR =[48-93]. In the Postl, it was X=65 points, IQR =[50-92]. This
improvement was not significant, ASCWT_Color=1 word and
IQR=[-2t0 6], Z=—1.171, p=0.383.

The Color-Word card score at the baseline was X = 24 points,
IQR=[15.5 to 30], and was X =26 points, IQR=[18-34] in the Post1.
This improvement was significant, ASCWT_ColorWord = 1.5 words
and IQR=[0-6], Z=—3.28, p=0.024.

3.7. Functional outcomes in the long term

The analysis of the long-term effects is based on comparisons
between the Postl vs. Post2 and Post1 vs. Post3 assessments. Table 4
shows the scales that shown a significant results in the
statistical analysis.

3.7.1. Middle-term effects

The only significant change seen in the middle-term was in the
functionality of the upper limb assessed by the Fugl Meyer
Assessment, AFMAue_m = 1.5 points and IQR=[0-3], Z=2.115,
p=0.021. This change shows that the therapy can help the patients
improve the motor ability of the hand during the first month after
the therapy.

3.7.2. Long-term effects

Seven patients did not complete the Post3 assessment. Five of
them did not come to the Post3 assessment due to lack of motivation,
and two of them had personal and logistical issues that prevented

TABLE 4 Summary of the changes in tests of long-term functional outcomes that showed statistical significance.

Scale N Postl vs. Post2 P n Postl vs. Post3 P
Median [IQR] Median [IQR]
FMA-UE L5 4
2 0.021 15 0.021
m [0 to 3] [3to7]
MMT 0 1
22 0.245 15 0.046
Ankle FL [0to 0] [0to 1]
0.03 1.61
TUG 2 0.704 14 0.021
[~0.61 t0 0.97] [0.68 to 3.34]
10MWT 0.06 0.64
22 0.5 15 0.038
ss [~0.29 to 0.91] [0.05 to 1.19]
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them from coming to the therapy center. Therefore, the analysis of the
long-term effects (Post3) is presented using the data from 15 patients.

The functional evaluation 6-months after the therapy shows an
increase of the FMAue scale, AFMAue_m =4 points and IQR = [3-7],
Z=2.115,p=0.021.

The comfortable gait speed also increased significantly 6 months
after the therapy, AIOMWT-SS=0.64m/s and IQR=[0.05-1.19],
7=4.901, p=0.038.

3.8. BCl performance

The BCI performance was evaluated using the motor imagery
accuracy provided by the system after each session. Figure 5 shows the
evolution of the motor imagery accuracy during the treatment for

each patient (gray lines). The mean MI accuracy for all participants
was 82.68% (SD =10.05).

3.9. Adverse events

No adverse events have been reported during the study.

4. Discussion

This study shows that 22 chronic stroke patients with a median
time since stroke onset of 4 years improved their walking speed by

10.3389/fnins.2023.1256077

0.19m/s 95% CI [0.13, 0.25] on average. All of these patients
performed 18.75h of BCI based treatment for the lower limb in a
sitting down position.

The results show that patients significantly improved their gait
speed assessed by the IOMWT. This improvement is above the
substantial meaningful change, 0.14m/s (Perera et al., 2006). Results
also showed that treatment increase patients’ performance of daily
living activities, improved their cognitive skills, reduced spasticity in
the ankle and increased the ankle range of motion and muscular
strength of the main joints involved into the gait patterns.

The functional improvement achieved after the BCI training was
maintained 1 month after the end of the therapy. Middle-term effects
were assessed in the Post2 assessment, 1 month after the last BCI
session. Patients reported an increase of the upper extremity function
assessed by the FMA-UE scale. This improvement contributed to the
increased participation of the subjects in the daily living activities. The
upper extremity functionality increases continued at least until the
long-term assessment, 6 months after the end of the therapy (Post3).
Patients also reported an increase of the comfortable gait speed
assessed by the I0OMW'T-SS.

Based on the repeated measures analysis of the L0OMW'T, patients
started showing a significant improvement of gait speed after session
21. Therefore, the protocol based on 25 sessions distributed in 3 times
per week seems to be a viable treatment schedule, although further
exploration of different treatment schedules could identify more
effective approaches.

On one hand, a large meta-analysis done by Mehrholz et al. (2018)
shows that treatment based on electromechanical gait devices with end
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effector (EGAIT_EE) seems to be one of the most powerful approaches
for the gait rehabilitation after stroke. Those devices are able to reproduce
walking patterns with high accuracy, and patients can train their gait with
different levels of body weight support. Pohl et al. (2007) conducted a
randomized clinical trial including 170 patients in the acute state (less
than 60days since the stroke onset). This study reported that patients in
the EGAIT_EE group (n=77) increased gait speed 0.31 m/s (SD=0.40),
while patients in the control group improved only 0.18m/s (SD=0.28).
This big improvement occurred because the treatment was given in a very
early stroke stage and the baseline gait velocity was substantially lower
than the mean gait speed of this study. The same reasoning can explain
the results from other clinical trials like Werner et al. (2002), Tong et al.
(2006), Chua et al. (2016), Aprile et al. (2019), and Kim et al. (2019).
Nevertheless, other studies such as Peurala et al. (2005) included patients
in the chronic stage and obtained results similar to our study; the change
in the gait speed was 0.11m/s (SD=0.05) in the EGAIT_EE group.

On the other hand, other BCI devices reported similar
improvements in gait speed with the same target population. Chung
etal. (2020) carried out a clinical trial with both arms to compare the
BClI-based treatment to the functional electrical stimulation (FES)
treatment alone. Results show that patients in the BCI group improved
by 0.13m/s (SD=0.03) while the improvement in the control group
was about 0.05m/s (SD=0.04). Mihara et al. (2021) had a similar
approach with a two-arm clinical randomized trial. Fifty-four patients
were recruited for this study, with 28 in a real feedback group and
26 in the sham feedback group. The results demonstrated that patients
in the experimental group significantly increased their gait speed by
0.10m/s (SD=0.08), and patients in the sham group 0.07m/s
(SD=0.06). Finally, Mrachacz-Kersting et al. (2016) reported the
highest improvement in gait speed in the control 0.32m/s (SD=0.33)
and experimental groups 0.49 m/s (SD =0.55). This big improvement
could be explained because 12 out of 24 participants were not able to
perform the gait test before the treatment, but 8 of them could
perform it after the last session. This fact also explains the high SD in
both groups.

Most of the gait rehabilitation techniques assumed that patients
should be standing when retraining their gait patterns. Usually, those
techniques require a system for supporting the user’s weight, especially
in moderate or severely impaired patients. Other systems that use
functional electrical stimulation also recommend the stimulation
during walk. The BCI device used in this study (recoveriX, g.tec
medical engineering GmbH) does not need a body weight support
system because patients are seated during the BCI training. This is a
safer approach because it reduces the risk of falling, but patients can
still train gait patterns and thereby increase functionality, gait speed
and coordination and balance. The role of neurofeedback provided
through BCI technology seems to be key in the rehabilitation process.

Another discussion point is the low sensitivity of the FMA-LE to
detect functional changes in the lower extremity. The FMA-LE
functional scale is oriented to evaluate specific movements of the
lower extremity and not the walking ability. From the functionality
point of view, the main task of the lower extremity is walking, this fact
leads researchers to question the sensitivity of the FMA-LE scale for
the detection of changes in gait ability in stroke patients. All the gait
scales used in this protocol showed significant changes, but this
contrasts with the lack of significant results obtained on the
FMA-LE scale.

There were no significant changes in the MOCA scale. This result
may be explained in part by the exclusion criteria. All participants had
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a MOCA score of 22 or higher, and they did not have major
cognitive deficits.

The results involving the spasticity in the knee (MAS_Knee) and
balance (BBS) were not significant. This is because most of the study
participants did not show spasticity in the knee before the study or the
values in the BBS at the baseline were high. Finally, the FAC assessment
was not sensitive enough to detect changes in the gait for this population.

The long-term results shown in Table 4 are also clinically relevant
to understand the progression of rehabilitation at a later stage. Our
results show that stroke patients continued to improve their functional
abilities even 6 months after therapy. Patients improved their gait,
gained more independence for other complex tasks, and increased
their participation in society - all of which probably contributed to
this ongoing improvement. It is also important to note the positive
long-term effect on the upper limb. Patients showed significant
improvement in upper extremity function 1 month after therapy and
continued to improve 6 months after therapy. This is a clear example
of how the positive effect of gait rehabilitation has a positive impact
on whole-body rehabilitation.

The BCI performance plot indicates that participants were able to
control the system well, which fits well to the work of Ang et al. (2011).
The MI accuracy reflects the degree of stimulation that the system
delivered to the user. Therefore, given the mean MI accuracy across
all participants (82.68%), the therapy was highly successful in terms
of the FES and VR dosage.

This study has some limitations. First, the patients involved in this
study were in the chronic stage of stroke recovery, which may limit the
generalizability of the results to the subacute phase. Previous research has
shown that the time since stroke onset is a crucial factor for functional
rehabilitation, and that patients in the subacute phase tend to improve gait
functionality more than patients in the chronic stage. Second, this study
did not have a control group, which prevented a direct comparison to a
sham condition using the same methods. A control group would have
allowed us to rule out the effects of spontaneous recovery, motivation,
attention, and placebo on the outcomes of the BCI therapy.

No adverse events were reported during the investigation. This is
also consistent with the studies mentioned above that use BCI devices
for stroke rehabilitation. The customization of the FES settings for
each individual, the patient’s safe (seated) position during the therapy,
the short session time and the easy set-up of this BCI system help
explain that patients did not have side effects.

The clinical investigation has been conducted in accordance with
the GCP.
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Introduction: Post-stroke dysphagia is common and associated with significant
morbidity and mortality, rendering bedside screening of significant clinical
importance. Using voice as a biomarker coupled with deep learning has the
potential to improve patient access to screening and mitigate the subjectivity
associated with detecting voice change, a component of several validated
screening protocols.

Methods: In this single-center study, we developed a proof-of-concept model
for automated dysphagia screening and evaluated the performance of this model
on training and testing cohorts. Patients were admitted to a comprehensive
stroke center, where primary English speakers could follow commands without
significant aphasia and participated on a rolling basis. The primary outcome was
classification either as a pass or fail equivalent using a dysphagia screening test
as a label. Voice data was recorded from patients who spoke a standardized set
of vowels, words, and sentences from the National Institute of Health Stroke
Scale. Seventy patients were recruited and 68 were included in the analysis, with
40 in training and 28 in testing cohorts, respectively. Speech from patients was
segmented into 1,579 audio clips, from which 6,655 Mel-spectrogram images
were computed and used as inputs for deep-learning models (DenseNet and
ConvNext, separately and together). Clip-level and participant-level swallowing
status predictions were obtained through a voting method.

Results: The models demonstrated clip-level dysphagia screening sensitivity of
71% and specificity of 77% (F1 = 0.73, AUC = 0.80 [95% CI: 0.78-0.82]). At the
participant level, the sensitivity and specificity were 89 and 79%, respectively
(F1 =0.81, AUC = 0.91 [95% CI: 0.77-1.05]).
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Discussion: This study is the first to demonstrate the feasibility of applying
deep learning to classify vocalizations to detect post-stroke dysphagia. Our
findings suggest potential for enhancing dysphagia screening in clinical settings.
https://github.com/UofTNeurology/masa-open-source.

KEYWORDS

stroke, dysphagia, machine learning, swallowing, neural technology, original research
stroke, quality improvement, Artificial Intelligence

Introduction

Stroke is among the top three leading causes of mortality
worldwide (Feigin et al, 2021). Acute stroke resulting in
hospitalization is a serious health event with often life-long
alteration of functional status (Singh and Hamdy, 2006). One of
the most common serious complications of stroke is dysphagia,
or swallowing dysfunction, which occurs in approximately 55% of
acute stroke patients (Singh and Hamdy, 2006). Dysphagia places
patients at increased risk of aspiration pneumonia which can be
fatal, thus screening of swallowing status and/or a formal speech
language pathologist assessment are commonplace as part of the
admission process to stroke centers. It is important to note the
distinction between screening tests and formal assessments, which
are deployed either in succession or independently depending
on a local stroke center protocol (Singh and Hamdy, 20065
Cohen et al,, 2016). Screening tests such as the Toronto Bedside
Swallowing Screening Test (TOR-BSST©) (Martino et al., 2009) can
be performed by course-trained operators of varying backgrounds,
whereas formal assessment of dysphagia is performed by a speech
language pathologist (SLP). Screening test certification requires
training time, coverage and/or resources including the cost of
training and licensure. Furthermore, permission to use a particular
screening tool may have its own associated resource burden.
Clinical availability of SLPs may also be limited due to high case
volumes and off-hours availability, often leading to reliance on
screening tests. In some hospitals, lack of immediate access to
an SLP to provide a swallowing assessment can result in patients
receiving NG tubes as a precautionary measure even in those who
would not otherwise receive such interventions for nutrition or
hydration purposes. An increased risk of infection and aspiration,
as well as increase in cost for patient care can manifest in
these scenarios; these in addition to patient intrinsic factors such
as overall health, oropharyngeal secretions, and feeding status.
Inability to easily access dysphagia screening also impacts patient
comfort, tolerance, and facilitation of early physiologic recovery.

In general, centers that use a screening test trigger an
SLP assessment when the screening result is a failure. Despite
these care pathways, many centers lack routine integration of
validated screening tests or quick access to SLPs, and thus robust
dysphagia screening has significant barriers. SLPs can diagnose
and prescribe various diet consistencies and textures and can
also, if indicated, perform a modified barium swallow and video
fluoroscopic swallowing study (VESS). This is considered a gold-
standard of swallowing assessment, but it is not routinely deployed
as a screening test. VFSS requires access to trained personnel,
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radioactive material (barium) and x-ray equipment. Validated
screening tests such as the TOR-BSST© have been compared to
the VESS and have favorable characteristics from a screening test
perspective (Martino et al., 2009). Moreover, even VESS by SLP
has an element of subjectivity and poor inter-rater reliability. This
same issue of subjectivity permeates screening tests that rely on
voice change. Furthermore, some screening tests that do not rely
on voice alone, require repeated trials of oral fluid intake. These also
often have a subjective component when it comes to voice change
with successive intake trials and pose execution challenges. This was
experienced during the COVID-19 pandemic in relation to both
staffing availability but also risk of aerosol generation (Fritz et al.,
2021). Voice change detected by audio alone could be used as an
assistive tool for screening tools that rely on voice quality change.

Use of voice change, including those associated with sustained
vowel sounds, have been used to screen for non-stroke dysphagia
(Ryu et al., 2004). Further studies have demonstrated differences
in extracted audio features between patients at risk of aspiration
versus those not at risk even prior to swallowing (Kang et al., 2018).
Additionally, the use of vocal recordings to detect pathologies
has gained increasing research interest in recent years as various
applications have been developed to automatically detect or
monitor pathologies such as Parkinson’s disease, and cognitive
impairment (Milling et al., 2022). This has opened the possibility
of voice as an adjunct biomarker in dysphagia screening. Taken
together, there is a quality gap, and hence a quality improvement
opportunity where machine learning algorithms, can be deployed
to reduce subjectivity and perform classification as part of
dysphagia screening.

In this study we assessed state-of-the-art deep-learning models
(ConvNext, DenseNet, and an ensemble) to screen for dysphagia
using vocal samples from post-stroke inpatients. An existing
commonly used dysphagia screening tool (TOR-BSST) was used to
label audio clips. Models were used to classify individual audio clips
from post-stroke inpatients, and individual audio clip scores were
aggregated to predict participant dysphagia screening status. This
deep learning approach aims to reduce subjectivity and improve
access to rapid dysphagia screening.

Methods

Participants

A total of 70 patients were recruited from the inpatient
neurovascular unit at Sunnybrook Health Sciences Center
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(comprehensive stroke center, Toronto, Canada). Patients were
enrolled from 13 June 2022 to 19 January 2023 (epoch 1) and 24
January to 4 March 2023 (epoch 2) for training and testing datasets,
respectively. Two patients, early in the study (study patients 7 and
9), had technical difficulties with their audio recordings resulting in
poor audio quality during the first data collection epoch and were
rejected, allowing for a total of 68 patient’s audio recordings to be
used (AB, HM, 94% inter-rater agreement of good audio quality,
see Supplementary Methods). All patients, as part of their routine
clinical care, were assessed using the Toronto Bedside Swallowing
Screening Test (TOR-BSST©), which involves baseline assessment
of voice change, as well as repetitive swallows and assessment
for dysphonia by a trained assessor (Martino et al., 2009). Our
center uses TOR-BSST©, and among 36 other screening tests in
a Cochrane review, TOR-BSST© is among the three identified
best performing tests, allowing this screening tool to be used for
our supervised learning model and pass or fail status to be the
training label (Kiekens and Tognonato, 2022). Overall, 27 patients
were designated as fails and 41 patients passed screening. Our
study included 40 patients (58.9% of total) in a training cohort
and 28 patients (41.1% of total) in the testing cohort. Note that
enrollment was on a rolling basis, across several sampling days,
and on those random days, enrollments occurred by sampling
successive admissions to the stroke unit that were within 72 h
of admission. All patients provided informed consent for data
collection and the study was approved by the research ethics
board at Sunnybrook Health Sciences Centre. Patients with recent
stroke admitted to the stroke unit who could speak English,
follow commands and whom did not have significant aphasia
precluding participation were included. Patients who did not
speak English, had a significant speech impairment (from other
medical/neurologic conditions), or were medically unstable were
excluded.

Data collection

Two categories of speech were recorded: (a) recordings of
the National Institutes of Health Stroke Scale (NIHSS) portions
involving speech, and (b) sustained vowel sounds (Figure 1A). The
NIHSS is a widely used, validated tool for assessing neurological
deficits in stroke patients, including tests of articulation, naming,
repetition, and comprehension with standardized sounds, words,
and sentences; we used the NIHSS to avoid bias in selecting
speech tests and given its wide use in stroke assessment (Lyden
et al, 1994; Appelros and Terént, 2004). In this study the
NIHSS language test was separated into three distinct categories
based on the type of speech: continuous speech, sentences, and
words (i.e., naming objects and repeating discrete words). During
segmentation these categories of speech were labeled separately for
further analysis. The second category of recordings were collected
by asking participants to vocalize each vowel sound (/a/, /e/, /i/,
/o/, and/u/) for a target duration of 3 s repeated three times each.
Prior work has demonstrated vowel sounds to be discriminative
for differentiating between swallowing abnormalities and closely
mirrors the articulation tasks of existing dysphagia screening
tools (Waito et al.,, 2011; Gerratt et al.,, 2016; Kang et al., 2018;
Moore et al., 2020). Sustained vowels were chosen since they
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can be more easily administered in patients for whom English
is not their first language and require less vocal effort. Data was
collected on an encrypted iPhone 12 with a sampling rate of
44.1 kHz using the included Voice Recorder application with
a resolution of 16-bits. The phone was placed on the patients
bedside table approximately 10 cm from their mouth. Data was
collected on the inpatient stroke ward and background noise
was minimized (Supplementary Methods). If there were over-
head announcements during the recordings those vocalizations
were asked to be repeated from the patient. The recordings were
all done in a real-world setting, using an iPhone, encrypted,
loss-less audio, with no other interventions to alter real-world
recording conditions. This includes single and multi-patient rooms,
in the ED, ward, and neurovascular step-down/observation ICU
beds. Of note, investigators responsible for data collection/audio
segmentation (AB, HM, LP) and the final testing phase of the model
(RS) were blinded to each other’s efforts. Specifically, for most of the
training data (60% of recordings during epoch 1), and for all the
recordings acquired for model testing (epoch 2), the investigator
running the models (RS) was blinded to the label assignment and
raw audio files (see Supplementary Methods). Model training and
testing was done on the spectrogram images from the audio-data
(see below).

Data analysis

Data were first assessed for quality and then analyzed through
a 3-step data processing pipeline involving (1) segmentation,
(2) transformation, and (3) machine learning (Figure 1). Firstly,
prior to data segmentation, clips were independently evaluated
for quality (Supplementary Methods). Data was segmented
manually using Audacity© digital audio workstation software. Each
vocalization of interest (i.e., either a vowel sound, word, sentence,
or continuous speech) was segmented from the onset to the offset,
labeled accordingly, and exported to an audio file. A custom data
processing program was developed in Python (Supplementary
Methods) to load segmented audio files, pre-process the signal, and
convert them into Mel-spectrogram image representations. Given
the variability in a participant’s ability to sustain vocal production
for the full target duration, and large discrepancies in clip lengths
with diverse sound input types (i.e., words, vowels, and continuous
speech), a windowing approach was used to ensure uniform scaling
of resultant Mel-spectrogram images (Zhang et al., 2019; Khurana
et al,, 2023). Audio clips were segmented into 0.5 s clips with 50%
overlap (Figure 1B). Clips shorter than 0.5 s were rejected, and
power thresholding was applied to all clip windows to ensure that
periods of silence were not used to train the classifier. A single audio
clip was first processed into windows. The average power contained
in these windows was then calculated and windows greater than
1.5 standard deviations lower than the mean window power were
rejected.

Next, all post-segmentation audio files for each participant were
transformed from time-series to corresponding Mel-spectrogram
images (Figure 1C). Within the realm of audio classification,
the decision to employ Mel-spectrograms as opposed to directly
using raw audio waveforms was both strategic and evidence-
based. Mel-spectrograms are notable for their ability to emulate
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Training and testing deep learning classifiers to distinguish audio recordings based on dysphagia status. (A) Audio clips were recorded from each
patient using a standardized assessment of vowels as well as words and sentences from the NIHSS language assessment, (B) and then segmented
into 0.5 s windows. (C) Each clip from a given patient was then converted to Mel-spectrogram images using either the RGB (shown here) or
three-channel approaches. Each Mel-spectrogram image was used as an input into the CNN (either DenseNet, ConvNext-Tiny or fusion networks)
which generated an output class along with an output probability for each clip. (D) The average of all clip level output probabilities per patient were

used to generate a final participant-level output class prediction.

the human ear’s non-linear perception of pitch and frequency,
making them especially powerful for tasks involving human speech
(Zhang et al.,, 2019; Khurana et al., 2023). This is particularly salient
in our study, as our ground truth anchors in evaluations by speech-
language therapists. The direct mapping of these Mel-spectrograms
to human auditory perception ensures that the patterns discerned
by our model are grounded in clinically significant features.

Mel-spectrogram images were generated using the Librosa
library resulting in images with the vertical axis representing Mel
frequency bands, horizontal axis representing time, and the color
intensity at each point indicating the magnitude of the spectral
content of that frequency and time (Schmoldt et al., 1975; Figure 2).
Mel-spectrograms were computed on each clip individually with
a hop length of 2,048 samples (hamming window), 512 Mels and
a minimum frequency of 20 Hz. Mel-spectrograms were then
converted into the power-domain (decibels) and outputted into an
image file (224 x 224).

Two types of Mel-spectrogram images were generated (detailed
in Supplementary Methods) to be used to train machine learning
classifiers separately. The first approach (“RGB Mel-spectrogram”)
used red-blue-green (RGB) images of Mel-spectrograms directly
as inputs to the machine learning classifiers. The choice to
use RGB Mel-spectrograms was influenced by the compatibility
with transfer learning models originally trained on RGB images
and the optimization of standard CNN architectures for RGB
data. The second approach (“Three-channel Mel-spectrogram”)
involved the depth-wise concatenations of three-monochrome
Mel-spectrograms with differing Fast Fourier Transform (FFT)
lengths (1,024, 2,048 and 4,096) to generate a composite image.
This approach has previously demonstrated superior performance
compared to RGB images in some applications (Palanisamy et al.,
2020).
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Machine learning classifiers

The proposed approach relies on a type of Deep Neural
Network called a convolutional neural network (CNN) which
defines specialized spatial filters which allow more efficient
extraction of features in images during learning (Lecun and Bengio,
1995). Extensive prior work has demonstrated the effectiveness
of CNNs on other temporal and spatial data beyond images,
including audio classification (Hershey et al., 2017; Zhang et al.,
2019; Palanisamy et al., 2020; Dave and Srivastava, 2023; Khurana
et al., 2023). CNNs were trained using transfer learning to classify
Mel-spectrogram images based on TOR-BSST© screen status
(Figure 1C). Transfer learning is a ML technique wherein a model
is first trained on one task and then fine-tuned to solve a different
task (Schmoldt et al., 1975; Hershey et al., 2017; Zhang et al., 2019;
Ganaie et al.,, 2022; Dave and Srivastava, 2023). Large pre-trained
CNN models which have been computed on large image datasets
(e.g., ImageNet) have been shown to perform well in transfer
learning applications when applied to images generated from audio
files, even performing better than CNNs trained from scratch (i.e.,
with random weight initialization) (Palanisamy et al., 2020).

In this study, an ensemble method was implemented,
integrating multiple classifiers trained via transfer learning, each
utilizing different base models. This ensemble approach mitigates
model variance stemming from random parameter initialization,
thereby enhancing model robustness (Ganaie et al, 2022).
Specifically, unweighted averaging was adopted for aggregating
classifier outputs, a decision driven by the need for transparency
and interpretability in clinical AI applications (Shortliffe and
Sepulveda, 2018). While alternative ensemble strategies, such
as weighted majority voting, might offer marginal accuracy
improvements by adjusting for the confidence level of individual
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Mel-spectrogram processing methods, comparing data processing pipelines between the standard RGB Mel-spectrogram approach (top) and
three-channel Mel-spectrogram (bottom) involving depth-wise concatenation of three separate Mel-spectrograms with different FFT lengths to

produce a single composite image.
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Training and validation accuracy and loss curves for ConvNext-Tiny (left) and DenseNet-121 (right).

predictions, they introduce complexities that could obscure the
decision rationale (Kuncheva, 2014). In contrast, the chosen
method, though simpler, maintains clarity in the decision-making
process, a critical factor in healthcare settings. Importantly, a study
by Ju et al. (2018) affirms the robustness of unweighted averaging,
particularly when the base models exhibit similar performance
levels (Ganaie et al., 2022). An ensemble network using DenseNet-
121 and ConvNext-Tiny was developed. The architecture of each
of these networks provides unique advantages when used as an
ensemble. DenseNet uses a feed-forward connections between each
layer and each subsequent layer such that a given layer N has
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N-1 inputs (Huang et al., 2016). This architecture allows for a
lower number of parameters, and results in improved feature
propagation. In applications that use computer vision for audio
signals, DenseNet has demonstrated state-of-the-art (SOTA) CNN
performance superior to Inception and ResNet (Palanisamy et al.,
2020). Based on prior work (Palanisamy et al., 2020), all pre-trained
layers were frozen until the last DenseNet block and the remaining
layers in the network were fine-tuned.

ConvNext is a CNN that aims to provide some of the
advantages of vision transformers. Though vision transformers
have achieved SOTA performance on the ImageNet dataset in
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recent years they present many challenges including significant
computational complexity, global rather than local attention,
and reliance on large datasets (with high risk of overfitting
when transfer learning is applied to smaller datasets) (Liu et al,
2022). The ConvNext includes architecture improvements that are
inspired by vision transformers (ViTs) including larger kernel sizes,
a processing layer (“patchify stem”) akin to a ViT patchify layer,
and improved training techniques (Liu et al., 2022), resulting in
classification performance similar to ViTs but with much fewer
parameters. Based on training data results, all layers up to stage 3
were frozen and the remaining layers fine-tuned.

The configuration of the network architecture for both
DenseNet and ConvNext is detailed in the Supplementary
Methods. The last layer of each pre-trained network was removed
and replaced by a global average and dense layer with a single
sigmoid output. A dropout rate of 80% was used to prevent
overfitting. This was settled on through empiric testing on the
validation set to mitigate overfitting which is especially problematic
when utilizing transfer learning of large models to smaller datasets
(Srivastava et al., 2014). The ensemble classifier outputs a label
for each individual image, corresponding to a 0.5-s window of
the original audio clip. The output probabilities of all images
corresponding to a given audio clip were summed cumulatively
and averaged to give a resultant aggregate participant classification
(Figure 1D). A fixed decision boundary of 0.5 was used to classify
participants as either a fail (< 0.5) or a pass (> 0.5).

Model training and testing

The first 40 participants’ vocal samples were selected for the
training set (58.9% of total data) and the final 28 participants’ data
(41.1% of the total data) for the test set. A testing split of 20%
was used during the training phase. There was no overlap between
training and testing sets. The decision to segregate data based on the
order of participation rather than random sampling was deliberate.
This choice aims to simulate a real-world scenario where the model
is trained on existing data and is then required to generalize to new,
unseen participants. Thirty and forty-five epochs were used to train
ConvNext and DenseNet, respectively, with a learning rate of le-5
and a batch size of 32. A learning rate scheduler and early stopping
were used to mitigate overfitting (Figure 3). Given differences in
the number of parameters in each model, we used 55 and 30 target
epochs with patience of 7 and 10 for DenseNet and ConvNext-Tiny,
respectively, with validation loss as the early stopping parameter.

Results

The mean age of the patients was 69 years. Most patients
had ischemic stroke (76%), with 46% involving middle cerebral
artery, 18% brainstem, and 1.5% thalamic infarcts. Others had
approximately 9% multifocal infarcts, 3% cerebellar and 16%
intracerebral hemorrhage (ICH). Within the training and testing
cohort, demographics between TOR-BSST© pass and fails were
compared (two-sample ¢-test for continuous data, Chi-squared test
for frequency data). There were no differences between pass and
fail patients in both cohorts except for higher NIHSS in patients
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who failed (Table 1); lower NIHSS was associated with a pass status
as expected. Comparing training and testing cohorts there was no
difference in baseline demographics (Supplementary Table 1) in a
similar manner.

The training and test performance of the classifiers on both clip
and participant levels are shown in Tables 2, 3. The performance
metrics shown are sensitivity (recall), specificity, precision, F1
score, and area under the receiver operator curve (AUC). At the
audio clip-level, DenseNet-121 demonstrated a sensitivity of 0.77,
a specificity of 0.69, a precision of 0.56, an F1 score of 0.70, and
an AUC of 0.79 [95% CI: 0.77, 0.81]. The ConvNext-Tiny model
produced a sensitivity of 0.63, a specificity of 0.77, a precision of
0.58, an F1 score of 0.63, and an AUC of 0.78 [95% CI: 0.76, 0.80].
The ensemble fusion model, amalgamating DenseNet-121 and
ConvNext-Tiny models, achieved a sensitivity of 0.71, a specificity
0f 0.77, a precision of 0.62, an F1 score of 0.73, and an AUC of 0.80
[95% CI: 0.78, 0.82] (see Supplementary Table 1 and Figure 4).

TABLE 1 Demographic characteristics of pass and fail patients within
training and testing patient cohorts.

Training cohort

Screening Screening
FAIL PASS

N 18 22

Mean age, years (SD) 69 (17) 67 (16) 0.72
Female, 11 (%) 6 (38%) 12 (55%) 021
Mean NIHSS (SD) 9(6) 4(6) 0.010
Stroke type (%) 0.11
Ischemic MCA 44% 59%

Ischemic lacunar 22% 14%

Ischemic multifocal 6% 23%

ICH 22% 0

CVST 0 0

Other 6% 4%

Mg conort

N 10 18

Mean age, years (SD) 73 (18) 65 (16) 0.28
Female, 11 (%) 3 (30%) 12 (67%) 0.19
Mean NIHSS (SD) 6(6) 2(1) 0.001
Stroke type (%) 0.65
Ischemic MCA 40% 44%

Ischemic lacunar 40% 22%

Ischemic multifocal 0 6%

ICH 20% 22%

CVST 0 6%

Other 0 0

Comparing within training and testing cohorts (two-sample -test for continuous data, Chi-
squared test for frequency data), there was no differences between pass and fail patients
in both cohorts except for higher NIHSS in patients who failed. P-values for subtypes
individually not computed as small subtype n-values. NIHSS, National Institute of Health
Stroke Scale; CVST, cerebral venous sinus thrombosis; ICH, intracranial hemorrhage; MCA,
middle cerebral artery.
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Three-channel Mel-spectrograms

TABLE 2 Comparing RGB Mel-spectrogram and three-channel Mel-spectrogram clip-level classifier performance across DenseNet-121, ConvNext-Tiny, and a fusion of the two networks.
RGB Mel-spectrogram
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Participants were classified based on the cumulative sum of
output scores of each individual clip. At the participant level
(Table 3), DenseNet-121 achieved a sensitivity of 0.89, a specificity
of 0.79, a precision of 0.67, an FI score of 0.81, and an AUC of
0.89 [95% CI: 0.74-1.04]. In contrast, the ConvNext-Tiny model
delivered a sensitivity of 0.78, a specificity of 0.89, a precision of
0.78, an F1 score of 0.84, and an AUC of 0.911 [95% CI: 0.77-
1.05]. Again, the fusion model showed a sensitivity of 0.89, a
specificity of 0.79, a precision of 0.67, an F1 score of 0.81, and
achieved the highest AUC of 0.912 [95% CI: 0.77-1.05] (Hanley
and McNeil, 1982). We have included the third decimal place to
show marginal difference between the two approaches. Confidence
interval calculations are detailed in the Supplementary Methods
section.

Using three-channel Mel-spectrograms instead produced
slightly worse performance than RGB Mel-spectrograms, as
detailed in Table 2 (clip-level performance) and Table 3 (patient-
level performance). While the RGB representation offered certain
benefits due to compatibility with transfer learning and standard
CNN architectures, the overall advantage over the three-channel
representation was observed to be marginal. Nonetheless, both
methods produced comparable performance, indicating that either
representation could be employed based on specific application
needs.

Finally, the contribution of vowels to classification performance
was also studied by comparing the results of vowels alone to vowels
plus the speech components of the NITH. At the participant level, the
additional information provided by the NIH speech components
provided a significant increase in performance (Table 4).

Discussion

The findings of our study support the use of deep learning,
specifically convolutional neural networks employing transfer
learning, as a tool for screening post-stroke dysphagia using
real-world speech audio recordings. By leveraging established
neural network architectures and ensemble methods, our approach
achieved robust performance demonstrating its potential use as a
non-invasive, time-efficient, and scalable screening tool in clinical
settings. We hope that this tool can be used as an assistive
technology (for example deployed on a mobile device), to aid any
provider in performing a bedside swallow screening test. It also
naturally lends itself to telehealth applications or other remote
uses especially considering challenges introduced by the COVID-
19 pandemic. Our proof-of-concept study supports the notion
that this technology can be deployed in an assistive capacity to
screen patients in low-resource settings constrained by person-
power, off-hours access, or other challenges accessing screening
services. Our models leveraged state-of-the-art CNN architectures
(DenseNet-121 and ConvNext-Tiny), as well as a simple ensemble
fusion approach to integrate the results of these architectures and
improve classification performance. The fusion model’s results
are promising, achieving a sensitivity of 0.89, specificity of 0.79,
F1 score of 0.81, and an AUC of 0.91 when evaluated at the
patient level, demonstrating compelling proof-of-concept results.
This gain in performance is marginal relative to single models
at the participant level, however, difference in AUC at the clip
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TABLE 3 Comparing RGB Mel-spectrogram and three-channel Mel-spectrogram participant level classifier performance across DenseNet-121, ConvNext-Tiny, and a fusion of the two networks.

Three-channel Mel-spectrograms

RGB Mel-spectrogram
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level suggests that the fusion approach would perform better
when applied to a larger number of participants. Furthermore, the
utilization of audio data, as opposed to other modalities allows
for a less invasive collection method and integration into passive
monitoring systems.

Prior approaches for classifying audio data predominantly
employed classical statistical methods that necessitate the explicit
extraction of signal features. While such methods are effective
in specific scenarios, their application to voice-based dysphagia
detection is constrained by the need for a priori knowledge
of pathology-related acoustic features. These feature-centric
methodologies have been utilized either in isolation or in
conjunction with clinical variables for dysphagia identification
(Roldan-Vasco et al., 2021; Park et al., 2022). Using a deep learning
framework allows for reduced reliance on feature engineering
and thus supports classification based on more complex signal
characteristics using raw or minimally processed data. Some
deep learning approaches have already demonstrated success in
classifying speech into various classes such as identifying speakers
by gender, accent, or other attributes (Khalifa et al., 2020; Wilhelm
et al., 2020). Automatic dysphagia detection has also been studied
using accelerometers or microphones attached directly to a patient’s
neck to record swallowing sounds (Khalifa et al., 2020; O’Brien
et al, 2021). Additionally, CNNs have been used extensively for
audio classification using audio signals converted into images in
fields outside of medicine (Hershey et al., 2017; Zhang et al., 2019;
Palanisamy et al., 2020; Dave and Srivastava, 2023; Khurana et al,,
2023).

Our deep learning approach produced results that are
biologically plausible in that our model’s performance is within
a range of reasonable expected values considering the limits of
the studied population of patients. The underlying physiology
of detecting dysphagia is quite complex, and thus no model or
approach can be perfect for all populations. This is reflected
in the current landscape of screening tests that have subjective
interpretation and varied receiver-operator characteristics (Kickens
and Tognonato, 2022). With that said, our proof-of-concept
study using deep learning suggests that with larger more diverse
datasets this approach can converge to, or exceed, human operator
performance with reduced subjectivity and variability. Our work,
and indeed all established screening tests, are applicable only to
patients with mild-to-moderate stroke as it requires a minimum
awareness/consciousness and ability to follow some commands. In
our case, the pass group expectantly had lower NTHSS scores.

Our study has several limitations, including a small dataset
size, which can potentially introduce overfitting and limit the
generalizability of our models. We did use real-world audio
data gathered in clinical settings, which does improve certain
aspects of generalizability and adoption by other centers; our
code is also open source to facilitate wider use.! We additionally
attempted to address generalizability concerns by implementing
robust model evaluation strategies, including early stopping during
model training and using chronologically separated training and
test datasets to mimic real-world multi-cohort testing. In future
work, larger datasets, including non-English speakers, patients

1 https://github.com/UofTNeurology/masa-open-source
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FIGURE 4

Confusion matrices for fusion model applied at the clip-level on training set (left) and test set (right).
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TABLE 4 Participant-level performance using RGB Mel-spectrograms and only vowel sounds as inputs yielded reduced performance compared to

using all recorded voice sounds.

Sensitivity
(recall)
DenseNet-121 0.67 0.79 0.6 0.72 0.79 [0.44, 1.14]
ConvNext-Tiny 0.67 0.79 0.6 0.72 0.78 [0.39, 1.17]
Fusion 0.67 0.79 0.6 0.72 0.79 [0.42, 1.16]

CI, confidence interval, please note max. AUC value is 1.0, computed numerically has upper bounds larger than this value and is listed herein to show the calculation result.

with accents, dental prosthesis, and other diverse populations will
further expand generalizability.

Data-augmentation techniques in the audio domain such as
time stretching, pitch shifting, or background noise injection could
also be used to supplement our smaller dataset, however, this
approach was not considered in this application given concerns
about reduced explainability. However, the overlapping windows
used to segment audio into spectrograms can be thought of as
a type of cropping-based augmentation technique that maintains
the integrity of the frequency-domain. Mel-spectrogram domain
augmentation has also demonstrated promise in speech and
acoustic scene classification and could be considered in future
work (Wang et al, 2019). Additionally, input analysis should
be explored in future work to determine the effects of varying
recording conditions on model performance.

In this study we attempted to reduce the subjectivity involved
with recognizing voice changes in dysphagia screening by
developing a screening discriminator using TOR-BSST© “pass”
or “fail” labels for the audio recordings as video fluoroscopy is
not available for most patients. This is a limitation of our study,
however, TOR-BSST© has been characterized as having excellent
receiver operating characteristics that render it a good screening
discriminator in a population assessed by VESS, and in comparison,
to many other screening tests (Kiekens and Tognonato, 2022).
Our choice of labeling places this feasibility study as an assistive
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technology for care-providers and one that does not fully replace
clinical judgment when coupled with bedside assessment (Liu et al.,
2022). Furthermore, even in the setting of video assessment, there
can be discordance between SLP reviewers reflecting the underlying
physiological complexity of dysphagia.

Another consideration pertains to the manual segmentation
of the audio data. Recognizing the potential scalability challenges
associated with manual processing, we acknowledge the utility of
automated segmentation techniques in streamlining the process.
Nevertheless, the primary intent of this study was to establish the
foundational feasibility of discriminating between dysphagia and
non-dysphagia states via audio biomarkers. The manual approach
was adopted considering challenges encountered in our real-
world data collection environment (in hospital) and the occasional
capture of the study data collector’s voice in the recordings.
Moving forward, as this approach is further refined, automated
segmentation with its promise for increased scalability will certainly
be an area of focus and exploration.

Although screening tools generally exhibit good sensitivity and
specificity, stroke patients commonly have a non-linear clinical
course that can result in a fluctuating swallowing status. We utilized
the most up-to-date swallowing screening result as a label for our
data. This property is inherent to stroke physiology (at least in
mild to moderate stroke), as there is a degree of spontaneous
improvement over the course of several days. We attempted to
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mitigate this by assessing patients early in their clinical course.
In the future, rapid ML-based clinical screening tools may allow
fast serial assessments of dysphagia evolution and not simply one-
time snapshots.

A further limitation we recognize are the challenges associated
with applying CNNs, originally trained on image datasets, to
spectrograms. This is due to the fundamental differences between
these two types of data. Unlike images, spectrograms operate
within unique parameter spaces, characterized by axes of frequency,
time, and power. Furthermore, the non-local spectral properties
of sound, and the inherent temporal nature of sound as noted by
Hershey et al. (2017), Zhang et al. (2019), Palanisamy et al. (2020),
Park etal. (2022), Dave and Srivastava (2023), add to this limitation.
Nonetheless, CNNs are extensively used for analysis of audio
signals and our findings and AUC measurements are congruent
with these known limitations. We recognize the inherent variability
and limitations that exist with real-world patient data, CNNs, and
their ability to classify a physiologically complex pathology such as
dysphagia.

Conclusion

Our study demonstrates the feasibility of deep learning as an
effective application for the screening of post-stroke dysphagia
from vocalizations alone. This approach offers an avenue for
the development of future non-invasive, less subjective, and
rapid screening tools for dysphagia. This could contribute to
improved patient management, outcomes, and democratization of
swallowing screening.
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Introduction: Longitudinal observations of upper limb motor recovery after
stroke have suggested that certain subgroups may exhibit distinct recovery
patterns. Here we sought to examine whether the predictive ability for post-
stroke upper limb motor outcomes could be enhanced by applying conventional
stratification strategies.

Method: For 60 individuals who suffered the first stroke, upper limb motor
impairment was assessed with the upper extremity Fugl-Meyer assessment
(UE-FMA) at 2 weeks as a baseline and then 3 months post-stroke.
Brain structural damage at baseline was assessed by MRI data-derived
markers ranging from traditional lesion size to the lesion load and to the
disconnectome. Linear regression models for predicting upper limb motor
outcomes (UE-FMA score at 3 months post-stroke) based on baseline
upper limb motor impairment (UE-FMA score at 2 weeks post-stroke), brain
structural damage, and their combinations were generated, and those with
the best predictive performance were determined for individual subgroups
stratified according to initial impairment (severe and non-severe), lesion
location (cortical and non-cortical), and neurophysiological status (motor
evoked potential-positive and motor evoked potential-negative).

Results: The best predictions were made by baseline upper limb motor
impairment alone for subgroups with less functional impairment (non-
severe) or less structural involvement (non-cortical), but by the combination
of baseline upper limb motor impairment and brain structural damage
for the other subgroups. The predictive models tailored for subgroups
determined according to initial impairment and neurophysiological status
yielded a smaller overall error than that for the whole group in upper limb
motor outcome predictions.

Discussion: The predictive ability for upper limb motor outcomes could
be enhanced beyond the one-size-fits-all model for all individuals with
stroke by applying specific stratification strategies, with stratification
according to initial impairment being the most promising. We expect that
predictive models tailored for individual subgroups could lead closer to the
personalized prognosis of upper limb motor outcomes after stroke.

KEYWORDS

upper limb motor impairment, upper limb motor outcome, brain structural
damage, proportional recovery, predictive model
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1 Introduction

Numerous investigations have attempted to understand patterns of
functional recovery after stroke, yielding longitudinal observations that
have revealed recovery patterns regarding the time-dependency of
functional recovery. With respect to the understanding of post-stroke
recovery patterns, there appear to be some concerns; among others,
identifying distinct recovery patterns to address inter-individual
variability in recovery courses and linking the identified recovery
patterns with markers collected at baseline to predict specific recovery
patterns for individuals to follow appear to be the most pressing.

These concerns have led to the development of models enabling
individualized outcome predictions. As artificial intelligence approaches
become increasingly available, various machine learning algorithms ranging
from linear regression to deep learning have been applied to demographic,
clinical, electrophysiological, and neuroimaging data, as well as their
combinations, as inputs, suggesting the potential of multidimensional
markers for more accurate outcome predictions (for reviews, see (1, 2)).

Wide applications of the proportional recovery rule, notably to
upper limb motor outcomes (3, 4), suggest that the severity of initial
impairment affects the degree of outcomes. Considering confounders
of the proportional recovery rule, however, initial impairment appears
to explain a smaller amount of the variance in recovery than originally
assumed (5). Furthermore, the existence of individuals not fitted to
the proportional recovery rule indicates that outcomes may not
be well predicted by initial impairment alone for some subgroups.

In this contribution, we employed two main strategies to generate
models for predicting upper limb motor outcomes after stroke. First,
as a follow-up to our previous study (6), we recognized the potential of
lesion-induced brain structural damage in addition to baseline upper
limb motor impairment. Among lots of markers that can be obtained
from neuroimaging, we believe that lesion-induced brain structural
damage could best characterize individual strokes, so we considered
measures ranging from traditional lesion size to the lesion load and to
the disconnectome as markers. Second, we assumed that predictive
performance could be improved by generating models specific to
distinct recovery patterns. Since distinct recovery patterns that best
describe inter-individual variability in recovery courses remain unclear,
we hypothetically considered conventional stratification strategies,
such as the severity of initial impairment (7, 8), the location of lesions
(9, 10), and neurophysiological status (11, 12), as potentially reflecting
inter-individual variability in upper limb motor recovery.

Among the different combinations of baseline upper limb motor
impairment and brain structural damage, we searched for the best
predictive models for individual subgroups assigned according to the
conventional stratification strategies. We sought to determine whether
predictive models of upper limb motor outcomes for stratified subgroups
could yield a reduction in the overall error compared with that for the
whole group. We hypothesized that predictive performance could
be improved for specific stratification strategies if they could at least
partially reflect different recovery courses across individuals.

2 Methods
2.1 Participants

Sixty individuals (59.4 + 12.5 years, 30 women) who suffered their
first stroke and had a course of disease within 2weeks (2W) to

Frontiers in Neurology

10.3389/fneur.2023.1323529

3 months (3 M) post-stroke participated in this study. They included
those (i) with unilateral supratentorial lesions from ischemic or
hemorrhagic stroke, (ii) aged between 18 and 80years, and (iii) who
were conscious and lacked indications of dementia or mental
impairment. The absence of cognitive impairment for all individuals
was checked by using the Mini-Mental State Examination as a
screening instrument. The individuals’ demographic and clinical
characteristics are summarized in Table 1, with individual values
listed in Supplementary Table S1. Lesions were manually segmented
by an experienced physician, with their reliability checked by another
experienced physician. An overlap map of the lesions is depicted in
Figure 1. Seventy-seven healthy individuals (46.9 + 16.5years, 40
women) without any history of neurological or psychiatric diseases
served as age- and sex-matched normative controls. Written informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki and its later amendments, and the study was
approved by the local institutional review board.

2.2 Stroke rehabilitation therapy

The individuals with stroke received comprehensive rehabilitation
therapy to restore motor functions from the time of study participation
until 3months post-stroke. They participated in rehabilitation therapy 5
times a week in a rehabilitation hospital, with physical and occupational
therapy received twice a day, each in the morning and afternoon, for a
total treatment time of 4h per day. Physical therapy consisted of gait
training, strength strengthening exercises, balance training, and joint
range of motion exercises, while occupational therapy included training
for activities of daily living, hand function movement exercises, and
swallowing facilitation therapy. For the individuals with aphasia or
dysarthria, speech therapy was added to the program.

2.3 Assessment of upper limb motor
impairment

For the individuals with stroke who suffered motor impairment
of the contralesional upper limb, the degree of upper limb motor
impairment at 2W and 3 M after stroke was assessed using the upper
extremity Fugl-Meyer assessment (UE-FMA) (13) by a trained
occupational therapist blinded to the individuals’ severity and not
involved in administering the interventions. The UE-FMA score was
based on direct observations of performance, such that each item was
scored based on one’s ability to complete the item using a three-point
ordinal scale (0, unable to perform; 1, partially done; and 2, fully
done). The UE-FMA score at 2W was regarded as baseline upper
limb motor impairment and the UE-FMA score at 3M was
considered as upper limb motor outcomes. The average UE-FMA
scores were 25.2+18.2 at 2W and 39.9£19.8 at 3 M against a full
score of 66.

2.4 Measurement of motor evoked
potentials

Motor evoked potentials (MEPs) were measured for 47 of the
60 individuals; the remaining individuals were unable to meet the
schedules for MEP assessment. By using a BiStim? transcranial
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TABLE 1 Summary characteristics of participants.

Individuals Normative Statistical
with stroke controls comparison
(n=60) (n=77)
Age (years) 28~80 22~77 NS
Demographics (mean +SD) (59.4£12.5) (46.9£16.5)
Sex Men:women = 30:30 Men:women = 37:40 NS
Hemispheric Dominant:non-dominant
Lesion side n/a n/a
motor dominance =27:33
4~63
2W n/a n/a
Upper limb UE-FMA score (252+18.2)
motor impairment (mean +SD) 4~66
3M n/a n/a
(39.9+19.8)
Initial Severe:non-severe
n/a n/a
impairment =33:27
Lesion Cortical:non-cortical
n/a n/a
location =26:34
Stratification
Neurophysiological MEP-negative:MEP-positive
n/a n/a
status =14:33
Proportional Non-fitted:fitted
n/a n/a
recovery =22:38

For individuals with stroke, the dominant/non-dominant lesion side indicates that a lesion is located in the motor dominant/non-dominant hemisphere.
UE-FMA, upper extremity Fugl-Meyer assessment; 2 W, two weeks after stroke; 3 M, three months after stroke; MEP, motor evoked potential; SD, standard deviation; and NS, non-significant.

0.5

0

Overlap
ratio

z=20mm z=0mm z=-20 mm z=-40 mm

z=40 mm

FIGURE 1
Distribution of lesions for individuals with stroke. Each individual's lesion was transformed to the standard space, oriented to be located on the same
side, and then superimposed. The red—yellow colour maps the voxel-wise overlap ratio over the individuals. IL, ipsilesional hemisphere.

2.5 Acquisition and analysis of MRI data

magnetic stimulation (TMS) system (Magstim, Carmarthenshire,
UK) and a 70mm figure-eight coil, a single-pulse TMS was

repeatedly applied to the optimal scalp position to determine each
individual’s resting motor threshold, which was defined as the
lowest stimulation intensity required to produce an MEP peak-to-
peak amplitude >50puV in 5 of 10 consecutive trials (14). By
recording MEPs via surface electrodes from the contralateral first
dorsal interosseous muscle, the absence of MEPs was defined
if no MEP appeared after three consecutive discharges at full
power (15).

Frontiers in Neurology

Using an Achieva 3T MRI system (Philips Healthcare, Best,
Netherlands), structural MRI (sMRI) and diffusion-weighed MRI
(dMRI) data were collected for the individuals. For sMRI data, a
T1-weighted volume image was acquired in axial planes with the
following parameters: number of slices = 124, slice thickness = 1.60 mm,
matrix size=512x 512, and in-plane resolution =0.47 mm x 0.47 mm.
For dMRI data, 46 volume images comprising 45 with diffusion
weighting at b value=1,000s/mm* and one without diffusion
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weighting were acquired in axial planes with the following parameters:
number of slices = 60, slice thickness =2.25 mm, matrix size=112x 112,
and in-plane resolution=1.96 mm x 1.96 mm.

Preprocessing of the dMRI data was conducted using tools in FSL'
in such a way that eddy current-induced distortion and head movement
were corrected and the skull was removed before modelling the diffusion
tensor at each voxel. White matter (WM) tractography was performed
for the preprocessed dMRI data to reconstruct WM fibers over the whole
brain by using tools in MRtrix3.” For registration between the dMRI
native space and the standard space, a deformation field was estimated
for the sMRI data coregistered to the dMRI data by using tools in SPM12.

2.6 Assessment of brain structural damage

As lesion-induced brain structural damage that could reflect an
effect of a lesion on the CST or whole brain, we considered three types
of measures as listed in Table 2, each identified by applying a specific
damage map to a region of interest (ROI). Damage maps included (i) a
weighted map of fractional anisotropy (FA) (16) derived from the
diffusion tensor estimated using the post-stroke individuals’ dMRI data,
(ii) a binary map of a lesion identified using the post-stroke individuals’
sMRI data, and (iii) a weighted map of a structural disconnectome
estimated using the normative controls’ dMRI data, as an ensemble of
structural connections passing through a lesion (17, 18). Given a lesion
identified for an individual with stroke, after the lesion was transformed
to the dMRI data native space of a normative control, WM fibers
passing through the lesion were selected among whole brain WM fibers
estimated for the normative control. The distribution of voxel-wise
counts of WM fibers was normalized to the maximum count and
transformed to the standard space, and its average over the normative
controls served as a structural disconnectome from the lesion.

ROIs included the (i) CST and (ii) whole brain. The territories of
the CST were determined using either the post-stroke individuals’
dMRI data (patient CST) or the normative controls’ dMRI data
(control CST) (19). For both patient and control CSTs, WM fibers
commencing with the precentral gyrus, progressing to the posterior
limb of the internal capsule (PLIC), and reaching the pons ipsilateral
to the precentral gyrus were selected among whole brain WM fibers.
The precentral gyrus was defined based on the respective label of the
Destrieux atlas (20), and the PLIC and pons were delineated manually.
Of the selected WM fibers, those extending into the cerebellum or
contralateral hemisphere were excluded. The distribution of voxel-
wise counts of WM fibers was normalized to the maximum count and
then transformed to the standard space. The patient CST was
identified for each individual with stroke, while the control CST was
determined as the average of the CSTs of the normative controls.

A total of six measures of brain structural damage, including two
CST disintegrity measures, two CST damage measures, and two brain
damage measures, were evaluated for the individuals with stroke at
baseline. CST disintegrity measures, including patient CST FA
asymmetry and control CST FA asymmetry, were acquired by applying
an FA map to the patient or control CST, averaging voxel-wise FA

1 https://fsl.fmrib.ox.ac.uk/
2 https://www.mrtrix.org/

3 http://www fil.ion.ucl.ac.uk/spm/
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values in each hemisphere, and computing the asymmetry of the mean
FA values between the two hemispheres: (FAconratesional = FAipsitesionat)/
(FA contratesional + FApsitesiona) - CST damage measures, including the CST
lesion load and CST disconnectome load, were obtained by applying
a lesion or disconnectome map to the control CST and computing the
weighted volume of the overlap. Brain damage measures, including
lesion volume and disconnectome volume, were acquired by applying
a lesion or disconnectome map to the whole brain and computing the
weighted volume of the overlap. To check whether there was
multicollinearity between the six measures of brain structural damage,
partial correlation between them was assessed after controlling for the
individuals’ age, sex, and hemispheric motor dominance.

2.7 Subgroup stratification

The individuals with stroke were allocated to subgroups according
to (i) initial impairment, (ii) lesion location, and (iii) neurophysiological
status. The severity of initial upper limb motor impairment was
evaluated in terms of the UE-FMA score at 2W. Among the 60
individuals, 33 with a score of 20 or lower were classified as severe (13),
whereas the other 27 with a score higher than 20 were classified as
non-severe. The criterion for the distribution of lesion location was
determined according to whether lesions involved cortical areas beyond
subcortical areas. Among the 60 individuals, 26 with lesions that
involved both subcortical and cortical areas were classified as cortical,
whereas the other 34 with lesions that involved subcortical areas only
were classified as non-cortical. Neurophysiological status was assessed
in terms of MEPs elicited by TMS. Among the 47 individuals for whom
MEPs were evaluated, 14 without MEPs were classified as MEP-negative,
whereas the other 33 with MEPs recorded in either contralateral target
muscle were classified as MEP-positive.

For comparison with the stratification strategies considered above,
the individuals were also assigned to subgroups according to whether
they met the proportional recovery rule. Defining a model residual as
the difference between the predicted change in the UE-FMA score
according to the proportional recovery rule ((66 - UE-FMA score at
2W)x0.7) and the observed change in the UE-FMA score (UE-FMA
score at 3M - UE-FMA score at 2 W), larger model residuals indicated
recovery-atypical individuals showing much poorer upper limb motor
outcomes than predicted by the proportional recovery rule (21).
Among the 60 individuals, 22 with a model residual of 20 or larger
were classified as non-fitted (21), whereas the other 38 with a model
residual smaller than 20 were classified as fitted, as displayed in the
histogram of model residuals in Fig. S1.

2.8 Construction and comparison of
predictive models

We used multiple linear regression to generate models for predicting
upper limb motor outcomes. That is, upper limb motor outcomes
served as the response variable and inputs including baseline upper limb
motor impairment and brain structural damage served as predictor
variables. Specifically, three kinds of models were generated according
to inputs employed: (i) baseline upper limb motor impairment alone,
(ii) brain structural damage alone, and (iii) a combination of baseline
upper limb motor impairment and brain structural damage. In all the
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TABLE 2 List of brain structural damage measures.

10.3389/fneur.2023.1323529

Type Damage map ROI Structural damage measure
FA Patient CST Patient CST FA asymmetry
CST disintegrity
FA Control CST Control CST FA asymmetry
Lesion Control CST CST lesion load
CST damage
Structural disconnectome Control CST CST disconnectome load
Lesion Whole brain Lesion volume
Brain damage
Structural disconnectome Whole brain Disconnectome volume

Each measure was defined by applying a specific damage map to a region of interest (ROI).
CST, corticospinal tract; and FA, fractional anisotropy.

models, the individuals’ age, sex, and hemispheric motor dominance
were included as confounding covariates. Model parameters were
estimated by using the least square approximation without involving
regularization. This model construction was repeated for the whole
group and for each stratified subgroup.

To assess the predictive ability of each model, the in-sample error
and the out-of-sample or generalization error in predicting upper
limb motor outcomes were measured by the squared error per
sample, that is, the mean squared error (MSE). While the in-sample
error was estimated for samples already seen in the training phase,
the generalization error was estimated for those unseen in the
training phase. Specifically, the generalization error was measured via
leave-one-out cross-validation (CV), in which a squared error was
computed for each left-out sample when the remaining samples were
used to estimate the model parameters. A model’s superiority was
primarily determined by a smaller MSE in CV in terms of the
generalization error since the robustness of a model to a range of
unseen samples beyond those used for estimating model parameters
would be crucial for assessing the model’s practical applicability.
Moreover, the goodness of fit of each model was evaluated by the
coeflicient of determination, R? and the trade-off between the
goodness of fit and model complexity was evaluated by the corrected
Akaike information criterion (AICc) (22).

Between nested models, specifically between a reduced model
composed of baseline upper limb motor impairment alone and an
extended model comprising a combination of baseline upper limb
motor impairment and brain structural damage, the likelihood-ratio
x° test was carried out to assess whether adding brain structural
damage as an additional predictor variable could significantly improve
the goodness of fit. In addition, between different models formed by
a combination of baseline upper limb motor impairment and brain
structural damage, a difference in the goodness of fit was evaluated by
comparing R? values. In all statistical inferences, statistical significance
was identified when a p value was less than 0.05, specifically corrected
for multiple comparisons by a false discovery rate approach in the case
of considering multiple models.

3 Results

3.1 Correlation between brain structural
damage measures

The six measures of brain structural damage were highly
correlated with each other (p <0.001 for all pairs), with correlation
coefficients ranging from 0.525 to 0.920 (Fig. S2). The average

Frontiers in Neurology

correlation coefficients between each and the others were 0.766, 0.803,
0.839, 0.698, 0.727, and 0.837 for the measures as ordered in Table 2,
showing that the CST lesion load was the most correlated, whereas the
CST disconnectome load was the least correlated on average.
Specifically, the correlation coefficient was 0.920 between the two CST
disintegrity measures, 0.809 between the two CST damage measures,
and 0.862 between the two brain damage measures.

3.2 Predictive models for stratified
subgroups

Since generally high correlation between the six measures of brain
structural damage indicated multicollinearity between them, each of
the measures was individually employed as a predictor variable,
producing a total of 13 multiple linear regression models, as listed in
Supplementary Table S2, for predicting upper limb motor outcomes.
The statistics of the models are listed in Supplementary Table S3. In all
models constructed, baseline upper limb motor impairment was a
statistically significant predictor when it was combined with brain
structural damage as well as when it was employed alone. When
baseline upper limb motor impairment was combined with brain
structural damage, brain structural damage was a statistically
significant predictor for specific subgroups and, in connection with
that, adding brain structural damage to baseline upper limb motor
impairment could offer, but not always, a significant improvement in
the goodness of fit. In addition, between the models comprised of a
combination of baseline upper limb motor impairment and brain
structural damage, the goodness of fit was not significantly different
as specified in Supplementary Table S4.

The best predictive models developed for the whole group and for
subgroups specified according to the different stratification strategies are
summarized in Table 3. While the combination of baseline upper limb
motor impairment and the CST lesion load (B+LL) composed the best
predictive model with the greatest R* (R* =0.672) and the smallest AICc
(AICc=474.253) as well as the smallest MSE in CV (MSE=152.572) for
the whole group, the best predictive models were variable between
stratified subgroups. Whereas the best predictive models consisted of
baseline upper limb motor impairment alone (B) in the non-severe
subgroup determined by initial impairment and in the non-cortical
subgroup determined by lesion location, the combination of baseline
upper limb motor impairment and the CST disconnectome load (B+DL)
formed the best predictive model for the severe subgroup determined by
initial impairment, for the cortical subgroup determined by lesion
location, and for the MEP-negative subgroup determined by
neurophysiological status.
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TABLE 3 Predictive ability of the best predictive models developed for the whole group and for stratified subgroups.

Subgroup Generalization error In-sample error
MSE Overall Best MSE Overall

MSE model MSE
All individuals B+LL 152.572 152372 B+LL 140.510 140310

(100%) (100%)
Initial Severe B+DL 149.457 130.982 B+DL 122.040 106.068
impairment Non-severe B 108.402 (85.8%) B+PF 86.547 (75.5%)
Lesion Cortical B+DL 193.887 162.572 B+DL 161.464 135.831
location Non-cortical B 138.802 (106.6%) B+DV 116.230 (96.7%)
Neurophysiological MEP-negative B+DL 156.777 112.877 B+DL 128.301 92.011
status MEP-positive B+DV 9.398 (96.1%) B+DV 6.470 (89.6%)
Proportional Non-fitted B+PF 43.753 46.434 B+PF 31.732 37.648
recovery Fitted B 47.986 (30.4%) B+DL 41.073 (26.8%)

A smaller mean squared error (MSE) indicates better predictive ability.

CV, cross-validation; MEP, motor evoked potential; B, baseline upper extremity Fugl-Meyer assessment (UE-FMA) score; B+ PE, baseline UE-FMA score + patient CST FA asymmetry; B+LL,
baseline UE-FMA score + CST lesion load; B + DL, baseline UE-FMA score + CST disconnectome load; and B + DV, baseline UE-FMA score + disconnectome volume.

3.3 Overall error of predictive models for
stratified subgroups

In predicting upper limb motor outcomes, having set the MSE of
the best predictive model generated for the whole group at 100%, the
best predictive models constructed via subgroup stratification
according to initial impairment, lesion location, and
neurophysiological status yielded overall MSEs ranging from 85.8 to
106.6% for the generalization error and those ranging from 75.5 to
96.7% for the in-sample error, as listed in Table 3, when the overall
MSE was computed by weighting the MSEs of predictive models for
stratified subgroups by the number of individuals in each subgroup.
By comparison, for subgroups determined according to proportional
recovery, as reference for those exhibiting different recovery courses,
the best predictive model yielded an overall MSE reduced up to 30.4%

for the generalization error and up to 26.8% for the in-sample error.

4 Discussion

In predicting upper limb motor outcomes in stroke recovery,
we showed that predictive models tailored for subgroups of individuals
with stroke could be furnished by applying conventional stratification
strategies. While baseline upper limb motor impairment alone composed
better predictive models for the non-severe subgroup determined by
initial impairment and the non-cortical subgroup determined by lesion
location, a combination of baseline upper limb motor impairment and
brain structural damage formed superior predictive models for the other
subgroups as well as for the whole group. We demonstrated that
predictive models tailored for subgroups based on specific stratification
strategies, such as initial impairment and neurophysiological status, could
lead to reductions in the overall error in upper limb motor outcome
predictions compared with the predictive model for the whole group.

An increasing number of studies of upper limb motor recovery
after stroke have suggested numerous markers sourced from various
clinical data, not least of which are upper limb motor impairment and
neuroimaging-based brain structural damage evaluated at baseline
(23), in predicting subsequent upper limb motor outcomes. While
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initial impairment is a well-known marker of outcomes several
months later (24, 25), we showed that a combination of baseline upper
limb motor impairment and brain structural damage could generally
provide an improvement in predictive ability compared with the use
of baseline upper limb motor impairment alone. Considering the
relevance of proportional recovery to lesion-induced CST disintegrity
(3, 21, 26) and CST damage (7), brain structural damage appears to
have the potential to improve the predictive ability when used together
with baseline upper limb motor impairment (6).

For the non-severe subgroup determined by initial impairment
and the non-cortical subgroup determined by lesion location, upper
limb motor outcomes were best predicted by baseline upper limb
motor impairment alone, specifically in terms of the generalization
error. Considering that variability in recovery courses could
be associated with the heterogeneity of lesion characteristics between
individuals (9, 10, 27-29), structurally or functionally less impairment
would induce smaller inter-individual variability; hence, the greatest
robustness to variations in upper limb motor outcome predictions
could be achieved by the simpler predictive model composed of
baseline upper limb motor impairment alone for the subgroups.

As the virtue of upper limb motor outcome predictions for stratified
subgroups, we showed that predictive models tailored for subgroups
determined according to specific stratification strategies could yield a
smaller overall error compared with that for the so called one-size-fits-all
model for all individuals with stroke. Of the stratification strategies
considered here, subgroup stratification according to initial impairment
appears to be most promising in that the predictive models for the
stratified subgroups yielded smaller MSEs in terms of the generalization
error for every subgroup than that for the one-size-fits-all model.
Considering that many individuals not fitted to the proportional recovery
rule are those with initially severe impairment (30), subgroup stratification
according to initial impairment appears to partly reflect different recovery
courses as implied by proportional recovery. In subgroup stratification
according to neurophysiological status, the MSE in terms of the
generalization error was greatly reduced for the MEP-positive subgroup,
but not for the MEP-negative subgroup, indicating much larger variability
in recovery courses in the absence of MEPs (31) in contrast to the robust
predictive value in the presence of MEPs (12).
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In upper limb motor recovery studies that considered follow-up
outcomes as the response variable to be predicted, differing ability in
outcome predictions according to subgroups has been often presented.
For example, Feng and colleagues (7) showed that baseline upper limb
motor impairment was a marker comparable to the CST lesion load in
predicting upper limb motor outcomes for the whole sample, but not
for a subgroup with initially severe impairment (UE-FMA score at
baseline <10). Such changing contributions of a certain marker to
predicting outcomes appear to suggest a need for predictive models for
stratified subgroups as a possible way to improve predictive
performance, as well as supporting the notion of grossly different
recovery patterns across individuals. In this respect, we note that our
unique attempt was to generate predictive models for individual
subgroups assigned according to hypothetical differences in recovery
patterns, while many of previous studies aimed to predict different
recovery patterns themselves via the representation of the response
variable by categories of outcomes, for example, two recovery patterns
in the proportional recovery rule (32) and four recovery patterns in the
Predict Recovery Potential algorithm (33). Our approach may find
new applications as distinct recovery patterns that better describe
inter-patient variability in recovery courses could be identified in
the future.

This study has some limitations that should be accounted for in
future studies. First, the predictive models suggested here are not yet
considered conclusive primarily due to the small sample size. Subgroup
stratification according to initial impairment appears to be a reasonable
starting point for further development of predictive models for
stratified subgroups, but it would be necessary to refine the stratification
strategy and validate the performance of the predictive models against
a larger sample for practical application to prognostic predictions in
clinical practice. Second, although here we considered at most two
subgroups for stratification strategies partly because of the limited pool
of post-stroke individuals, the number of subgroups could vary greatly.
For instance, by considering that the presence of MEPs could be a
useful marker particularly for individuals with initially severe
impairment (12), initial impairment and neurophysiological status
might be applied together to provide subdivided subgroups according
to a combination of stratification strategies. Third, more markers than
those considered here could be added to establish more robust and
accurate outcome predictions. High-dimensional markers from
demographic, clinical, electrophysiological, and neuroimaging data
would increase the opportunity to apply more complex artificial
intelligence approaches and eventually render individualized outcome
predictions practically feasible.

5 Conclusion

Despite growing momentum to develop precision medicine for
stroke, the phenotypic diversity of stroke appears to be a main
challenge specifically in predicting functional outcomes after stroke.
In the current study, we put forward the value of subgroup
stratification in developing prognostic predictive models of upper
limb motor outcomes. We suppose that predictive models for stratified
subgroups could serve as an intermediate step towards more complete
precision medicine for personalized prognosis of upper limb motor
outcomes, thus paving the way for promoting clinical application of
such prognostic predictive models in stroke recovery.
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Stroke is a common neurological disorder worldwide that can cause significant
disabilities. Transcranial alternating current stimulation (tACS) is an emerging
non-invasive neuromodulation technique that regulates brain oscillations and
reshapes brain rhythms. This study aimed to investigate the effect of tACS on
functional recovery in patients with stroke. The MEDLINE (PubMed), Cochrane
Library, Embase, SCOPUS, and Web of Science databases were searched for
English-language articles on tACS and stroke, published up to October 20, 2023.
The following key search phrases were combined to identify potentially relevant
articles: 'tACS," "transcranial alternating current stimulation,” ‘stroke,” ‘cerebral
infarct,” and ‘intracerebral hemorrhage.’ The inclusion criteria for study selection
were as follows: (1) studies involving patients with stroke and (2) studies that
used tACS for functional recovery. A total of 34 potentially relevant studies were
identified. Five articles were included in this review after reading the titles and
abstracts and assessing their eligibility based on the full-text articles. Among
the included studies, one investigated the improvement in overall functional
status in patients with stroke after tACS, and two investigated the effect of tACS
on motor function and gait patterns. Moreover, one study reported the efficacy
of tACS on aphasia recovery, and one study evaluated the effect of tACS on
hemispatial neglect. Our findings suggest that tACS improves functional recovery
in patients with stroke. The application of tACS was associated with improved
overall functional recovery, sensorimotor impairment, aphasia, and hemispatial
neglect. The potential clinical application of tACS should be supported by high-
quality, evidence-based studies.

KEYWORDS

transcranial alternating current stimulation, stroke, treatment, rehabilitation, review

Introduction

Stroke is a common neurological disorder that occurs worldwide and causes significant
disability (1). Patients with stroke have neurological deficits in different functional domains
that can be permanent (2). Following a stroke, patients can have various sequelae, such as
motor impairments, sensory loss, visual field defects, cognitive impairments, dysphagia, and
language impairment (3). Such functional problems that persist after stroke can have a
substantial negative impact on the quality of life and result in emotional stress. Rehabilitation
therapy is crucial for ameliorating severe dysfunction resulting from strokes; it assists patients
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TABLE 1 Search terms and strategies.

10.3389/fneur.2023.1327383

Database Keywords

MEDLINE

alternating current stimulation”[All Fields])

(“stroke”[All Fields] OR “cerebral infarct”[All Fields] OR “intracerebral hemorrhage”[All Fields]) AND (“tACS”[All Fields] OR “transcranial

Cochrane library

#3 #1 and #2 in Trials 112

#1 “stroke” OR “cerebral infarct” OR “intracerebral hemorrhage” 84,173

#2 “tACS” OR “transcranial alternating current stimulation” 3,397

Embase (‘stroke’/exp. OR ‘stroke’ OR ‘cerebral infarct’/exp. OR ‘cerebral infarct’ OR ‘intracerebral hemorrhage’/exp. OR ‘intracerebral hemorrhage’) AND
(‘tacs’ OR ‘transcranial alternating current stimulation’/exp. OR ‘transcranial alternating current stimulation’)

Scopus ALL ((“stroke” OR “cerebral infarct” OR “intracerebral hemorrhage”) AND (“tACS” OR “transcranial alternating current stimulation”))

Web of Science ALL=((“stroke” OR “cerebral infarct” OR “intracerebral hemorrhage”) AND (“tACS” OR “transcranial alternating current stimulation”))

in regaining full functionality and reintegrating into their daily
routines (4).

Normally, functional balance between the two hemispheres of the
brain is achieved through interhemispheric inhibition (5). In patients
with stroke, brain damage caused by the events leads to abnormal
increases in interhemispheric inhibition and enhanced excitability of
the contralesional hemisphere (6). Cortico-subcortical excitability and
neural network changes can cause severe functional disabilities (7).
Among the various rehabilitation methods, non-invasive brain
stimulation (NIBS) modulates cortical excitability and helps regain
balance between the two hemispheres (8). Moreover, NIBS aims to
induce neuroplasticity and facilitate recovery by modulating neural
processing. Repetitive transcranial magnetic stimulation (rTMS),
transcranial direct-current stimulation (tDCS), and transcranial
alternating current stimulation (tACS) are commonly used NIBS
methods to induce a better recovery (9). rTMS activates axons through
short-pulsed stimulation by inducing new action potentials, whereas
tDCS manipulates the membrane potential of neurons and modulates
spontaneous firing rates (10).

tACS is an emerging NIBS method used to regulate brain
oscillations and reshape brain rhythms (11). Sinusoidal alternating
electric currents are delivered to the head via scalp electrodes in
specific brain regions to modulate brain activity. The duration of
stimulation, frequency, amplitude, phase difference, and the site of
stimulation are major parameters used in the application of tACS (12).
The intensity of the alternating-current is provided within the range
of 0.5-2mA using metal or rubber electrodes with a skin-electrolyte
contact area of 25-35cm? (13). The electrical current alternates
between two electrodes (a positive electrode is called an anode, and a
negative electrode is called a cathode) back and forth as a sinusoidal
wave. These weak and constant direct electrical currents affect cortical
neurons and alter cortical excitability (14). Furthermore, tACS is
believed to improve brain function by modulating the intrinsic
oscillatory activity in a frequency-dependent manner (15).

Previous studies have investigated the relationship between tACS-
induced neural oscillations and improvements in behavioral and
cognitive functions (16). The networks of oscillatory activity are
classified into frequency bands (delta-&: 1-3 Hz; theta-0: 4-7Hz;
alpha-o: 8-13Hz; beta-f: 14-30Hz; gamma-y: 30-80Hz; fast,
80-200 Hz; ultra-fast, 200-600 Hz) (17). The associations of alpha-
band oscillations (8-13 Hz) with visual task performance (18), beta-
band oscillations (14-30 Hz) with motor performance (19), and theta-
band oscillations (4-7 Hz) with memory (20) have been reported.
Therefore, tACS could be an effective therapeutic tool to enhance
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stroke rehabilitation. However, no previous studies have summarized
the effect of tACS on functional recovery in patients with stroke. This
review investigated tACS therapy for functional recovery in patients
with stroke.

Methods

The MEDLINE (PubMed), Cochrane Library, Embase, SCOPUS,
and Web of Science databases were searched for English-language
articles about tACS and stroke, published up to October 20, 2023. The
following key search phrases were combined to identify potentially
relevant articles: tACS; ‘transcranial alternating-current stimulation;
‘stroke; ‘cerebral infarct; and ‘intracerebral hemorrhage’ (Table 1). The
inclusion criteria for study selection were as follows: (1) studies
involving patients with stroke and (2) studies which used tACS for
functional recovery. The exclusion criteria were as follows: (1) reviews,
(2) case reports, (3) commentaries, (4) letters, (5) animal studies, and
(6) study outcomes that were either insufficient or not reported.

Results

After the search, 1,742 potentially relevant articles were identified.
The titles and abstracts of the articles were screened, and their
eligibility was assessed based on the full-text articles. Five studies were
included in this review (Figure 1). Details of the included articles are
presented in Table 2. Among the included studies, only one study
highlighted an improvement in overall functional status in patients
with stroke after tACS (21), and two studies investigated the effect of
tACS on motor function and gait patterns (22, 23). One study reported
the efficacy of tACS on aphasia recovery (24), whereas one study
evaluated the effect of tACS on hemispatial neglect (25).

A randomized controlled trial (RCT) conducted by Wu et al. in
2016 recruited 60 patients with stroke and demonstrated that tACS
positively enhanced neurological function (26). Thirty patients
received 15 sessions of tACS over the mastoids bilaterally (20 Hz
and <400 pA for 30 min). Mastoid regions, which are close to the
subcortical structures around the medulla and cerebellum, are
expected to increase cerebral blood flow and induce functional
recovery as they are close to the cerebello-hypothalamic projections.
The National Institutes of Health Stroke Scale (NIHSS) scores, which
reflect the overall functional status of patients with stroke and cerebral
hemodynamics using transcranial Doppler, of these patients were

frontiersin.org


https://doi.org/10.3389/fneur.2023.1327383
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yang et al. 10.3389/fneur.2023.1327383
[ Identification of studies via databases and registers ]
Records removed before
5 Records identified from: screening:
MEDLINE (n = 92) Duplicate records removed
g Cochrane library (n = 112) - (n =403)
Embase (n = 221) . Records marked as ineligible
Scopus (n = 1615) by automation tools (n = 0)
- Web of Science (n = 105) Records removed for other
reasons (n = 0)
) \ 4
Records screened .| Records excluded
(n=1742) "1 (n=1709)
v
- Reports sought for retrieval .| Reports not retrieved
z (n=33) "l (n=0)
4 Reports excluded:
Reports assessed for eligibility N Studies not on stroke patients
= g (n=19)
(n=33) .
Studies on tDCS (n=7)
Studies not on functional
recovery (n = 3)
Reviews (n = 2)
v Study protocol (n = 1)
SR
3 Studies included in review
8| | =5
£
FIGURE 1
Flow diagram of the study selection process.

compared with those of 30 patients in the control group, who received
the usual rehabilitation program only. When patients in the tACS
group received the tACS in a quiet treatment room, patients in the
control group were asked to sit on a chair for the same period in the
same room with tACS. All patients received a standardized
rehabilitation program, which included aerobic exercise, daily
function training, and speech and cognitive training for 3 h. Patients
were unaware of which group they belonged to or what treatment the
other group received. The NTHSS is often used to measure neurological
function in post-stroke patients and consists of 15 items, including
levels of consciousness, visual fields, facial muscle function,
extraocular movements, language, speech, motor strength, sensory
function, coordination, and hemi-inattention (27). The results
demonstrated that the tACS group had a significant decrease in mean
NIHSS scores, a larger increase in blood flow velocity, and a decrease
in the resistance of the vascular bed compared to the control group.

Frontiers in Neurology

The mechanism of tACS action in stroke recovery is that electrical
stimulation to brain tissues enhances cerebral hemodynamics,
including global and regional cerebral blood flow (28). This study also
showed that tACS increased the cerebral blood flow velocity, which
induced recovery of neurological function. Thus, this study concludes
that tACS effectively improves sensorimotor function and cerebral
hemodynamics in patients with stroke.

In 2020, Kitatani et al. conducted a small single-blind crossover
study to investigate the effects of gait-synchronized oscillatory brain
stimulation with tACS. Eight patients with chronic stroke received
tACS over the ipsilesional primary motor cortex (M1) foot area (40 Hz
for 10 sessions, twice a week for 5weeks). The primary motor cortex
is a brain region located anterior to the central sulcus, which is
traditionally implicated in voluntary movement control (29). For
stimulation over the foot area of M1, the positions of the electrodes
were determined to be where the transcranial magnetic stimulation
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TABLE 2 Characteristics of included studies.

First author

1 Wuetal. (21)

2016

RCT

No. of patients
(active/
control)

60 (30 tACS vs. 30 usual

rehabilitation)

Patients

Subacute stroke
between 15 and
60 days after the

onset

Bilateral mastoids

Intensity (mA)

20Hz

Duration
(min)

30min

No. of
sessions

15 sessions

Outcome
parameters

Overall functional status
(NIHSS score, mean blood
flow velocity (MFVs),
Gosling pulsatility index
(PD))

Results

The mean NIHSS scores
and Gosling PI of the
the tACS

group demonstrated a
significant decrease
compared to the

control group.

2 Kitatani et al. (17)

2020

PCO

8 (tACS and sham)

Single stroke >6m

MI (foot area)

40Hz

10 min

10 sessions (tACS-

sham crossver)

Gait (EMG)

Gait intervention with
tACS was effective in
modulating the cortical
control of muscle activity
during gait and

enhancing gait function.

3 Xie etal. (19)

2022

RCT

30 (14 active tACS vs.

11 sham tACS)

Post-stroke aphasia

>6m

SMA

6Hz

30min

14 sessions

Aphasia (Aphasia Battery
of Chinese (ABC))

The results demonstrated
that the active tACS plus
SLT group exhibited
significantly greater
improvements in AQ and
auditory verbal
comprehension than the
sham tACS plus SLP

group.

4 Yuan et al. (18)

2022

POS

13 (crossover, 10Hz,

20Hz, sham)

Unilateral stroke

>6m

Ipsilesional M1 (C3/C4)
and contralesional
supraorbital ridge (FP1/
FP2)

10Hz, 20Hz

20min

3 sessions

Motor (Fugl-Meyer
Assessment, Action
Research Arm Test,

functional MRI)

10 Hz tACS mainly
modulated FC within
motor-related regions
and 20 Hz tACS
modulated regions
beyond the motor-

related areas.

5 Schuhmann et al.

(20)

2022

POS

16 (crossover, 10 Hz,

sham)

Stroke patients with

hemispatial neglect

Contralateral posterior

parietal cortex

10Hz

30min

2 sessions

Hemispatial
neglect (CVDT)

Patients who received
tACS demonstrated
significant improvement
in reducing neglect
symptoms measured

with a CVDT and BT.

BT, Bell’s task; CVDT, computerized visual detection test; EMG, electromyography; LBT, line bisection task; FC, functional connectivity; SMA, supplementary motor area; M1, primary motor cortex; NIHSS, National Institute of Health Stroke Scale.
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elicited the best motor response in the tibialis anterior muscle. Patients
performed a 10-min treadmill walking at a comfortable pace along
with tACS, which was synchronized with the individual gait cycle
frequency. Sham stimulation was performed in a crossover manner
during the gait cycle. The results demonstrated that tACS in gait
intervention, particularly targeting p-band (15-35Hz) coherence,
induced gait-specific plasticity and changes in gait function by
enhancing the excitability of the cortical control of the paretic tibialis
anterior muscle activity during gait.

The effect of tACS on recovery from aphasia in patients with stroke
was reported in 2022 (24). Considering that neuronal oscillations in
language-related brain areas may also be associated with speech and
language processing (30), Xie et al. investigated whether tACS is
effective in recovering post-stroke aphasia (24). Twenty-five patients
with stroke suffering from aphasia were randomized into the active
tACS (n=14) or sham tACS (n=11) groups. In the active tACS group,
6 Hz tACS was applied during 30 min of speech-language therapy (SLT)
over the supplementary motor area (SMA) for 14 consecutive days. All
patients believed that they received active tACS. tACS was delivered for
the entire 30-min intervention period and 30-s ramp-up and-down
phases in the study group. Patients in the sham group received tACS
only during the ramp-up and-down phases. The stimulation site was
SMA, which is involved in both speech production and comprehension
(31, 32), and tACS over the SMA was expected to enhance the efficacy
of SLT. Both groups received 30 min of SLT with active or sham tACS,
followed by 90 min of SLT alone (14 sessions). The results demonstrated
that in the active tACS plus SLT group the aphasia quotient and
auditory verbal comprehension improved significantly more than the
sham tACS and SLT group. This study suggests tACS over the SMA as
an additive rehabilitative tool to strengthen the effect of SLT in patients
with aphasia and stroke.

In 2022, Yuan et al. investigated whether tACS produced
differential modulation effects according to frequency. Thirteen
patients with chronic stroke were enrolled, and the effects of tACS at
different frequencies (10Hz, 20Hz, sham) were evaluated using
functional magnetic resonance imaging (fMRI). Additionally, tACS
was applied over the ipsilesional M1, and 1 mA current was delivered
for 20 min at 10 Hz and 20 Hz. At 10 Hz, tACS had a limited effect on
motor-related regions, whereas tACS at 20Hz modulated brain
regions beyond motor-related areas. Therefore, this study concludes
that applying 20 Hz tACS promotes a heightened functional interplay
between the brain regions associated with executive control and the
sensorimotor area, surpassing the effects observed with both 10Hz
tACS and sham stimulation.

Moreover, tACS was also effective in improving spatial
attention deficits after stroke. In 2022, Schuhmann et al.
conducted a crossover study to evaluate whether tACS alleviated
attention deficits. Sixteen subacute patients with stroke with
visuospatial neglect symptoms were enrolled and received 10 Hz
tACS or sham stimulation. Alpha-band oscillations (8-12 Hz)
over the posterior parietal cortex is known to be associated with
attentional bias. Therefore, tACS at 10Hz targeting the
contralesional posterior parietal cortex was administered for
30 min. Patients who received tACS demonstrated a significant
reduction in neglect symptoms, which were measured with a
computerized visual detection task and Bell’s task, compared to
patients with sham stimulation. Therefore, the potential clinical

Frontiers in Neurology

10.3389/fneur.2023.1327383

utility of tACS was proposed for improving hemispatial
neglect symptoms.

Four studies did not mention whether there were any side effects
of tACS (23-26). Only the study by Kitatani et al. (22) reported that
no patients experienced side effects, such as vertigo, skin pain or
irritation, headaches, or phosphenes from the stimulation, which are
commonly reported adverse effects of tACS (33).

Discussion

This review explored whether tACS can be considered an
alternative treatment option for improving functional disabilities in
patients with stroke. Studies included in this review demonstrated that
applying tACS produced improvement in overall functional recovery,
sensorimotor impairment, aphasia, and hemispatial neglect.

However, the mechanism of action of tACS is not fully understood.
We hypothesized that the effects of tACS could be induced by
entrainment and spike-timing-dependent plasticity (STDP) (16).
Entrainment refers to the synchronization of the stimulated frequency
with endogenous neural oscillations. As the stimulated frequency
approaches the endogenous frequency of the targeted neural network, it
can effectively modulate rhythmic oscillations (34). Additionally, STDP
refers to synaptic plastic changes after stimulation that depend on
synaptic events’ timing. Synaptic strength increases when presynaptic
spikes occur before postsynaptic spikes, whereas the strength is weakened
when postsynaptic spikes occur before presynaptic spikes (16). Synaptic
strengthening has been assumed to occur if the stimulation frequency is
close to the endogenous frequency. In contrast, if the stimulation
frequency is higher than the endogenous frequency, a postsynaptic spike
occurs before the presynaptic spikes and the synapse may be weakened
(16, 35). In addition, as tACS generates a weak oscillating extracellular
field in the brain, subthreshold membrane potential shifts can increase
or decrease membrane potentials (36). Changes in membrane potential
affect spike timing at the single-neuron level and cause depolarization or
hyperpolarization, which may trigger neuronal plasticity (37). Thus,
tACS may facilitate neuroplasticity, which is essential in recovery (38).

The application of tACS may be recommended, considering the
efficacy of stimulation in stroke recovery and its several advantages.
First, tACS is usually well-tolerated and is both feasible and
inexpensive (25). Moreover, tACS can also be easily applied in the
clinical setting. Second, tACS is portable and can be used in a home
setting (25). Third, tACS is safe and does not cause any serious adverse
events (39). Therefore, tACS appears to be a readily available and safe
alternative therapeutic approach to improve brain function. As tACS
modulates oscillations and oscillatory connectivity in the brain, it may
also be a potentially effective therapeutic tool to enhance brain
plasticity, improving overall functional status, sensorimotor deficits,
language problems, and attentional deficits.

The studies included in this review had a few limitations. First, the
sample sizes of the included studies were small. Studies with large
sample sizes are required to investigate the effects of tACS in patients
with different functional impairments. Second, only a few studies have
investigated the effect of tACS on functional recovery after stroke, and
the functional status of patients with stroke differed across studies.
Further studies on the effects of tACS on stroke recovery are warranted.
Third, the long-term effects of tACS were not reported in these studies.
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Further studies investigating the clinical efficacy of tACS, including
repeated treatment sessions and evaluating the long-term effects of
stimulation, are recommended.

Conclusion

Our findings suggest that tACS improves functional recovery in
patients with stroke. The application of tACS was associated with
improved overall functional recovery, sensorimotor impairment,
aphasia, and hemispatial neglect. The potential clinical application of
tACS should be supported by high-quality, evidence-based studies.
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Rationale: Post-stroke fatigue (PSF) is a frequent problem in stroke survivors and
often hinders their rehabilitation. PSF is difficult to treat, and pharmacological
therapy is often ineffective. Transcranial direct current stimulation (tDCS) can
modulate motor, sensory, cognitive and behavioral responses, as it alters
neuronal activity by delivering a small amount of current via the scalp to the
cortex, resulting in prolonged alterations to brain function. tDCS has been
studied for the treatment of fatigue associated with other neurological diseases,
namely, multiple sclerosis, Parkinson’s disease and post-polio syndrome.

Aims: This proposed project will examine the effect of tDCS on PSF.

Sample size estimates: We will recruit 156 participants aged 18 to 80 with
chronic stroke and allocate them equally to two groups (i.e., n =78 per group).

Methods and design: This proposed project will be a double-blind randomized
control trial. The participants will be randomly divided into two groups. The
control group will receive sham tDCS, and the treatment group will receive
active tDCS. The latter treatment will involve application of a constant 2-mA
current via one 5x 5-cm anodal electrode positioned on the scalp over the C3
or C4 positions (motor cortex) of the lesioned hemisphere and one cathodal
electrode positioned at the ipsilateral shoulder in two 20-min sessions per day
for 5days. The period of follow-up will be 4 weeks.

Study outcome(s): The primary outcome measure will be a change in
fatigue severity, as measured using the modified fatigue impact scale (MFIS).
The participants’ scores on the MFIS (total score and physical, cognitive and
psychosocial subscores) will be collected before treatment (T0), after 10
treatment sessions, i.e., 1day after the fifth treatment day (T1), and 1week
(T2), 2weeks (T3) and 4 weeks (T4) thereafter. Both per-protocol analysis and
intention-to-treat analysis will be performed.

Discussion: This proposed project will provide proof-of-concept, ie.,
demonstrate the benefits of tDCS for the treatment of PSF. The beneficiaries
are the subjects participated in the study. This will stimulate further research to
optimize tDCS parameters for the treatment of PSF.

Clinical trial registration: www.Chictr.org.cn, identifier: ChiCTR2100052515.
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Introduction

Fatigue is defined as the “subjective lack of physical or mental
energy to carry out usual and desired activities as perceived by the
patient” (1). Patients with fatigue may experience a devastating sense
of tiredness, exhaustion or lack of energy during or after mental or
motor activity. Fatigue is a common symptom of neurological
disorders (2).

Post-stroke fatigue (PSF) is a common and chronic problem (3),
with a frequency that varies from 23 to 85% (3-7). For many stroke
patients with good recovery, PSF is the sole major disability (8). It was
found that up to 40% of stroke patients reported PSF as the most
troublesome consequence of stroke (3). PSF can hinder rehabilitation
(5) and predicts reduced functional independence, risk of
institutionalization, impairment of cognition, poor quality of life and
increased mortality (9). Female sex, older age and previous stroke are
clinical correlates of PSF (9). Other causes of PSF include sleep apnea
(10) and depression (3, 11).

Pathological mechanism of PSF

PSF is a complex problem with several contributing factors, many
of which are not well understood. One theory holds that stroke may
trigger biochemical imbalances, such as inflammatory responses, that
generate fatigue in the early stages following stroke. Subsequently,
neurophysiological and behavioral perturbations, such as beliefs about
estimated action cost, may result in chronic PSF (11).

Potential treatments that have been
explored for alleviation of PSF

Potential pharmacological treatments for PSE such as
antidepressants, stimulants, vitamin D and wakefulness-promoting
agents (e.g., modafinil), have failed to demonstrate significant benefits
(12). Similarly, the efficacy of non-pharmacological treatments, such
as low-intensity training, cognitive therapy, fatigue education, a
mindfulness-based stress-reduction program, treatment of associated
depression, Chinese herbs, correction of risk factors and adaptation
of activities, remains unproven (13).

Nature of transcranial direct current
stimulation (tDCS)

tDCS can regulate sensory, cognitive, motor and behavioral
responses (14), as it involves the application of a small amount of
current to the cortex that regulates the activity of neurons and induces
protracted after-effects in brain function. During tDCS, an anodal
electrode is positioned over the targeted area and a cathodal electrode
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is positioned on a different part of the scalp or another body part, such
as the shoulder. Importantly, tDCS does not cause severe adverse
effects and is considered to be safe (15) and is a cost-effective and
portable technique for neuromodulation (16).

Diverse effects on brain excitability can be achieved via tDCS,
depending on the intensity, polarity and duration of the applied
electric current. tDCS is a technique that in the short term is capable
of modulating the resting potential of the membrane and in the long
term of inducing for example functional plastic changes in the
networks such as an increase or decrease in synaptic efficacy (17, 18).

The immediate effects of tDCS are caused by the modulation of
resting membrane potential, whereas its long-lasting after-effects are
due to the induction of enduring depression and potentiation (19). At
the single-neuron level, tDCS generates glutamatergic plasticity that
modulates the function of various ion channels and of
neurotransmitters such as brain-derived neurotrophic factor and
N-methyl-p-aspartate glutamate (19). In summary, tDCS can
modulate neuronal excitability and induce prolonged functional
changes in the brain (20). Stimulation of different levels of the
neuromotor control system affects neuronal circuits in stroke patients,
which causes neuroplastic changes. This reorganizes the damaged
brain and produces improvements in function (19).

Effects of tDCS in stroke patients

There is growing interest in tDCS as a treatment to facilitate stroke
recovery, and small-scale clinical trials have suggested that tDCS can
be effective in the treatment of various motor and non-motor
dysfunctions in stroke patients. For example, tDCS has been found to
improve the capacity for activities of daily living (21), swallowing
function (22), gait training (23), motor learning (24), visuospatial
neglect (25), central pain (26), verbal learning (27) and depression
(28) in stroke patients. tDCS may be more effective in patients with
stroke with mild-to-moderate impairments than in those with major
impairments (29).

Effects of tDCS in patients with PSF

An open-label trial of two sessions of tDCS per week for 5-6 weeks
in 10 stroke patients did not result in any changes in PSF (30). Another
recent clinical trial on 30 patients with PSF showed that compared
with sham stimulation, one session of anodal tDCS over the bilateral
primary motor cortex reduced symptoms of PSF for up to 7days
following treatment (31). One randomized control trial revealed no
add-on effect of six sessions of tDCS on fatigue in 74 chronic stroke
patients (32). Another randomized control trial of 6 sessions of tDCS
per week for 4 weeks in 60 stroke patients reduced fatigue (33). Finally,
there is an ongoing trial of six sessions of tDCS in 100 patients with
PSE (34).
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tDCS for treatment of fatigue related to
neurological disease

tDCS has been explored as a potential treatment for fatigue
associated with other neurological diseases, namely, multiple
sclerosis (MS), Parkinson’s disease and post-polio syndrome. For
example, in a series of studies involving more than 50 patients with
MS who received 5 sessions of tDCS applied over the motor cortex
(35) or the somatosensory cortex (36, 37), results showed tDCS
treatment led to a reduction of fatigue symptoms (35-37) and the
improvement might persist up to 3 weeks (35). In a fourth study,
27 patients with MS were given 20 sessions of tDCS over the left
dorsolateral prefrontal cortex, which which led to a decrease in
their fatigue symptoms (37). In a fifth study, 17 patients with MS
were given 10 sessions of random noise stimulation over the
primary motor cortex, which led to a decrease in their fatigue
symptoms (38). In two studies on patients with post-polio fatigue,
10 (39) and 15 (40) daily sessions of tDCS were found to decrease
patients’ fatigue symptoms. In a clinical trial involving 23 patients
with Parkinson’s disease, eight daily sessions of tDCS were found
to decrease patients’ fatigue symptoms (41). Crucially, mild side
effects (headache and tingling sensations) but no serious side-
effects have been reported in the above-mentioned studies.

It has been suggested that three neurophysiological mechanisms
underlie central fatigue: slowed conduction in central motor pathways,
resulting in decreased recruitment of spinal motoneurons; blockage
of conduction at Ranvier’s nodes; and impairment in the prefrontal
cortex, which is responsible for motor planning (35). tDCS may
alleviate PSF through several mechanisms. First, tDCS may restore
activation in prefrontal and motor areas (35). Second, tDCS may
improve connectivity between motor and frontal areas and the
thalamus (35). Third, tDCS may increase positive mood and alleviate
depressive symptoms (41).

In a recent review the effect of tDCS on fatigue in neurological
disorders, 42 studies were identified. These studies included a total of
994 participants. Amongst these 42 studies, five of them, involving 290
subjects, examined the effect of tDCS in PSE In 36 out of 42 (85.7%)
of studies reported an improvement in fatigue scores in the tDCS
group. Side effects of tDCS are usually mild (42). Hence tDCS proves
to have a promising simple, low-cost, portable, non-invasive and risk-
free procedure for reducing fatigue symptoms in alleviating PSE The
objective of this proposed project will be to examine the effect of tDCS
on PSE We hypothesize that active tDCS is more effective than
sham tDCS.

Methods
Design

A double-blind randomized control trial of stroke survivors
(Figure 1).

Patient population

Patients with chronic stroke will be recruited from the Neurology
Unit of the Prince of Wales Hospital and the rehabilitation wards of
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Shatin Hospital (both in Hong Kong) and from the Hong Kong
community through newspaper advertisements and word of mouth.
A research assistant will visit the above facilities weekly to identify all
eligible patients and obtain their written consent.

Inclusion and exclusion criteria

The inclusion criteria will be (1) either sex; (2) aged 18-80; (3) any
level of literacy or education; (4) a history of stroke confirmed by an
brain imaging examination such as a CT scan or Magnetic Resonance
Imaging; (5) able to speak ethnic Chinese and Cantonese; (6) willing
and able to give informed consent; and (6) presence of PSF (a Fatigue
Severity Scale [FSS] score of 4.0 or more) (43-45). The cut-off score
of 4.0 was chosen since it the most commonly used cut-off score. In a
recent systematic review of 31 studies using FSS to examine the
prevalence of PSE all of them reported a cut-off point of 4 or
more (46).

The exclusion criteria will be (1) acute and subacute stroke
(<6 months after onset); (2) a history of depression (self-report or
a Beck Depression Inventory (BDI) - II) (47) score >14; (3) a
presence of schizophrenia, bipolar affective disorder, and/or
substance/alcohol dependence/abuse; (4) a history of any
neurological disorder (except stroke); (5) a history of sleep apnea,
narcolepsy, hypothyroidism, heart failure, chronic obstructive
pulmonary disease or cancer; (6) a history of unexplained spells of
fainting; (7) current pregnancy; (8) a history of neurosurgery; (9)
presence of dementia, defined as a Hong Kong version of the
Montreal Cognitive Assessment (MoCA) score of less than 19 (48);
(10) presence of aphasia, defined as a score >0 in the best language
instructions item of the National Institute of Health Stroke Scale
(NIHSS) (49); (11) presence of major depression, as confirmed by
a research assistant using the Structured Clinical Interview for
Diagnostic and Statistical Manual (DSM) - Fourth Edition (SCID-
DSMIV) (50) and according to the DSM - Fifth Edition Diagnostic
Criteria (51); (12) taking hypnotics or other medications that can
cause fatigue; (13) taking antiepileptic or other medications that
can weaken the effect of tDCS; (14) current or past use of tDCS;
(15) contraindications to tDCS, e.g., skin damage at the proposed
site of stimulation or presence of a pacemaker, a metal implant in
the head or a medical device in the brain; and (16) participation in
rehabilitative therapy or physical exercise program during the trial.
The above criteria will be assessed by examination of patients’
medical record.

Measurement overview

The data collection schedule is detailed in Table 1. The number of
patients excluded and the reasons for their exclusion will be recorded.
Data on sex, age, level of education, risk factors of vascular diseases
(e.g., smoking, hyperlipidemia, diabetes mellitus and hypertension),
date of stroke onset and length of stay in rehabilitation facilities will
be collected from all of the participants. Neurological impairment (i.e.,
the NIHSS total score data) at admission will be extracted from the
stroke registry, which will be maintained by a full-time, well-trained
research nurse who will also be responsible for administration of
the NIHSS.
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FIGURE 1
Flow chart of the study.

Baseline measures

A research assistant will assess the participants PSF by
administering the validated Chinese version of FSS and the MFIS
(52-55, 56). The FSS is the most frequently used tool to measure
PSF (57-59) and consists of nine Likert items scored on a 7-point
scale (e.g., “I am easily fatigued,” “My motivation is lower when
I am fatigued than when I am not” and “Exercise brings on my
fatigue”). A higher score on an item indicates the presence of
greater fatigue, and the scores for all items are averaged to give a
total fatigue score. In an assessment of the FSS in patients with
neurological diseases, its Cronbach’s a was 0.90-0.94, its intraclass
correlation coefficient was 0.73-0.93, and its correlation
coefficients with other fatigue scales were 0.62-0.84, indicating
that the FSS has good internal consistency, reliability and
convergent validity in such patients (58). In addition, information
on previous treatment of PSF will be collected using

a questionnaire.
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The MFIS is administered via a 5-10-min interview that
assesses how fatigue affects people’s daily lives, in terms of
their psychosocial, cognitive and physical functioning. The
MFIS contains 21 items that are scored from 0 to 4, which
represent different frequencies, i.e., “never,” “seldom,” “sometimes,”
“often” and “always,” respectively. Subscores are obtained for
cognitive functioning (0-36), physical functioning (0-40) and
psychosocial functioning (0-8) and are summed to give a total
score (0-84). A higher score indicates severer fatigue. The MFIS
has been used to assess PSF (60) and measure outcomes in clincial
trials of interventions for fatigue (61), including tDCS (37, 39,
62, 63).

A research assistant will use the Physical Activity Scale for the
Elderly (PASE) (64), the Barthel Index (BI) (65), the MoCA, the
anxiety subscale of the Chinese version of the Hospital Anxiety
Depression Scale (HADSA), the Chinese version of the Geriatric
Depression Scale (GDS), the Pittsburgh Sleep Quality Index
(PSQI) (66) and the Chinese version of the Stroke-Specific Quality
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TABLE 1 Data collection schedule.

10.3389/fneur.2023.1297429

Study period Screening Treatment EOT FUV
Visit 1 2-6 7 8-10
Weeks after Randomization -2 1 1 2,3,5
Review of inclusion / exclusion criteria X

Informed consent X

Demographics, vascular risk factors, stroke characteristics, previous X

treatment of PSF

Montreal Cognitive Assessment X

MEFIS, FFS, PSAE, BI, GDS, HADSA, SSQoL X X X
tDCS X

Randomization X

tDCS adverse effects questionnaire X

Experience, preferences, concerns and belief on tDCS questionnaire X

Screen denotes Screening visit.
EOT denotes End of treatment.
FUV denotes Follow up visits.

of Life (SSQoL) scale to, respectively, assess the participants’ level
of physical activity, level of disability, global cognitive function,
anxiety symptoms, depressive symptoms, sleep disturbances and
health-related quality of life. The anxiety subscale of the HADSA
consists of seven items, each of which is scored on a 4-point Likert
scale, with higher scores representing severer anxiety. The Chinese
version of the HADSA has been previously validated (67). The
Chinese version of GDS contains 15 items, has a maximum
possible score of 15, and has been previously validated (68). The
PSQI measures seven components across 19 items, each of which
is rated on a scale from 0 to 3, and the total possible score ranges
from 0 to 21.

The Chinese version of the SSQoL scale (69, 70) is designed to
measure quality of life in stroke survivors. It is a self-report
questionnaire that contains 49 items covering 12 domains: family
roles (three items), energy (three items), mobility (six items),
language (five items), mood (five items), personality (three items),
social roles (five items), self-care (five items), upper extremity
function (five items), thinking (three items), work/productivity
(three items) and vision (three items). Individual items are scored
on a 5-point Likert scale representing answers from “completely
true” to “not true at all,” with higher scores implying a better
quality of life. Thus, the Chinese version of the SSQoL scale
generates both domain and total scores. It has been previously
shown to have excellent internal consistency, intertest reliability
and test-retest reliability (69).

Randomization and blinding procedure

A statistician will apply a block randomization procedure to afford
a concealed randomization list. As mentioned, there with be 78
participants in each group (the sham tDCS group and the active tDCS
group). Upon recruitment of each participant, the technician
responsible for the tDCS delivery will receive information on the
participant’s assigned treatment.
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FIGURE 2
Demonstration of the setup on the arm.

Intervention

A trained research assistant will administer tDCS at Shatin
Hospital. The participants will recline on a comfortable chair with
their eyes closed during tDCS, which will be delivered by one battery-
driven constant-current stimulator (Soterix Medical 1x 1 Clinical
Trials Device) through one 5x5-cm conductive-rubber anodal
electrode. The electrodes will be inserted into an EASYpad (Soterix
Medical), which contains sponge material and will be moistened by
application of approximately 10-15mL of saline. The EASYpad will
examined every minute to check whether additional saline needs to
be added to prevent it from drying out. Each participant will
be allocated a set of EASYpads that will be used for the entire treatment
course to maintain good hygiene. Elastic straps will be used to fasten
the EASYpad to the scalp. The anodal electrode will be positioned on
the scalp over the C3 or C4 positions (motor cortex) of the lesioned
hemisphere, based on the international electroencephalogram 10/20
system, and a cathodal electrode will be positioned on the ipsilateral
shoulder (34) (Figures 2, 3). A constant current of 2mA (with a
current density of 0.08 mA/cm?) will be applied to the anode by one
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FIGURE 3
Demonstration of the setup on the scalp (C3).

of the constant-current stimulators in two 20-min sessions, separated
by a 10-min break (34), every day for 5 consecutive days. Sham tDCS
will consist of 30's of constant current at the beginning and end of each
20-min session, such that all of the participants will experience the
initial itching sensation at the beginning of stimulation. The
participants will be asked about skin sensations they experienced
during and at the end of the stimulation to determine if they are able
to distinguish between sham and real stimulation. The above
stimulation site and parameters were chosen based on the following
rationale. First, association observed between increased fatigue scores
and decreased functional connectivity of supplementary and primary
motor areas (42). In addition, stimulation of motor cortex has been
shown to improve fatigue in stroke patients and healthy individuals
(31, 71). Second, the duration of stimulation per session was 20 min
in all five published studies of tDCS on PSF (42). Third, consecutive
sessions of tDCS has been employed were employed in previous
studies of tDCS on PSF (32, 34, 71).

Safety measures

The Adverse Event Checklist (AEC) will be administered at the
end of each stimulation session. The AEC covers adverse events (AEs;
symptoms) in various systems, namely, the circulatory, digestive,
cardiovascular, musculoskeletal, metabolic, urogenital and nervous
systems, and the whole body (72).

Withdrawal criteria

The participants should be able to complete the 10 sessions of
tDCS treatment within 1 week. If they miss a scheduled session, they
can receive another session when convenient. If the participants
cannot complete the 10 sessions, they will be regarded as dropouts. In
addition, participants will be removed from the study if they (i)
withdraw their consent for tDCS treatment and/or (ii) have a severe
AE that may lead to significant distressful consequences (seizure, skin
burn or blister).

We will continue to follow withdrawn participants and perform
outcome measures as far as possible.
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Primary outcome measure

The MFIS will be administered before treatment (TO0), after 10
treatment sessions (T1, 1 day after the fifth treatment day), and 1 week
(T2), 2weeks (T3) and 4weeks (T4) thereafter (36), at the same time of
day. The time window of administration will be adjusted to assess
changes between time points (4 weeks for T0, 1 day for T1, 1 week for T2
and T3, and 2 weeks for T4). The participants and the research assistant
who administers the MFIS will be blinded to the delivered treatment.

Secondary outcome measures

The FSS, the Chinese version of the GDS, the Chinese version of
the HADSA, the PSQI, the BI and the PASE will be administered at
T0, T1, T2, T3, and T4 (36), at the same time of day. The Chinese
version of the SSQoL will be administered at TO and T4. The time
window of administration will be adjusted to assess changes between
time points, as stated above. Data on the participants’ experience of,
preferences for, and concerns and beliefs about tDCS will be collected
at T4 via a brief questionnaire (33).

Data monitoring body

An independent Data Safety Monitoring Board will be formed
(DSMB) and will consist of a stroke neurologist, a psychiatrist, a
statistician and a tDCS clinical trial specialist. The DSMB will meet
regularly and examine AEs, perform an interim analysis and make
recommendations on the safety of the study and the need to stop or
extend the study.

Sample size estimates

Statistical power was computed using Power Analysis & Sample Size
2005. We assumed that the standard deviation of the MFIS score at
baseline will be 3.9 (60), that the sham stimulation will not cause any
change in fatigue and that a decrease of at least 3.0 MFIS points will
be clinically relevant (36). Hence, the effect size of tDCS will
be (3.0/3.9=0.77). Given that such a large effect size is unusual in clinical
contexts, we will instead use a more realistic effect size, i.e., 0.50. One
pairwise comparison will be performed in the analysis of variance. A
sample size of 63 per group (a total of 126 participants) will give rise to
80% power in identifying the main effect of tDCS (73). Thus, assuming
a dropout rate of 20%, 156 (126/0.8) participants will be recruited.

Statistical analysis

We will perform a per-protocol analysis and an intention-to-treat
analysis. Only participants who complete treatment will be included in
the per-protocol analysis, whereas all of the participants who receive at
least one tDCS session will be included in the intention-to treat-analysis.
A last-observation-carried-forward approach will be adopted for the
analysis of outcome data. The mean score of the FSS will be calculated.
The sum of individual item scores will be computed for the MFIS and
the total score and physical, cognitive and psychosocial subscores will
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be derived. Demographic characteristics will comprise age, sex, and
scores on the Chinese version of the GDS, the Chinese version of the
HADSA, the PASE, the BL, the PSQI, and the NIHSS, and the severity of
PSF will be measured using the FSS and the MFIS. Chi-square tests (for
categorical variables such as sex) and t-tests (for continuous variables
such as age) will be used to compare baseline performance. The effects
of tDCS upon completion of treatment (T1) will be studied by entering
the participants’ scores on the MFIS (total score and subscores) into a
mixed-model analysis of variance with baseline MFIS scores as
covariates, and the tDCS intervention (TO0, T1) and stimulation (active,
sham) as between-participant factors. The trend of tDCS effects will
be studied by entering the participants’ scores on the MFIS (total score
and subscores) into a linear mixed model with the tDCS intervention
(TO, T1, T2, T3 and T4) and stimulation (active, sham) as within-
participant factors. Pairwise comparisons between baseline and
individual post-measurement-day significant results will conducted
using Bonferroni t-tests for related samples. Withdrawals will
be analyzed by logistic regression. The level of significance will be 0.05.

The safety analysis will be descriptive and exploratory. Key safety
measures will be based on the tDCS AEs questionnaire and include
the overall incidence and intensity of AEs; the number of AEs leading
to treatment discontinuation; skin reactions; and other AEs.

Organization and funding

The proposed project will be performed in the acute stroke unit
of the Prince of Wales Hospital, Shatin, Hong Kong, China, where
research coordination and analyzes will also be conducted. The
proposed project has received support from the General Research
Fund of the Research Grants Council of Hong Kong, China.

Access to data
Only the Principal Investigator (WKT) will have access to the
final dataset.

Discussion and summary

We will endeavor to obtain a homologous sample by obtaining a
set of participants with a narrow range of ages, ethnicities, handedness
and duration of PSE Potential participants with other causes of
fatigue, such as depression, psychiatric disorders, alcohol/substance
abuse and neurological disorders, will be excluded. We will use two
tDCS devices to achieve bilateral stimulation of the motor cortex with
a relatively high current and long duration of stimulation. The MFIS
will be used to measure the primary outcome (a change in PSF
severity), as it is commonly used in clinical trials of interventions for
fatigue. A variety of secondary outcomes will be assessed, such as
mood, quality of life and functioning. A conservative estimate of effect
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Introduction: Although rare, central post-stroke pain remains one of the
most refractory forms of neuropathic pain. It has been reported that repetitive
transcranial magnetic stimulation (fTMS) may be effective in these cases of pain.

Aim: The aim of this study was to investigate the efficacy of rTMS in patients with
central post-stroke pain (CPSP).

Methods: We included randomized controlled trials or Controlled Trials
published until October 3rd, 2022, which studied the effect of FTMS compared to
placebo in CPSP. We included studies of adult patients (>18 years) with a clinical
diagnosis of stroke, in which the intervention consisted of the application of
rTMS to treat CSP.

Results: Nine studies were included in the qualitative analysis; 6 studies (4 RCT
and 2 non-RCT), with 180 participants, were included in the quantitative analysis.
A significant reduction in CPSP was found in favor of rTMS compared with sham,
with a large effect size (SMD: —145; 95% CI: —1.87; —1.03; p<0.001; 12: 58%).

Conclusion: The findings of the present systematic review with meta-analysis
suggest that there is low quality evidence for the effectiveness of rTMS in
reducing CPSP.

Systematic review registration: Identifier (CRD42022365655).

KEYWORDS

meta-analysis, stroke, transcranial magnetic stimulation, pain management, pain

Introduction

According to the International Association for the Study of Pain (IASP), neuropathic pain
is any pain caused by a lesion or disease of the somatosensory system (Jensen et al., 2011;
Treede et al.,, 2015). Central post-stroke pain (CPSP) is defined by the IASP as ‘pain initiated
or caused by a primary lesion or dysfunction of the central nervous system (IASP, 2011) and

61 frontiersin.org


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2024.1345128%EF%BB%BF&domain=pdf&date_stamp=2024-02-14
https://www.frontiersin.org/articles/10.3389/fnins.2024.1345128/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1345128/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1345128/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1345128/full
mailto:ana.cobos@unirioja.es
https://doi.org/10.3389/fnins.2024.1345128
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2024.1345128

Gurdiel-Alvarez et al.

occurs in the absence of other nociceptive, peripheral and psychogenic
pain (Sahin-Onat et al., 2016).

A recent meta-analysis involving a total of 69 studies by Liampas
etal. (2020) estimated that approximately 1 in 10 of all stroke patients
will experience neuropathic pain. Other studies (Bowsher et al., 1993;
Stitik et al., 2005) indicate that in the USA, the prevalence of CPSP
reported in one study ranged from 2 to 8% in 250,000 people who
suffered a cerebrovascular accident in the course of 1 year. Other
authors widen the range even further, establishing a prevalence
between 1 and 35% (Oh and Seo, 2015). This broad estimate is possibly
due to variabilities in the definition of this pain category, the inclusion
criteria, and the length of patients’ evaluation post-stroke (Kumar
et al., 2009).

Once stroke patients overcome the acute phase of the event, they
need early neurorehabilitation treatment to alleviate the consequences
of the injury, such as spasticity or CSPS. Currently, there is no globally
accepted and approved pharmacological therapy to accelerate the
recovery of these patients (Figueroa et al.,, 2015). Therefore, new
therapies, such as transcranial magnetic stimulation (TMS), have
emerged. TMS consist of a high voltage and high intensity discharge
system attached to a transducing coil. This system generates short
lasting (<1 ms) magnetic fields of 1-2.5 Tesla, which penetrates the
skull and induces secondary electric currents in the cerebral cortex
that depolarizes neurons (Groppa et al., 2012). This phenomenon
could be used as evaluation tool to assess corticospinal pathway
integrity, applying a single pulse at cortical level and registering
electric activity at the motor end-plate (Spampinato et al., 2023). Also,
it could be used to evaluate intra-cortical excitability changes applying
paired pulses with different time intervals (Wagle-Shukla et al., 2009).

For CPSP treatment one of the most used TMS techniques is
repetitive transcranial magnetic stimulation (rTMS). rTMS is a
noninvasive brain stimulation technique that generates brief, rapidly
changing magnetic fields capable of inducing electric currents in the
brain (Young et al., 2014). It is safe, well tolerated, and has a very
favorable side effect profile, provided that safety reccommendations are
followed (Burke et al., 2019). Depending on stimulation parameters,
rTMS can have an excitatory or inhibitory effect on the underlying
neural networks (Young et al., 2014). At frequencies >5Hz (high-
frequency rTMS), rTMS has been shown to produce an increment in
cortical excitability in healthy humans (Fitzgerald et al., 2006) and
stroke patients (Belardinelli et al., 2021). This improvement in cortical
excitability is the result of a modulation of the GABAergic and
glutamatergic systems (Esser et al., 2006; Belardinelli et al., 2021)
producing a long-term potentiation phenomenon in the stimulated
neural networks (Esser et al., 2006). Moreover, <1 Hz frequencies
(low-frequency rTMS) produce the opposite effect via long-term
depression (Chen et al., 1997). These neuroplastic changes could
induce reorganization of neural networks in the motor cortex,
supplementary motor area, premotor area, cerebellum, thalamus and
corpus callosum (Tosun et al, 2017; Guo et al, 2021; Wanni
Arachchige et al., 2023). As well as reversal of functional connectivity
changes (Grefkes et al., 2010; Guo et al., 2021; Juan et al., 2022) that
occur after the stroke (Li et al., 2017; Vecchio et al., 2019).

According to the scientific literature, rTMS has numerous
applications as analgesic tool in different neuropathic pain conditions.
A long lasting analgesic effect has been reported when applying 5
sessions of high-frequency rTMS in CPSP or trigeminal neuralgia
patients, compared to sham stimulation (Khedr et al., 2005). This
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reduction in pain intensity is also observed in other neuropathic pain
conditions after receiving a rTMS treatment (Ahmed et al., 2011; Attal
etal, 2021). In the only one systematic review conducted on the effect
of non-invasive brain stimulation on CPSP, Ramger et al. (2019)
concluded that noninvasive brain stimulation can have a therapeutic
effect on the pain level of people with CPSP, as evidenced by significant
decreases in clinical and experimental pain scores. Although no more
systematic reviews or meta-analysis have been conducted on the
analgesic effect of rTMS on CPSP, we can observe the same effect
across other chronic neuropathic pain conditions (Gatzinsky
etal., 2021).

To date no quantitative synthesis of the effect of rTMS on CPSP
has been performed. Therefore, the aim of this study was to perform
a meta-analysis of the randomized clinical trials (RCTs) or
non-randomized clinical trials (CTs) that investigated the efficacy of
r'TMS in patients with CPSP.

Methods

Guidelines from the Preferred Reporting Items for Systematic
Review and Meta-analysis (PRISMA) statement were consulted to
develop this systematic review (Moher et al., 2010). The computerized
databases Medline (Pubmed), SCOPUS, Cochrane Library, Embase,
and Web of Science were used to search for relevant studies. Keywords
referring to the intervention were used, combined with Boolean
operators  (complete  search  strategy is shown in
Supplementary Appendix S1).

Searches were performed between September 3rd 2022, and
October 3rd 2022, (from the date of inception of each database) using
a combination of controlled vocabulary (i.e., medical subject headings)
and free-text terms. Search strategies were modified to meet the
specific requirements of each database. Searches of the reference lists
of included studies and previously published systematic reviews were
also conducted.

This meta-analysis was registered in the International Prospective
Register of Systematic Reviews (PROSPERO registration no:

CRD42022365655).

Criteria for considering studies and study
selection

We used the Population, Intervention, Comparison, Outcomes,
Time, and Study design (PICOTS) as a framework to formulate
eligibility criteria (Lira and Rocha, 2019).

Population

Individuals diagnosed with CPSP secondary to an ischemic or
hemorrhagic stroke in the central nervous system.

Intervention

Treatment must consist of the application of at least one session of
rTMS in the motor cortex.
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Comparison

Comparison groups could be another type of intervention or
non-intervention.

Outcomes

The measurement used to assess the outcomes and effects of the
exercise was pain intensity. Measurements were to be recorded by
objective methods, using validated and reliable scales or questionnaires
(e.g., pain intensity by visual analog scale or numerical rating scale).
Variables were to be assessed before and after the intervention.

Time

No temporal restrictions were applied to the duration of the
intervention or outcome measures.

Studies

Only RCTs or CTs were included.

Data extraction

At first, two blinded investigators (JLS-G and FG-A) examined the
studies obtained from the databases by screening by title and abstract
according to the established inclusion criteria. In the case of
discrepancies, a third investigator (SV-R) intervened. After this first
screening, the selected articles were read in full to see if they definitely
met the criteria and could be included in the analysis. The authors of
the included studies were contacted by e-mail, with the aim of
accessing possible unclear data. If no response was received, the data
were excluded from the analysis.

Risk of bias and assessment of
methodological quality of the studies

Two reviewers independently assessed the risk of bias in the
studies (FGA and JLSG).

The risk of bias in non-randomized studies of interventions
(NRSI) was assessed through the Risk of Bias In Non-randomized
Studies of interventions (ROBINS-I) (Sterne et al., 2016). This tool
focuses on assessing the risk of bias (RoB) in the results of NRSIs. The
types of NRSIs that can be assessed with this tool are quantitative
studies estimating the efficacy (harm or benefit) of an intervention,
which did not use randomization to assign units (individuals or
groups of individuals) to comparison groups. ROBINS-I takes into
account 6 domains: Randomization process (D1), Bias arising from
period and carryover effects (DS), Deviations from the intended
interventions (D3), missing outcome data (D4), Selection of the
reported result (D5).

On the other hand, a revised tool to assess the risk of bias in
randomized clinical trials (RoB2) (Higgins et al., 2011) was used to
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assess the risk of bias in randomized trials. The tool is structured into
five domains through which bias could be introduced into the
outcome. These were identified based on empirical evidence and
theoretical considerations. Because the domains cover all types of bias
that may affect the results of randomized trials, each domain is
mandatory, and no additional domains should be added. The five
domains for individually randomized trials (including crossover
trials) are: bias arising from the randomization process (D1); bias due
to deviations from intended interventions (D2); bias due to missing
outcome data (D3); bias in the measurement of the outcome (D4); bias
in the selection of the reported result (D5).

In addition, methodological quality was evaluated using the
PEDro list (de Morton, 2009), which assesses the internal and external
validity of a study and consists of 11 criteria: (1) specified study
eligibility criteria; (2) random allocation of subjects; (3) concealed
allocation; (4) measure of similarity between groups at baseline; (5)
subject blinding; (6) therapist blinding; (7) assessor blinding; (8) fewer
than 15% dropouts; (9) intention-to-treat analysis; (10) between group
statistical comparisons; and (11) point measures and variability data.
The methodological criteria were scored as follows: yes (one point),
no (zero points), or unknown (zero points). The PEDro score of each
selected study provided an indicator of the methodological quality
(9-10=excellent; 6-8=good; 4-5=fair; 3-0=poor)
etal., 2011).

(Higgins

Overall quality of the evidence

The overall quality of evidence was based on the classification of
the results into levels of evidence according to the Grading Of
Recommendations Assessments, Development, and Evaluation
(GRADE), which is based on 5 domains: (1) Study design; (2)
Imprecision; (3) Indirectness; (4) Inconsistency; (5) Publication bias.

Evidence was categorized into the following 4 levels accordingly:
(a) High quality: further research is very unlikely to change our
confidence in the estimate of effect, all 5 domains are also met; (b)
Moderate quality: further research is likely to have an important
impact on our confidence and might change the estimate of effect, one
of the 5 domains is not met; (c) Low quality: further research is very
likely to have an important impact on our confidence and is likely to
change the estimate of effect, two of the 5 domains are not met; and
(d) Very low quality: any estimate of effect is very uncertain, 3 of the
5 domains are not met (Balshem et al., 2011; Andrews et al., 2013).

Data synthesis and analysis

Meta-analysis was performed using ReviewManager statistical
software (version 5.4; Cochrane, London, UK). Effects were
investigated by calculating standardized mean differences (SMDs) for
change scores from baseline to intervention. For this, the sample size,
mean difference, and standard deviations (SDs) were extracted. When
the study only reported median and first and third quartile values,
they were converted to means and SDs (Luo et al.,, 2018).

When the authors presented only standard errors, these were
converted to SDs. If the study did not present the results, the authors
were contacted to request them. If results were not available in this
way, means and SDs were estimated from graphs (Image J program;
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National Institute of Health in Bethesda, Maryland, United States). If
none of this was possible, the study was excluded from the quantitative
analysis and the information was presented narratively.

If the study did not report the preintervention postintervention
mean difference in each group, the mean difference was obtained
using the pre-postintervention values. In the absence of SD of the
difference, we imputed from other data reported in the study: (1)
using other measures reported in the study (e.g., confidence intervals
and p values, following the principles described in Chapter 6.5.2.2 of
the Cochrane Handbook) (Higgins et al., 2023); or, if that was not
possible, (2) using the correlation coefficient of the most similar study
included (following the principles described in Chapter 6.5.2.8 of the
Cochrane Handbook) (Higgins et al., 2023); or if that was not possible,
(3) using a conservative correlation coeflicient of 0.5 (Deeks et al.,
2022). This methodology has been performed in other meta-analyses
(Gurdiel-Alvarez et al., 2023).

Meta-analysis was performed using the inverse variance method
and a random effects model with 95% confidence intervals, as it
provides more conservative results in case of heterogeneity between
studies, which is expected. p values < 0.05 were considered statistically
significant. An effect size (SMD) of 0.8 or greater was considered large,
an effect size between 0.5 and 0.8 was considered moderate, and an
effect size between 0.2 and 0.5 was considered small.

A sensitivity analysis was performed to evaluate the results. For
this purpose, the meta-analysis was performed only with studies with
low RoB, and then with the correlation coefficient of 0.5, instead of
being estimated from the other studies. Sensitivity analysis was
performed when the analysis could be performed in at least 5 studies.
Study heterogeneity was assessed by the degree of between study
inconsistency (12). The Cochrane Group has established the following
interpretation of the I2 statistic: 0-40% may not be relevant/important
heterogeneity, 30-60% suggests moderate heterogeneity, 50-90%
represents substantial heterogeneity, and 75-100% represents
considerable heterogeneity (Balk et al., 2012). Skewness was assessed
using funnel plots according to application method (cathodic, anodic),
and stimulation site. These analyses were performed only if the
subgroups had at least three studies.

Inter-rater reliability

Inter-rater reliability for screening, risk of bias assessment, and
quality of the evidence rating were assessed using percentage
agreement and Cohen’s kappa coeflicient (Cohen, 1968; McHugh,
2012). There was strong agreement between reviewers for the
screening records and full texts (98.51% agreement rate and k=0.91),
the risk of bias assessment (92.86% agreement rate and k=0.83), and
the quality and strength of the evidence assessment (97.73% rate and
k=0.95).

Results

The search found 851 records, of which 384 were duplicates and
467 were screened by title and abstract. Twenty five studies were
potentially relevant and full reports were obtained and screened.
Seventeen studies were justifiably excluded. Nine studies met the
eligibility criteria and were included for review (Figure 1).
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Characteristics of included studies

Nine studies (180 participants; 78 women) were included for
review (Table 1). Six were RCTs and three were CTs. The mean age of
participants was 56.73+9.78years. Mean pain duration was
39.08 £23.42 months. Mean pain intensity was 66.57+12.20 in a 0 to
100 scale.

Quality assessment

Methodological quality scores ranged from 3 to 10 out of a
maximum of 10 points. Three studies (33%) were of high
methodological quality (greater than or equal to 6 points). Table 2
show the details of the PEDro scale.

Risk of bias

We assessed the quality of the included studies using the RoB 2
tool for the RCTs and the ROBINS-E tool for the non-randomized
clinical trials. We only judged 1 study to be at low risk of bias. The
majority of the RCTs presented limitations in the randomization
process or the report of the outcomes. While in the CTs, there was a
risk of selection bias. Assessment of the risk of bias in the included
studies is shown in Figures 2, 3.

Effects of rTMS on neuropathic pain

Meta-analysis showed that significantly (p <0.001), rTMS-
based intervention produces a reduction in pain compared to
sham based interventions with a large effect size (SMD: —1.45;
95% CI: —1.87; — 1.03; Z: 6.79; p<0.001), and a moderate-
substantial heterogeneity (I** 58%; p=0.001) (Figure 4).
Sensitivity analysis by RoB could not be performed since only one
study showed a low risk of bias. In the sensitivity analysis, a
conservative correlation coefficient of 0.5 was applied, instead of
being estimated from the other studies, the effect size was
reduced from large to medium, but the significance remained in
favor of the rTMS (SMD: —1.45; 95% CI: —1.87; —1.03; Z: 6.79;
p<0.001 to SMD: —1.81; 95% CI: —1.07; —0.54; Z: 6.06; p <0.001).
Heterogeneity was reduced from I*: 58%; p=0.001 to I*=13%;
p=0.3 (Figure 5). The funnel plot presents asymmetry, indicating
the risk of publication bias (Figure 6).

Adverse effects of intervention

Two non-randomized clinical trials did not mention adverse
effects when reporting their results (Khedr et al., 2005; Matsumura
etal., 2013). In one RCT, two patients reported transient, slight scalp
discomfort after real rTMS (Kobayashi et al., 2015). Another RCT
reported mild and transient adverse effects, such as headaches,
tiredness, paresthesia, transient increase of pain, collapse, increased
spasticity, or dizziness (Ojala et al., 2022). Lastly, other RCT reported
short periods of numbness in the scalp or twitching of the fascial
muscle during the stimulation in three participants (Zhao et al., 2021).
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The rest of the studies reported no adverse effects experienced during
the duration of the intervention or follow-up (Lefaucheur et al,
2001a,b; André-Obadia et al., 2006; Hosomi et al., 2013).

Quality of evidence

Table 3 collects the details of the GRADE assessment. Three levels
of evidence were downgraded due to the serious inconsistency of the
results, publication bias, and overall risk of bias, which suggests a very
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small level of evidence regarding the effects of rTMS in patients
with CPSP.

Discussion

This systematic review included nine studies, of which six were
RCTs, the largest cohort of clinical studies on the effects of 'TMS on
CPSP. This meta-analysis of data from six trials provides very small
level of evidence of a large effect size on pain reduction when active
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TABLE 1 Studies characteristics.

Study Design Gender, Age, Pain Localization  Etiology Stimulation Adverse Stimulation protocol Pain
male years duration  of injury (n) of injury  site effects outcome
(female) (months)
Hosomi RCT Gl 16 (13) 61.5+10.9 56.4+63.1 Thalamus (15) NR M1 contralateral | Deterioration of | A stimulation session was carried out daily for 10 VAS
etal. (2013) | (cross- Lenticular nucleus corresponding to | squeezing (3%), | consecutive days. A real rTMS session consisted of 10 =~ SF-MPQ
over) (6) painful site deterioration of | trains at 90% intensity of resting motor threshold
Subcortex (1) numbness (1%) | (one train, 50 pulses at 5Hz; intertrain interval, 50s).
Other (7) and A total of 500 pulses were applied in a session
G2 14(11) | 6014105  59.5447.0  Thalamus (14) hypoglycemia 4 stimulation session was carried out daily
Lenticular nucleus (1%) for 10 consecutive days. Ten trains of electrical stimuli
(12) at 2 times the intensity of the sensory threshold (one
Subcortex (2) train, 50 stimuli at 5Hz; intertrain interval, 50s) were
Brain stem (2) delivered with a conventional electrical stimulator
Other (5) through the electrodes fixed on the head
Khedretal. | CT Gl 14 (Sex 52.3+10.3 18+17 Thalamic infarction M1 contralateral = NR Real-rTMS involved applying a train of rTMS once VAS
(2005) distribution (12) of abductor digiti per minute for 10 min. Each train consisted of 200
NR) Thalamic minimi pulses at 20 Hz and 80% RMT (total duration of 10s)
hemorrhage (6) applied through a figure of eight coil over the
Parietal infarction identified motor cortical area corresponding to the
(2) hand of the painful side. The treatment was repeated
Other (4) every day for five consecutive days
G2 10 (Sex Sham-rTMS
distribution was applied using the same
NR) parameters but with the coil
elevated and angled away from
the head to reproduce some
of the subjective sensation of rTMS
and yet avoid induction
of current in the brain
Kobayashi RCT Gl 4(2) 63+9.9 9+6.83 Ischemic (5) M1 contralateral | Transient slight | Real focal 5Hz rTMS was delivered to the scalp over | VAS
etal. (2015) | (cross- Hemorrhagic | to most painful scalp discomfort | the primary
over) (11) arm/leg motor cortex of the affected hemisphere. The
intensity of rTMS was set at 90% of the active motor
threshold for the targeted hemisphere. Real rTMS
involved a train of 50 pulses at 5 Hz (total duration
105). The train was repeated ten times, and a total of
500 pulses were delivered over a 10-min session, with
a 50-s inter-train interval
(Continued)
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TABLE 1 (Continued)

G2

Gender,
male
(female)

Age,
years

Pain
duration
(months)

Localization
of injury (n)

Etiology
of injury

Stimulation
site

Adverse
effects

Stimulation protocol

Sham rTMS was performed with the coil held at an

angle of 90° to the scalp using the same stimulation

parameters (noise, time, frequency) as those for real
rTMS.

Pain
outcome

Lefaucheur
etal.

(2001a)

RCT
(cross-

over)

Gl

6(8)

G2

NR

NR

NR

MI contralateral

to painful site

None

For “real” TMS a series of 20 trains of 5s in duration
(55-s intertrain interval) at a stimulation rate of

10 Hz and 80% of rest motor threshold intensity

The same protocol was used for sham stimulation,

but using a “sham” 8-shaped coil

VAS

Lefaucheur
etal.

(2001b)

RCT
(cross-

over)

Gl

11(7)

NR

thalamic (6)
Brain Stem (6)
brachial plexus (6)

NR

M1 contralateral

to painful site

None

(1) a series of 20 10 Hz trains of 5s duration (55 -s
intertrain interval) at 80% of rest motor threshold
intensity using a real TMS coil; (2) the same protocol
using a sham 8-shaped coil (Magstim Placebo Coil
System 1730-23-00, The Magstim Co., Whitland,
UK); (3) a 20 min stimulation at 0.5Hz and at 80% of

rest motor threshold intensity using a real TMS coil

VAS

Matsumura

etal. (2013)

CT (cross-

over)

Gl

12 (8)

G2

63.6+8.1

2.95+1.36

Thalamic (11)
Putamen (5)
Brainstem

(4)

Ischemic (7)
Hemorrhagic

13)

MI contralateral
to most painful

site

NR

For rTMS, the subjects sat relaxed on a stimulation
chair while a total of 500 stimuli at 5 Hz were
delivered to the part of the motor cortex that
corresponded to the site of most severe pain on the
lesion side. The stimulation intensity was 100%
resting motor threshold of the unaffected primary
motor cortex of the hand area, with 50 pulses per

train at 25-s intertrain intervals

Sham rTMS was performed under the same
conditions, but the stimulation coils were elevated at

an angle of 45° from the skull

VAS

André-

(2006)

Obadia et al.

RCT
(cross-

over)

Gl

G2

10 (4)

53+11

82.8+48

Brainstem (10)
Other (4)

67

MI contralateral

to painful site

None

Cortical inhibitory stimulation at M1: 1 Hz repetitive
stimulation at 90% of motor threshold during 26 min,

i.e., a total of 1,600 stimulations

VAS

Cortical excitatory stimulation at M1: 20 consecutive
trains of 80 stimulations at 20 Hz (90% motor
threshold), separated by inter-trains intervals of 84s,

i.e., a total of 1,600 stimulations

(Continued)
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TABLE 1 (Continued)

Study

Design

Group

(sample
size)

Gender,
male
(female)

Age,
years

Pain
duration
(months)

Localization
of injury (n)

Etiology
of injury

Stimulation
site

Adverse
effects

Stimulation protocol

Pain
outcome

68

G3 Sham stimulation at M1: same protocol as 1 Hz
stimulation using the coil oriented perpendicular to,
and separated from, the skull, thus preventing actual
cortical stimulation

Ojala et al. RCT Gl 8(9) 55.8+7.1 NR NR Ischemic (10) M1 contralateral | Headache The nrTMS was applied at 10 Hz during a 50-min NRS
(2022) (cross- Hemorrhagic representation of | (n=1) period with an intensity of 90% of the MT.
over) (7) the abductor Tiredness Altogether, 5,050 pulses per session were given in
pollicis brevis of | (n=2) trains of 101 pulses (10-s stimulation with a 50-s
the painful site Paresthesia intertrain interval). The electric fields induced by the
(n=2) nrTMS ranged from 31 to 127 V/m in the underlying
Transient M1 cortex
increase in pain
(n=2)
Collapse (n=1)
G2 S2in the parietal | Headache (n=3) | The nr'TMS was applied at 10 Hz during a 50-min
operculum Tiredness (n=3) | period with an intensity of 90% of the MT.
lateral upper lip | Paresthesia (n=3) | Altogether, 5,050 pulses per session were given in
of the Sylvian Transient increase | trains of 101 pulses (10-s stimulation with a 50-s
fissure in pain (n=3) intertrain interval) The corresponding values in the
Increase spasticity = chosen lateral cortical site for S2 ranged from 39 to
(n=2) 109V/m
Dizziness (n=1)
G3 Same as M1 Headache Sham nrTMS was delivered over the M1 cortex by
group (n=4) attaching a 75-mm non-conductive plastic block on
Tiredness the coil to increase the coil-to-scalp distance and to
(n=2) minimize the electric field induced in the cortex
Paresthesia
(n=3)
Transient
increase in
pain=2
(Continued)
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TABLE 1 (Continued)

Study

Zhao et al.
(2021)

Design

RCT

Gender,  Age, Pain
male years duration
(female) (months)
G1 19 (Sex 50.16 + 0.240.10
distribution 11.34
NR)
G2 19 (Sex 48.95 + 0.21 +0.41
distribution 11.51
NR)

Localization
of injury (n)

Right cerebellum (1)
Right thalamus (4)
Right basal ganglia
@)

Right external
capsule (2)

Right lateral
periventricular (1)
Right frontal lobe (2)
Left cerebellum (1)
Left thalamus (4)
Left frontal lobe (2)
Left basal ganglia
(10)

Left external capsule
(]

Left lateral

periventricular (3)

Etiology
of injury

Ischemic (17)
Hemorrhagic

(e2Y)

Stimulation
site

M1 contralateral

to painful site

Adverse
effects

Numbness in
the scalp or
twitching of
facial muscles
during
procedure

(n=3)

Stimulation protocol

In the active rTMS stimulation group, rTMS was
applied over the motor cortical area (M1)
corresponding to the painful zone at a frequency
of 10 Hz, as 15 pulse trains (1.5s), with intertrain
intervals of 3 s (total of 1,500 pulses) and

at an intensity of 80% of the RMT (AH), or

100% (UH) when the RMT could not

be detected in the AH

The sham stimulation was delivered using a coil
identical to the one in the active group (same shape
and color), but with no magnetic stimulation output
(only emitting the same sound)

Patients in the active rTMS and sham groups
received stimulation once a day, 6 days per week, for

a total of 3 weeks

Pain
outcome

NRS
SE-MPQ2
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TABLE 2 Methodological score of randomized clinical trials using the Physiotherapy Evidence Database (PEDro) scale.

Hosomi et al. (2013) Y Y Y Y Y Y Y Y Y Y 10
Khedr et al. (2005) N N N Y Y N Y N N Y N 4
Kobayashi et al. (2015) N N N N Y N N Y N Y N 3
Lefaucheur et al. (2001a) N Y N Y N N N Y N Y N 4
Lefaucheur et al. (2001b) N Y N Y N N N Y Y Y N 5
Matsumura et al. (2013) N N N Y N N N Y N Y N 3
André-Obadia et al. (2006) N Y N N Y N Y N N Y N 4
Ojala et al. (2022) Y Y Y Y Y N Y N N Y N 7
Zhao et al. (2021) Y Y Y Y Y N Y Y N Y Y 9

Y: yes; N: no. 1: eligibility criteria specify; 2: random allocation of participants; 3: concealed allocation; 4: similarity between groups at baseline; 5: participant blinding; 6: therapist blinding;
7: assessor blinding; 8: dropout rate less than 15%; 9: intention-to-treat analysis; 10: between-group statistical comparisons; 11: point measures and variability data.
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FIGURE 2
Assessment of the risk of bias according to the revised Cochrane risk-of-bias tool for randomized trials (ROB-2).

rTMS is delivered on affected M1 in CPSP compared to a sham To date, this is the first meta-analysis evaluating the analgesic
intervention. However, after carrying a sensitivity analysis, the effect  effect of rTMS on CPSP. Other studies have reviewed the antalgic
size of the intervention is determined to be moderate with a effect of non-invasive physical modalities on CPSP, including rTMS. In
low heterogeneity. other systematic review (Chen et al., 2016), a reduction of 10.8-32.6%
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- High risk of bias
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- Serious risk of bias

FIGURE 3
Assessment of the risk of bias according to the Robins scale.

m™s Sham therapy Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD_Total Weight 1V, Random, 95% CI IV, Random, 95% CI

Khedr et al. 2005 3 sessions -3.74 1.04 13 -0.7 023 13 4.8% -3.91(-5.29, -2.52] +—

Lefaucheur et al. 2021A 1 day post -2.65 1.96 7 09 071 7 4.6% -2.25(-3.69, -0.82]

Lefaucheur et al. 2021A 2 day post -2.95 3.06 7 1.5 071 7 5.0% -1.88(-3.21, -0.55]

Lefaucheur et al. 2021A 8 day post -2.3 2.56 7 145 079 7 5.1% -1.85[-3.18, -0.53] ——

Lefaucheur et al. 2021A 11 day post -2.3 2.68 7 155 0.92 7 5.1% -1.80([-3.11, -0.49] e R e m—

Lefaucheur et al. 2021A 3 day post -3.1 2.94 7 095 0.81 7 5.2% -1.76 [-3.06, -0.46] i

Lefaucheur et al. 2021A 4 day post -2.45 2.94 7 1.4 071 7 5.2% -1.69[-2.97, -0.40] —

Lefaucher et al., 20018 10Hz -1.6 1.41 6 03 059 6 4.8% -1.62[-3.00, -0.24] ——

Lefaucheur et al. 2021A 10 day post -2.15 28 7 1.4 092 7 5.3% -1.59(-2.85, -0.34) S — S —

Lefaucheur et al. 2021A 12 day post -2 3.18 7 1.8 049 7 5.3% ~-1.56(-2.81, -0.31) S S —

Kobayashi et al, 2015 -20.42 8.49 6 -4.13 12,29 6 5.0% ~1.42[-2.75, -0.10] e —

Lefaucheur et al. 2021A 6 day post -2 2.8 7 13 141 7 5.5% -1.39(-2.61, -0.18] e —

Lefaucheur et al. 2021A 9 day post -2.15 28 r 4 1 116 7 5.5% -1.38[-2.58,-0.17] S ——

Lefaucheur et al. 2021A S day post -2.35 29 7 0.9 14 7 5.6% -1.34[-2.54,-0.14] ——

Lefaucheur et al. 2021A 7 day post -2.15 3.95 7 1.6 0.54 7 5.6% -1.25[-2.43, -0.06] .

Zhao et al. 2021 18 sessions -1.16 04 20 -0.05 141 20 8.1% -1.05(-1.72,-0.38] S —

Lefaucher et al,, 20018 0.5Hz 03 16 6 03 059 6 5.9% 0.00 [-1.13, 1.13] e g

Ojala et al, 2021 10 sessions -09 15 17 -09 19 21 8.2% 0.00 [-0.64, 0.64] ——

Total (95% CI) 152 156 100.0% -1.45(-1.87,-1.03] g

Heterogeneity: Tau® = 0.45; Chi’ = 40.07, df = 17 (P = 0.001); I¥ = 58% _‘2 -Al + 2

Test for overall effect: Z = 6.79 (P < 0.00001) TMS Sham
FIGURE 4

rTMS versus sham forest plot. Forest plot of the results of a random-effects meta-analysis shown as standardized mean differences (SMD) with 95%
confidence interval (Cl) for the effects of TMS compared with sham in post-stroke central pain. The shaded square represents the point estimate for
each individual study and the study weight in the meta-analysis. The diamond represents the overall mean difference of the studies.
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rT™MS Sham therapy Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI

Khedr et al. 2005 3 sessions -3.74 1.44 13 -0.7 0.68 13 5.0% -2.61[-3.70, -1.53]

Lefaucheur et al, 2021A 2 day post -2.95 5.4 7 1.5 167 7 4.6% ~1.04 [-2.18, 0.10]

Lefaucheur et al. 2021A 1 day post -2.65 4.45 7 09 167 7 4.7% -0.99 [-2.12, 0.14] I

Lefaucheur et al. 2021A 3 day post -3.1 5.29 7 095 177 7 4.7% -0.96 [-2.09, 0.17] PR——

Lefaucheur et al. 2021A 8 day post -23 496 7 145 167 7 4.8% -0.95 [-2.08, 0.18] ——

Lefaucheur et al. 2021A 11 day post -2.3 5.07 7 155 186 7 4.8% -0.94 (-2,07, 0.18] ———

Zhao et al. 2021 18 sessions -1.16 0.87 20 -0.05 1.41 20 11.5% -0.93[-1.58, -0.27] S —

Lefaucheur et al, 2021A 4 day post -2.45 5.29 7 14 167 7 4.8% -0,92 [-2.04, 0.20] ——

Lefaucheur et al. 2021A 12 day post -2 5.51 7 1.8 143 7 4.8% ~0.88 [~2.00, 0.23] —

Lefaucheur et al. 2021A 10 day post -2.15 5.17 7 14 186 7 4.9% ~0.86 [~1.97, 0.26] e —p——

Lefaucheur et al. 2021A 7 day post -2.15 6.18 7 1.6 1.5 7 4.9% -0.78(-1.88, 0.32] ———

Lefaucheur et al. 2021A 6 day post -2 517 7 1.3 229 7 5.0% -0.77 [-1.87, 0.33] S——

Lefaucher et al., 20018 10Hz -16 2.78 6 03 161 6 43%  -0.77 [-1.96, 0.42] S S——

Lefaucheur et al. 2021A 9 day post -2.15 517 7 1 207 7 5.0  -0.75[-1.85, 0.35] A ——

Lefaucheur et al. 2021A 5 day post -2.35 5.29 7 09 229 7 5.0%  -0.75[-1.84, 0.35] i I

Kobayashi et al. 2015 -20.42 22.08 6 -4.13 35.76 6 4.5% -0.51 [~1.66, 0.65] —

Ojala et al. 2021 10 sessions -0.9 15 17 -09 1.9 21 12.0% 0.00 [-0.64, 0.64] o

Lefaucher et al., 20018 0.5Hz 03 161 6 03 161 6 4.7% 0.00[-1.13, 1.13] g —

Total (95% C1) 152 156 100.0% -0.81[-1.07,-0.54) @

Heterogeneity: Tau® = 0.04; Chi* = 19.56, df = 17 (P = 0.30); I¥ = 13% _‘2 "l ) i 2

Test for overall effect: Z = 6.06 (P < 0.00001) (TMS Sham
FIGURE 5
Sensitivity analysis of rTMS versus sham forest plot. Forest plot of the results of a random-effects meta-analysis shown as standardized mean
differences (SMD) with 95% confidence interval (Cl) for the effects of rTMS compared with sham in post-stroke central pain. The shaded square
represents the point estimate for each individual study and the study weight in the meta-analysis. The diamond rep-resents the overall mean difference
of the studies.
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FIGURE 6
Central post-stroke pain funnel plot.

in pain intensity was found in four non-randomized controlled trials
(Hirayama et al., 2006; Goto et al., 2008; Ohn et al., 2012; Hosomi
etal,,2013) and 1 case study (Lefaucheur et al., 2004) but no effect was
seen in 2 RCTs (Lefaucheur et al., 2001b; de Oliveira et al., 2014). As
aresult, a Level B of evidence was given to rTMS as an analgesic tool
for the treatment of CPSP (Chen et al., 2016). Another systematic
review evaluated the effect of non-invasive brain stimulation on CPSP
(Ramger et al., 2019). It found that of the 5 studies about rTMS (Ohn
et al., 2012; Matsumura et al., 2013; de Oliveira et al., 2014; Hasan
etal., 2014), 2 RCTs (Matsumura et al., 2013; Kobayashi et al., 2015)
and 2 non-randomized clinical trials (Ohn et al., 2012; Hasan et al.,
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2014) reported a decrease in pain intensity after the treatment with
high-frequency rTMS on the affected hemisphere (Ramger
etal., 2019).

After the stroke, there is a remapping of the motor cortex that has
been observe by functional magnetic resonance imaging (fMRI) or
TMS (Cicinelli et al., 1997, 2003; Traversa et al., 1997). In animal
stroke models, we can observe a significant reduction of the affected
area in the motor cortex (Nudo, 2007). In addition, neuronal
connections on the side contralateral to the lesion appear to be altered
resulting in a lateralization of the neural activity (Biitefisch et al.,
2008). In consequence, a decrease in short interval intracortical
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TABLE 3 GRADE evidence for rTMS to treat central post-stroke pain.

Publication
Bias'

Risk of Indirectness?

bias*

Number
of studies

Inconsistency!

Imprecision® MD or SMD  Quality of

(95% CI) evidence

Five trials Serious (mainly | Serious (I =67%) No serious No serious Serious MD=-1.65 Very small
(n=197) by blinding the (—2.46, —0.84)
therapist) SMD=-1.21
(=1.95, —0.47)

GRADE, Grading of Recommendations Assessment, Development and Evaluation; MD, mean difference; SMD, standardized mean difference.

*“No” =most information is from results at low risk of bias; “Serious” = crucial limitation for one criterion or some limitations for multiple criteria sufficient to lower confidence in the estimate
of effect; “Very serious” = crucial limitation for one or more criteria sufficient to substantially lower confidence in the estimate of effect.

"“Serious” =I*>40%; “Very serious” =I*>80%.

*No indirectness of evidence was found in any study.

‘Based on sample size. “Serious” =1 < 250 subjects; “Very serious” =7 <250 and the estimated effect is little or absent.

‘Based on funnel plots. No publication bias was found. Funnel plots are not shown because the number of trials was less than 10.

inhibition in both hemispheres, and an increase in intracortical
facilitation in the non lesioned hemisphere can be observed (Liepert
et al,, 2000; Swayne et al., 2008). This results in an imbalance in the
interhemispheric inhibition that could result in an obstacle for
recovery (Vallone et al., 2016).

With regard to CPSP treatment, motor cortex stimulation has
been researched since 1991 (Tsubokawa et al., 1991) as an invasive
procedure to treat drug-resistant central pain. In motor cortex
stimulation, higher frequencies are used, and the electrode is
implanted in the affected hemisphere. High-frequency rTMS of the
affected hemisphere tends to be the most common type of stimulation
seen in CPSP trials, whereas low-frequency rTMS of the affected
hemisphere is less common and tends to not have an effect (Lefaucheur
et al, 200la). Several mechanisms for high-frequency rTMS
modulation of CPSP have been proposed (Pan et al., 2023; Radiansyah
and Hadi, 2023). Electrical stimulation of the motor cortex increases
blood flow to the lateral thalamus, the anterior cingulate cortex, the
anterior insula, and the brainstem of CPSP patients (Garcia-Larrea
et al,, 1999). Similar patterns of activity had been reported on fMRI
after rTMS of M1 (Bestmann et al, 2004), implying common
mechanisms of action. This analgesic effect of motor cortex
stimulation in CPSP patients seems to be determined by the
availability of opioid receptors in the anterior cingulate cortex, the
insula, the thalamus, and the periaqueductal gray matter (Maarrawi
et al, 2013). Meaning that rTMS of affected M1 in CPSP patients
could modulate these structures of the medial system of pain (Xie
etal., 2009), which has been shown to mediate the affective processing
of the pain experience (Vogt and Sikes, 2000). Regarding this, animal
CPSP models exhibit a reduction in the number of fibers in the
thalamocortical pathway between the ventral posterolateral nucleus
of the thalamus and the somatosensory cortices (Kadono et al., 2021)
and increased functional connectivity between the medial thalamus
and the amygdala (Mitchell and Chakraborty, 2013). The analgesic
effect of rTMS in these models is associated with a reduction in the
strength of the functional connectivity between medial thalamus and
amygdala, normalizing during the rTMS treatment (Kadono
etal., 2021).

Another proposed mechanism is the increase in excitability of the
affected M1, that seems to be reduced in CPSP patients as a result of
an asymmetric interhemispheric inhibition (Pan et al, 2023;
Radiansyah and Hadi, 2023). The lesion of one M1 reduces its
inhibitory activity in the contralateral M1. This results in an increase
on the excitability of the contralateral M1 and a higher inhibitory
output from the contralateral M1 to the injured M1 (Boddington and
Reynolds, 2017). The application of high frequency rTMS to the
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injured M1 produce an increment on the excitability of the affected
cortex, and an inhibition of the augmented excitability of the
contralateral M1 (Bai et al., 2022). Finally, the activation of the
descending inhibitory system is another mechanism that could
explain the analgesic effect of non-invasive brain stimulation
(DosSantos et al., 2018). However, in CPSP patients, heterotopic
noxious conditioning stimulation, which activates the descending
inhibitory system, has failed to reduce ongoing pain and dynamic
mechanical allodynia (Tuveson et al., 2009).

Pharmacological treatment of the CPSP tend to use some drugs
that could interact with the mechanism of action of TMS, and
therefore alter its effects (Ziemann et al., 2015). Amitriptyline is used
as first line treatment for CPSP (Ziemann et al., 2015), but its
interaction with TMS is not known. It acts inhibiting voltage gated ion
channels (Yan et al., 2010; Wu et al., 2012) and could act as agonist of
TrkA and TrkB receptors, which mediate neural plasticity (Jang et al.,
2009). Also, it seems to decrease GABAergic transmission (Bang et al.,
2021). These mechanisms could potentially result in the increase of
the facilitatory effect of the high frequency rTMS, and in the decrease
of the inhibitory effect of the low frequency rTMS. Anticonvulsants
like gabapentin or pregabalin, are other type of drugs that have been
implemented in the management of CPSP (Hesami et al., 2015).
Gabapentin and pregabalin have been shown to block voltage-gated
ion channels, increase the synthesis and brain concentrations of
GABA (Loscher et al,, 1991) and reduce the synaptic release of
glutamate (Taylor et al., 2007). These effects could produce an increase
in the motor threshold measured by TMS (Menzler et al,, 2014), a
more sustained intracortical inhibition (Rizzo et al., 2001; Sommer
et al., 2012) and a diminished intracortical facilitation (Rizzo et al.,
2001). Accordingly, to this, stroke patients receiving anticonvulsant
treatment could benefit less from high frequency rTMS treatment.

Considering the results of the present systematic review with
meta-analysis, 'TTMS could be considered useful tool in the clinical
context for management CPSP. Not only it has several possible
mechanisms of action on the pathophysiological processes underlying
CPSP as previously presented (Bestmann et al., 2004; Bai et al., 2022;
Pan et al., 2023; Radiansyah and Hadi, 2023), but it is also a less
invasive treatment that motor cortex stimulation (Tsubokawa et al.,
1991). Also, high frequency rTMS protocols last only about 10 min
and its adverse effects tend to be rare and mild in nature. Due to its
suitability for the clinical practice, future studies should consider
evaluating rTMS effectiveness compared to other treatments
recommended for the management of patients with CPSP (e.g.,
adrenergic antidepressants or anticonvulsants) or its interaction
with them.
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Strengths and limitations

Several limitations should be kept in mind when interpreting the
results of the meta-analysis. Two of the studies included in the meta-
analysis were not RCTS, so there exists some risk of selection bias.
Regarding the duration of pain, some studies did not report it, while
others ranged between acute (<3months) to chronic presentation
(>3 months). Mixing patients with acute and chronic CPSP in the study
sample could account to an increased variability in the results, due to
differences in the underlying pathophysiological processes. So future
studies should consider these differences when stablishing their
inclusion criteria. Also, the dosage of the rTMS varied between studies,
with the frequency of stimulation ranging between 5 and 20Hz, the
intensity of stimulation ranging between 80 and 100% resting motor
threshold, and the total number of sessions ranging between 1 and 18
sessions. Analyzing together studies with different rTMS protocols
could in fact account to differences in the measured effects, accounting
to increased heterogeneity in the results. Due to scarcity in studies
applying same rTMS protocols in CPSP, future studies should take into
account replicating the methodology of stimulation of previous studies
to reduce this problem. Lastly, there seems to be a common risk of bias
between the included studies regarding the randomization process or
the clarity in the report of the outcomes. Researchers must consider
reporting clearly the randomization processes to reduce possible biases
and facilitate replicability, as well as expressing measures of
centralization and dispersion to improve transparency and better
understanding of the results.

The mains strengths of this study, is that this is the first systematic
review with meta-analysis that has investigated the efficacy of rTMS
on patients with CPSP. An analysis methodology has been applied in
which pre-post mean differences were compared, which provides
robustness to the results. The analysis has been developed based on
the most recommended guidelines so that the study is replicable. The
sensitivity analysis allowed to reduce the heterogeneity of the analyzed
data sample, increasing the robustness of the results. Future studies
should aim to improve the randomization and blinding processes to
reduce the risk of bias, and define better the characteristics of the
included subjects to provide homogeneous samples.

Conclusion

The findings of the current systematic review with meta-analysis
suggest that there is low quality evidence for the effectiveness of rTMS
in reducing CPSP intensity with a large effect size. Future studies
should consider improving methodology by blinding the therapist and
taking into account patients’ characteristics and rTMS parameters to
reduce heterogeneity.
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Background: Lower extremity motor dysfunction is one of the most severe
consequences after stroke, restricting functional mobility and impairing daily
activities. Growing evidence suggests that repetitive transcranial magnetic
stimulation (rTMS) can improve stroke patients’ lower extremity motor function.
However, there is still controversy about the optimal rTMS protocol. Therefore,
we compared and analyzed the effects of different rTMS protocols on lower
extremity motor function in stroke patients using network meta-analysis (NMA).

Methods: We systematically searched CNKI, WanFang, VIP, CBM, PubMed,
Embase, Web of Science, and Cochrane Library databases (from origin to 31
December 2023). Randomized controlled trials (RCTs) or crossover RCTs on
rTMS improving lower extremity motor function in stroke patients were included.
Two authors independently completed article screening, data extraction, and
quality assessment. RevMan (version 5.4) and Stata (version 17.0) were used to
analyze the data.

Results: A total of 38 studies with 2,022 patients were eligible for the NMA.
The interventions included HFFTMS-M1, LFrTMS-M1, iTBS-Cerebellum, iTBS-M1,
dTMS-M1, and Placebo. The results of NMA showed that LFFTMS-M1 ranked
first in FMA-LE and speed, and HFfTMS-M1 ranked first in BBS, TUGT, and MEP
amplitude. The subgroup analysis of FMA-LE showed that HFfrTMS-M1 was the
best stimulation protocol for post-stroke time >1month, and LFrTMS-M1 was
the best stimulation protocol for post-stroke time <1 month.

Conclusion: Considering the impact of the stroke phase on the lower extremity
motor function, the current research evidence shows that HFFTMS-M1 may
be the preferred stimulation protocol to improve the lower extremity motor
function of patients for post-stroke time>1month, and LFrTMS-M1 for post-
stroke time <1month. However, the above conclusion needs further analysis
and validation by more high-quality RCTs.

Systematic Review Registration: www.crd.york.ac.uk/prospero/, identifier
(CRD42023474215).
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1 Introduction

Stroke is a local brain dysfunction caused by acute cerebrovascular
disease (Park et al., 2011). By 2019, the proportion of stroke patients had
increased to 2.58% among residents aged >40years in China (Wang
etal, 2022). Stroke is the leading cause of adult death and disability in
China, with the five characteristics of high incidence, high disability
rate, high mortality rate, high recurrence rate, and high economic
burden, which has seriously endangered the health of Chinese people.
With the development of medical technology, the mortality rate of
stroke has decreased year by year, but 72% of the survivors still have
lower extremity dysfunction (Ng and Hui-Chan, 2010), which affects
the walking function of patients. Walking dysfunction is one of the most
severe consequences of stroke. Nearly 30% of stroke patients are unable
to walk even in the chronic recovery stage (Park et al., 2011), which
significantly affects the patients’ social interactions and can lead to
lifelong disability in severe cases (Park and An, 2016). Therefore,
improving the motor function of the lower extremity, restoring
independent walking as soon as possible, and improving activities of
daily living (ADL) are the problems that many stroke patients are eager
to solve urgently. However, pharmacological therapy (Mead et al., 2013)
and traditional rehabilitation therapies [e.g., neurodevelopmental
therapy (Langhammer and Stanghelle, 2011), proprioceptive
neuromuscular facilitation (Eng and Tang, 2007), and electromyography
biofeedback (Woodford and Price, 2007)] seem to have limited effects
on improving motor function of the lower extremity after stroke.
Therefore, a more effective treatment is needed.

Repetitive transcranial magnetic stimulation (rTMS), one of the
brain stimulation techniques without any trauma, can induce
neuroplastic changes and promote brain function restoration (Nathou
et al,, 2018). At present, the interhemispheric competition (IHC)
model is the primary theoretical basis for applying rTMS in stroke
rehabilitation. This model suggests that stroke destroys the balance of
mutual inhibition of the bilateral cerebral hemispheres through the
corpus callosum, resulting in the decreased inhibition of the ipsilateral
hemisphere to the contralateral hemisphere and the increased
inhibition of the contralateral hemisphere to the ipsilateral hemisphere
(Di Pino et al., 2014). Therefore, in clinical practice, there are two
main ways to use rTMS to promote functional recovery after stroke.
One is to reduce the excitability of the contralateral hemisphere
through low-frequency (<1Hz) rTMS to reduce the inhibitory effect
of the contralateral hemisphere on the ipsilateral hemisphere. The
other is to restore the balance of competitive inhibition between the
bilateral cerebral hemispheres by stimulating the ipsilateral
hemisphere with high-frequency (>5Hz) rTMS to increase its
excitability (George and Aston-Jones, 2010). Both stimulation modes
have been used to treat motor/non-motor dysfunction after stroke.

Theta burst stimulation (TBS), a novel mode of rTMS, saves time
in the rehabilitation of motor function after stroke (Huang et al.,
2005). There are two types of TBS: intermittent TBS (iTBS) and
continuous TBS (cTBS), which generate excitatory and inhibitory
effects, respectively (Larson et al., 1986; Huang et al., 2011). Compared
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with conventional rTMS protocols, TBS provides significant
advantages due to its reduced stimulation time (Chung et al., 2015)
and long-lasting effects with lower-intensity stimulation (Cardenas-
Morales et al., 2010). Deep transcranial magnetic stimulation (dTMS)
is a new non-invasive neuromodulation technique based on rTMS
technology, which uses a different coil type (Hesed coil). dTMS has
the advantages of deeper and wider stimulation, more precise
localization, and less damage to the superficial cortex than
conventional TMS (Roth et al., 2014). The primary motor cortex (M1)
is typically the target of rTMS. However, some studies have shown that
the cerebellum is one of the alternative targets of M1, and rTMS
targeting the cerebellum can also improve motor function in stroke
patients (Wessel and Hummel, 2018). In conclusion, rTMS can
regulate the asymmetry of excitability between the bilateral cerebral
hemispheres by changing the stimulation mode, stimulation target,
stimulation frequency, and coil type to promote the recovery of lower
extremity motor dysfunction after stroke (Kesikburun, 2022).

The effect of rTMS on lower extremity motor function in stroke
patients has been demonstrated in previous meta-analysis (Li et al.,
2018; Tung et al., 2019). However, an important drawback is that
conventional meta-analysis can only compare two interventions
simultaneously. At the same time, in these studies, the intervention
protocols of the experimental group were roughly classified, and the
effects of different stimulation frequencies, stimulation targets,
stimulation modes, and post-stroke times on treatment effects were
not comprehensively considered. Although Fan et al. (2021) conducted
a detailed systematic review of rTMS to improve lower extremity
motor function in stroke patients, this study did not consider the new
stimulation mode-iTBS, the new stimulation target-cerebellum, and
the effect of stroke phase on the efficacy of rTMS.

Network meta-analysis (NMA) is developed from conventional
meta-analysis, and its primary function is to comprehensively evaluate
and rank multiple interventions simultaneously (Rouse et al., 2017).
Therefore, we took the stimulation mode, stimulation frequency, and
stimulation target of rTMS into account and summarized the following
five different rTMS protocols: high-frequency rTMS-M1 (HFrTMS-
Ml), low-frequency rTMS-M1 (LFrTMS-M1), iTBS-Cerebellum,
iTBS-M1, and dTMS-MI. Then, we compared and analyzed the effects
of different protocols on lower extremity motor dysfunction in stroke
patients by NMA. In addition, considering the effects of the stroke phase
on the efficacy of rTMS at different protocols, we also carried out a
subgroup analysis for FMA-LE according to the phase of the stroke to
provide sufficient evidence for future clinical practice.

2 Materials and methods
2.1 Study enrollment and reporting

Our NMA was conducted using the Cochrane Handbook for
Systematic Reviews of Interventions, and the findings were reported

according to the Preferred Reporting Items for Systematic Reviews
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and Meta-Analyzes (PRISMA) statement (Page et al., 2021). This
NMA was prospectively registered in PROSPERO (registration ID:
CRD42023474215).

2.2 Search strategy

Two authors separately searched for randomized controlled trials
(RCTs) and crossover RCTs about rTMS improving lower extremity
motor function in stroke patients from China National Knowledge
Infrastructure (CNKI), Wanfang database, VIP database, China
Biomedical Literature Database (CBM), PubMed, Embase, Web of
Science, and Cochrane Library. The search time limit was from the
establishment of the database to 31 December 2023. By combining
medical subject headings (MeSH) with free words using Boolean logic
operators, we integrated the following terms for a comprehensive

» <«

search: “Stroke,

»
>

cerebrovascular accident,” “CVA,” “Brain Vascular
Accident,  “hemiplegia,” “apoplexy, “hemiparesis,” “repetitive
transcranial magnetic stimulation,” “Transcranial Magnetic
Stimulation,” “TMS,” “rTMS,” “Theta burst stimulation,” “O-brust
stimulation,” “random,” “randomized controlled trial, “RCT” In
addition, we also reviewed meta-analysis, reviews, and references of
the included studies to supplement the search. PubMed was used as
an example, and the specific search strategy was provided in
Supplementary Table 1.

2.3 Eligibility criteria

Eligibility criteria were defined in accordance with the PICOS
framework (Hutton et al., 2015).

2.3.1 Inclusion criteria
1. Populations: Stroke patients with lower extremity dysfunction
who were diagnosed according to the stroke diagnostic criteria
formulated by The Fourth National Cerebrovascular Disease
Conference in 1995.

. Interventions: HFrTMS-M1, LErTMS-M1, iTBS-Cerebellum,
iTBS-M1, and dTMS-M1.

. Comparators: The placebo included conventional rehabilitation
and sham rTMS (or conventional rehabilitation alone). Sham
r'TMS refers to the analog sound without any effective magnetic
stimulation. Conventional rehabilitation, such as physiotherapy,
occupational therapy, physical therapy, treadmill training,
motor imagery practice, task-oriented training, and mirror
therapy, was acceptable as cointervention.

. Outcomes: The primary outcome indicator was the Fugl-Meyer
Assessment of Lower Extremity (FMA-LE). The secondary
outcome indicators included the Berg Balance Scale (BBS),
Timed Up and Go Test (TUGT), Motor Evoked Potential
amplitude (MEP amplitude), and speed.

. Study designs: RCTs or crossover RCTs.

2.3.2 Exclusion criteria
1. Patients with lower extremity motor dysfunction were not
caused by stroke but by traumatic brain injury, cerebral palsy,
Parkinson’s disease, and other diseases.
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. Conference abstracts, researcher protocols, reviews, meta-
analysis, dissertations, and non-RCTs (e.g., case reports,
observational studies, cross-sectional studies, and studies
without a control group).

. Lack of outcome indicators related to the lower extremity
motor function.

4. Studies with more patients withdrawing midway.

. Studies that could not be downloaded.

. Studies with incomplete outcome data and contacting the
authors three times without response.

. Repeatedly published studies.

2.4 Study selection

First, two authors (CSW and QZ) used EndnoteX9 software to
eliminate duplicate articles. Then, they screened out articles that did
not meet the criteria by reading their titles and abstracts. Finally, they
browsed the full text to select articles that met the criteria. In case of
any disagreement during the review process, the decision was made
by consultation between the two authors or by joint decision with the
third author (LLZ).

2.5 Data extraction

Two authors (DYZ and YNX) independently reviewed all articles and
extracted data. The extracted data included basic published information:
first author’s name, year of publication, country of origin, participant
characteristics (age and sample size), intervention characteristics
(intervention protocol, coil type, rTMS target, rTMS frequency, rTMS
intensity, No. of pulses, and duration of intervention), and outcome
indicators (FMA-LE, BBS, TUGT, MEP amplitude, and speed) at baseline
and at last observation to obtain their change scores. The collected data
were put into an Excel spreadsheet and cross-checked by two authors
(DYZ and YNX). In case of disagreement during data extraction, the third
author (ZJL) participated in discussion and decision-making.

2.6 Quality assessment

Two authors (CLW and SZW) independently assessed the risk of
bias for the included articles through the Cochrane Risk of Bias Tool
(Savovi¢ et al., 2014), which mainly included seven indicators: (I)
Random sequence generation; (II) Allocation concealment; (III)
Blinding of participants and personnel; (IV) Blinding of outcome
assessment; (V) Incomplete outcome data; (VI) Selective reporting;
(VII) Other bias. Assessment indicators were rated “low risk,
“unclear;” or “high risk” based on the available information. If there
was any dispute during the evaluation, the third author (ZJL) would
participate in the discussion and make decisions together.

2.7 Statistical analysis

Odds ratio (OR) for binary variables and mean difference (MD)
for continuous variables were used as the effect indicators, and the
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95% confidence interval (CI) was provided for each effect size. If a
particular study used different methods or scales to measure the same
outcome, standardized MD (SMD) was calculated instead of
MD. We calculated the difference before and after treatment for
continuous variable indicators and the standard deviation (SD)
according to the method provided in 16.1.3.2 of Cochrane Handbook
5.0.2 and then performed the statistical analysis. We used RevMan
(version 5.4) for pairwise meta-analysis. The p-value of the chi-square
test and the I” index from the heterogeneity test were used to express
the level of statistical heterogeneity. Different effect models were
selected according to the test data’s heterogeneity level. When the level
of heterogeneity was low (p >0.1, I* <50%), we selected the fixed
effect model for analysis. Otherwise, a random effect model (p <0.1,
I* >50%) was used (Higgins et al., 2003; Tufanaru et al., 2015).

We used Stata (version 17.0) to perform the NMA and produce
various charts, such as network meta-analysis diagrams of eligible
comparisons, surface under the cumulative ranking area (SUCRA),
funnel plot of publication bias, etc (Shim et al., 2017). When there
were closed loops between interventions, we first needed to assess
global inconsistency. If p >0.05, the inconsistent model was not
significant, and the consistent model was selected (White et al.,
2012). We used a node-splitting approach to assess local
inconsistency (Dias et al., 2010). At the same time, it was also
necessary to evaluate the loop inconsistency and calculate the
inconsistency factors (IF) and 95% CI for each closed loop. If the
lower limit of 95% CI included or was close to 0, the consistency
between the direct and indirect comparison results was good;
otherwise, the closed loop was considered to have apparent
inconsistency. If no closed loops existed between interventions, the
consistency model was used directly for analysis. We used the
SUCRA to rank interventions. The closer SUCRA was to 100%, the
better the effect of the intervention. Finally, the publication bias of
the included articles was evaluated using the funnel plot of
publication bias and Egger’s test. Asymmetry in the funnel plot of
publication bias and p <0.05 in Egger’s test indicated publication
bias in the included articles (Fleiss, 1993).

3 Results
3.1 Search results

We strictly searched the above 8 databases according to the
inclusion and exclusion criteria and preliminarily obtained 12,814
articles. After the duplicate articles were removed, 10,166 articles
remained in the database. By reading the titles and abstracts of the
articles, we excluded articles that did not meet the inclusion criteria,
leaving 176 remaining in the database. By reading the full text,
we again excluded 138 articles. Ultimately, 38 articles met our study
requirements. Figure 1 shows the article search process and results.

3.2 Characteristics of the included studies

Characteristics of studies adopted are shown in Table 1, published
between 2012 and 2023. We finally included 38 studies with a total of
2,022 patients. 4 studies were crossover RCTs, and 34 studies were
RCTs. Among the included studies, most of them were carried out in
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China (28/38), and the others were conducted in Korea (5/38), Italy
(2/38), Egypt (1/38), India (1/38), and Japan (1/38). Outcome
indicators included FMA-LE (29 studies), BBS (11 studies), TUGT (8
studies), MEP amplitude (8 studies), and speed (13 studies).
Interventions included HFrTMS-M1 (16 studies), LFErTMS-M1 (18
studies), iTBS-Cerebellum (5 studies), iTBS-M1 (1 study), and
dTMS-M1 (2 studies).

3.3 Quality evaluation

25 studies (65.8%) had a low risk of bias concerning random
sequence generation. 9 studies (23.7%) had a low risk of bias
concerning allocation concealment. 24 studies (63.2%) had a low risk
of bias concerning blinding of participants and personnel. 27 studies
(71.1%) had a low risk of bias concerning blinding of outcome
assessment. 37 studies (97.4%) had a low risk of bias concerning
incomplete outcome data. 38 studies (100.0%) had a low risk of bias
concerning selective reporting. Other biases were not known. Details
of the evaluation of bias results for the included articles are shown in
Figure 2.

3.4 Pairwise meta-analysis

A pairwise meta-analysis was used to compare the two
interventions comprehensively. We carried out 6 pairwise meta-
analysis to compare FMA-LE, 6 to compare FMA-LE (post-stroke
time > 1 month), 3 to compare FMA-LE (post-stroke time < 1 month),
5 to compare BBS, 4 to compare TUGT, 4 to compare MEP amplitude,
and 2 to compare speed, respectively, which can be summarily seen in
Table 2. The detailed results of pairwise meta-analysis are shown in
Supplementary Figures 1-7.

3.5 Network of evidence

Figure 3 shows the network meta-analysis diagrams of eligible
comparisons, where the blue circles represent the different
interventions. The circle size represents the sample size. The straight
line between the two circles represents a direct comparison between
the two different interventions. The thicker the solid line, the greater
the number of studies in that pairwise comparison.

3.5.1 FMA-LE

A total of 29 included studies evaluated FMA-LE, involving 6
intervention protocols: HFrTMS-M1, LErTMS-M1, iTBS-Cerebellum,
iTBS-M1, dTMS-M1, and Placebo. A total of 1,685 patients were
included. The inconsistency model evaluated global inconsistency,
which showed p =0.0772 (>0.05; Supplementary Figure 8A). The
inconsistency test was not significant, so we used the consistency
model. The node-splitting approach was used to evaluate local
inconsistency. The test of local inconsistency from the node-splitting
model showed a small percentage of inconsistency (1 of 6
comparisons), as detailed in Supplementary Table 2. 1 closed loop was
formed for the 3 interventions, so we assessed the inconsistency of the
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PubMed (n=1,135)

Embase (n=799)

Web of Science (n=1,482)

The Cochrane Library (n=2,880)
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CNKI (n=894)
WanFang (n=1,652)
VIP (n=2,856)
CBM (n=1,116)

v

Records after duplicates removed
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v
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\4

\4

Irrelevant studies (n=9,990)

(n=176)
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(1) Non-RCTs (n=42)
(2) Unrelated intervention (n=55)

\4

v

(3) Unrelated outcome (n=27)
(4) Incomplete data (n=10)
(5) No able to obtain full text (n=4)

(n=38)

Studies included in qualitative synthesis

v

(n=38)

[ Included } L Eligibility ] [ Screening ’ leentiﬁcation

Studies included in quantitive synthesis
(network meta-analysis)

FIGURE 1

Flow diagram of the eligible studies selection process. CNKI, China National Knowledge Infrastructure; WanFang, WanFang Knowledge Service
Platform; VIP, Chinese Scientific Journals Database; CBM, Chinese Biomedical Literature Service System; n, number of publications.

closed loop. The results showed that the 95% CI included 0, and IF was
close to 0, indicating that our NMA was highly credible
(Supplementary Figure 9A).

The NMA results showed that FMA-LE generated a total of 15
pairwise comparisons. Compared with Placebo, LFrTMS-MI1
(MD =2.83,95% CI: 1.96 to 3.70) and HFrTMS-M1 (MD =2.74, 95%
CI: 1.60 to 3.87) significantly improved FMA-LE in stroke patients.
There was no statistically significant difference between the other two
interventions (p >0.05; Figure 4). Figure 5A and Table 3 show the
SUCRA rankings for all interventions. According to the analysis,
LFrTMS-M1 (SUCRA, 84.6%) may be the most effective intervention
to improve FMA-LE in stroke patients.

Different phases of stroke may lead to different therapeutic
effects of rTMS. Therefore, we performed a subgroup analysis for
FMA-LE according to the phase of stroke, including post-stroke
time > 1 month and post-stroke time <1 month (Brunelli et al.,
2019). The global consistency model of FMA-LE (post-stroke
time > 1 month) and FMA-LE (post-stroke time < 1 month) showed
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that  the test
(Supplementary Figures 8B,C). There was a small percentage of

inconsistency was not  significant
inconsistency (1 of 3 comparisons) only for the local inconsistency
test of FMA-LE (post-stroke time < 1 month), details of which are
provided in Supplementary Tables 3, 4.

For post-stroke time > 1 month, Figure 4 demonstrated that
HFrTMS-M1 significantly improved FMA-LE (post-stroke
time > 1 month) compared to iTBS-M1 (MD =3.84, 95% CI: 0.52
to 7.16) and Placebo (MD =3.94, 95% CI: 2.50 to 5.38). Figure 5B
and Table 3 showed that the HFrTMS-M1 (SUCRA, 95.8%) was the
best protocol. For post-stroke time<1month, Figure 4
demonstrated that compared with the placebo, the LFrTMS-M1
(MD = 1.49, 95% CI: 0.05 to 2.93) and HFrTMS-M1 (MD =2.47,
95% CI: 1.41 to 3.53) had better curative effects, with a statistically
significant difference (p <0.05). Figure 5C and Table 3 showed that
the LErTMS-M1 (SUCRA, 98.9%) was the best protocol. We found
no publication bias by the funnel plot of publication bias and
Egger’s test (Supplementary Figures 10B,C).
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FIGURE 2
Quiality assessment of selected studies by the Cochrane Risk Of Bias Tool. (A) Risk of bias graph: review authors’ judgments about each risk of bias item
presents as percentages across all included studies. (B) Risk of bias summary: review authors’ judgments about each risk of bias item for each included
study.
3.5.2 BBS was no closed loop, so we did not need to perform a consistency
A total of 11 included studies evaluated BBS, involving 5  check. The NMA results showed that TUGT generated a total of 10

intervention protocols: HFrTMS-M1, LFrTMS-M1, iTBS-
Cerebellum, iTBS-M1, and Placebo. A total of 820 patients were
included. The inconsistency model evaluated global inconsistency,
which showed p =0.2800 (>0.05; Supplementary Figure 8D). The
inconsistency test was not significant, so we used the consistency
model. The node-splitting approach was used to evaluate local
inconsistency. The measured p-values were all greater than 0.05,
indicating good local consistency (Supplementary Table 5). 1 closed
loop was formed for the 3 interventions, so we assessed the
inconsistency of the closed loop. The results showed that the 95% CI
included 0, and IF was close to 0, indicating that our NMA was
highly credible (Supplementary Figure 9D).

The NMA results showed that BBS generated a total of 10 pairwise
comparisons. Compared with Placebo, HFrTMS-M1 (MD =6.97, 95%
CI: 3.95 t0 9.98), LErTMS-M1 (MD =4.36, 95% CI: 2.00 to 6.72), and
iTBS-Cerebellum (MD=3.29, 95% CI: 0.63 to 5.95) significantly
improved BBS in stroke patients. In addition, HFrTMS-M1
(MD=6.36, 95% CI: 0.65 to 12.07) was significantly better than
iTBS-M1 in improving BBS. Other pairwise comparisons showed no
statistically significant differences (p >0.05; Figure 4). Figure 5D and
Table 3 show the SUCRA rankings for all interventions. According to
the results of SUCRA analysis, HFrTMS-M1 (SUCRA, 96.8%) may
be the most effective intervention to improve BBS in stroke patients.

3.5.3TUGT

A total of 8 included studies evaluated TUGT, involving 5
intervention protocols: HFrTMS-M1, LErTMS-M1, iTBS-Cerebellum,
iTBS-M1, and Placebo. A total of 382 patients were included. There
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pairwise comparisons.

Compared with Placebo, HFrTMS-M1 (MD=-3.25, 95% CI:
—5.19 to —1.30) and LFrTMS-M1 (MD=-2.72, 95% CI: —3.95 to
—1.49) significantly improved TUGT in stroke patients. There was no
statistically significant difference between the other two interventions
(p >0.05; Figure 4). Figure 5E and Table 3 show the SUCRA rankings
for all interventions. According to the analysis, HFrTMS-M1 (SUCRA,
80.3%) may be the most effective intervention to improve TUGT in
stroke patients.

3.5.4 MEP amplitude

A total of 8 included studies evaluated MEP amplitude, involving
4 intervention protocols: HFrTMS-M1, LFrTMS-MI1, iTBS-
Cerebellum, and Placebo. A total of 246 patients were included. The
inconsistency model evaluated global inconsistency, which showed
p =0.5656 (>0.05; Supplementary Figure 8E). The inconsistency test
was not significant, so we used the consistency model. The node-
splitting approach was used to evaluate local inconsistency. The
measured p-values were all greater than 0.05, indicating good local
consistency (Supplementary Table 3). 1 closed loop was formed for
the 3 interventions, so we assessed the inconsistency of the closed
loop. The results showed that the 95% CI included 0, and IF was
close to 0, indicating that our NMA was highly credible
(Supplementary Figure 9E).

The NMA results showed that MEP amplitude generated a total of
6 pairwise comparisons. Compared with Placebo, HFrTMS-M1
(SMD=0.99, 95% CI: 0.17 to 1.82) significantly improved MEP
amplitude in stroke patients. There was no statistically significant
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Country Age (E/C, year) Intervention Outcomes
Intervention Coil type rTMS rTMS Duration of
protocol (E/C) frequency intensity intervention
(Hz) (%)
Yang et al. 75-mm figure- 6 times per week
China 56.4+7.8/57.5+£9.2 14/14 HFrTMS-M1/Placebo Ipsi-M1 10Hz 90% RMT 2,000 (06]
(2016) of-8 coil for 4weeks
5 times per week
Ma et al. (2023) China 56.75+7.07/54.85+5.65 20/20 HFrTMS-M1/Placebo | NR Ipsi-M1 10Hz 80% RMT 1,200 [006]
for 4 weeks
Mo and Liu 7 times per week
China 56.68£3.12/57.75+2.86 53/52 HFrTMS-M1/Placebo | Figure-of-8 coil | Ipsi-M1 10Hz 90% RMT 2,000 (006
(2020) for 4 weeks
HFrTMS-M1/LE- 70-mm figure-  Ipsi-M1/ 5 times per week
Chaetal. (2014) | Korea 54.83+6.32/51.33+8.71 12/12 10Hz/1Hz 90% RMT 2,000/1,200
ZrTMS of-8 coil Contra-M1 for 4 weeks
Cha and Kim 70-mm figure- 5 times per week
Korea 53.80+13.28/55.80+16.40 10/10 HFrTMS-M1/Placebo Ipsi-M1 10Hz 90% RMT 1,000
(2017) of-8 coil for 8 weeks
Wang et al. 3 times per week
China 53.5+13.7/54.7+12.2 8/6 HFrTMS-M1/Placebo | Figure-of-8 coil | Ipsi-M1 5Hz 90% RMT 900
(2019) for 3 weeks
Lee and Cha 70-mm figure- 5 times per week
Korea 66.85+4.05/64.00 £3.57 716 HFrTMS-M1/Placebo Ipsi-M1 5Hz 90% RMT 900 ®
(2020) of-8 coil for 3 weeks
70-mm figure- 3 times per week
Jietal. (2014) Korea 49.00+11.01/44.28+8.52 15/15 HFrTMS-M1/Placebo Ipsi-M1 10Hz NR NR ®
of-8 coil for 6 weeks
Ji and Kim 70-mm figure- 5 times per week
Korea 55.65+8.95/56.36 + 10.44 20/19 HFrTMS-M1/Placebo Ipsi-M1 10Hz NR 2,000 ®
(2015) of-8 coil for 4 weeks
Cengetal. 5 times per week
China 60.22+2.73/61.41£2.24 40/40 HFrTMS-M1/Placebo | NR Ipsi-M1 10Hz 80% RMT NR @
(2022) for 8 weeks
Kakuda et al. 80-mm double-
Japan 52.1+11.9 9/9 HFrTMS-M1/Placebo Bi-M1 10Hz 90% RMT 2,000 1 time ®
(2013) cone coil
Guan et al. 10 consecutive
China 59.7+6.8/57.4+14.0 21/21 HFrTMS-M1/Placebo | Figure-of-8 coil | Ipsi-M1 5Hz 120% RMT 1,000 @
(2017) weekdays
Wang et al. 63.85+9.54/63.92 +£10.28/ HFrTMS-M1/ Ipsi-M1/ 6 times per week
China 80/80/80 NR 10Hz/0.5Hz NR NR @
(2023) 64.10+£9.96 LFrTMS-M1/Placebo Contra-M1 for 3weeks
HFrTMS-M1/ Ipsi-M1/ 6 times per week
Hua etal. (2019) | China 63.2+9.5/63.4+10.7/65.4+10.8 15/15/15 Figure-of-8 coil 10Hz/0.5Hz 80% RMT 1,290/1,090 (00
LFrTMS-M1/Placebo Contra-M1 for 3 weeks
HFrTMS-M1/ Ipsi-M1/ 5 times per week
Liu et al. (2019) China 58.78+6.97/60.78 £6.73/58.44 £5.94 18/18/18 NR 10Hz/0.5Hz 90% MT NR @
LFrTMS-M1/Placebo Contra-M1 for 3 weeks
(Continued)
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Country Age (E/C, year) Intervention Outcomes
Intervention Coil type rTMS rTMS rTMS No. of  Duration of
protocol (E/C) target frequency intensity pulses | intervention
((3F2) (%)
HFrTMS-M1/ 90-mm figure- | Ipsi-M1/ 5 consecutive
Du et al. (2019) China 54+12/56+£9/56 11 20/20/20 10Hz/1Hz 100% RMT 1,200/1,200 @
LFrTMS-M1/Placebo | of-8 coil Contra-M1 weekdays
Sharma et al. 70-mm figure- 5 times per week
India 54.85+13.39/ 52.89+14.95 47/49 LFrTMS-M1/Placebo Contra-M1 1Hz 110% RMT 750 @
(2020) of-8 coil for 2 weeks
Zhao et al. 20 consecutive
China 56.2+12.7/54.0+11.4 36/39 LFrTMS-M1/Placebo  Circular coil Contra-M1 1Hz 80-120% RMT 1,000 [0@)
(2018) weekdays
Zhou et al. 70-mm double- 5 times per week
China 58.80+£7.58/58.32+7.61 50/50 LFrTMS-M1/Placebo Contra-M1 1Hz 70% RMT 1,200 @
(2020) cone coil for 3weeks
70-mm figure- 5 times per week
Lietal. (2016) China 56.7+6.0/58.0+6.5 30/30 LFrTMS-M1/Placebo Contra-M1 1Hz 90% RMT NR @
of-8 coil for 4 weeks
88/88 LFrTMS-M1/Placebo = Circular coil Contra-M1 1Hz 70% RMT NR 5 times per week (066}
Yan et al. (2023) China 67.82+9.97/69.11+10.03
for 6 weeks
Mou et al. China 52.10+14.96/48.40+15.58 20/20 LFrTMS-M1/Placebo  Circular coil Contra-M1 1Hz 90% RMT 1,000 6 times per week @
(2021) for 6 weeks
Huang et al. China 62.2+10.4/61.2+9.4 18/20 LFrTMS-M1/Placebo = 110-mm Contra-M1 1Hz 120% RMT 900 15 consecutive
(2018) double-cone weekdays
coil
Lin et al. (2015) China 58.3+10.8/62.3+11.7 16/16 LFrTMS-M1/Placebo | 70-mm figure- = Contra-M1 1Hz 130% MT 900 15 consecutive @
of-8 coil weekdays
Chen (2018) China 55.2+11.5/51.3+12.1 70/70 LFrTMS-M1/Placebo | 90-mm figure- Contra-M1 1Hz 90% RMT 1,000 5 times per week (006
of-8 coil for 1week
Wang et al. China 64.90+12.37/62.98 +10.88 14/14 LFrTMS-M1/Placebo | Figure-of-8 coil = Contra-M1 1Hz 90% RMT 600 5 times per week
(2012) for 2 weeks
Elkholy et al. Egypt 44.06+3.71/45.66 +4.27 30/15 LFrTMS-M1/Placebo | NR Contra-M1 1Hz 2G NR 3 times per week ®
(2014) for 6 weeks
Zhuetal. (2022)  China 59.48+7.04/58.36 +5.38 25/25 LFrTMS-M1/Placebo | NR Contra-M1 1Hz 90% RMT NR 5 times per week (066
for 4 weeks
Tao et al. (2022) | China 57.5+6.4/58.2+4.8 20/20 LFrTMS-M1/Placebo | Figure-of-8 coil = Contra-M1 1Hz 80% RMT 600 5 times per week (00
for 4 weeks
Gong et al. China 63.40+10.37/59.66 + 14.31 16/16 LFrTMS-M1/Placebo | NR Contra-M1 1Hz NR NR 5 times per week
(2021) for 4weeks
(Continued)
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TABLE 1 (Continued)

Country

Age (E/C, year)

Intervention

Intervention

protocol (E/C)

Coil type

rTMS
target

rTMS
frequency

(Hz)

rTMS
intensity
(%)

No. of
pulses

Duration of
intervention

Outcomes

Koch et al. China 63+11/65+12 18/18 iTBS-Cerebellum/ 70-mm figure- | Contra- iTBS 80% RMT 1,200 3 weeks [0€)

(2019) Placebo of-8 coil cerebellar

Chen et al. China 58.88+15.79/62.38 +12.66 16/16 iTBS-Cerebellum/ Figure-of-8 coil | Contra- iTBS 80% RMT 600 6 times per week @

(2023) Placebo cerebellar for 3weeks

‘Wang and Li China 52.62+8.61/54.62+7.85 21/21 iTBS-Cerebellum/ 70-mm figure- | Contra- iTBS 80% RMT 600 5 times per week @@

(2022) Placebo of-8 coil cerebellar for 4 weeks

Liaoetal (2021) = China 51.53+9.22/55.40+8.10 15/15 iTBS-Cerebellum/ 70-mm figure- Contra- iTBS 90% AMT 600 5 times per week
Placebo of-8 coil cerebellar for 2 weeks

Xie et al. China 52.35+8.62/54.41+7.01 18/18 iTBS-Cerebellum/ 70-mm figure- | Contra- iTBS 90% AMT 600 10 consecutive ®

(2021b) Placebo of-8 coil cerebellar weekdays

Lin et al. (2019) China 60.8+8.1/61.1+9.7 10/10 iTBS-M1/Placebo 70-mm figure- Bi-M1 iTBS 100% RMT 1,200 2 times per week (006}

of-8 coil for 5weeks

Chieffo et al. Italy 62.20+10.23 5/5 dTMS-M1/Placebo H-coil Bi-M1 20Hz 90% RMT 1,500 11 times for @

(2014) 3weeks

Chieffo et al. Italy 58.67+10.33/61.17+8.70 6/6 dTMS-M1/Placebo H-coil Bi-M1 20Hz 80-90% RMT 1,600 11 times for 0]

(2021) 3weeks

E, experimental group; C, control group; HFrTMS, high-frequency repetitive transcranial magnetic stimulation; LFEr'TMS, low-frequency repetitive transcranial magnetic stimulation; iTBS, intermittent theta-burst stimulation; dTMS, deep transcranial magnetic

stimulation; M1, primary motor cortex; Ipsi, ipsilateral; Contra, contralateral; Bi, bilateral; NR, not reported; MT, motor threshold; RMT, resting motor threshold; AMT, active motor threshold. ©: FMA-LE; @: BBS; ®: TUGT; @: MEP amplitude; ®: Speed.
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TABLE 2 Pairwise meta-analysis.

Comparison Number of studies MD/SMD (95% Cl) Heterogeneity test
12 (%) p-value
FMA-LE
HFrTMS-M1/Placebo 9 3.36 (2.01,4.72) 81 <0.00001
LErTMS-M1/Placebo 16 2.62 (1.71, 3.54) 81 <0.00001
iTBS-Cerebellum/Placebo 4 0.41 (—0.74, 1.56) 0 0.88
iTBS-M1/Placebo 1 0.10 (—1.29, 1.49) NR NR
dTMS-M1/Placebo 2 1.60 (0.59, 2.61) 0 1
LErTMS-M1/HFrTMS-M1 3 2.37 (1.35, 3.38) 12 32

FMA-LE (post-stroke time >1 month)

HFrTMS-M1/Placebo 6 4.52 (2.85, 6.19) 76 0.001
LFrTMS-M1/Placebo 9 2.84 (1.56, 4.12) 88 <0.00001
iTBS-Cerebellum/Placebo 4 0.41 (—0.74, 1.56) 0 0.88
iTBS-M1/Placebo 1 0.10 (—1.29, 1.49) NR NR
dTMS-M1/Placebo 2 1.60 (0.59, 2.61) 0 1
LFrTMS-M1/HFrTMS-M1 1 0.89 (—3.16, 4.94) NR NR

FMA-LE (post-stroke time < 1 month)

HFrTMS-M1/Placebo 3 1.25 (0.44, 2.06) 0 0.82
LFrTMS-M1/Placebo 7 2.39 (1.16, 3.63) 52 0.05
LFrTMS-M1/HFrTMS-M1 2 2.47 (141, 3.52) 42 0.19
BBS

HFrTMS-M1/Placebo 2 6.64 (4.37,8.91) 75 0.05
LFrTMS-M1/Placebo 4 4.49 (1.75,7.24) 90 <0.00001
iTBS-Cerebellum/Placebo 4 3.23 (0.99, 5.47) 57 0.07
iTBS-M1/Placebo 1 0.60 (—1.68, 2.88) NR NR
HFrTMS-M1/LFrTMS-M1 2 4.34 (=5.73,14.41) 84 0.01
TUGT

HFrTMS-M1/Placebo 2 —3.25 (—5.19, —1.30) 37 0.21
LFrTMS-M1/Placebo 4 —2.72 (-3.95, —1.49) 0 0.94
iTBS-Cerebellum/Placebo 1 —0.38 (—12.70, 11.94) NR NR
iTBS-M1/Placebo 1 —0.70 (—4.63, 3.23) NR NR
MEP amplitude

HFr'TMS-M1/Placebo 3 0.92 (0.08, 1.77) 61 0.08
LFrTMS-M1/Placebo 3 0.36 (—0.48, 1.21) 78 0.01
iTBS-Cerebellum/Placebo 1 —0.10 (—0.81, 0.62) NR NR
HFrTMS-M1/LFrTMS-M1 2 0.71 (—0.99, 2.41) 89 0.003
Speed

HFr'TMS-M1/Placebo 8 0.91 (0.68, 1.13) 26 0.21
LFrTMS-M1/Placebo 5 1.04 (0.81, 1.26) 46 0.12

Red and bold numbers are statistically significant. HFrTMS, high-frequency repetitive transcranial magnetic stimulation; LFr'TMS, low-frequency repetitive transcranial magnetic stimulation;
iTBS, intermittent theta-burst stimulation; dTMS, deep transcranial magnetic stimulation; M1, primary motor cortex; NR, not reported.

difference between the other two interventions (p >0.05; Figure 4).  3.5.5 Speed

Figure 5F and Table 3 show the SUCRA rankings for all interventions. A total of 13 included studies evaluated speed, involving 3
According to the analysis, HFrTMS-M1 (SUCRA, 93.7%) may be the  intervention protocols: HFrTMS-M1, LErTMS-M1, and Placebo. A
most effective intervention to improve MEP amplitude in stroke patients.  total of 667 patients were included. There was no closed loop, so
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M1, primary motor cortex.

LFrTMS-M1 LFrTMS-M1
HFrTMS-M1 HFrTMS-M1
Placebo Placebo
LFrTMS-M1

LFrTMS-M1

HFITMS-M1  iTBS.Cerebellum HFITMS-M1

Placebo Placebo

Network meta-analysis diagrams of eligible comparisons. The width of the lines is proportional to the number of trials. The size of every circle is
proportional to the number of randomly assigned participants (sample size). (A) FMA-LE; (B) FMA-LE (post-stroke time >1 month); (C) FMA-LE (post-
stroke time <1month); (D) BBS; (E) TUGT; (F) MEP amplitude; (G) Speed. HFFTMS, high-frequency repetitive transcranial magnetic stimulation; LFrTMS,
low-frequency repetitive transcranial magnetic stimulation; iTBS, intermittent theta-burst stimulation; dTMS, deep transcranial magnetic stimulation;

we did not need to perform a consistency check. The NMA results
showed that speed generated a total of 3 pairwise comparisons.

Compared with Placebo, LFrTMS-M1 (SMD =1.01, 95% CI: 0.64
to 1.38) and HFrTMS-M1 (SMD=0.82, 95% CL 0.49 to 1.15)
significantly improved speed in stroke patients. There was no
statistically significant difference between the other two interventions
(p >0.05; Figure 4). Figure 5G and Table 3 show the SUCRA rankings
for all interventions. According to the analysis, LF'TMS-M1 (SUCRA,
88.7%) may be the most effective intervention to improve speed in
stroke patients.

3.6 Publication bias

This study evaluated publication bias for FMA-LE, FMA-LE (post-
stroke time > 1 month), FMA-LE (post-stroke time <1month), BBS,
TUGT, MEP amplitude, and speed using the funnel plot of publication
bias (Figure 6) and Egger’s test. The findings revealed that most points
were evenly distributed along both sides of the midline and were

Frontiers in Neuroscience

primarily focused there, indicating that our results were robust and
there was no significant publication bias. In addition, we used Egger’s
test for secondary validation of publication bias. The results showed
FMA-LE (Egger’s test p =0.273; Supplementary Figure 10A), FMA-LE
Eggers test p  =0.807;
Supplementary Figure 10B), FMA-LE (post-stroke time <1month;

(post-stroke time > 1 month;
Egger’s test p =0.601; Supplementary Figure 10C), BBS (Egger’s test
p =0.843; Supplementary Figure 10D), TUGT (Egger’s test p =0.123;
Supplementary Figure 10E), MEP amplitude (Egger’s test p =0.089;
Supplementary Figure 10F), and speed (Eggers test p =0.556;
Supplementary Figure 10G), indicating that there was no publication
bias in this study.

3.7 Adverse events

Among the 38 included studies, 16 had no adverse events during
the course of the experiment, 7 reported adverse events in detail, and

the remaining studies did not describe adverse events
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LFrTMS-M1

Intervention
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0.09 (-1.23, 1.42) HFrTMS-M1
FMA-LE 1.23 (-1.17, 3.63) 1.13 (-1.37, 3.64)
MD (95%CI) 1.26 (-0.85, 3.37) 1.16 (—1.07, 3.40)
2.73 (=0.50, 5.95) 2.63 (=0.67, 5.94)
2.83 (1.96, 3.70) 2.74 (1.60, 3.87)
Intervention
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1.32 (-1.11, 3.74)
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MD (95%CI) 2.36 (0.00, 4.73)
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-3.25(-5.19,-1.30)  —2.72 (-3.95,-1.49)
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SMD (95%CI) 1.09 (-0.63, 2.81) 0.43 (—1.24, 2.09)
0.99 (0.17, 1.82) 0.33 (-0.37, 1.03)
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LFrTMS-M1
SMDS'(‘;;;’ cn 0.19 (=0.31, 0.69) HFrTMS-M1
1.01 (0.64, 1.38) 0.82 (0.49, 1.15)
FIGURE 4
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0.03 (-2.92,2.98)
1.50 (-2.33, 5.33)
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dTMS-M1
0.03 (-2.83,2.88)
1,50 (~2.19, 5.19)
1.60 (~0.56, 3.76)

Placebo

iTBS-Cerebellum
2.69 (-2.85, 8.22)
3.29 (0.63, 5.95)

iTBS-Cerebellum
0.32 (-12.61, 13.25)
—0.38 (—12.70, 11.94)
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Network meta-analysis of head-to-head comparisons. Red and bold numbers are statistically significant. HFFTMS, high-frequency repetitive
transcranial magnetic stimulation; LFFTMS, low-frequency repetitive transcranial magnetic stimulation; iTBS, intermittent theta-burst stimulation; dTMS,

deep transcranial magnetic stimulation; M1, primary motor cortex.

(Supplementary Table 7). The adverse events reported were mild, such
as headache, dizziness, nausea, and vomiting.

4 Discussion

Stroke is a common disease worldwide and causes severe
disabilities for patients. More than two-thirds of stroke survivors have
post-stroke sequelae, including impairment in motor function,
balance, gait, and ADL (Paul et al., 2007). Improving lower extremity
motor function and balance ability can significantly impact gait
function, ADL, and quality of life in stroke patients (Smith et al.,
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2017). Although the use of rTMS for stroke has attracted considerable
attention, there is still a lack of consensus on the optimal protocol for
r'TMS to improve lower extremity motor function in stroke patients.
To the best of our knowledge, this is the first NMA to compare the
effects of different rTMS protocols on lower extremity motor function
in stroke patients by taking stimulation frequency, stimulation target,
and stimulation mode of rTMS and post-stroke time into
account simultaneously.

The FMA-LE can predict lower extremity motor recovery in
individuals with stroke (Balasubramanian et al, 2016). This
assessment exhibits good internal consistency and reliability,
discriminative validity, and responsiveness to interventions
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FIGURE 5

Cumulative probability ranking curve of different interventions. The vertical ax
ranks. (A) FMA-LE; (B) FMA-LE (post-stroke time >1month); (C) FMA-LE (post-
HFrTMS, high-frequency repetitive transcranial magnetic stimulation; LFrTMS,

is represents cumulative probabilities, while the horizontal axis represents
stroke time <1 month); (D) BBS; (E) TUGT:; (F) MEP amplitude; (G) Speed.
low-frequency repetitive transcranial magnetic stimulation; iTBS,

intermittent theta-burst stimulation; dTMS, deep transcranial magnetic stimulation; M1, primary motor cortex.

TABLE 3 SUCRA values of different interventions for outcomes.

Outcomes HFTMS-M1 LFFTMS-M1  iTBS-cerebellum iTBS-M1 dTMS-M1 Placebo
FMA-LE 80.7%" 84.6%" 49.9% 21.2% 51.5% 12.2%
FMA-LE (post-stroke time > 1 month) 95.8%" 76.8%" 47.4% 20.0% 28.0% 11.9%
FMA-LE (post-stroke time < 1 month) 47.8%" 98.9%" NR NR NR 3.3%
BBS 96.8%° 67.7%" 51.8% 22.7% NR 11.0%
TUGT 80.3%* 69.8%" 42.8% 36.2% NR 20.8%
MEP amplitude 93.7%" 53.20 28.2% NR NR 24.9%
Speed 63.1%" 88.7%" NR NR NR 0.0%

“Presents the first-ranking. "Presents the second-ranking.

HFrTMS, high-frequency repetitive transcranial magnetic stimulation; LFrTMS, low-frequency repetitive transcranial magnetic stimulation, iTBS, intermittent theta-burst stimulation; dTMS,

deep transcranial magnetic stimulation; M1, primary motor cortex; NR, not reported.

(Hsieh et al., 2009). This study found that compared with Placebo,
LFrTMS-M1 and HFrTMS-ML1 significantly improved FMA-LE in
stroke patients, and LFr'TMS in the contralateral hemisphere was more
effective than HFrTMS in the ipsilateral hemisphere. Xie et al. (2021a)
suggested that LFrTMS in the contralateral hemisphere was more
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effective than HFrTMS in the ipsilateral hemisphere, which was
consistent with our findings. However, a novel finding from this NMA
is that the subgroup analyses of FMA-LE showed that at <1 month
after stroke, HFrTMS-M1 was the optimal stimulation protocol for
improving stroke patients’ lower extremity motor function. At
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<1month after stroke, LFrTMS-M1 was the best protocol, which was
superior to HFrTMS-MI1. The difference between these two studies
was that when grouping rTMS protocols, we considered that the same
rTMS mode applied to different stimulation targets would produce
different therapeutic effects. Therefore, we divided stimulation targets
into M1 and Cerebellum rather than simply grouping very different
stimulation targets together, which allowed the intervention protocol
to be more refined. Second, we included more articles that met our
research objectives to expand the sample size. Finally, we also carried
out a subgroup analysis of the patients on the efficacy of rTMS at
different protocols to improve the accuracy of the outcome evidence.
In addition, we also found that 10Hz and 1Hz were the most
commonly used stimulation frequencies for HFrTM and LFrTMS,
respectively, regarding rTMS prescription settings, which was the
same conclusion as Fan et al. (2021). Meanwhile, rTMS sessions of 15
or 20min each and lasting 3 or 4 weeks were the most common. In
clinical practice, clinicians or rehabilitation therapists can flexibly
formulate the best stimulation prescription according to the specific
situation of patients and the recommended protocols mentioned above.

In fact, early hyperexcitability and increased interhemispheric
inhibition of the contralesional motor cortex have been demonstrated
using TMS after unilateral stroke. Therefore, LFrTMS can effectively
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improve the motor function of stroke patients by reducing the
excitability of the motor cortex of the contralateral hemisphere to
restore the balance of competitive inhibition between the two
hemispheres in the acute phase of stroke. However, in the post-stroke
convalescent phase, the interhemispheric competition is less
pronounced than in the acute phase, as it is commonly observed that
the transcallosal asymmetry decreases with time (Swayne et al., 2008).
LFrTMS may reduce the compensatory effect of the contralateral
hemisphere by inhibiting its excitability, thereby hindering functional
recovery after stroke. Therefore, HFrTMS-M1 may be more effective
than LErTMS-MI in the convalescent phase of stroke. Xia et al. (2022)
also recommended the application of HFrTMS in patients with stroke
patients during the convalescent phase.

The BBS is the most widely used clinical scale for assessing balance
performance in individuals with neurological conditions, including
static and dynamic balance (Neuls et al., 2011). The sum of the scores
for the 14 items (each item was rated from 0 to 4) yielded a balance
score ranging from 0 to 56 (Neuls et al., 2011). TUGT is a rapid and
quantitative assessment of dynamic balance and functional walking
ability and is closely related to other measures of gait and balance in
stroke patients (Flansbjer et al., 2005). TUGT assesses the time taken
to complete a series of actions, including standing up from a chair,
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walking forward three meters, turning, and returning to the chair.
According to the ranking probability of our NMA, HFrTMS-M1 was
more advantageous in improving BBS and TUGT. Therefore,
we recommend HFrTMS-M1 as a complementary rehabilitation
therapy to improve balance function in stroke patients in
clinical practice.

Walking speed can reflect the recovery of lower extremity
function and walking quality in stroke patients (Patterson et al.,
2008). Our NMA results showed that compared with Placebo,
LFrTMS-M1 and HFrTMS-M1 significantly improved the speed in
stroke patients. LF'TMS-M1 had more advantages in improving the
speed of stroke patients. However, Tung et al. (2019) found that
HFrTMS was superior to LFrTMS in improving speed in stroke
patients. Further understanding of the relationship between
different rTMS protocols and walking speed is needed in the future.
Transcranial magnetic stimulation (TMS) is a non-invasive
neuromodulation technique that produces pulsed magnetic fields
that form induced currents in the motor cortex of the brain. After
the induced current stimulates one side of the motor cortex, the
conduction nerve impulses are transmitted downward, which will
cause the target muscle on the opposite side of the subject to
produce action potentials, called motor-evoked potentials (MEPs).
MEDPs is a quantitative evaluation index of central motor conduction
function, which can objectively reflect the excitability of the motor
cortex. In this study, we used MEP amplitude to assess the
functional status of motor conduction pathways, and the results
showed that HFrTMS-M1 was the most effective in improving MEP
amplitude. However, MEP amplitude included only a few studies,
meaning this ranking result should be treated critically. In addition,
to ensure the objectivity of the study results, more high-quality
RCTs with large sample sizes are needed for further verification.

Like TMS, functional magnetic resonance imaging (fMRI),
electroencephalography (EEG), and other neuroimaging techniques
are also of great significance in the assessment of motor function in
stroke. fMRI can evaluate the neurovascular response induced by
rTMS, and the activity changes of brain nerves can be observed
through intuitive and visual images (Bergmann et al., 2016). In
addition, fMRI can also be used to study the excitability and functional
connectivity of the cerebral cortex and subcortex in stroke patients
under rTMS intervention. Guo et al. (2021) used fMRI to find that
both LFrTMS stimulation in the unaffected hemisphere and HFrTMS
stimulation in the affected hemisphere could promote the
reorganization of the motor network, and the changes in functional
connectivity between the contralateral PMA and the ipsilateral M1,
and between the bilateral M1 induced by rTMS were related to motor
recovery. Transcranial magnetic stimulation combined with
electroencephalography (TMS-EEG) is a new evaluation method in
recent years. TMS-EEG can reflect the direct relationship between
brain regions and motor function in stroke patients and predict the
recovery of motor function after stroke. Koch et al. (2019) performed
motor assessment on 34 stroke subjects who received iTBS-
Cerebellum or sham iTBS treatment by Fugl-Meyer scale, gait analysis,
and so on, and recorded cerebral cortical activity through TMS-EEG
to achieve the combination of treatment and assessment feedback. At
present, there are relatively few studies using fMRI and EEG to explore
the treatment of rTMS to promote the recovery of dysfunction after
stroke, and most of the trials are small in sample size and scale. In the
future, large-sample, multi-center, and high-quality RCTs should
be carried out, and the results of imaging and electrophysiology of
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stroke patients should be comprehensively analyzed to improve the
accuracy and scientificity of rehabilitation efficacy evaluation.

The M1 is the most essential part of the motor cortex in the human
cerebral cortex, located in the precentral gyrus. M1 is the most
frequently stimulated target in noninvasive brain stimulation studies for
post-stroke gait and balance recovery (Parikh et al., 2023). Among the
38 studies included in this article, 33 studies selected M1 as the
stimulation target. Recent electrophysiological and imaging evidence
underlined that a large motor network includes other key brain areas
during the process of post-stroke functional recovery (Koch and
Hummel, 2017). The cerebellum is a crucial structure involved in
balance and motor control, and it is essential in motor adaptation and
learning processes. Therefore, the cerebellum has been proposed as one
of the alternative targets of M1. A total of 5 studies in our NMA used
the cerebellum as the stimulation target and selected the iTBS mode for
intervention. iTBS is a new rTMS mode that lasts only about 5 min, with
the characteristics of short time-consuming, low intensity, and strong
effect. iTBS can induce long-term potentiation, which helps promote
neural plasticity and produce a safer and lasting intervention effect for
stroke patients. Our findings showed that iTBS-Cerebellum can
significantly improve balance function in stroke patients. Liao et al.
(2024) compared the efficacy and safety of iTBS to the cerebellum or M1
on balance and motor recovery in stroke patients. They found that both
iTBS-M1 and iTBS-Cerebellum could improve balance function and
that iTBS-Cerebellum, but not iTBS-M1, had a more significant effect
on motor recovery. Like our findings, Manto et al. (2012) suggested that
iTBS-Cerebellum could be a potential therapeutic approach to improve
balance and gait function in stroke patients. Thus, iTBS-Cerebellum
may be a valuable new therapeutic option in stroke rehabilitation
programs. At the same time, our NMA also included a study on the
iTBS-M1 protocol, but the limited number of studies and participants
may have led to inaccurate results.

It is worth noting that among the included studies, Chieffo et al.
(2014) and Chieffo et al. (2021) used H-coil. The H-coil differs from
conventional figure-of-8 coil and circular coil in that it can stimulate
deeper cortical areas and neural networks (Roth et al., 2014). Roth et al.
(2007) found that H-coil, figure-of-8 coil, and double-cone coil could
generate the maximum induced electric field in the surface region of the
saline head model at 0.9% concentration. With the increased distance
from the simulated skull to the brain tissue, the induced electric field
generated by the figure-of-8 coil and the double-cone coil decreased to
less than 10% of the maximum induced electric field at 6cm. In
comparison, the electric field intensity of the H-coil was more than 63%
of the maximum induced electric field. H-coil can theoretically
stimulate deeper leg-related cortical motor areas within the intercerebral
fissure approximately 3 to 4cm below the skull. However, the results of
Chieffo et al. (2014) and Chieffo et al. (2021) did not show a favorable
advantage of dTMS. We suspect this may be due to the small number of
current studies. In the future, more RCTs are needed to confirm the
applicability and safety of dTMS in stroke patients.

5 Limitations

The study also has some limitations, including: (1) Coil type,
stimulation intensity, total number of pulses, and duration of
intervention were not exactly the same among the included studies,
resulting in potential heterogeneity. (2) Despite including the full
stimulation protocol in this analysis, the iTBS-M1 and dTMS-M1
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groups accounted for 2.6 and 5.3% of the total data, respectively. This
affects, to some extent, the quality of the conclusions of this study. (3)
The age and disease severity of the included patients were slightly
different, and some data indicators will be affected. Further subgroup
analysis according to age and disease severity is needed in the future.
(4) Adverse events may not be strictly reported in the included studies,
so the safety of each intervention protocol needs to be further studied.

6 Conclusion

In this NMA, we found differences in the therapeutic effects
between different rTMS protocols. Considering the impact of the
stroke phase on the lower extremity motor function, the current
research evidence shows that HFrTMS-M1 may be the preferred
stimulation protocol to improve the lower extremity motor function
of patients for post-stroke time > 1 month, and LFrTMS-M1 for post-
stroke time < 1 month. In the future, high-quality, large-sample, multi-
center, and long-term follow-up RCTs are needed to verify the
conclusions of this study.
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Peripheral nerve blocks of wrist
and finger flexors can increase
hand opening in chronic
hemiparetic stroke
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Introduction: Hand opening is reduced by abnormal wrist and finger flexor
activity in many individuals with stroke. This flexor activity also limits hand
opening produced by functional electrical stimulation (FES) of finger and wrist
extensor muscles. Recent advances in electrical nerve block technologies have
the potential to mitigate this abnormal flexor behavior, but the actual impact of
nerve block on hand opening in stroke has not yet been investigated.

Methods: In this study, we applied the local anesthetic ropivacaine to the median
and ulnar nerve to induce a complete motor block in 9 individuals with stroke
and observed the impact of this block on hand opening as measured by hand
pentagonal area. Volitional hand opening and FES-driven hand opening were
measured, both while the arm was fully supported on a haptic table (Unloaded)
and while lifting against gravity (Loaded). Linear mixed effect regression (LMER)
modeling was used to determine the effect of Block.

Results: The ropivacaine block allowed increased hand opening, both volitional
and FES-driven, and for both unloaded and loaded conditions. Notably, only
the FES-driven and Loaded condition’s improvement in hand opening with the
block was statistically significant. Hand opening in the FES and Loaded condition
improved following nerve block by nearly 20%.

Conclusion: Our results suggest that many individuals with stroke would see
improved hand-opening with wrist and finger flexor activity curtailed by nerve
block, especially when FES is used to drive the typically paretic finger and wrist
extensor muscles. Such a nerve block (potentially produced by aforementioned
emerging electrical nerve block technologies) could thus significantly address
prior observed shortcomings of FES interventions for individuals with stroke.

KEYWORDS

nerve block, stroke, anesthesia, hand opening, grasp, FES, upper extremity synergies,
paresis
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1 Introduction

An estimated 9.4 million Americans 20years of age or older self-
reported having had a stroke, with projections suggesting that an
additional 3.4 million Americans may join them by 2030 (1).
Moderately impaired individuals have a reduced ability to open their
hands, while severely impaired individuals are often unable to open
their impaired hand at all—especially due to involuntary flexion forces
at wrist and fingers linked to increasing abduction load at the shoulder
(2) and flexor hypertonia (3). While motor impairments at the paretic
hand are due to multiple factors (4), of particular importance are
overactive wrist and finger flexors and simultaneous extensor weakness
(5). In particular, the proportional reduction of hand opening in
relation to shoulder abduction loading results largely from the
expression of the “flexion synergy” (i.e., abnormal coupling between
shoulder abduction and elbow/wrist and finger flexion) (6-8), thought
to be due to greater reliance on reticulospinal projections following a
hemiparetic stroke (9). Furthermore, the flexor hypertonia may
be related to the possible upregulation of monoaminergic
coeruleospinal projections (10). The presence of hyperactive stretch
reflexes, in comparison, may not play a major role in stroke disability
(5) compared to the expression of said flexion synergy (11). As passive
muscle properties are also largely unchanged (4, 12), it is likely the
overactive wrist and finger flexors (particularly the flexion synergy)
and extensor weakness that limits hand use in stroke.

The reduction in hand opening while lifting, induced by said
flexion synergy expression (2), persists even when assisted by
functional electrical stimulation (FES), limiting the effectiveness of
FES interventions (13-15). Limited ability to open one’s hand can also
lead to the “learned disuse” of the whole paretic arm (16), potentially
worsening patient outcomes over time. Without the useful end-effector
necessary for many activities of daily living, the impact of reach-
focused rehabilitation interventions (17, 18) can be reduced as well.

A possible method for improving hand opening during lifting is
thus to inhibit the “over-activated” flexors. One of the most commonly
utilized clinical methods for reducing hyperactive flexor activity is the
use of botulinum toxin A, which temporarily reduces function at the
neuromuscular junction (19, 20). This approach has been employed
with initially encouraging results (21-23). However, the approach also
has a number of limitations. While the “therapeutic effect” is reported
to last 3months, the magnitude of that effect varies significantly
within this window with peak effect occurring around 5weeks and
gradual reduction of effect thereafter (24). Therefore, most patients
require repeat injections, often in combination with physical therapies,
every 3 to 4months (25). A review article has shown strong evidence
that botulinum toxins reduce hypertonia and spasticity (i.e.,
hyperactive stretch reflex), but its effect on improving hand and arm
function is less compelling (26). Botulinum toxins further reduce the
strength of the already paretic muscle, which may negatively impact
function (27). Some individuals even develop neutralizing antibodies
to the toxin, rendering the intervention ineffective with repeat
injections (28). Finally, evidence also indicates potential long-term
concerns related to increased muscle passive stiffness, possibly due to
muscle extracellular matrix proliferation (12, 29-32). An alternative
worth exploring is the use of FES-based methods that provide
instantaneous, controllable, and reversible blocking of peripheral
nerve transmission (33-35). However, these methods are still under
development, and their feasibility in improving voluntary hand
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opening and/or FES-driven hand opening, with or without arm lifting,
has yet to be evaluated.

In this study we temporarily relaxed the finger flexor muscles
using an anesthesia block of the median and ulnar nerves as a proxy
for future electrical block techniques. Specifically, ropivacaine was
selected for perineural injection into both median and ulnar nerves to
provide an adequate motor block duration (~8.7h) (36, 37) with low
required dosages (5mL) (38). The efficacy of such a temporary nerve
block approach was then assessed by measuring improvements in
volitional- and FES-assisted hand opening after the application of the
anesthesia nerve block, both when the arm was in a relaxed state and
when participants had to raise their paretic arm against gravity by
abducting at the shoulder.

2 Materials and methods
2.1 Participants

Having conducted a power analysis based on earlier hand opening
data involving stroke participants (2), in which we assumed a nerve
block effect size of a 20% increase in hand opening and similar
variance, we enrolled a total of 10 individuals with chronic stroke
(occurring more than 1year ago) for this proof-of-concept study. The
respective demographics of these participants are detailed in Table 1.
Participants were recruited from the Shirley Ryan AbilityLab/Physical
Therapy and Human Movement Sciences Clinical Research Registry
and from the greater Chicago area. Other main inclusion/exclusion
criteria included: (1) paresis confined to one side, with an ability to lift
the arm up to the horizontal plane while maintaining 90 degrees
elbow flexion; (2) no allergies to lidocaine or ropivacaine, and no use
of contraindicated medications; (3) no recent or prior long-term use
of other chemodenervation approaches, such as botulinum toxin, in
the hand and wrist flexor muscles; (4) absence of any severe concurrent
medical problems (such as cardiorespiratory impairment) or any
acute/chronic pain conditions in the upper extremities or spine
greater than 5 on the 10-point visual analog scale; (5) no use of a

TABLE 1 Participant demographic and clinical data.

Impaired Dominant Years

arm hand pre- Age Sex post

stroke stroke
S01 33 L R 57 M 24
S02 18 R R 64 M 12
S03 29 L L 68 M 13
S04 24 R R 41 M 7
S05 20 L L 63 M 15
S06 20 R R 74 F 18
07 43 L R 67 M 11
08 47 L R 61 M 7
S09 13 L R 73 F 30
S10 47 L R 52 M 12

FMA UE: Fugl-Meyer assessment of the upper extremity, a measure of impairment where
the maximum score of 66 suggests a level of ability indistinguishable from able-bodied
individuals. L, Left; R, right; M, male; F, female.
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cardiac pacemaker, implanted defibrillator, neurostimulation device,
or similar implanted electrical equipment.

All participants gave written informed consent for participation
in this study and the publication of any potentially identifiable
images or data included in this article, as approved by the
Northwestern University Institutional Review Board (IRB
#STU00213403).

2.2 Experimental setup

The experiment was performed on the Arm Coordination
Training 3D (ACT®P) system (39, 40), which consists of a modified
HapticMaster robot (Moog-FCR BV, the Netherlands) and a Biodex
chair and T-Base support system (Biodex Medical Systems, Shirley,
NY). The ACT*" was used to measure arm configuration and modulate
shoulder abduction load. Under the “Unloaded” condition, a
frictionless virtual haptic table was provided by the ACT®®, and under
the “Loaded” condition, a shoulder abduction load of 100% of the
participant’s limb weight (41) was imposed.

Participants were seated in the Biodex chair with the trunk and
shoulder strapped securely to prevent compensatory movements.
Following a short series of wrist and finger stretches, the
participant’s impaired arm was attached to the forearm orthosis of
the ACT®® and placed in a “Home Position” of 85° shoulder
abduction (SABD), 90° elbow flexion (EF), 40° shoulder flexion

10.3389/fneur.2024.1284780

(SF), and 0° wrist extension (WE) (see Figure 1). The participant’s
fingers, thumb, and palm were placed around a cylinder attached to
the distal end of the forearm orthosis. On the cylinder, a pressure
sensor mat (Custom TactArray Sensing System, Pressure Profile
Systems Inc., Los Angeles, CA) was mounted circumferentially. This
pressure mat contained 27 by 21 sensors across a 6.4 by 5.1-inch
surface area, with each sensor able to record up to 50 PSI with a
pressure sensitivity of 0.15%. Furthermore, five Model 180 sensors
from two linked trakSTAR systems (Northern Digital Company,
Waterloo, ON, Canada) were placed on each of the tips of the 5
fingers to record the hand aperture to an accuracy of 1.4 mm Root
Mean Square Error.

2.2.1 Assistive functional electrical stimulation
parameters

A 2-channel E-Wave surface stimulator (Zynex Medical,
Englewood, CO) was used to stimulate forearm compartment finger
muscles, with one set of bipolar cutaneous electrodes placed over the
flexor digitorum superficialis (FDS), and the other bipolar electrode
pair placed over the extensor digitorum communis (EDC). The
E-Wave was set up with a 200 ps pulse width duration and a 28 Hz
biphasic stimulation paradigm that balances participant comfort with
minimization of fatigue (42, 43). For each participant, each channel’s
appropriate intensity was found by incrementally increasing the
current amplitude until a visible plateau of effect was reached, or the
participant expressed discomfort.

3D finger tracking

FIGURE 1

and PPS pressure mat. Functional electrical stimulation (FES)
extensors (extensor digitorum communis, or EDC).

Pressure Profile System
pressure information

o—————  Nerve Block
median n. & ulnar n.

Muscle Stimulation
surface electrodes

AN

“trakSTAR" System

Experimental setup. Participants are attached via an orthosis to the ACT?® assistive/loading device, and instrumented with the trakSTAR position sensors
electrodes are placed on forearm flexors (flexor digitorum superficialis, or FDS) and

Frontiers in Neurology

97

frontiersin.org


https://doi.org/10.3389/fneur.2024.1284780
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Dewald et al.

10.3389/fneur.2024.1284780

- _—

—— Echogenic Needle

FIGURE 2

Anesthesia protocol. (A) Shown is a photo of the anesthesia application process. (B) Ultrasound guidance is used by the anesthesiologist in the
administration of the local anesthesia ropivacaine. Shown here is the perineural injection method employed, with the echogenic needle noted by the
arrow. (C) In this ultrasound image, you can see the anesthesia bolus surrounding a participant’s ulnar nerve following injection.

4

Ropivacaine Bolus

2.3 Protocol

2.3.1 Before anesthesia (Unblocked)

After the instrumentation setup, each participant performed a
series of hand Opening and Closing tasks. These tasks were done as
groups of at least 3 repetitions per set of conditions, under the
following 2-by-2 conditions, themselves selected in random order:
shoulder abduction loading condition (Loaded vs. Unloaded) and
driving condition (Volitionally vs. FES driven).

All tasks were performed with the tested arm/hand at the “Home
Position” An auditory cue, 200 ms after the start of data collection,
was used to trigger the participant to start the required task. Under
the Unloaded condition, the participant opened or closed their hand
volitionally (if a Volitional trial) or simply relaxed to let FES drive the
task (if FES trial) for 6s with the arm resting on the table. Under the
Loaded condition, after hearing the auditory cue the participant first
lifted their arm to the horizontal (90° SABD) level, then performed

Frontiers in Neurology

the open or close task Volitionally or with FES for 6 additional seconds.
A rest period of at least 30s was provided between trials to
minimize fatigue.

2.3.2 Peripheral nerve anesthesia block

After the data collection for the Unblocked condition described
above, the participant was prepped for applications of Ropivacaine to
the ulnar and median nerves in the upper arm to induce a block of all
wrist and finger flexors. After cleaning the skin with ChloraPrep
(Becton, Dickinson and Company, Franklin Lakes, NJ), a trained
anesthesiologist identified the position of each nerve via Ultrasound
(GE LOGIQ e Ultrasound, 12L transducer, GE, Buc, France) and a
SonoPlex echogenic nerve block needle (PAJUNK, Geisingen,
Germany). Once a nerve was located, 5mL of 0.5% Ropivacaine
(Naropin, AstraZeneca, Wilmington, DE) was applied via perineural
these
electrocardiogram, heart rate, and blood pressure were closely

injection (see Figure 2). Throughout injections,
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lllustration by the
Cleveland FES Center
FIGURE 3
Hand pentagon area. Hand pentagon area, or HPA, is found using the trakSTAR sensor positions by calculating the surface area of three triangles made
by the 5 fingertips: thumb-index-middle, thumb-middle-ring, and thumb-ring-pinky.

monitored (GE Carescape B105, GE Healthcare, Chicago, IL) for any
adverse reactions.

2.3.3 After anesthesia (Blocked condition)

After a 1.5h rest period during which the block effect was allowed
to plateau, the same data collection under all the various conditions
described in the Unblocked condition was repeated for the
Blocked condition.

2.4 Data collection

Data was recorded using a custom MATLAB program
(Mathworks, Natick, MA) using API libraries from Pressure Profile
Systems and Northern Digital. The flexion force was measured by the
pressure sensor mat sampled at 16.5Hz. The finger position was
measured by the trakSTAR system sampled at 30 Hz.

2.5 Data analysis

2.5.1 Outcome measures/metrics

Hand pentagon area (HPA), shown to be an effective measure in
evaluating hand opening ability (2), was used as the primary outcome
measure when quantifying hand opening. As shown in Figure 3, this
area (in mm?) was calculated as the sum of the surface area of three
triangles formed by the participant’s fingertip sensor locations in 3D

Frontiers in Neurology

space: thumb-index-middle, thumb-middle-ring, and thumb-ring-
pinky. The maximum HPA presented during each Hand Opening trial
was calculated. The average of these max HPAs across trials of the
same conditions was then normalized by each participant’s largest
HPA (across all conditions), providing a 0-100% hand opening metric
that could be
between conditions.

readily compared across participants and

To determine block success and gauge the impact of nerve block
on FES function, the total grasp force generated by each participant’s
fingers and wrist in pounds (Ibs) was calculated from pressure mat
data by multiplying the PSI value of each sensor by each sensor’s size
(6 by 6mm). The maximum presented grasp force during a Hand
Closing trial was determined, ensemble-averaged across each
participant’s trials within the same condition, and finally normalized
by each participant’s largest Volitional grasp force.

An example of the collected HPA of two Hand Opening trials
(Unblocked and Blocked of the same conditions) and the grasp force
values of two Hand Closing trials (Unblocked and Blocked of the same
conditions) can be seen in Figure 4.

2.5.2 Statistical analysis

At the individual level, paired t-tests were used per participant for
Volitionally-driven Close and for FES-induced Close, separately, to
verify that the nerve block significantly reduced grasp forces while not
having any impact on FES behavior.

A linear mixed effects regression (LMER) model was then
created to determine if observed significant differences in
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FES-induced grasp force followed a consistent trend dependent on
the Block condition.

LMER models were also used to determine the impact of Block on
hand-opening. Four models were made for the following conditions:
Volitional and Unloaded, Volitional and Loaded, FES-driven and
Unloaded, and FES-driven and Loaded. All data used in these models
were normally distributed (Shapiro-Wilk test) so as to satisfy
LMER assumptions.

Statistical significance was set at p <0.05. All statistical analyses
were performed in R (The R Foundation, Indianapolis, IN).

3 Results
3.1 Determining block success

The ability of the anesthesia block of the median and ulnar nerves
to reduce hand flexor muscle forces is illustrated in Figure 5, which
shows flexion forces before and after the block for each of the
participants in this study. To ensure a successful block, grasping forces
were measured during (1) voluntary hand closing while the arm was
supported (Unloaded) and (2) simultaneous voluntary and synergy-
driven hand closing from lifting the arm against a load (Loaded). For
all participants except one (S09), the anesthesia block produced large
decreases (average 75%) in grasp force; S09 is denoted with an asterisk
in all figures for this reason.

A paired t-test per participant (using all of their Volitional
Close trials, both Unloaded and Loaded) indicated a significant
(p<0.05) drop in grasp force following the nerve block in all
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participants except S09 (whose means are represented by an
asterisk in Figure 5 instead of a circle). Table 2 shows both the
grasp forces of each participant and the percent drop in Volitional
grasp force due to anesthesia nerve block per participant.
Participant S09 had a much lower grasp force than any of the
other participants, and the relative decrease (36.5%) in grasp
force was significantly lower than the other participants. A
successful nerve block was defined as a drop of at least 50%
Volitional grasp forces following the application of anesthesia (4).
Thus, S09 was not included in any subsequent statistical analyses.

3.2 FES behavior post nerve block

The impact of the anesthesia block on the hand flexion forces
elicited by FES (applied at the forearm, below the elbow) is illustrated
in Figure 6. The mean normalized FES-induced grasp forces before
and after the nerve blocks are shown for the participants, along with
their accompanying standard deviations. The average change in
normalized FES-elicited grasp forces across participants before and
after the block was very small—it is shown by the darker line, along
with its associated standard deviation.

A paired t-test per participant using all FES Unloaded trial data
indicated that the nerve block did change the FES-induced grasping
force (p<0.05) for 6 out of 9 eligible participants. Furthermore, an LMER
model that included only Block as the Fixed Effect and Participant as the
Random Effect was used to determine whether nerve block has any
effect on FES-driven hand closing forces under the Unloaded condition
(Table 3). The model did not find Block statistically significant (p>>0.05).
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FIGURE 5
Impact of block on volitional hand closing. Each dot represents the normalized mean grasp force for a set of load and block conditions, with the error
bars denoting standard deviation. Unblocked means are on the left and blocked means on the right. The blue lines represent Unloaded shoulder trials
and the red lines represent Loaded shoulder trials. The blue and red circles on the left are the cross-participant averages for the Unblocked condition,
while the corresponding circles on the right are for the Blocked condition. Note that, following block, grasp forces are reduced in most participants,
verified by a paired t-test (p <0.05). Only one participant, SO9, failed to demonstrate statistical difference between pre- and post-nerve Block.

TABLE 2 Maximum possible block impact per participant.

FMA UE Maximum vol %\Vol grasp % open increase % Vol open % FES open
(/66) grasp (lbs) drop by block by block increase by block increase by block

S01 33 47.47 61.71 4745 3.87 47.43
502 18 27.76 71.14 35.40 1536 1.36

503 29 25.10 79.12 77.96 41.20 36.94
S04 24 32.70 89.55 68.75 443 50.57
05 20 55.33 78.70 3.41 —2.04 0.07

06 20 6.92 74.10 71.79 65.12 19.66
07 43 29.73 86.35 —6.93 ~7.96 -13.79
508 47 34.99 74.96 68.95 67.97 66.92
$09 13 3.18 36.50 60.26 3221 23.15
S10 47 18.58 62.99 49.60 49.61 32.09

All data within the four % columns were calculated from the means of each set of conditions (Open/Close, Vol/FES, Unloaded/Loaded, Unblocked/Blocked), taking the largest mean value from
applicable conditions and subtracting from it the smallest mean value from the unblocked corollaries. “Vol” stands for “Volitional,” FES stands for Functional Electrical Stimulation, and FMA

UE stands for Fugl-Meyer assessment of the upper extremity.

3.3 Hand opening

Figure 7 shows the hand opening expressed as hand pentagon area
(HPA) of all 10 participants, normalized per participant to their
largest observed HPA. While most participants demonstrated an
increase in hand opening following block for most conditions, this
behavior was not ubiquitous in our 9-person sample (see S05 and
S07 in Figure 7 and Table 2). The block had its largest and most
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consistent effect for FES-elicited contractions while supporting aload
at the shoulder.

Four LMER models were created to determine the impact of Block
on hand opening under the conditions of interest (Loaded vs. Unloaded
and Volitional vs. FES). While all four models found that Block had,
when viewed across the 9 participants included, a positive impact on
hand opening, only in the FES-driven and shoulder-Loaded condition
was the effect found to be significant (p<0.05). In this model, the
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FIGURE 6

Impact of block on FES behavior. In this figure, each dot represents the normalized mean functional electrical stimulation (or FES) induced grasp force
from the trials for one participant, with the error bars denoting standard deviations. While paired t-tests showed that these two populations were
significantly different in some participants, a linear mixed effects regression (LMER) model found that there was no global trend. S09's data is not
shown in this figure as their FES grasp forces surpassed the volitional grasp force 0-100% range.

TABLE 3 LMER results.

FES unloaded hand closing LMER

Normalized Grasp ~1+ Block + (1|Subject: Trial) + (1|Block: Subject)

Term Estimate 95% Confidence intervals p-value
Block 0.2994 —19.25 ‘ 19.83 0.97652
Normalized opening ~1 + Block + (1|Subject: Trial) + (1|Block: Subject)

Volitional and Unloaded

Term Estimate 95% Confidence intervals p-value
Block 11.838 —8.49 ‘ 3217 0.273
Volitional and Loaded

Term Estimate 95% Confidence intervals p-value
Block 12.538 —8.02 ‘ 33.10 0.252
FES and Unloaded

Term Estimate 95% Confidence intervals p-value
Block 3.129 —7.88 ‘ 14.15 0.587
FES and Loaded*

Term Estimate 95% Confidence intervals p-value
Block 19.431 1.56 ‘ 37.30 0.0499*

Shown below are the linear mixed effect regression (LMER) models created for the functional electrical stimulation (FES) hand closing and all hand opening results. While individual ¢-test
results for FES hand closing found significant differences pre/post Block for 6 of the 9 eligible participants, the LMER model did not find Block to be significant, and the coefficient estimate is
near 0, suggesting no consistent trend. Regarding hand opening LMER data, all four models provided a positive coefficient for Block, but only in the FES + Load case was the difference found to
be significant.

coeflicient of block was found to be 19.431, or a roughly 20% increase ~ paired t-test on the change in FES hand opening brought on by
in hand opening following the application of the nerve block. loading, shown in Table 4. The drop in FES hand opening induced by

To verify that the nerve block reduced the impact of shoulder  Load was found to be significantly less in the Blocked case than in the
loading on FES hand opening, we performed an additional one-tailed ~ Unblocked case (p=0.02198).
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FIGURE 7

Impact of block on hand opening. In each plot, each dot represents the normalized mean hand pentagon area (HPA) from the trials of one participant
in the denoted conditions, with the error bars denoting standard deviations. The left column of plots showcases the Unloaded (or table) condition,
while the right represents the Loaded condition. The top row shows the Volitional condition, while the bottom row shows the functional electrical
stimulation (FES)-driven condition. Four linear mixed effects regression (LMER) models were created for the four plots shown. In the bottom right plot-
the FES-driven w/load condition- the Block term was found to be statistically significant (p <0.05).
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4 Discussion

4.1 Summary of findings and previous
research

Our results demonstrated that Ropivacaine injection in the median
and ulnar nerves induced a block of hand grasp in 9 out of 10 participants
with moderate to severe stroke, averaging 75% of their maximum hand
grasp force. Furthermore, we demonstrated that FES was able to produce
flexion forces distal of the flexor nerve block sites. The effectiveness of FES
distal to the nerve block injection sites is critical as it allows for the
possibility of performing a functional hand task with FES assistance
following a block. Most importantly, this study has shown that blocking
the median and ulnar nerves responsible for wrist and finger flexion can
improve FES-assisted hand opening outcomes even during shoulder
abduction loading conditions. Previous literature had demonstrated the
potential of nerve block approaches to address abnormal passive and active
torques at the first MCP joint (4). Our current study demonstrated the
effect of nerve block on a more functionally relevant measurement of hand
opening (HPA), and, for the first time, in reducing the detrimental impact
of shoulder abduction loading induced flexion synergy on hand opening.

Assistive FES has been employed to improve hand opening in
individuals with stroke (13), but its functionality has been significantly
limited by flexion synergy expression. There have been multiple
attempts to reduce this synergy expression to increase hand opening
outcomes, such as by also utilizing FES for shoulder muscles to reduce
synergy presentation (15), or designing arm support devices (44) such
as the SaeboMAS. The combination of flexor nerve block and extensor
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TABLE 4 Load impact on FES opening, unblocked vs. blocked.

Load delta, Load delta,

unblocked blocked
S01 —27.2609 —14.9751
S02 —7.14372 7.469255
503 —0.02571 2.925072
S04 —43.2273 —4.49613
S05 ~19.0013 ~10.5008
S06 —6.0757 10.02314
S07 12.22537 —11.2919
S08 —54.0182 —13.7437
#509 8.474343 15.8219
S10 —36.3131 —1.59081

Load Delta in this table is defined as the average Functional Electrical Stimulation (FES)
-driven Hand Opening per participant (normalized by each participant’s maximum Hand
Pentagon Area, or HPA) in the Unloaded condition minus that of the Loaded condition.
These values were calculated per participant, both before nerve block (middle column) and
after (rightmost column). FES Hand Opening has been known to suffer severely following
the addition of a load at the shoulder (as shown by large negative deltas), but the nerve block
has reduced this issue for most participants; a one-tailed paired T-Test (*excluding S09)
found that nerve block significantly reduced the impact of Load on FES-driven Hand
Opening.

FES shown here addresses these prior limitations with FES
interventions and improves the feasibility of using modern FES
approaches (14) to enhance hand function following stroke, even in the
most severely impaired individuals with tremendous extensor weakness.
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4.2 Study limitations and future work

4.2.1 Sample size

The original power analysis (G*Power, Heinrich-Heine-Universitét,
Dusseldorf, Germany) for this proof-of-concept study used an estimated
effect size and standard deviation based on work that used an alternate
measure of load at the shoulder (see 4.2.2). While 9 participants were
sufficient to establish statistical significance in one set of conditions, a
larger sample size could provide greater clarity on the impact of nerve
block across the wide level of impairment encompassed by our
participants. Of note is that the impact of nerve block on Volitional hand
opening was still quite staggering in some individuals (such as S06),
suggesting that some individuals could already benefit tremendously
from nerve block alone without any assistance from FES. Determining
which individuals may see such outcomes depends not only on a better
understanding of mechanisms (4.2.5) but also on a larger sample size.

4.2.2 The effect of shoulder abduction loading

This study included trials with loading at the shoulder to evaluate
the ability of nerve block to reduce the negative consequences of the
flexion synergy on hand opening (2, 8). We studied two simple loading
conditions: Unloaded, or when the participant was resting on a haptic
table generated by the ACT®, and Loaded, when the participant had to
lift the full weight of their limb (100% limb weight, or 100%LW, as used
in prior studies (41)). Future studies should more completely take into
account the varying levels of participant impairment and shoulder
strength so as to remove the variability introduced by relying upon
participant limb weight. One such metric that better normalizes results
between participants of varying levels of impairment, strength, and
limb weight is percentage of maximum voluntary torque (MVT)
expression at the shoulder (45, 46); using metrics such as these should
reduce the variability in resulting data and may provide greater insight
into the variation in efficacy of nerve block in hand opening across
different levels of stroke impairment.

4.2.3 Block success and impairment levels

Block success was determined by measuring the drop in volitional
hand closing forces following the administration of ropivacaine using
a within-subject comparison ¢-test. Nine out of 10 participants indeed
showed large drops in volitional hand closing forces, averaging 75%.
Some participants had particularly low volitional grasp forces prior to
the nerve block as compared to those generated by FES, which made
determining block efficacy in these participants more difficult.
We believe that S09’s failure to reach statistical significance and the 50%
drop cutoft is due, in part, to the reduced dynamic range of the pressure
mat at S09’s lower grasp force levels. Although ropivacaine did not
result in significantly reduced hand closing in S09 (for which their data
was excluded from further statistical analysis), we still observed a ~60%
increase in hand opening from S09 following the nerve block,
indicating that this block improved hand opening (S09s data in the
figures is denoted by an asterisk).

Regarding FES hand closing we observed minor, but statistically
significant, variations in grasp forces before and after nerve block in 6
individuals (some increasing and others decreasing). The Unblock and
Block FES Close cases have 2+ hours between them; many changes, such
as fatigue and electrode site property changes, could occur during this
period that can explain the change in grasp force. The statistical analysis
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based on the group data (see Table 3) did not show significant change
in FES-induced flexion force. This result-that FES efficacy downstream
of a nerve block site would perform similarly to the unblocked
condition— was anticipated and supported by current understanding
of the mechanisms of FES stimulation of muscle, but no prior scientific
literature has technically demonstrated this. Now that this has been
shown, FES assistance for flexors could arguably be applied alongside
nerve block approaches in future interventions that might be unable to
provide the required partial blocking or immediate on/off control of
flexors necessary for an intervention useful for activities of daily living.

4.2.4 Mechanical side effects of nerve block
Though the LMER models showed a significant increase in FES
hand opening ability during Load across our 9 participants, a few
participants (S05 and S07) exhibited a decrease in FES or Volitional hand
opening following the nerve block (Figure 7 and Table 2). We have
considered two possible explanations for this: Firstly, ropivacaine nerve
blocks affect not only motor, but also sensory nerve fibers, and the
impact of this loss of afferent information in the spinal motor neuron
loop on antagonist (extensor) behavior is not entirely clear. Secondly, loss
of intrinsic hand muscles has often impaired FES hand outcomes in
Spinal Cord Injury interventions, resulting in “claw hand” (47). This
presents as strong finger flexion at the second and third MCP joint,
reducing the HPA and thereby the potential for grasp functionality.
We had occasionally observed such presentations in some of our
participants, but our HPA metric did not take the orientation of the
sensor into account. Future work could potentially omit ulnar nerve
block or include FES of intrinsic hand muscles. Using implanted FES
electrodes would, in general, provide precise, selective activation of the
hand muscles needed to provide a more normal hand grasp pattern (48).

4.2.5 Disability mechanism contributions

Using electromyography (EMG) signals of relevant
musculature as well as by calculating the purely flexion synergy-
driven grasp forces exerted on the pressure mat during lifting,
we next plan to analyze more directly the impact of the nerve
block on certain known mechanisms of stroke disability. Of
particular interest are the impacts of nerve block on the expression
of hypertonia (tonic activation of wrist and finger flexors even
while at rest), co-contraction (simultaneous activation of wrist
and finger flexors and extensors during certain tasks (8)), and the
expression of the flexion synergy (activation of wrist, finger, and
elbow flexors proportional to the activity of shoulder abductors).
This could help to explain why some participants improved in

hand opening while others did not.

4.2.6 Electrical nerve block

There are a variety of electrically driven nerve block
approaches currently in development (33) that could perform a
similar function as Ropivacaine did in this study. KiloHertz
frequency alternating current in particular (KHFAC) could
provide a means for user-controlled, on/off, instant, and
reversible flexor nerve block. Some studies have also
demonstrated the potential for partial blocks using KHFAC (49).
Regardless of whether managed by KHFAC block alone, or
combined with newer emerging DC block approaches (50), a
temporary and instant reduction of flexor activity combined with
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FES-assisted extension could provide a permanent solution to
functional losses at the hand in individuals with moderate to
severe chronic stroke.

4.2.7 Alternate hand ability metrics

More work needs to be done to evaluate the impact of a general
increase in hand opening (as measured by HPA) on activities of daily
living. The “clawhand” presentation we observed in some
participants may limit functional gain for certain individuals. A
possible means to better account for “clawhand” while measuring
hand aperture could be a hand hexagon area (HHA), where an
additional sensor on the center of the back of the hand could serve
as a reference (ref) for four triangles: ref-thumb-index, ref-index-
middle, ref-middle-ring, and ref-ring-pinky. Lastly, comparing HPA,
HHA, or any other hand-opening metrics against functional tests
such as box and blocks or clothespin task could provide greater
insight into the true value of a combination nerve block and assistive
FES approach.

5 Conclusion

Blocking undesirable and abnormal hand flexor contractions in
individuals following hemiparetic stroke using local anesthesia of the
median and ulnar nerves was shown to improve the ability of most
individuals to open their hands using assistive functional electrical
stimulation of the hand extensor muscles. These results indicate that
controllable and deployable methods for blocking peripheral nerves,
such as electrical block, may facilitate the deployment of better, proven
FES methods for hand functional restoration for individuals with
hemiparetic stroke.
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Glossary of Acronyms
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FES Functional electrical stimulation
FMA UE Fugl-Meyer assessment of the upper extremity
mL Milliliter

IRB Institutional review board
ACT® Arm coordination training 3D
SABD Shoulder abduction

PSI Pounds per square inch

FDS Flexor digitorum superficialis
EDC Extensor digitorum communis
us Microseconds

Hz Hertz

ms Milliseconds

API Application programming interface
HPA Hand pentagon area

mm? Millimeters squared

Ibs Pounds

LMER Linear mixed effect regression
ANOVA Analysis of variance

Vol Volitional

w Limb weight

MVT Maximum voluntary torque
EMG Electromyography
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Attentional state-synchronous
peripheral electrical stimulation
during action observation
induced distinct modulation of
corticospinal plasticity after
stroke
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Introduction: Brain computer interface-based action observation (BCI-AQ) is a
promising technique in detecting the user’s cortical state of visual attention and
providing feedback to assist rehabilitation. Peripheral nerve electrical stimulation
(PES) is a conventional method used to enhance outcomes in upper extremity
function by increasing activation in the motor cortex. In this study, we examined
the effects of different pairings of peripheral nerve electrical stimulation (PES)
during BCI-AO tasks and their impact on corticospinal plasticity.

Materials and methods: Our innovative BCI-AO interventions decoded user's
attentive watching during task completion. This process involved providing
rewarding visual cues while simultaneously activating afferent pathways through
PES. Fifteen stroke patients were included in the analysis. All patients underwent
a 15min BCI-AO program under four different experimental conditions: BCI-
AO without PES, BCI-AO with continuous PES, BCI-AO with triggered PES, and
BCI-AO with reverse PES application. PES was applied at the ulnar nerve of the
wrist at an intensity equivalent to 120% of the sensory threshold and a frequency
of 50 Hz. The experiment was conducted randomly at least 3 days apart. To assess
corticospinal and peripheral nerve excitability, we compared pre and post-task
(post 0, post 20 min) parameters of motor evoked potential and F waves under
the four conditions in the muscle of the affected hand.

Results: The findings indicated that corticospinal excitability in the affected
hemisphere was higher when PES was synchronously applied with AO training,
using BCI during a state of attentive watching. In contrast, there was no effect
on corticospinal activation when PES was applied continuously or in the reverse
manner. This paradigm promoted corticospinal plasticity for up to 20 min after
task completion. Importantly, the effect was more evident in patients over 65
years of age.

Conclusion: The results showed that task-driven corticospinal plasticity was
higher when PES was applied synchronously with a highly attentive brain state
during the action observation task, compared to continuous or asynchronous
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application. This study provides insight into how optimized BCI technologies
dependent on brain state used in conjunction with other rehabilitation training
could enhance treatment-induced neural plasticity.

KEYWORDS

brain computer interface, electrical stimulation therapy, action observation, cortical
synchronization, cortical excitability, rehabilitation, stroke

1 Introduction

There are various sequelae of stroke, and disability of upper
extremity motor function is one of the most common and
persistent (Lai et al., 2002; Langhorne et al., 2011). Neuroplasticity
is a term that describes the ability of the brain to create new
neural connections, acquire additional functions, and adapt to
compensate for neural damage (Murphy and Corbett, 2009).
These processes play a crucial role in the recovery of upper
extremity motor function after stroke. It is important to
emphasize the significance of research that focuses on rehabilitation
strategies to enhance brain plasticity. Various neuromodulation
techniques have been clinically employed to enhance motor
recovery by promoting neuroplasticity. These include non-invasive
brain stimulation, neuromuscular electrical stimulation, paired
associative stimulation, and application of the brain-computer
interface (BCI) technique (Ting et al., 2021). However, individual
treatment strategies do not induce sufficient neural plasticity
for motor recovery. Consequently, various neurotechnologies
have recently been incorporated into conventional rehabilitation
techniques to improve their overall efficacy. The effectiveness
of therapies for motor recovery can be enhanced by combining
protocols based on various mechanisms, rather than utilizing each
treatment individually. This approach promotes a more stable and
synergistic motor recovery (Takeuchi and Izumi, 2015).

Rehabilitation strategies for patients with a stroke often
integrate action observation (AO) based on the theory of mirror
neuron system (MNS) activation to enhance motor cortical
plasticity and improve upper extremity function (Franceschini
et al., 2012; Tani et al., 2018; Mancuso et al., 2021). AO stimulates
neural plasticity by engaging the MNS, which responds when
individuals perform specific actions and observe the same motor
actions (Fadiga et al., 1995, Rizzolatti et al., 2021). This paradigm
has the advantage of being applicable even to severely paralyzed
stroke patients, because it is not dependent on motor activity.
However, in the conventional AO paradigm, it is difficult for
patients affected by stroke to maintain prolonged attention during
training session without feedback or rewards. Thus, it is difficult to
estimate whether patients actively engage in AO training.

Brain-computer interfaces (BCI) have been developed to
evaluate cortical potential and offer brain state-dependent feedback
to aid in rehabilitation (Ting et al, 2021). The BCI technology
has great potential in the field of neurorehabilitation, and can
be applied alone or in combination with traditional rehabilitation
techniques. As an example, a BCI-based AO game that provides
real-time feedback to patients regarding their attention to a

Frontiersin Neuroscience

blinking action video through steady-state visual -evoked potentials
(SSVEPs) was introduced (Lim and Ku, 2017). This strategy elicited
greater MNS activation compared with the AO paradigm applied
alone in the unaffected and affected hemispheres of patients with a
history of chronic stroke (Choi et al.,, 2019).

Peripheral electrical stimulation (PES) promotes brain
plasticity by generating afferents and increasing corticospinal
excitability (Pascual-Leone et al, 1995, Everaert et al, 2010;
Veldman et al,, 2018). This process is associated with motor
learning and hastens motor recovery in stroke patients (Stefan
et al.,, 2000, Ward, 2005; Di Pino et al,, 2014). PES is a widely used
rehabilitation technique after stroke because it is easily accessible
and applicable to severely paralyzed patients. The motor learning
effects of AO are transient and need to be complemented by motor
training to maintain and maximize their impact (Zhang et al., 2011;
Larssen et al,, 2021). In another study, the combined AO and PES
paradigm induced corticospinal facilitation similar to that achieved
through real motor training, resulting in enduring changes in brain
plasticity (Bisio et al., 2015, 2017).

A previous study introduced the concept of attentional state-
dependent PES during the AO paradigm using the BCI-SSVEPs
protocol (Kim et al., 2022). The results indicated that the attentional
state-dependent PES task was superior to AO alone or to a simple
combination of AO and PES in facilitating corticospinal plasticity
in both patients with stroke and in healthy individuals (Kim
et al,, 2022). Moreover, this paradigm is effective in enhancing
sensorimotor cortical activation in the affected hemispheres of
stroke patients (Lim et al., 2023). BCI interventions decode
the user’s attentive observation during the AO task, provide
rewarding visual feedback and activate afferent pathways via
electrical stimulation. Closed-loop stimulation paradigms of this
nature seek to induce more synchronized patterns of neuronal
activity enhancing Hebbian plasticity (Hebb, 1949).

However, it has been consistently demonstrated that simple
combinations of various neurotechnologies do not always exhibit
synergy in stroke rehabilitation (Takeuchi and Izumi, 2015;
Coscia et al., 2019). From this perspective, how different PES
pairings during BCI-AO tasks differentially impact corticospinal
plasticity has not been fully explored in previous studies.
Hence, the next step requires an in-depth exploration of the
different pairings of PES during BCI-AO training that influence
corticospinal neuroplasticity.

In this study, we explored four combinations of PES
application during BCI-AO tasks (absence of PES, and continuous,
synchronous, and asynchronous application). Consequently, our
experiment aimed to assess how synchronous stimulation, aligned

frontiersin.org


https://doi.org/10.3389/fnins.2024.1373589
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Jeong et al.

with an individual’s attentional state in the BCI-AO paradigm
and combined with PES, affects corticospinal activation and
neural plasticity after stroke. This investigation involved analyzing
corticospinal excitability via transcranial magnetic stimulation
(TMS) and quantifying mu suppression in electroencephalographic
(EEG) activity.

2 Materials and methods

2.1 Participants

Patients enrolled in the study included (1) patients with mild
to moderate upper extremity hemiplegia among patients with the
first stroke diagnosed by radiological examination, (2) patients with
chronic stroke at least 6 months after onset, (3) medically stable
patients, and (4) patients with a stroke who were able to respond
appropriately to verbal instructions. Patients were excluded if they
had (1) contraindications for TMS, such as intracranial metal,
pacemaker, or implant insertion; (2) mental disorders, such as
depression and apraxia; (3) visual impairment or inability to
communicate, (4) a history of seizures, and (5) absence of an
MEP (motor evoked potential) response in the affected first dorsal
interosseous (FDI) muscle. The Institutional Review Board of the
university-affiliated hospitals approved the study protocol (EMCS
2022-07-012-002), and all participants provided written informed
consent. Detailed clinical data of the patients with stroke and data
on age and sex are provided in Table 1.

2.2 Experimental setup

We developed a video game using the BCI-AO paradigm,
offering real-time visual cue feedback through the BCI. The
patient’s level of attentive watching was assessed by measuring EEG
intensities in the beta and mu bands as well as SSVEPs evoked by a
BCI-AO game featuring flashing action images. All patients were
shown a video displaying repetitive grasping actions under four
conditions. The details are described below and in Figure 1. The
experiments were conducted in a randomized order, with intervals
of at least 3 days between sessions to avoid potential carry-over
effects (Figure 2).

The patients were instructed to perform each experiment while
seated in a relaxed position in a comfortable chair without making
any voluntary movement. This was confirmed by monitoring
muscle activity throughout the experiment. The game implemented
in this study included a video showing the movement of the hand
and forearm holding a ball, and was individually executed by setting
the direction of the arm in the game to the direction of the affected
arm. The BCI-AO program was designed to provide rewarding
visual feedback, highlighting the enlargement of the muscles in the
hand and forearm based on the user’s level of attentive watching.
The video blinked at a frequency of 15 Hz to allow the classifier to
detect the patient’s SSVEP components in the EEG. The details are
elaborated upon in the following sections.
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2.2.1 Experimental conditions

In this study, the settings for the four conditions were
determined by combining the PES and BCI-AO as follows and in
Figure 1:

(1) In the BCI-AO without PES application (nPES condition),
patients were instructed to observe the movement of the left or
right (affected) hand and forearm holding the ball on the video
screen. Patients received visual feedback whether their attentive
watching was assessed by detector. However, they didn’t provide
PES during the task.

(2) In the BCI-AO with continuous PES application (cPES
condition), patients followed the same BCI-AO paradigm as in
the nPES condition. The difference was that continuous PES
was applied while the video played on the screen, irrespective
of whether patient’s attentive watching was verified or not.

(3) In the BCI-AO with triggered PES application (tPES condition),
the PES was turned on and off synchronously based on the
patient’s state of attentive watching. This allowed patients to
receive visual feedback and synchronized PES simultaneously,
with the PES application being dependent on attentive watching.

(4) In the BCI-AO with reverse PES application (rPES condition),
the PES was operated in the opposite manner compared to
the tPES condition. Specifically, the PES was turned off during
periods of attentive watching and turned on during periods of
low attentiveness. As a result, the participants were exposed to
asynchronous PES, in which PES was applied in the opposite
manner to tPES condition.

2.2.2 BCI-AO system

The BCI-AO paradigm was created by presenting a blinking
video clip designed to evoke SSVEP patterns in the EEG of the
patient while watching it. The video evokes SSVEP and stimulate
brain activity in motor-related regions by providing appropriate
visual feedback (forearm muscles in the AO video) to encourage
users to watch videos of grasping movements according to the
patient’s attention. EEG data were obtained using DSI-24 with 19
electrodes (Wearable Sensing, San Diego, USA). The electrodes
were positioned following the international 10-20 system. Data
were collected at a frequency of 300 Hz, and the adequacy of the
EEG signal quality was checked before each experiment.

Before each experimental session, a calibration session was
carried out to collect data for designing an individual classifier. This
session included a total of 15 trials over 3 min. Each trial involved a
6 s video of blinking actions followed by the display of a white cross
pin on a black background for an additional 6 s.

The data were organized through a classifier design stage,
which consisted of a classifier design and a Common Spatial Filter
(CSF) design. CSFs were designed for alpha (8-13 Hz), beta (13-
30 Hz), and SSVEP (14.5-15.5 Hz) bands, after which the CSFs were
applied in the classifier design phase. The classifier was built using a
Support Vector Machine (SVM) algorithm in the conformation of
a linear kernel.

After designing of the classifier and CSE the implementation
of BCI-AO became feasible. The processing of EEG signal step
for the runtime application consisted of applying band-pass filters
and CSF to each feature, and then classifying the state according
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TABLE 1 Clinical and demographic characteristics of the stroke patients included in the study.

Patients number Etiology Site of lesion mRS FMA-UE MMSE MBI

1 F 55 2Y9M Hemorrhage | Rt. BG (Subcortex) 3 28 28 100 Gl
2 M 50 2Y4M Hemorrhage Lt. Thalamus (Subcortex) 1 64 28 89 GO
3 M 59 9Y Infarction Rt. MCA (Cortex & Subcortex) 1 64 29 100 GO
4 M 58 1Y Hemorrhage Rt. Thalamus (Subcortex) 1 60 27 92 GO
5 M 65 7Y Hemorrhage Lt. BG (Subcortex) 1 60 29 97 GO
6 M 64 6M Hemorrhage Rt. BG (Subcortex) 2 62 24 53 GO
7 F 70 1YIM Infarction Rt. BG (Subcortex) 1 64 29 97 GO
8 M 67 10M Hemorrhage Lt. Thalamus (Subcortex) 2 66 26 97 GO
9 F 59 IM Hemorrhage Lt. Thalamus (Subcortex) 2 62 29 93 Gl
10 M 65 1Y1M Infarction Lt. SC (Subcortex) 2 64 29 95 GO
11 M 79 IM Infarction Rt. MCA (Cortex & Subcortex) 1 64 29 98 GO
12 F 62 6M Infarction Lt. BG (Subcortex) 1 64 29 97 GO
13 M 68 6M Hemorrhage Rt. CR (Subcortex) 1 64 29 97 GO
14 M 73 7™ Infarction Lt. SC (Subcortex) 1 63 29 97 GO
15 F 65 11M Hemorrhage Rt. BG (Subcortex) 3 39 29 91 GO

Rt, Right; Lt, Left; mRS, Modified Rankin Scale; EHI, Edinburgh Handedness Inventory; FMA-UE, Fugl-Meyer Assessment For Upper Extremity; MMSE, Mini-mental State Examination; MBI,
Modified Barthel Index; MAS, Modified Ashworth Scale; BG, Basal ganglia; IC, Internal capsule; CR, Corona radiata; MCA, Middle cerebral artery; SC, Striatocapsular.

A nPES condition E Visual Feedback
OFF ON

>

Watch  OFF OFF OFF OFF

PES OFF

5\ \ \

B cPES condition

Watch OFF OFF OFF OFF

|

PES

C tPES condition
Watch  OFF OFF OFF OFF

PES OFF OFF OFF OFF

D rPES condition

Watch  OFF OFF OFF OFF
PES orr [ o IS OFF B

FIGURE 1

In the BCI-AO without PES application (A), patients received visual feedback whether their attentive watching was assessed by detector without the
application of PES. The BCI-AO with continuous PES application (B), refers to a condition in which continuous PES was applied while the video
played on the screen irrespective of whether patient’s attentive watching was verified or not. In the BCI-AO with triggered PES application (C), PES
was turned on and off synchronously depending on whether the patient performed attentive watching or not. In the BCI-AO with reverse PES
application (D), PES application was operated in the opposite manner compared to the tPES condition. (E) Patients viewed a video with repetitive
grasping actions. (F) The AO clip, modulated at 15 Hz, facilitated classifier identification of steady-state visually evoked potential components from
EEG. The BCI-AO program was designed to provide rewarding visual feedback, highlighting the enlargement of muscles in the hand and forearm
based on the level of attentive watching shown by the patient. AO, action observation; PES, peripheral electrical stimulation; BCI-AO, brain-computer
interface-action observation; SVM, support vector machine; EEG, electroencephalogram.

to each feature using an SVM classifier. We performed AO on  at intervals of 0.1s, allowing the BCI system to offer feedback at
patients classified as attentive watching during all conditions and  intervals of 0.1 s and then the classified state was applied to the PES
saved the results as EEG epochs with a window size of 1 s segmented  trigger immediately which could be considered as real-time.
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Repeat the task until all 4 conditions (nPES, cPES, tPES, rPES) are performed at least 3 days apart.

FIGURE 2
Experimental procedure and time points for measuring the latency and amplitude of MEPs and F wave latency. MEP parameters were assessed at
three intervals: baseline (Pre), immediately after the task training (Post 0), and 20 min after completing each task (Post 20). The four tasks were
conducted in a randomized order with intervals of at least 3-days

In the runtime application, the BCI-AO measured the
attentional ratio, defined as the degree of attentive watching during
the running time. The average score was 56% =+ 3.123, 58% =+
4.336, 60% =+ 4.156, and 57% =+ 2.563 during the nPES, cPES,
tPES, and rPES conditions, respectively. The attention ratio was
computed by expressing the time during which mu suppression
was observed as a percentage of the total task time. EEG processing
was performed using the OpenViBE software platform ver. 2.3.0
(INRIA, Rennes, France).

2.2.3 Peripheral nerve stimulation

PES was performed using a commercial system (Medel GmbH,
Germany) with a single bipolar channel applied to the affected
limb to inject a current (with a pulsed square waveform) into the
right ulnar nerve. PES was delivered at 120% of the intensity of
the sensory thresholds of stationary FDI muscles to the extent that
muscle contraction did not occur, and at frequencies of 50 Hz and
1 ms pulse widths while patients were relaxed.

To avoid potential disturbances in the EEG signal by PES, a
frequency of 50 Hz was selected for real-time EEG filtering in the
BCI-AO program, which operates within the range of 0.1-50 Hz.
The EEG signal was then filtered in three different bands (8-13 Hz,
13-30 Hz, and 14.5-15.5Hz) to extract features for the real-time
BCI program.

The stimulus intensity was set at 120% of the sensory threshold,
defined as the lowest stimulus detected by the patient. The choice
of intensity setting of the stimulus was based on the fact that PES
above the motor threshold causes muscle spasms. Therefore, all the
patients were able to tolerate this intensity of stimulation without
complaining of muscle spasms or pain.

In each condition, the overall intensity of PES administered to
the patients was expressed as the PES intensity (mA) for 15 min.
The analysis revealed that the PES intensities under the cPES, tPES,
and rPES conditions were 3,720, 2,153, and 1,674 mA, respectively.

2.3 Assessment

The time points for measuring the latency and amplitude
of MEPs and F wave latency are illustrated in Figure 2. MEP
parameters were assessed at three intervals: baseline (Pre),
immediately after the task training (Post 0), and 20 min after
completing each task (Post 20). F-wave latencies were evaluated
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at baseline (Pre) and immediately after the task training (Post 0).
Additionally, we quantified mu suppression in EEG activity during
each of the conditions.

2.3.1 Motor evoked potential

Motor induced potential (MEP) was achieved using Magstim
200> (The Magstim Company Limited, Whitland, UK) and D70”
coils to measure cortical stimulation. Measurements of MEPs
using MagStim were performed by a fully experienced physician
in an electrical diagnostic laboratory. The coil orientation was
applied to the mid-phase plane at a 45° posterior angle, and
the hat featured hotspot points marked with the grid at 1cm
intervals to ensure a consistent stimulation area throughout the
examination. The resting motor threshold (rMT) was determined
as the minimum stimulation intensity with a MEP amplitude >50
WV recorded five times out of ten. The stimulation intensity was
consistently set at 120% of the rMT and maintained throughout the
experiment. Twenty MEPs were recorded with a stimulus interval
of 5-65, and average peak-to-peak amplitude and latency were
subsequently computed.

2.3.2 F-wave

To evaluate peripheral nerve excitability, the latency of the F-
waves in the FDI muscle was measured by stimulating the ulnar
nerves in the wrist using a Medelec Synergy electromyography
machine (Natus Neurology Inc. USA) before and after each task.
We maintained a temperature of 22°C in the laboratory to exclude
temperature-dependent variations in the F response.

2.3.3 EEG analysis

To measure mu suppression during each condition, we
extracted mu-band powers from the EEG data and the
corresponding resting data, which were filtered between 4
and 30 Hz, applied an artifact subspace reconstruction filter to the
filtered EEG data for artifact rejection, and then calculated mu
suppression from the power spectrum density of the EEG using the
following equation:

10x1og10 (mu_power_of_task/mu_power_of rest).
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TABLE 2 Changes in MEP parameters among the four conditions.

Time nPES condition

Outcome

cPES condition

10.3389/fnins.2024.1373589

tPES condition rPES condition

Latency (ms) Pre 22735 (0.223) 22.793 (0.287) 22.864 (0.314) 22.930 (0.295)
Post 0 22.289 (0.197) 22.100 (0.254) 21.990 (0.277) 22.383 (0.260)
Post 20 22.340 (0.235) 22.188 (0.302) 22.124 (0.329) 22.495 (0.310)

Amplitude (V) Pre 441,581 (50.949) 412.843 (60.272) 380.570 (75.567) 407.349 (50.790)
Post 0 537.802 (69.941) 630.647 (82.738) 742.088 (103.735) 555.911 (69.722)
Post 20 484.981 (66.107) 574.948 (78.202) 648.695 (98.048) 532.051 (65.900)

F wave (ms) Pre 26.850 (0.466) 26.730 (0.305) 26.950 (0.376) 26.797 (0.458)
Post 0 26.797 (0.497) 26.730 (0.326) 26.943 (0.401) 26.747 (0.489)

All values are given as the estimated mean and standard error for each condition and three different time points: pre (before task), post 0 (after task), and post 20 (20 min after task). nPES,
BCI-AO without PES application; cPES, BCI-AO with continuous PES application; tPES, BCI-AO with triggered PES application; rPES, BCI-AO with reverse PES application; AO, action
observation; PES, peripheral electrical stimulation; BCI-AO, brain-computer interface action observation.

The left and right electrode positions were then reversed when
necessary to match the data from the affected and unaffected sides
of the patient.

2.4 Sample size

The main goal of this study was to evaluate the impact of
four different conditions on corticospinal excitability in stroke
patients. Sample size calculations were conducted using G Power
3.1.9.7 (Heinrich Heine University, Dusseldorf, Germany) for
Windows. The determination of the sample size for repeated-
measures ANOVA was made considering the primary endpoints.
We analyzed four sets of conditions to identify differences in the
MEP amplitudes between pre vs. post 0 and between pre vs. post 20
in stroke patients. We determined that a sample size of 15 patients
was adequate for detecting an effect value of 0.26 (large effect
size) (Ward, 2005). Additionally, the correlation among repeated
measures of 0.7 was found to have a significance level of 0.05
(both sides) for a power of 90%. Consequently, we decided on a
sample size of 15 patients and recruited 17 patients to account for
potential dropouts.

2.5 Statistical analysis

Data are provided as estimated mean and standard error.
Differences between measured values at baseline and after the tasks
were calculated. The normality of continuous variables was assessed
through the Kolmogorov-Smirnov test and the Shapiro-Wilk test.
We applied the linear mixed-effects model to assess the impact of
four conditions (nPES, cPES, tPES, and rPES), time (Pre, Post 0,
Post 20), and the interaction between condition and time on MEP
latencies and amplitudes. We applied the linear mixed model to
analyze the impact of four conditions, time (Pre, Post 0) and the
interaction between condition and time on the latency of the F
wave. A three-way linear mixed model was employed to evaluate
the effect of other variables such as age, sex, etiology, Modified
Rankin Scale (mRS), Fugl-Meyer Assessment for Upper Extremity
(FMA-UE), MMSE, Modified Ashworth Scale (MAS), as well as
attentional ratio and intensity of PES during the tasks. When
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significant p-values were observed for variables in the three-way
interaction, they were divided based on the median values, and a
linear mixed model was employed. A repeated measures analysis of
variance (ANOVA) was conducted to evaluate the differences in mu
suppression among the four tasks on the C3/C4 and F3/F4 channels
of the affected hemisphere in stroke patients. When significant
differences were identified, post-hoc t-tests were conducted.

The results were defined as statistically significant if the p-
value was <0.05, and trends were recognized if the interaction p-
value was <0.15. All data were analyzed using IBM SPSS Statistics
software (version 26.0; IBM Corp., Armonk, NY, USA), and SAS
software (version 9.4; SAS Institute, Cary, NC, USA).

3 Results

3.1 Baseline characteristics

Twenty-eight patients with hemiplegic stroke were assessed,
and all patients underwent a screening test to determine the
measurability of MEP parameters. Eleven patients were excluded
from the study because clear measurement of MEP parameters was
not possible. In total, 17 patients were initially enrolled in the study.
However, two patients dropped out due to side effects: one patient
withdrew due to headaches during the study and the other due
to eye fatigue that arose during the experiments. In the end, MEP
results from 15 patients with stroke (10 men and five women) were
analyzed. Their detailed clinical and demographic data are shown
in Table 1. During EEG analysis, one more patient was excluded
because mu-band powers could not be clearly recorded. Thus, the
EEG analysis involved a total of 14 patients. The baseline MEP
amplitude, MEP latency, and F-wave latency were not significantly
different between the four conditions (F3 g4 = 0.23, p = 0.88; F3 g4
=0.34, p =0.79; F3 45 = 0.37, p = 0.78) (Supplementary Table).

3.2 Changes in MEP parameters after
experiments
Table 2 and Figure 3 show the changes in MEP parameters

among the four conditions in patients with stroke. There was
a significant main effect of time (Pre, Post 0, Post 20; Fj)g

frontiersin.org


https://doi.org/10.3389/fnins.2024.1373589
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Jeong et al. 10.3389/fnins.2024.1373589

A B
condition: p = 0.482
232 750  time: p = 0.002%*
condition * time: p = 0.033%
@ 229 2 650
e Qo
g 226 2 550
% / TEJ.
& 223 < 450
s condition: p = 0.351 ]
22 time: p < 0.001*** / 3 350
condition * time: p = 0.104
217 - 250
Pre Post 0 Post 20 Pre Post 0 Post 20
e \PES e CPES s tPES e rPES e IPES e CPES et PES e rPES

FIGURE 3

Mean profile graphs showed the significant main effect of time and a trend of condition x time interaction for MEP latency (A), and significant main
effect of time and condition x time interaction for MEP amplitude (B). nPES condition (blue line), cPES condition (red line), tPES condition (yellowish
green line), rPES condition (purple line). AO, action observation; MEP, motor evoked potential; nPES, BCI-AO without PES application; cPES, BCI-AO
with continuous PES application; tPES, BCI-AO with triggered PES application; rPES, BCI-AO with reverse PES application; PES, peripheral electrical
stimulation. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 4

Results of the post-hoc analysis for MEP parameters. They showed a significant decrease in MEP latency between tPES vs. rPES condition and tPES
vs. nPES condition (A, B). A significant increase in MEP amplitude was observed between tPES and nPES condition, tPES and rPES condition, tPES and
cPES condition (C, D); MEP, motor evoked potentials, nPES, BCI-AO without PES application; cPES, BCI-AO with continuous PES application; tPES,
BCI-AO with triggered PES application; rPES, BCI-AO with reverse PES application; AO, action observation; PES, peripheral electrical stimulation;
BCI-AO, brain—computer interface-action observation. *p < 0.05; **p < 0.01; ***p < 0.001.

= 993, p = 0.005) and a trend in the interaction between (F34 = 1.12, p = 0.351). Post-hoc t-tests revealed a significant
condition and time (Fgg4 = 1.82, p = 0.1044) on MEP latency.  reduction in MEP latency after the nPES, cPES, tPES, and
However, no significant effect of the condition was observed  rPES conditions compared to that at baseline (Pre vs. Post 0).
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These differences in MEP latency persisted after 20 min, with
no significant differences observed between Post 0 and Post
20 under any of the four conditions (Figure 3). The post-hoc
t-tests further revealed a significant decrease in MEP latency
between the tPES and rPES conditions (Pre-Post 0: t = 2.89, p
= 0.005; Pre-Post 20: t = 2.04, p = 0.045), and between the
tPES and nPES conditions (Pre-Post 0: t = 2.55, p = 0.013).
However, there were no significant differences in the MEP latency
between the nPES and cPES conditions, the nPES and rPES
conditions, the cPES and tPES conditions, or the cPES and rPES
conditions (Figure 4).

We observed a significant main effect of time (F»3 = 8.26,
p = 0.002) and an interaction between condition and time (Fg g4
= 243, p = 0.033) on the MEP amplitude. Post-hoc analysis for
time indicated a significant increase in MEP amplitude after the
cPES, tPES, and rPES conditions compared to baseline (Pre vs.
Post 0), with no significant increase after the nPES condition;
however, the increase in MEP amplitude following the cPES, tPES,
and rPES conditions remained significant for 20 min (Pre vs. Post
20), and no differences were found between Post 0 and Post 20
in the cPES, tPES, and rPES conditions (Figure 3). The post-hoc
analysis on the interaction between condition and time revealed a
significant increase in the MEP amplitude between the tPES and
nPES conditions (Post 0: t = 2.83, p = 0.006; Post 20: t = 2.54, p
= 0.013), tPES and rPES conditions (Post 0: t = 3.57, p = 0.001;
Post 20: t = 2.54, p = 0.013), and tPES and cPES conditions (Post
0: t = 2.69, p = 0.009; Post 20: t = 2.10, p = 0.039). However,
no significant differences were observed between nPES and cPES,
nPES and rPES, and cPES and rPES conditions (Figure 4). The
estimated mean difference in MEP amplitude after the task was
highest between the nPES and tPES and rPES and tPES conditions
(Table 3).

Time, condition, and the interaction between them did
not exhibit any significant effects on the F-wave latency (see
Supplementary Figure).

3.3 Effects of other variables in MEP
parameter

The Mini-Mental State Examination (MMSE) showed a
significant main effect on MEP latency (Fg,143 = 2.70, p = 0.016). In
patients with MMSE scores under 28, there was a significant effect
of the interaction between condition and time on MEP latency
(Fe4 = 11.86, p < 0.001). However, this was not seen in those
with MMSE scores over 29 (Fgs4 = 1.72, p = 0.135). There was
no effect of sex (Fgy3 = 1.17, p = 0.333), age (Fg143 = 1.44, p =
0.202), etiology (Fe7s = 1.52, p = 0.183), mRS (F127, = 0.82, p =
0.629), EMA-UE (Fg,143 = 0.32, p = 0.924), MAS (Fe75 = 1.77, p =
0.117), the attentive ratio (Fg 142 = 0.57, p = 0.755) or intensity of
PES (F4,103 = 0.60, p = 0.662) on MEP latency.

Moreover, there was a significant main effect of age (Fg 143 =
3.53,p =0.003) on MEP amplitude. There was a significant effect of
interaction between condition and time in patients aged >65 years
(Fe,24 = 3.60, p = 0.006), but not in those aged <64 years (Fg 36 =
1.61, p = 0.172) on MEP amplitude. There was no effect of sex (Fg 78
= 1.05, p = 0.995), etiology (Fs,78 = 2.16, p = 0.056), mRS (F12,72 =
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1.82, p = 0.061), EMA-UE (Fg, 143 = 1.40, p = 0.219), MMSE (Fe,143
= 1.80, p = 0.103), MAS (Fs,73 = 1.29, p = 0.273), attentional ratio
(Fo 142 = 0.96,p = 0.452), or PES intensity (Fa103 = 131,p= 0.270)
on MEP amplitude.

3.4 Changes in mu suppression during the
experiments

Figure 5A° shows a topographical representation of mu
suppression. Mu suppression of the affected hemisphere was
strongest in the cPES and tPES conditions compared to the
nPES and rPES conditions. In addition, when we assessed mu
suppression in the motor cortex of the affected hemisphere (C3
or C4), there was no statistically significant difference between
conditions (Figure 5B). Regarding mu suppression in the affected
frontal area (F3 or F4), significant main effects were observed in
the four conditions (F339 = 6.272, p = 0.001), with the most
pronounced mu suppression observed in the cPES condition.
The post-hoc analysis showed significantly stronger activation in
the cPES and tPES conditions compared to the nPES and rPES
conditions (cPES vs. nPES: p = 0.013; tPES vs. nPES: p = 0.018;
cPES vs. rPES: p = 0.003; tPES vs. rPES: p = 0.037, Figure 5C).

3.5 Side effects during the experiments

After each experimental session, all patients were checked for
the presence of any side effects, such as neck pain, dizziness, or
headache. Two patients dropped out from the study due to side
effects. One patient reported a headache, and the other reported
eye fatigue. Most of the other patients completed the study without
experiencing any discomfort.

4 Discussion

This study demonstrated that different PES pairings during
BCI-AO task training can modulate corticospinal plasticity after
a stroke. We found evidence that the corticospinal excitability
in the affected hemisphere after a stroke was higher when PES
was applied synchronously with AO training, dependent on a
highly attentive brain state. Conversely, the effects of corticospinal
activation were not significant when PES was applied continuously
or in the reverse manner. Hence, the synchronous application
of PES with attentional state AO training using BCI distinctly
influenced the modulation of corticospinal plasticity, supporting
our initial hypothesis. This paradigm continued to promote cortical
plasticity for a short period after it was stopped.

It is well-known that AO promotes motor re-learning in
patients with stroke by activating the MNS and motor cortex
(Zhang et al., 2018). However, our study did not reveal a significant
increase in MEP parameters after AO alone. This finding is
consistent with that of a previous study (Kim et al, 2022)
that suggested that the corticospinal plasticity induced by AO
was insufficient in patients with chronic stroke. PES, known to
stimulate the motor cortex through afferent stimulation during
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TABLE 3 Estimated mean difference and p-value from the post-hoc analysis of MEP amplitude.

10.3389/fnins.2024.1373589

Condition Pre vs. post O Pre vs. post 20 Post 0 vs. post 20

nPES vs. cPES 121582 (75.359) 0.1104 118.704 (71.287) 0.0996 —2.878 (65.303) 0.965
nPES vs. tPES 265.297 (93.583) 0.0057** 224.725 (88.527) 0.013* —40.572 (81.096) 0.6182
nPES vs. rPES 52.341 (55.652) 0.3497 81.301 (52.645) 0.1263 28.960 (48.226) 0.5498
CPES vs. tPES 143.715 (53.380) 0.0086** 106.021 (50.496) 0.0388* —37.694 (46.257) 0.4174
CPES vs. rPES —69.241 (47.390) 0.1477 —37.403 (44.830) 0.4065 31.838 (41.067) 0.4403
tPES vs. rPES —212.956 (59.733) 0.0006*** —143.424 (56.505) 0.013* 69.532 (51.762) 0.1828

All values are expressed as estimated mean and standard errors (pre: before task, post 0: after task, post 20:20 min after task). *p < 0.05; **p < 0.01; ***p < 0.001. MEP, motor-evoked potentials;
nPES, BCI-AO without PES application; cPES, BCI-AO with continuous PES application; tPES, BCI-AO with triggered PES application; rPES, BCI-AO with reverse PES application; AO, action

observation; PES, peripheral electrical stimulation; BCI-AO, brain-computer interface action observation.
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(A) Topographical representation of mu suppression in EEG during the four conditions. Mu suppression is observed in the motor area (B) and frontal
area (C) of the affected hemisphere during the four conditions. nPES, BCI-AO without PES application; cPES, BCI-AO with continuous PES
application; tPES, BCI-AO with triggered PES application; rPES, BCI-AO with reverse PES application; AO, action observation; PES, peripheral
electrical stimulation; BCI-AO, brain—computer interface-action observation. *p < 0.05; **p < 0.01.
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AO-induced activation, likely contributes to the induction of long-
term potentiation (LTP)-like plasticity in a manner similar to overt
movement execution (Bisio et al., 2017).

The paradigm that integrated a BCI video game with AO
induced more significant mu suppression in the motor cortical area
than AO alone in patients with stroke (Choi et al., 2019). Our BCI-
AOQ paradigm is innovative and different from other BCI systems
(Kim et al., 2016). In particular, it offers real-time rewarding visual
feedback to aid patients to focus on the training and enhance
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their rehabilitation. Reward feedback strategies promote motor skill
consolidation through motor network activation during training
(Widmer et al., 2016). Motivation is an essential factor for active
participation, and active patient engagement is crucial for the
success of rehabilitation training in patients with stroke (Kusec
et al., 2019). Thus, the BCI-AO paradigm can facilitate motor skill
recovery by maintaining patient motivation.

In a previous study, the BCI-AO with PES paradigm was
superior to AO with PES and AO alone in promoting corticospinal
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plasticity in both healthy individuals and in patients with stroke
(Kim et al., 2022). Moreover, the MNS can be successfully
activated during electrical stimulation synchronized with AO using
functional Near-Infrared Spectroscopy (Cui et al., 2023). Therefore,
our finding of a significant increase in corticospinal excitability
and central cortical activation in the EEG analysis following
BCI-AO with the PES task is consistent with previous research.
The synergistic application of neurorehabilitation therapies, each
operating via distinct mechanisms, has the potential to enhance
neural plasticity in patients with stroke (Takeuchi and Izumi,
2015). Thus, in this study, activation of the NMS induced
by AO, activation of reward-learning attentional networks, and
the peripheral nervous system may have enhanced corticospinal
plasticity through associative plasticity beyond the motor cortex.

Furthermore, we investigated whether the timing of the
BCI-defined stimulation and the pairing of highly attentive
brain states with PES application could maximize corticospinal
excitability. Importantly, our findings revealed that different
PES pairings during BCI-AO training had distinct effects. This
indicates that synchronous PES application during attentive
watching was assisted by the BCI rather than by continuous PES
application, reinforcing corticospinal plasticity. Conversely, there
was a detrimental effect on corticospinal activation resulting from
the inconsistency between the state of attentiveness of the brain and
the application of PES. Thus, the rPES vs. nPES conditions showed
no significant difference in corticospinal excitability. Corticospinal
excitability was not affected by the overall state of attention
(attentional ratio) or the PES intensity during each task. Although
the overall intensity and duration of PES during the task was greater
in the cPES condition than in the tPES condition, the increase in
MEP amplitude was only significant in the tPES condition. These
findings suggest that synchronous PES is crucial to a user’s highly
attentive brain state. In our novel BCI-AO paradigm dependent on
brain state, the cortical state of attentiveness and PES have a stable
and synergistic effect in the activation of the corticospinal system.
Importantly, this paradigm sustained corticospinal activation for
20 min after task completion.

It has been suggested that simultaneous combinations of
neurotechnologies for motor recovery are not always effective
in patients with stroke (Coscia et al., 2019). Homeostatic
plasticity might diminish the synergistic effects of simultaneous
combinations (Takeuchi and Izumi, 2015). To maximize neural
plasticity, closed-loop stimulation paradigms using BCI, which
synchronize the stimulation of postsynaptic neurons with activity
in presynaptic neurons, aim to engage more synergistic patterns
of neuronal activity in the associative process (Mrachacz-Kersting
et al., 2016). Thus, the plasticity effects induced by this paradigm
are likely to translate more directly into functional gains compared
to those from an open-loop paradigm (Ethier et al, 2015).
Recent studies strongly support the hypothesis that timing-
dependent, cue-based electrical stimulation enhances corticospinal
neuroplasticity (Fu et al., 2021; Niazi et al.,, 2022). The results
of an earlier study showed that PES application paired with
EEG-defined movement intention enhanced MEPs (Niazi et al.,
2012). More importantly, the change in corticospinal excitability
was only observed when the PES was paired with cortical states
corresponding to movement initiation, but not at the onset of
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muscle activation (Fu et al., 2021). When PES was paired with
visual cue-based BCI interventions, there was a significantly
increased MEP amplitude and exercise performance compared to
PES application without visual cues (Niazi et al., 2022). Similarly,
employing consistent coupling of repetitive TMS with the high-
excitability state defined by the mu rhythm resulted in LTP
in corticospinal excitability, whereas no significant change was
observed when the coupling was to the low-excitability state or to a
random mu rhythm phase (Zrenner et al., 2018).

In the present study, the latency of the ulnar nerve F-waves at
the wrist showed no significant changes across the four conditions.
This suggests that there were no notable changes at the peripheral
or spinal levels after each task. This outcome aligns with those of a
prior investigation wherein the application of PES alone did not
induce modifications in F-wave responses (Ridding et al., 2000;
Kaelin-Lang et al., 2002). Therefore, it is likely that the observed
changes in MEP parameters after the task mainly originated from
the cortex rather than from spinal or peripheral sources.

Whereas, participants aged > 65 years showed significant
differences in MEP amplitudes across the four conditions, those
aged <64 years did not. This finding implies that corticospinal
activation in older patients with stroke may be task-specific and
more effective when stimulation dependent on the brain state is
provided. Activity-dependent plasticity and LTP-like plasticity after
motor learning are reduced in older individuals (Zimerman et al.,
2013; Ghasemian-Shirvan et al., 2020). A previous study reported
EEG findings indicating attention deficits during visual memory
tasks in older people (Teng et al., 2018). In addition to the effect
of aging, stroke induces structural and functional changes in the
brain, resulting in decreased motor cortical activation. In a previous
study, the integration of BCI-AO with the PES paradigm led to a
shift in the brain activation pattern toward the central brain area
(Lim et al., 2023). This paradigm induced more extensive utilization
of the frontal and motor areas in stroke patients than the AO
alone or the AO+PES paradigms. Therefore, older patients with
stroke appear to require a training strategy that is dependent on
the brain state to enhance attentiveness and cortical facilitation
for motor recovery. Furthermore, patients with MMSE scores of
<28 exhibited significant differences in MEP latency across the
four conditions, unlike those with MEP scores of >29. Although
we exclusively recruited patients with relatively good cognitive
function (MMSE score >24), the results suggest that individuals
with lower cognitive abilities may respond more effectively to
stimulation that is dependent on brain state.

Cortical activation at the central site, as indicated by mu
suppression, displayed some notable patterns during the four tasks
according to the topographical analysis (Figure 5A). In the frontal
area, the cPES and tPES conditions elicited stronger activation than
the nPES and rPES conditions. However, these findings were not
statistically significant in motor cortex. There are two potential
explanations for the lack of statistically significant results for the
motor cortex in the EEG analysis. First, the sample size may have
been insufficient because it was calculated based on a previous TMS
study following stroke (Mrachacz-Kersting et al., 2019). Secondly,
the distinct spatial and temporal resolutions of the TMS and EEG
methods may have influenced the results (Lapenta et al., 2018).
In agreement with the TMS results, the rPES condition, in which
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PES was applied in the opposite manner to tPES, revealed mu
suppression patterns in the frontal area that were relatively similar
to those observed in the absence of PES application (Figure 5C).

This study has some limitations. First, we only investigated
short-term changes in corticospinal plasticity after training.
Corticospinal activation lasted for 20 min after task completion,
confirming that the present paradigm promoted cortical plasticity
for a short period, even after it was stopped. In earlier studies, the
repetitive application of BCI to detect the cortical state associated
to motor intention in conjunction with electrical stimulation
induced improvement in upper-extremity motor function after
stroke (Biasiucci et al, 2018; Mrachacz-Kersting et al., 2019).
Hence, further investigation of the impact of our novel paradigm
on functional recovery after stroke is required. Second, we included
relatively few patients with mild to moderate stroke impairment.
As mentioned earlier, our paradigm has the advantage of being
applicable even to severely paralyzed stroke patients, because it
is not dependent on motor activity. Unfortunately, this study
excluded patients with severe motor weakness, in whom MEPs in
the affected hand muscles could not be elicited. Therefore, further
research is necessary to investigate patients with severe paralysis
using alternative brain imaging techniques. Third, we administered
PES below the sensory threshold, at a frequency of 50 Hz. The
intensity and frequency of stimulation can influence corticospinal
excitability (Pitcher et al., 2003; Chipchase et al., 2011; Saito et al.,
2013). Considering that the optimal PES settings may vary between
different patients, future research is required to determine how to
maximize the therapeutic effect in each individual case. Forth, this
study employed an exploratory approach to analyze the results,
considering the small sample size, so that there was a limitation in
that no corrections were made for multiple comparisons.

5 Conclusion

This study demonstrated that different pairings of PES
application during BCI-AO influenced the task-dependent
corticospinal plasticity after stroke. We provided new insight
indicating that corticospinal excitability in the affected hemisphere
increased when PES was applied synchronously with an AO
task using BCI during a state of high attention, compared to
continuous or asynchronous PES application. This paradigm
promoted corticospinal plasticity for up to 20min after task
completion. Importantly, this effect was more evident in patients
over 65 years. The ideal neurorehabilitation treatment for elderly
patients with stroke is likely to be multimodal, involving not
only the incorporation of effective feedback to create a highly
motivational environment but also the optimization of techniques
that are dependent on the brain state for sufficient task-induced
neural plasticity. This study extended these results by integrating
BCI technologies dependent on the attentional state with other
conventional rehabilitation training methods.
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Effects of a step-by-step inpatient
rehabilitation program on
self-care ability and quality of life
In patients with acute cerebral
infarction following intravascular
stent implantation: a prospective
cohort study

Chen Wei'?, Nannan Xi?, Jiegiong Tang?, Qianggiang Chu? and
Qingquan Bi*

!School of Nursing, Anhui Medical University, Hefei, Anhui Province, China, 2The Third Affiliated
Hospital of Anhui Medical University, Hefei, Anhui Province, China, *The Second Affiliated Hospital of
Anhui University of Traditional Chinese Medicine, Hefei, Anhui Province, China

Objective: This study aims to evaluate the influence of a step-by-step inpatient
rehabilitation program (SIRP) on the self-care capability and quality of life of
patients who have undergone intravascular stent implantation to treat large
vessel occlusion during acute cerebral infarction (ACI).

Methods: This study included a cohort of 90 patients with ACI who received
intravascular stent implantations at a tertiary hospital in the Third Affiliated
Hospital of Anhui Medical University from January 2020 to February 2024. The
patients were followed up for at least 3 months. Cohort grouping was based on
the type of nursing care each patient received. The observation group participated
in SIRP along with receiving routine nursing care, whereas the control group
received only routine nursing care. Key outcome measures included the Barthel
index, the National Institute of Health Stroke Scale (NIHSS) score, the incidence
of complications, length of hospital stay, and 36-item short-form survey (SF-36)
scores. These parameters were compared between the two groups.

Results: At the time of admission, there were no significant differences in
demographic data, NIHSS score, Barthel index, or SF-36 scores between
the observation and control groups (all p>0.05). However, at 3months
postoperatively, the observation group showed significant improvements, with
higher average scores in the Barthel index (62.49 +7.32 vs. 53.16 + 4.37,p < 0.001)
and SF-36 scores (502.33+14.28 vs. 417.64 +9.65, p<0.001). Additionally,
this group had significantly lower NIHSS scores (3.38 +1.19 vs. 10.24 +2.10,
p<0.001), fewer complications (3 vs. 15, p =0.002), and shorter hospital stays
(1240 +1.68 vs. 1556 +1.87, p<0.001).

Conclusion: Implementing SIRP notably enhanced self-care capabilities
and overall quality of life, while also reducing complication rates and the
length of hospital stays for patients with ACI who underwent intravascular
stent implantation. This underscores the potential benefits of incorporating
structured rehabilitation programs in the treatment and recovery processes of
such patients.
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1 Introduction

Ischemic stroke, also known as acute cerebral infarction (ACI), is
associated with significant morbidity, mortality, and disability rates,
making it a leading cause of health issues and fatalities in the adult
population worldwide (1). National stroke surveys indicate that the
incidence, disability, and mortality rates of stroke stand at 0.25, 1.11,
and 0.12%, respectively, highlighting the profound impact of ischemic
stroke on the health and quality of life of individuals, as well as the
substantial burden it imposes on families and society (2). Additionally,
a previous study has shown that stroke can manifest as an initial
symptom of certain hematological disorders or as a complication of
such conditions (3). Accurate identification of underlying
hematological diseases is crucial for the prompt and appropriate
treatment of patients with stroke. In clinical practice, interventions
such as intravenous thrombolysis, intra-arterial thrombectomy, and
intravascular stent implantation are recognized as effective treatments
for ischemic stroke (4). The therapeutic window for intravenous
thrombolysis is restricted to 6h, while arterial thrombectomy can
be performed within a 24-h window, thus extending the opportunity
for treatment (5). Intravascular stent implantation alleviates luminal
stenosis by placing a stent that covers the torn section of the arterial
intima, helps prevent thrombus formation, and effectively stops the
progression of ischemic penumbra into full infarction or nerve cell
necrosis (6).

Despite advancements in the diagnosis, management, and critical
care for patients with ACI, stroke-related complications continue to
significantly threaten patient survival and quality of life (7). Patients
who have undergone intravascular stent implantation are particularly
susceptible to complications such as intracranial hemorrhage,
reperfusion injury, pneumonia, pressure ulcers, urinary tract
infections, and other adverse events. These complications are often
exacerbated by prolonged bed rest and compromised immunity,
which can hinder recovery and lead to fatal outcomes (8).
Consequently, providing high-quality, efficient, and standardized
nursing care after intravascular stent implantation is crucial for
optimizing patient outcomes.

The step-by-step inpatient rehabilitation program (SIRP) is a
progressive training approach that aims to enhance specific skills or
behaviors through gradual, continuous, and repetitive training
sessions (9). SIRP is designed to increase the adaptability and
resilience of the body, boost learning efficiency, and ultimately help
restore near-normal functional capacity in patients (10). However, the
effectiveness of SIRP on rehabilitation outcomes for patients with
stroke after intravascular stent implantation has not been
thoroughly investigated.

This study introduces a structured SIRP for patients with ACI who
have undergone intravascular stent implantation. The program is
divided into five phases and includes preoperative preparation,
postoperative care, and long-term follow-up. It employs a collaborative
nursing approach that involves physicians, nurses, patients, and family
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members. The hypothesis is that patients participating in this step-by-
step program will show an improved quality of life after rehabilitation,
up to 3months, compared to those undergoing conventional
rehabilitation. The study aims to evaluate the effectiveness of SIRP in
enhancing rehabilitation outcomes and determine its advantages over
routine inpatient rehabilitation in terms of improvements in self-care
abilities, quality of life, complication rates, and length of hospital stays.

2 Patients and methods
2.1 Participants

This study is a prospective cohort investigation conducted at the
Third Affiliated Hospital of Anhui Medical University. It included a
total of 90 patients diagnosed with ACI who underwent interventional
intravascular stent implantation treatment between January 2020 and
February 2024. These patients were divided into observation and
control groups based on different nursing patterns. All participants
met the criteria specified in the 2018 edition of the Chinese Guidelines
for the Diagnosis and Treatment of Acute Ischemic Stroke (11). The
inclusion criteria were as follows: (i) patients within 24 h of symptom
onset and deemed suitable for intravascular stent implantation; and
(ii) informed consent provided by either the patients themselves or
their representatives. The exclusion criteria included (i) severe cardiac,
pulmonary, hepatic, and renal insufficiencies; and (ii) failure during
the intraoperative intravascular stent implantation process. Initially,
106 patients were eligible; however, exclusions were made for five
cases of surgical failure and 11 cases of postoperative mortality within
3months [causes of death included sudden cardiac death (n=2),
(n=2),
hemorrhage (n=3), and other causes (n=2); total mortality rate:
10.4%]. This resulted in a final cohort of 90 patients, with 45 in each
group for analysis. The study was ethically approved by the Third

multiorgan failure (n=2), reinfarctions intracranial

Affiliated Hospital of Anhui Medical University (approval no.
2024-042-01).

2.2 Methods

2.2.1 Establishment of SIRP

The establishment of SIRP consisted of several distinct phases:
Phase 1 began with the immediate admission of patients through a
dedicated “green channel,” where a specialized green channel nurse
provided necessary examinations and preoperative care. In this phase,
a specialized training group for patients with cerebral infarction was
established, led by the department head and the head nurse, with the
involvement of other medical staff. The team evaluated the motor
function of each patient and developed a tailored rehabilitation
training plan based on individual needs. Phase 2 focused on the
creation of personalized training plans that aligned with the specific
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conditions and rehabilitation goals of the patients. The plans included
a variety of exercises such as limb positioning, passive and active
movements, sitting and balance training, walking training, muscle
strength enhancement, joint range of motion exercises, and balance
ability training. Phase 3 was dedicated to training the families or
caregivers of the patients on how to assist with daily living activities.
Phase 4 involved evaluating the home rehabilitation environment of
the patient and developing a corresponding plan to ensure a smooth
transition before discharge. Phase 5 emphasized regular follow-up
through telephone calls or home visits to monitor the rehabilitation
progress of the patients, adjust training plans as needed, and provide
ongoing support and encouragement to both patients and
their families.

A previous study that employed SIRP for patients with breast
cancer focused on psycho-oncological interventions, which included
psychological interventions, relaxation techniques, educational
sessions, and various types of activating physiotherapy (9). In contrast,
SIRP in this study adopted a holistic nursing model that involved
physicians, nurses, patients, and family members and included long-
term follow-up. The control group received standard nursing care,
which included assessments, monitoring, routine observations of
conditions, nursing documentation, psychological support, and health
education. Meanwhile, the observation group received SIRP care in
addition to standard care. This group benefited from a dedicated team
that provided comprehensive treatment and support, enhancing the
overall care framework. This approach aims to integrate and optimize
healthcare delivery for better patient outcomes.

2.3 Evaluation indicators

2.3.1 National Institute of Health Stroke Scale
scores

The NIHSS scores were employed to evaluate the neurological
deficits of the patients. A higher NIHSS score indicates more severe
neurological impairments (12). The scale was validated in the Chinese
population by Li et al. (13). The NIHSS includes various domains such
as consciousness level, eye movements, muscle strength, sensation,
coordination, language, and neglect, each scored on an ordinal scale.
The total possible score ranges from 0 to 42, with higher scores
indicating greater severity of the stroke.

2.3.2 Barthel index evaluation

The evaluation of self-care ability was conducted using the Barthel
Index, which comprises 10 components including eating, grooming,
and mobility, with a total possible score of 100 points. A higher score
on the Barthel Index indicates better self-care ability (14). The Barthel
index was translated into Chinese by Gao et al. (15).

2.3.3 Quality of life evaluation

The evaluation of quality of life is commonly conducted using the
36-item short-form survey (SF-36), an eight-dimensional, self-
administered instrument designed to assess general health-related
quality of life (HRQoL). The SF-36 includes eight domains: physical
functioning (PF), role limitation due to physical problems (RP), bodily
pain (BP), general health (GH), vitality (VT), social functioning (SF),
role limitations due to emotional problems (RE), and mental health
(MH). Scores for each domain range from 0 to 100, with higher scores
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indicating a better quality of life (16). The SF-36 scale was validated in
Chinese by Ren et al. (17).

2.3.4 Other indicators

In addition to questionnaires, other important indicators, such as
complication identification and length of hospital stay, are considered
when evaluating patient outcomes. Complications are identified based
on the occurrence of specific postoperative events, including
intracranial hemorrhage, upper gastrointestinal bleeding, reperfusion
injury, lower extremity deep vein thrombosis, pulmonary infection,
and subcutaneous hematoma at the puncture site. The length of
hospital stay is determined by the duration between the admission and
discharge of a patient, providing additional insights into the overall
impact and efficiency of the treatment process.

2.3.5 Statistical methods

Statistical analysis was performed using IBM SPSS Statistics for
Windows (version 22.0; IBM Corp., Armonk, NY, United States). Data
that followed a normal distribution were presented as mean + standard
deviation and compared between groups using the independent
sample t-test. Data that followed a non-normal distribution were
expressed as the median and interquartile range and analyzed using
the Mann-Whitney U-test. Categorical data were presented as
numbers (percentages) and analyzed using the chi-square test or
Fisher’s exact test, whichever is appropriate. A significance level of
Pp<0.05 was considered to be statistically significant.

3 Results

3.1 Comparative analysis of general
characteristics between the two patient
groups

Among the 90 patients included in this study, 63 (70.0%) were
male and 27 (30.0%) were female. There was no significant difference
in the onset time between the two groups (5.23£0.67h vs. 5.29+0.71 h;
p=0.671). The average age was 66.02 £ 8.86 years in the control group
and 63.84 + 8.74 years in the observation group, with the difference not
reaching statistical significance (p >0.05). Additionally, other baseline
characteristics showed no significant differences between the groups,
as detailed in Table 1.

3.2 Comparison of NIHSS scores between
the two patient groups

The initial comparison of NIHSS scores upon admission showed
no statistically significant differences between the two groups
(p=0.631), as detailed in Table 2. However, following SIRP, there was
a notable difference in outcomes. One week postoperatively, patients
in the observation group had significantly lower NIHSS scores
compared to those in the control group (5.69+1.72 vs. 12.62 +2.26;
p<0.001). This trend continued at 1 month (4.80 £0.99 vs. 11.24 + 1.96;
p<0.001) and 3 months postoperatively (3.38 £1.19 vs. 10.24 +£2.10;
p<0.001), indicating a substantial improvement in the observation
group over time.
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TABLE 1 Comparison of general information between the two groups of
patients.

10.3389/fneur.2024.1400437

TABLE 3 Comparison of Barthel index between the two groups.

Barthel index (Points)

Observation  Control
group group At the lweek 1month 3 months
(n=45) (n=45) time of after after after
admission = surgery  surgery surgery
Age (years, x*s) 63.84+8.74 66.02+8.86 —1.174 0.244
Observation 22.09+4.61 3496+7.17 | 53.93+6.72 62.49+7.32
Gender (1, %)
group
Male 31 32 0.053 0.818 (n=45)
Women 14 13 Control 22.36+525 27.67+504 = 3807+4.93 | 53.16+4.37
Hypertension 25 28 0.413 0.520 group
(1, %) (n=45)
Diabetes mellitus 10 8 0.278 0.598 t value —0.256 5.580 12.764 7.343
(1, %) pvalue 0.799 <0.001 <0.001 <0.001
Atrial fibrillation 18 20 0.182 0.670
(1, %)
Time to onset 5234067 5294071 —0.427 0671 TABLE 4 Comparison of SF-36 between the two groups at 3 months after
surgery.
(hours, x+s)
Site of vascular Observation Control tvalue pvalue
roup (n =45 rou
occlusion (1, %) 9 P ( ) (?) = 42)
Middle cerebral 21 23 1.359 0.507
PF 65.26+14.23 51.46+12.28 7.286 <0.001
artery
RP 60.40+15.39 44.50+£10.69 8.049 <0.001
Internal carotid 15 17
BP 61.38+15.26 55.96+18.42 4.368 0.003
artery
Vertebrobasilar 9 5 GH 64.56+14.99 56.38+12.27 5.528 <0.001
system VT 63.26+14.44 52.16+11.33 6.694 <0.001
SF 63.49+12.19 49.87+15.38 7.663 <0.001
RE 62.35+13.28 51.02+14.10 6.729 <0.001
TABLE 2 Comparison of NIHSS scores between the two groups. MH 61.63+15.58 56.38+12.39 4036 0.005
NIHSS score (Points) Total 502.33+14.28 417.64+9.65 32.952 <0.001
At the lweek  1month 3 months score
time of after after after PE, Physical functioning; RP, Physical problems; BP, Bodily pain; GH, General health; VT,
admission surgery surgery surgery Vitality; SE, Social functioning; RE, Role limitations due to emotional problems; and MH,
Mental health.
Observation 14.56+2.19 5.69+1.72 4.80+0.99 3.38+1.19
group
(n=45) 3.4 Comparison of SF-36 between the two
Control 1474218 12624226 | 11.24+196 = 10.24%2.10 patient groups
group
(n=45) Initially, there were no significant differences in the SF-36 scores
¢ value 0482 16392 19717 —19.064 and its components between the observation and the control group
scores (p>0.05). However, significant improvements were observed
p value 0.631 <0.001 <0.001 <0.001

3.3 Comparison of Barthel index between
the two patient groups

Initially, there was no statistically significant difference in the
Barthel index scores between the two patient groups upon admission
(p=0.799). However, following SIRP, significant differences emerged.
Patients in the observation group showed significantly higher Barthel
index scores compared to the control group at 1 week (34.96+7.17 vs.
27.67+5.04; p<0.001), 1month (53.93+6.72 vs. 38.07+4.93;
p<0.001), and 3 months postoperatively (62.49+7.32 vs. 53.16 +4.37;
p<0.001). These outcomes are detailed in Table 3.
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by the three-month mark. The overall SF-36 scores were notably
higher in the observation group compared to the control group
(502.33+14.28 vs. 417.64%9.65, p<0.001). Similarly, all the SF-36
subscores in the observation group were significantly better than those
in the control group (all p<0.05). Detailed results are shown in Table 4
and Figure 1.

3.5 Comparison of complication rates and
length of stay between the two patient
groups

The control group experienced an average hospital stay of
15.56 +1.87 days, whereas the observation group had a shorter average
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Comparison of hospital days between the two groups. ***p <0.001.

stay of 12.40+1.68days, significantly reducing the length of the
hospital stay (p<0.001; Figure 2). Regarding complications, the
control group reported three cases of gastrointestinal bleeding, four
cases of intracranial hemorrhage, two cases of reperfusion injury,
three cases of pulmonary infection, and three cases of subcutaneous
hematoma. In contrast, the observation group had only one case each
of gastrointestinal bleeding, intracranial hemorrhage, and
subcutaneous hematoma. The incidence of complications was
significantly lower in the observation group than in the control group

(p=0.002). These findings are detailed in Table 5.

4 Discussion

Ischemic stroke is characterized by its sudden onset and rapid
progression, which demands immediate reperfusion of the occluded
vessel. Mechanical intravascular stent implantation, which involves
inserting a thrombus stent to remove the occlusion, is a commonly
employed and effective approach for this purpose (18, 19). However,
patients who undergo intravascular stent implantation are at a
heightened risk for various complications, such as intracranial
hemorrhage, reperfusion injury, and infections. These complications
are often exacerbated by compromised immunity and prolonged
immobilization, potentially hindering recovery and increasing the risk
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of mortality (20, 21). Vigilant and proactive monitoring by nursing
staff after the procedure is crucial in preventing deterioration,
enhancing the success of the procedure, facilitating patient recovery,
and ultimately improving the quality of life (22).

Step-by-step inpatient rehabilitation program is progressive
reinforcement training, which refers to the method of gradually
adapting and strengthening a particular skill or behavior through
continuous and repeated training. Its primary goal is to provide high-
quality nursing services, ensuring that patients receive effective care
(23). In this study, patients who received SIRP following intravascular
stent implantation showed significantly lower NIHSS scores and
higher Barthel index scores at 1week, 1month, and 3months
postoperatively compared to the control group. Additionally, SIRP
significantly enhanced the quality of life for patients with ACI who
underwent intravascular stent implantation, aligning with the findings
from the previous studies (9).

Research by Chen et al. (24) on integrated emergency nursing for
patients with ACI showed that this approach could effectively reduce
triage time and improve neurological function. Similarly, this study
found that the observation group, which received SIRP, had a
significantly shorter hospital stay and improved quality of life
compared to the control group. These outcomes suggest that SIRP not
only helps reduce the length of hospital stay, thus lessening the
economic burden on families but also significantly enhances the
neurological recovery and self-care abilities of patients with ischemic
stroke following intravascular stent implantation, thereby enhancing
their overall quality of life.

Previous research has shown that the overall complication rate
associated with intravascular stent implantation ranges between 5
and 20% (25). The occurrence of complications after such
procedures is critical in determining both the length of hospital
stays and patient outcomes. Styczen et al. (26) conducted a
retrospective analysis on patients who underwent mechanical
intravascular stent implantation at seven tertiary care centers from
January 2013 to May 2020, revealing a 19% incidence of
postoperative symptomatic intracranial hemorrhage. At our
institution, the implementation of SIRP, a specialized postoperative
care protocol, has been effective in mitigating blood pressure
elevation caused by patient anxiety or emotional distress. Through
vigilant postoperative monitoring, any abnormal blood pressure
fluctuations are promptly identified and managed, reducing the
likelihood of postoperative intracranial hemorrhage and
reperfusion injury. The study demonstrated that the incidence of
intracranial hemorrhage was significantly lower in the observation
group at 2.2%, compared to 8.9% in the control group, and there
were no instances of reperfusion injury in the observation group,
in contrast to 4.4% in the control group. These findings highlight
the significant role of SIRP in reducing postoperative complications.

A previous study has shown that the implementation of
standardized perioperative care protocols significantly enhances
patient outcomes for those undergoing mechanical intravascular stent
implantation for ACI (27). At our institution, SIRP was developed to
provide consistent nursing interventions for individuals undergoing
intravascular stent implantation for ACI. This comprehensive protocol
includes preoperative preparation, postoperative management,
rehabilitation exercises, psychological support, management of
complications, and continuity of care. Its goal is to offer comprehensive
and standardized nursing services to patients undergoing this
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TABLE 5 Comparison of complication rates between the two groups [Cases (n)].

Gastrointestinal Intracranial Reperfusion Pulmonary Subcutaneous Total
bleeding hemorrhage injury infection hematoma

Observation 1 1 0 0 1 3
group (n=45)
Control group 3 4 2 3 3 15
(n=45)
X 10.000
P 0.002

procedure. Despite the widespread adoption of intravascular stent
implantation across various healthcare facilities, postoperative
recovery outcomes often remain suboptimal due to the lack of
standardized care practices. Thus, it is crucial to apply scientifically
sound and effective care strategies to patients undergoing vascular
recanalization procedures. Implementing these strategies will
maximize the efficacy of this technology and improve patient recovery
and outcomes (28, 29).

The study still has certain limitations, including potential bias in
sample selection. Additionally, being a single-center clinical trial, it
highlights the need for further validation through multi-center clinical
studies. The relatively small sample size also highlights the necessity
of expanding it in future studies to enhance the credibility of the
results. The occurrence of five cases of surgical failure and 11 cases of
postoperative mortality within 3months further complicates the
assessment of the effectiveness of SIRP. Considering the distinct
pathophysiology, prognosis, and clinical characteristics of lacunar
stroke compared to other types of cerebral infarcts (30), future
research could beneficially explore the impact of SIRP on lacunar
versus non-lacunar ischemic strokes. Additionally, examining the
effects on other subtypes of ischemic strokes, such as atherothrombotic,
cardioembolic, unusual, and essential infarcts, could provide more
comprehensive insights.

In this study, we observed that the use of SIRP, compared to
conventional care approaches, resulted in significant improvements in
neurological function recovery, self-care abilities, complication rates,
length of hospital stays, quality of life, and overall postoperative
recovery in patients with ACI who underwent intravascular
stent implantation.
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Background: Enhancing speech-language therapy remains the most effective
strategy for improving post-stroke aphasia, However, conventional face-to-face
interventions often lack the necessary therapeutic intensity. In recent years,
mobile application-based speech-language therapy has emerged progressively,
offering new opportunities for independent rehabilitation among aphasic
patients. This review aims to evaluate the impact of mobile application-based
interventions on post-stroke aphasic.

Methods: By conducting a systematic search across five databases (PubMed,
Web of Science, EMBASE, CINAHL, and Scopus), we identified and included
studies that investigated the utilization of mobile application-based technologies
(such as computers, iPads, etc.) for treating post-stroke aphasia.

Results: This study included 15 research investigations, including 10 randomized
controlled trials (RCTs), four self-controlled studies and one cross-over
experimental design study. Among these, eight studies demonstrated the
efficacy of mobile application-based therapy in enhancing overall language
functionality for post-stroke aphasia patients, three studies highlighted its
potential for improving communication skills, three studies observed its positive
impact on spontaneous speech expression. Moreover, four studies indicated its
effectiveness in enhancing naming abilities, two studies underscored the positive
influence of mobile application-based interventions on the quality of life for
individuals with aphasia. Six studies noted that speech improvement effects were
maintained during the follow-up period.

Conclusion: The results of this review demonstrate the potential of mobile
application-based interventions for improving speech-language function in
individuals with aphasia. However, further high-quality research is needed to
establish their effects across different domains and to delve into the comparative
advantages of various treatment approaches.

Systematic review registration:
display_record.php?RecordID=405248

https://www.crd.york.ac.uk/prospero/

KEYWORDS

mobile application, aphasia, speech and language therapy, post-stroke, systematic
review
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1 Introduction

Aphasia arising post-stroke is an acquired communication
disorder characterized by impairment in linguistic abilities. It
stems from varying degrees of damage to the language center
of the brain (usually located in the left hemisphere), which
affects oral expression, reading ability, writing ability, language
comprehension, and even cognitive and computational functions
(1, 2).
may manifest symptoms of aphasia (3). Studies reveal that

After an initial ischemic stroke, ~30% of patients

during the year following a stroke, ~43% of individuals with
aphasia still confront ongoing communication challenges (4).
Aphasia significantly hinders daily life functioning, subsequently
reducing quality of life and potentially leading to issues such as
depression (5-8).

In recent years, an increasing number of studies have focused
on the use of mobile applications, such as computers and tablets, to
enhance the expressive language skills of individuals with aphasia
(9, 10). For example, Zhou et al. (11) found that a 14-day, 30-min-
a-day computer-based training session resulted in more significant
speech improvements compared to traditional treatments. Mobile
application-based therapy is gaining attention as a means of
remote delivery (12). One potential advantage of this treatment
modality is its potential for increased cost-effectiveness, reduced
therapist burden, and enhanced patient satisfaction and treatment
adherence (13).

Three systematic review studies have already explored the
impacts of various innovative technologies on aphasia, and their
consistent findings suggest that innovative technologies hold
promise in improving language functions among individuals with
aphasia (14-16). However, the systematic reviews conducted by
Lavoie et al. (14) and Russo et al. (16) focused only on the impact
of a specific technology on language performance in a particular
domain for people with aphasia and the literature included was
limited to studies conducted prior to 2017. Additionally, the review
by Repetto et al. covered literature from only three databases
(15). Hence, the objective of this present systematic review is
to comprehensively explore the impact of mobile application-
based speech-language therapy (SLT) on language functional
performance across multiple domains in individuals with aphasia.

2 Methods
2.1 Search strategy

This systematic review strictly follows the guidelines outlined
by the PRISMA framework. The systematic review has been
registered in the PROSPERO-International Prospective Register
of Systematic Reviews (CRD42023405248). The search timeframe
spans from the inception of databases to August 15, 2023. We
conducted searches in five major databases (PubMed, Web of
Science, EMBASE, CINAHL, and Scopus). To ensure search
accuracy, we employed PubMed MeSH terms including “stroke;”
“aphasia” and “computer” to identify relevant keywords for
retrieval. In the search process, Boolean operators were utilized to
combine these keywords, aiming to capture a comprehensive range
of literature (see Supplementary Table S1 for the search formula).
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2.2 Study selection

Inclusion criteria were determined according to the PICOS
principles (include participant, intervention, control group,
outcomes and study): (1) Study design: English language,
randomized controlled trial, self-controlled trial, and crossover
design trial; (2) Study participant: individuals >18 years of
age with stroke, confirmed by medical imaging diagnosis, and
diagnosed by speech-language pathologists according to the
diagnostic criteria of the Aphasia Scale (e.g., the Western Aphasia
Battery of Tests); (3) Intervention method: mobile application
technology, including, but not limited to, application interventions
on devices such as PCs, iPads, tablets, and cell phones. If
mobile application technology is used in combination with other
treatments, the control group needs to adopt the same method.
(4) Control group: the control group included no intervention
(waiting group), therapist intervention alone, or computer-based
pseudo-intervention; (5) The outcome measures include language
functioning outcomes such as overall language function (assessed
by the Overall Language Scale), functional communication skills
(assessed by the Functional Communication Scale), spontaneous
language functioning (assessed by picture description tasks, etc.),
and naming ability (assessed by the Naming Scale). In addition,
attention will also be paid to outcomes such as quality of life related
to aphasia.

2.3 Literature screening procedures

Literature screened in the database will be imported into
EndNote software. Two researchers will screen the titles and
abstracts of the literature based on predetermined inclusion criteria.
During the screening process, if disagreement arises between the
two researchers, a third researcher will be asked to participate
in order to jointly decide whether to include or exclude the
literature. After the initial screening, the full-text screening stage
was carried out. During the full-text screening process, evaluations
are also made based on pre-set criteria. After the screening is
complete, a reference search will be performed for the included
literature to manually search for relevant literature that may meet
the requirements.

2.4 Data extraction

The researchers will create data extraction tables to record the
information from each included study, which will be populated
into Tables 1, 2. Extracted details will include author, publication
year, study type, sample size, type of aphasia, age, gender, duration
of condition, intervention setting, severity of aphasia, intervention
method, frequency and duration of intervention, description of
control group, outcome measures, and results. Two researchers
will carry out the data extraction process, and in case of any
discrepancies, the opinion of a third researcher will be sought.
Given the significant variations in intervention content, outcome
assessment, and study designs across different studies, conducting
a meta-analysis would not be appropriate.
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etal. (17) 17 CG: CG624+99 CG38.1 £32(m) Anomic:10 1G: 61.62 + therapy 30min/day,5 workbooks WAB-R-LQ;
15 Conduction:6 24.28 days a week for WAB-R-CQ;
Wernicke’s:4 CG: 66.02 £ 10 weeks SAQOL-39.
Transcortical 19.08
Motor:2
Cherney 251G: 11 1G 56.6 £9.2 36% 1G66.7 £71.5 NA WAB-AQ Not clear Computer- 1 h/session, Waitlist NA WAB; 6
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aphasia(10%)
Palmer 331G: 1G 69.5 £ 12.2 36.4% 1G 6.2 (y) Fluent: 6 Non Mild: 20 Home Computer at least 20 min Usual care 3month | The change in 5
etal. (21) 16 CG: CG66.2+12.3 CG 6.6 (y) fluent: 25 Global: Moderate: 9 word finding 3 days a week word retrieval
17 2 Severe: 4 training for 5 months ability
(Continued)
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Palmer 169 1G 64.9 +13.0 39% 1G2.9+2.9 (m) Non-fluent: 61 Severity of Home Computer 20- Paper- 6month Picture
etal. (22) 1G: 83 CG63.8+13.1 CG 3.6 + 4.8 (m) Fluent: 10 word finding word finding 30min/session, | based naming test of
CG: 71 Mixed difficulty training 7 sessions a puzzle book 100 personally
non-fluent: 31 Mild: 44% combined with week for 6 activities relevant
Anomic: 52 Moderate: 30% usual care month and usual words;

Severe: 26% care functional
communication
ability;

COAST

Spaccavento 22 1G 57.38 £9.23 27% 1G 25.92 +25.99 Global: 9 Severe Clinic Computer- 50min/session, | Traditional NA AAT:
etal. (23) 1G: 13 CG 64.11 £ 15.04 (d) Broca: 8 Aphasia: 12 based 5 days a week therapist- FOQ-A:

CG:9 CG 20 £ 10.66 Wernicke’s: 1 Moderate therapy for 8 weeks mediated QLQA

(d) Transcortical Aphasia: 10 treatment
sensory: 2
Anomic: 2

Doesborgh | 18 1G62+9 50% >11 (m) NA NA Clinic Computer- 30-40min a No NA BNT;
etal. (24) 1G: 8 CG 65+ 12 based session, 2-3 treatment ANELT-A

CG: 10 therapy sessions a week

for 8 weeks
Katz and 40 1G61.6 =10 20% 1G6.2+5.2(y) NA WAB-AQ clinic Reading 3 hours a Computer NA PICA;
Wertz 1G: 21 CG644+6 CG5.4+46(y) 1G:68.9 £+ 24.3 Treatment week, for 26 stimulation WAB-AQ
(25) CG: 19 CG:72.2 + Software weeks
24.8

Cherney 32 1G 58.27 £ 18.55 40.6% IG 39.75 + 40.76 Fluent: 18 WAB-AQ Home Computer- 90 minutes a Computer 6 weeks WAB-LQ
etal. (26) 1G: 19 CG55.19 £ 11.46 (m) Non-fluent:14 1G:59.21 + based day, six days a game,

CG: 13 CG 60.97 £ 30.19 18.07 treatment week for six Bejeweled

(m) CG:62.76 £ weeks 20
16.81

ey buelp

IG Intervention group; CG Control group; m, months; d, days; y, years; WAB, Western Aphasia Battery; R, Revised; AQ, Aphasia Quotient; CQ, Cortical Quotients; LQ, Language Quotients; SAQOL, Stroke and Aphasia Quality of Life Scale; CIU, correct information
units; BADE, Boston Diagnostic Aphasia Examination; COAST, Communication Outcomes After Stroke questionnaire; AAT, Aachener Aphasia Test; FOQ-A, Italian Version of Functional Outcome Questionnaire for Aphasia; QLQA, Quality of Life Questionnaire
for Aphasics; BNT, Boston Naming Test; ANELT-A, Amsterdam Nijmegen Everyday Language Test; PICA, The Porch Index of Communicative Ability; CETI, Communicative Effectiveness Index; ASHA-FACS, Functional Assessment of Communication Skills for
Adults; CAT, Comprehensive Aphasia Test; CTPD, Cookie Theft Picture Description.
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Archibald Self-controlled 8 71+£11.1 25% 48.3 +53.27 Broca’s:2 WAB-AQ Home/clinic Computer- At least NA NA WAB; CETL;
etal. (27) study (m) Anomic:3 60.29 + 33.37 based 1 hour/week, ASHA-FACS
Conduction:2 therapy 15 weeks
Global:1
Choi Self-controlled 8 50.75+ 8.3 50% 29.8 £ 25 (m) Broca’s:2 K-WAB-AQ Home Ipad-based The number of | NA One K-WAB-AQ
etal. (28) study Wernicke’s:3 49.6 £+ 26.38 therapy treatments is month
mixed not clear, 4
transcortical:1 weeks
anomic:1
Global:1
Zettin Self-controlled 7 46 £ 7.7 57% 49.7 +35.7 Non fluent: 7 WAB-AQ Home/clinic Computer- 90 min per NA NA WAB; BNT;
etal. (29) study (m) 42.1 +16.1 based day, 5days a picture
therapy week for description task
6weeks.
Kurland Self-controlled 21 66 + 8.4 38% 29.3+37.1 NA Mild:8 Home Tablet-Based At least NA 4 Percent accuracy
et al. (30) study (m) Moderate:9 Home Practice 20 min, months on naming.
Severe:4 5-6 days per
week, for 6
months
Stark and Cross-over 7 63.6 +13.88 37.5% 36.2 £+ 25 (m) NA NA Home Self-delivered 20 min a Computer 6 CAT; content
Warburton | study iPad speech session, game, month unit
(31) therapy 7 days per Bejeweled© production
week, for 4 and rate of
weeks speech on
the CTPD.

IG, Intervention group; CG, Control group; m, months; d, days; y, years; WAB, Western Aphasia Battery; R, Revised; AQ, Aphasia Quotient; CQ, Cortical Quotients; LQ, Language Quotients; SAQOL, Stroke and Aphasia Quality of Life Scale; CIU, correct information
units; BADE, Boston Diagnostic Aphasia Examination; COAST, Communication Outcomes After Stroke questionnaire; AAT, Aachener Aphasia Test; FOQ-A, Italian Version of Functional Outcome Questionnaire for Aphasia; QLQA, Quality of Life Questionnaire
for Aphasics; BNT, Boston Naming Test; ANELT-A, Amsterdam Nijmegen Everyday Language Test; PICA, The Porch Index of Communicative Ability; CETI, Communicative Effectiveness Index; ASHA-FACS, Functional Assessment of Communication Skills for

Adults; CAT, Comprehensive Aphasia Test; CTPD, Cookie Theft Picture Description.
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2.5 Quality assessment

The Cochrane bias risk tool will be employed to analyze the risk
of bias in the included randomized controlled trials (See content 1
in the Additional file for detailed judging details) (32). Evaluation of
Six Bias Domains: Selection bias, Performance bias, Detection bias,
Attrition bias, Reporting bias, and Other potential sources of bias.
If <1 domain is assessed as high risk (-), the study is considered
as low risk. If one or two domains are assessed as high risk (-) or
unclear (?), the study is considered as medium risk. If more than
two domains are assessed as high risk (-) or unclear (?), the study is
considered as high risk (33). The quality of the included literature
strictly followed the PEDro scale, which consists of 11 entries out of
10 points. Studies with a total score of >7 points will be classified as
high quality, those with scores between 5 and 6 points as moderate
quality, and those with scores <4 points as low quality. Assessment
of Quasi-Experimental Studies Using the TREND (Transparent
Reporting of Evaluations with Non-randomized Designs) Checklist
(34, 35). This checklist comprises 22 items assessing the quality of
titles and abstracts, introduction, methods, results, and discussion
sections across five domains. The assessment will be carried out by
two reviewers, and if consensus cannot be reached between them, a
third reviewer will make the final decision.

3 Results
3.1 Study selection

After the initial search, a total of 1,391 documents were
obtained. Through manual searching of the reference lists of
the included literature, two additional papers were additionally
identified. Subsequently, a full-text review of this literature was
conducted, and a total of 89 studies met the review criteria.
Ultimately, 10 randomized controlled trials, four self-controlled
trail and one cross-over trial design study met the inclusion criteria
for this study. The flow chart for literature screening is shown in
Figure 1.

3.2 Quality of the studies

Ten randomized controlled trial studies were assessed for risk
of bias and evaluated qualitatively. The results of the risk of bias
analysis indicated that five studies performed random sequence
generation, three studies described a hidden random allocation
scheme, no studies blinded subjects and trial personnel due to the
specificity of the trial intervention, six studies reported blinding
the outcome assessor, and four studies demonstrated a low risk
of attrition bias. Comparing the methodology of each study, only
four studies had low reporting bias. Figures 2 and 3 depict total
risk of bias plots for all randomized controlled trials, with one
study at low risk and the remaining nine studies judged to be
at high risk. By qualitative evaluation, three studies were of high
quality, six studies were of moderate quality, and one study was of
poor quality (details see Supplementary Table S2). Determining the
quality of quasi-experimental studies is challenging, as evidenced
by significant score disparities obtained using the TREND checKklist.
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Evaluation using the TREND checklist revealed that included
quasi-experimental studies performed well in aspects such as Title
and Abstract (all studies met criteria), Background (all met criteria),
Participants (eligibility criteria for participants), Intervention, Unit
of Assignment, and Unit of Analysis. However, they showed
poor performance in reporting results (patient registration and
screening reports, adverse events, data analysis, follow-up, etc.) and
discussion (see Supplementary Table S3).

3.3 Study characteristics

The characteristics of the 10 included randomized controlled
studies are listed in Table 1. The sample size ranged from 18 to 169
individuals and covered a total of 441 subjects. The experimental
group containing 224 subjects and the control group containing
217 subjects. In addition, 34.27% of the subjects were female, while
the mean duration of stroke varied between 25 days and 6 years.
The daily duration of the intervention varied between 20 min and
2h, the intervention period varied from 4 weeks to 6 months,
and the follow-up period was from 2 weeks to 6 months. Table 2
gives the characteristics of the four self-controlled studies and one
cross-over experimental design study.

3.4 Characteristics of intervention
component

3.4.1 Single-component interventions

Eight studies used a single component of program intervention,
focusing on 1-2 aspects of language. Of these, 3 studies used
a method in which a person with aphasia watched an in-
computer speech therapist read sentences and follow along (18,
26, 29). Four studies used interventions that targeted naming
functions (21, 22, 24, 30). For example, Palmer et al. (22)
designed a computer program containing 100 words related
to the subject and had participants perform word-finding
training. One other study focused on intervention methods in
reading (25).

3.4.2 Multi-component interventions

Seven studies used therapeutic procedures oriented toward
multiple aspects of language (17, 19, 20, 23, 27, 28, 31).
These treatments include auditory comprehension, reading
comprehension, repetition, naming, and writing et al. These
treatments address various aspects of language comprehension,
naming, repetition, and spontaneous language.

3.5 General overview of technology

These studies primarily employed two types of technology:
computers (in a total of 11 studies) and tablet devices (in
a total of four studies). Compared to traditional face-to-
face therapist-led interventions, computer and tablet-based
offer

interventions the advantage of structured difficulty
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PRISMA flow chart.
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FIGURE 2
Risk of bias graph.

progression and the ability to adjust difficulty levels based on
participants’ training performance. In this regard, 8 studies
provided detailed descriptions of the difficulty levels within
their treatment programs. Furthermore, computer- and tablet-
based therapy programs typically provide only a single type
of feedback. In this regard, only six studies have reported
how computers provide feedback on the training performance
of patients with aphasia, usually by providing feedback on
how well the patient answered questions correctly. A detailed
description of the content of the intervention can be found in the
Supplementary Table S5.
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3.6 Effects of interventions

3.6.1 Overall language function

A total of 10 studies assessed the effect of intervention
components on overall speech function improvement.
Measurement tools used included the WAB, the AAT, and
the BADE. Detailed results of the included literature (see
Supplementary Table S4).

Eight of these 10 studies found that mobile application-
based intervention content was effective in improving the overall
speech performance of individuals with aphasia. The intervention
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FIGURE 3
Risk of bias summary. + indicates low risk, - indicates high risk, ?
indicates unclear risk of bias.

methods used in these studies varied, with four of the studies
utilizing a multi-component intervention approach. Additionally,
four studies used a single-component intervention. Among these
four studies, three studies utilized computer-based therapy with the
imitation of a language therapist for reading tasks (18, 26, 29). One
study used a reading function-specific approach (25). Of these eight
studies, two found that the mobile application-based treatment
was superior to the control group, with improvements in post-
intervention language performance showing significant differences
between groups. Katz and Wertz (25) reported a significant increase
in WAB-AQ scores (p < 0.008) for computer-based reading
software training compared to an active control group (computer
stimulation). Braley et al. (17) found a significant improvement
in WAB-R-AQ scores (p < 0.05) for 10 weeks of iPad-based SLT
compared to home practice booklet training. Among these eight

Frontiersin Neurology

136

10.3389/fneur.2024.1405209

studies, four studies observed significant differences in overall
language performance within the experimental group before and
after treatment. However, no significant differences were observed
when comparing between the experimental and control groups.

Of these 10 studies, two found that the intervention component
of the experimental group failed to significantly improve language
performance in aphasic patients. In one of these studies, although
a significant difference between groups was found, the control
group (using a traditional therapist intervention) showed a more
significant improvement.

3.6.2 Functional communication skills

Five studies assessed the impact of mobile application-
based intervention methods on functional communication skills.
The assessment instruments used were highly variable and
included The Functional Assessment of Communication Skills
for Adults, functional communication ability (using the activity
scale of the Therapy Outcome Measures), Functional Outcome
Questionnaire for Aphasia (FOQ-A), The Porch Index of
Communicative Ability(PICA), Amsterdam Nijmegen Everyday
Language Test (ANELT).

Of the five studies, two noted that functional communication
skills improved after the intervention but were not significantly
different from the control group, one used a blank control and the
intervention was a single-content intervention (naming training),
and one used a negative control and the intervention used was a
multi-component intervention.

One study found that the experimental group’s communication
skills improved significantly after the intervention, with a
significant difference between the groups (25). The two studies
found no significant improvement in the experimental group’s
communication skills after the intervention, which used a
multi-component intervention approach and a single-component
intervention (word find).

3.6.3 Spontaneous language

Three studies evaluated the impact of a mobile application-
based intervention approach on spontaneous language production
ability. In terms of evaluation, all of these studies used methods
that described pictures and counted the number and frequency
of words produced. Two of the studies used a non-randomized
controlled study design and showed a significant increase in the
number and frequency of words produced by people with aphasia
after the intervention (29, 31). One other study used a randomized
controlled trial design and found an increase in the number and
frequency of words produced in the computer-based intervention
group compared to the wait-for-treatment group, but there was no
significant difference between the two groups (18).

3.6.4 Naming ability

Five studies evaluated the effects of mobile application-based
interventions on naming ability. Four studies found significant
improvements in naming ability in individuals with aphasia
following mobile application-based interventions. Two of these
studies found significant differences in naming ability between
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groups using a single-component intervention method (word
finding training). Two self-controlled studies found significant
improvements in naming ability after the intervention. One RCT
found no significant differences in naming ability between the
experimental group and a blank control group after computer-
based cued naming training.

3.6.5 Quality of life

Three studies assessed the impact of mobile application-based
interventions on quality of life. Two studies noted significant
improvements in quality of life after the intervention, but there
were no significant differences between groups compared to the
control group, and one study found no significant improvement in
quality of life after the intervention.

3.6.6 Maintaining the effect

Eight studies explored the effects of mobile application-based
interventions on the maintenance of efficacy, with two self-
controlled studies and one crossover pilot study reporting the
ability to maintain improvements in WAB-AQ (p=0.206), naming
ability, and expressive ability in spontaneous speech in patients
with aphasia after the time of follow-up (1, 4, and 6 months,
respectively) (28, 30, 31). Three randomized controlled studies have
found that WAB, naming ability in patients with aphasia was found
to maintain its improvement at 6 weeks, 3 months, and 6 months
of follow-up (21, 22, 26).

4 Discussions

Interventions based on mobile applications have gained
increasing popularity for individuals with aphasia, primarily
utilizing computers and tablets. These electronic devices have
become integral to people’s lives and have also brought convenience
to rehabilitation therapy. Among the studies included, 66% allowed
aphasic patients to use software for training at home, while
therapist involvement during clinic-based training was primarily
focused on addressing technical issues rather than guiding the
therapy process. This underscores the potential for individuals with
aphasia to engage in speech-language therapy either independently
or with minimal assistance. A systematic review of 10 randomized
controlled trials, four pre-post controlled studies, and one
crossover trial indicates a high risk of bias. Heterogeneity of
applications, varied outcome measures, differing intervention
intensities, variations in aphasia onset times and severity, result
in diverse study outcomes. This makes it challenging to assess
and conduct meta-analyses across studies (36). Most of the studies
had selection bias, all randomized controlled trials used random
allocation, while five of them did not specify the exact method of
randomization (18, 20, 23, 25, 26), leading to uncertain risks, and
70% of studies did not conceal allocation. There were no studies
describing blinding of subjects, thus introducing performance bias.
Monitoring bias had a better performance with 8 studies reporting
assessor blinding, but 2 did not describe blinding procedures
(18, 25). The five non-randomized controlled studies showed
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significant bias, lacking random allocation (27-31). Furthermore,
according to the TREND report, none of the 5 studies described
blinding. Thus, overall high bias across all studies is unfavorable
for determining the effectiveness of mobile application-based
speech-language therapy. However, overall, mobile application-
based SLT holds significant promise and potential for improving
the performance of individuals with aphasia.

The results of the study revealed that eight studies indicated the
effectiveness of mobile application-based speech-language therapy
(SLT) in improving the overall language functioning of individuals
with aphasia. Of these, four studies showed no significant difference
in improvement between the intervention and control groups.
Mobile application-based therapy shows promise in enhancing
language function; however, it is uncertain whether it is superior
to the effects of traditional therapy. There were inconsistent
results from five studies regarding whether mobile application-
based therapy could produce transferable effects in terms of
communicative and expressive language skills.

Four of the 10 RCTs compared mobile application-based
speech-language therapy with Speech therapist (ST)-mediated
therapy (19-21, 23). These studies aimed to explore whether
computer-based interventions were comparable or potentially
superior to face-to-face ST interventions. Among these, 3 studies
found that computer-based interventions had outcomes for aphasic
patients that were either better than or non-inferior to those of
ST-mediated treatment. However, a study by Kesav et al. (20)
reported that a regimen of three sessions per week for 60 min of ST
treatment was more effective than a schedule of three sessions per
week for 120 min of computer-based treatment. This discrepancy
could potentially be attributed to the relative unfamiliarity of
the included aphasic patients with computer programs (20). The
study by Kesav et al. (20) did not provide detailed descriptions
of the feedback mechanisms and patient compliance related to
computer-based treatment. Personalized therapy and feedback are
crucial factors for enhancing treatment efficacy (37). However,
in our study, only 40% of the reports mentioned the feedback
methods used in mobile application-based interventions, and these
feedback mechanisms typically displayed errors made by patients
during training. This type of feedback is relatively limited compared
to the feedback provided by ST. Future research could explore
whether more diverse feedback methods might have an impact on
treatment outcomes.

Treatments that can be delivered at home can reduce the
financial burden on patients and provide a higher intensity of
treatment. Several studies have emphasized the need for intensive
treatment programs for aphasia (38, 39). According to a network
meta-analysis, the greatest gains in overall language proficiency
were associated with >20h of SLT (40). Breitenstein et al. observed
that engaging in >10h of intensive speech-language therapy per
week for 3 weeks effectively improved communication skills in
patients with chronic aphasia (41). Clearly, delivering therapy
through mobile applications enables patients to achieve higher
treatment intensity while participating in independent treatment.
However, among the studies we included, only one managed to
reach a treatment intensity of >10h per week. Cherney et al.
(26) founded that engaging in computer-based language imitation
therapy six times per week, with each session lasting 90 min,
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effectively enhanced the overall language abilities of the patients.
However, the training effects did not show significant differences
when compared to the control group. This could potentially be
attributed to the fact that the control group utilized computer
games designed for memory and attention training. Training
focused on cognitive functions might also lead to improvements in
language abilities among individuals with aphasia (42). Therefore,
it remains uncertain whether intensive, application-based SLT
effectively enhances language function in individuals with aphasia.
Additionally, application-based interventions offer a cost-effective
supplemental approach that can address the limitations of high-
intensity, in-clinic speech therapy for individuals who face
challenges in accessing such treatment (43).

From the studies we included, the interventions can be
divided into two main types: single-component interventions and
multi-component interventions. Single-component interventions
primarily focus on naming abilities. For instance, Palmer
et al. (22) found that computer-based word retrieval training
effectively improved naming abilities in individuals with aphasia,
but did not significantly enhance their communicative skills.
This might be attributed to the narrow focus of the training
content. In contrast, Spaccavento et al. (23) employed a
computer-based multi-component intervention, which resulted
in significant improvements in the communicative abilities of
aphasic patients post-treatment. However, as there have been
no studies directly comparing the effectiveness of these two
types of interventions, we cannot conclude whether there is a
difference in the improvement effects between single-component
and multi-component interventions. Additionally, the extent to
which training effects can transfer to other functional aspects
requires further investigation. Similar to findings in studies related
to post-stroke motor function, where motor training improved
motor skills but had limited effects on overall quality of life
and daily functioning, it remains important to determine the
potential for transfer effects in aphasia interventions (44, 45).
In conclusion, further research is needed to delve into the
differences in improvement effects between single-component and
multi-component interventions, in order to better inform the
application of mobile application-based speech-language therapy in
clinical practice.

5 Limitation

The sample sizes of the included studies were generally small,
ranging from 7 to 169 individuals, with ~66% of the studies having
a sample size of <30 individuals. This small sample size may be
related to the difficulty of recruiting people with aphasia. However,
smaller sample sizes may affect the assessment of treatment effects.
In addition, there was variability in the duration of post-stroke in
aphasia patients in the included studies, with ~73% of the studies
including patients with chronic aphasia, so there is uncertainty
about the benefit of treatment for patients with different stages
of aphasia. Another challenge was the wide variation in the
intervention components used in the included studies, which
made it difficult to compare and synthesize the findings. Finally,
only eight studies explored the effect of mobile application-based
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intervention methods on the maintenance of efficacy, with follow-
up times ranging from 2 weeks to 6 months, with an average of
approximately 12 weeks. However, this follow-up period may be
too short to effectively assess whether intervention approaches are
able to maintain language functioning in people with aphasia over
an extended period of time.

6 Recommendations for research

With regard to the many shortcomings and deficiencies of
CSLT research, based on these studies, future researchers can
develop a more rigorous and standardized procedure to validate
the significance of CSLT beyond traditional face-to-face speech
therapy. In this procedure, several aspects need consideration:
the types and severity of aphasia; the optimal treatment stages
of aphasia; maintenance therapy in chronic phases; the best
monitoring of naming, perception, communication performance,
social participation, and wellbeing; the definition of appropriate
control groups; the efficacy and maintenance of intensified therapy;
and the management of patient attention and feedback control
interference. It is worth noting that the cost-effectiveness of CSLT
is not publicly available and requires separate investigation.

7 Conclusion

The findings of this systematic review suggest that mobile
application-based interventions for aphasia hold promise in
improving overall language function. However, uncertainties
remain regarding the improvement in functional communication
abilities and whether gains in naming abilities can transfer to
untrained objects. The efficacy of single-component interventions
cannot be directly compared to multi-component interventions.
Nonetheless, overall, mobile application-based interventions
show positive prospects for enhancing speech-language function
in aphasia.
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Background: The rehabilitation of central post-stroke pain (CPSP) is a complex
clinical challenge, and repetitive transcranial magnetic stimulation (rTMS) has
been widely applied in the research of neurofunctional recovery following stroke.
However, there is currently no reliable evidence-based medicine supporting the
efficacy of rTMS in central post-stroke pain. This review aims to evaluate the
effects of rTMS on central post-stroke pain.

Methods: Following the PRISMA guidelines, we conducted searches on
PubMed, Cochrane Library, Embase, Web of Science, CNKI, and Wan Fang
Data Knowledge Service Platform. We searched for randomized controlled trials
(RCTs) investigating the use of rTMS in treating central post-stroke pain, and
conducted screening based on inclusion and exclusion criteria. Characteristics
of the included RCTs were extracted. The heterogeneity of the trials was assessed
using the 2 statistic. Meta-analysis was performed using Stata 17 software. Bias
risk and methodological quality were evaluated using the Cochrane RoB 2 tool
and the Pedro scale.

Results: A total of six randomized controlled trials involving 288 patients met
our inclusion criteria. In our analysis, rTMS was more effective in treating patients
with CPSP compared to the placebo group (SMD=-1.15, 95% CI: —1.69, —0.61,
P < 0.001). Furthermore, results from subgroup analysis indicated no statistically
significant difference in the improvement of pain for durations exceeding 6
months when comparing rTMS to conventional treatment (SMD=-0.80, 95% ClI:
—1.63,0.03, P =0.059).

Conclusion: TMS can alleviate pain in CPSP patients and improve their
motor function, but its effects on depression, anxiety, and MEP-latency are
not significant.

Systematic review registration:
CRD42024497530.

https://www.crd.york.ac.uk/prospero/,

KEYWORDS

central pain, central post-stroke pain, repetitive transcranial magnetic stimulation,
meta, meta-analysis, systematic reviews
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1 Introduction

Stroke is one of the diseases with high global incidence,
disability rates, and mortality rates (Zhang et al., 2020). Despite
comprehensive rehabilitation treatments, most stroke patients
experience varying degrees of recovery in motor and sensory
functions. However, some patients still suffer from persistent pain
on the affected side of the body after a stroke. This pain, occurring
after a stroke and associated with the damaged area while excluding
other causes, is referred to as CPSP (Radiansyah and Hadi, 2023).
Although the onset time of CPSP may be related to the severity and
progression of the condition, more than half of the cases manifest
within the initial months following a stroke (Klit et al., 2009; Osama
et al., 2018; Vukojevic et al, 2018). The incidence rate ranges
from 1% to 35% (Dub and Mercier, 2011; Hansen et al., 2012).
Many patients may experience various forms of pain concurrently
with sensory abnormalities, such as searing, pressing, pulsating, or
freezing sensations, numbness, and decreased sensation (Kumar,
2009; Klit et al,, 2011). CPSP significantly impacts the sleep,
emotions, and overall quality of life for stroke patients, hindering
the implementation of effective rehabilitation treatments. The
pathogenesis of CPSP is not fully understood, and its treatment
remains challenging. Currently, the primary approach involves
medications for neuropathic pain. Existing evidence suggests that
even with the use of high-dose medications, pain relief is often
difficult to achieve for the majority of CPSP patients (Scuteri et al.,
2020; Singh et al.,, 2020; Choi et al., 2021; Mohanan et al., 2023).
Additionally, these medications are associated with various side
effects (Banerjee et al., 2013; Kim, 2014) and may lead to drug
dependence (Kumar and Soni, 2009).

r'TMS provides a non-invasive, painless method for studying
and treating neuropathic pain states (Lefaucheur, 2016). By
applying a magnetic field to the cerebral cortex, it induces
electric currents, influencing neural electrical activity. This, in turn,
regulates cerebral blood flow and neurotransmitter expression to
alleviate pain. Currently, it is recommended by relevant treatment
guidelines for various pain conditions (Winstein et al., 2016;
Lefaucheur et al.,, 2020). In addition to its impact on the target
area, the synaptic effects produced by rTMS contribute to its
distal therapeutic effects (Hallett et al., 2017), but there is no
uniform standard for therapeutic parameters in the treatment
of CPSP using rTMS. Diverse treatment parameters, including
stimulation frequency, target site, and duration of therapy, yield
varying analgesic effects. Traditionally, low-frequency (LF) rTMS,
defined as stimulation below 1Hz, has been shown to reduce
cortical excitability, whereas high-frequency (HF) rTMS, with
frequencies above 1Hz, exerts the opposite effect (Cruccu et al.,
2007; Bai et al., 2022). Previous studies investigating the analgesic
effects of rTMS on PSP have discovered that HF-rTMS (5-20 Hz)
can effectively alleviate PSP-related pain (Pazzaglia et al., 2018).
Compared to single and short-term interventions, multiple sessions
and longer durations of intervention have been found to produce
superior analgesic outcomes (Hosomi et al., 2013; Ramger et al,,
2019).

The meta-analytic review conducted by McDonnell and Stinear
(2017) indicated that, in stroke patients, the M1 of the non-
affected hemisphere did not exhibit heightened activation during

Frontiersin Neuroscience

10.3389/fnins.2024.1367649

both active muscle contraction and rest, as evidenced by the
absence of significant disparities in the parameters of aMT
(active motor threshold), rMT (resting motor threshold), and
MEPs (motor evoked potentials) when compared to those of
healthy controls. This finding suggests that directly enhancing
the excitability of the affected M1 may confer greater therapeutic
benefits than indirectly suppressing the excitability of the
unaffected M1 in facilitating motor recovery following stroke.
Numerous previous studies have also discovered that LF-rTMS
and continuous theta-burst stimulation (¢TBS) not only suppress
the amplitude of MEPs in the stimulated M1, but also enhance
the MEP amplitude in the non-stimulated M1 (Di Lazzaro et al.,
2011; Boddington and Reynolds, 2017). The increased cortical
excitability within the unstimulated M1 may be associated with an
elevated intrinsic excitability of excitatory interneurons responsible
for glutamatergic non-NMDA receptor activity (Heide et al,
2006).

In studies utilizing a rat model of thalamic pain, it has been
observed that neuronal structural damage occurs in the lesion area
following cerebral hemorrhage or infarction, leading to increased
neural excitability. Such alterations may precipitate a range of
clinical manifestations, including limb pain and motor functional
impairments (An et al., 2019). Other animal experiments have
also demonstrated that CPSP reduces the functional connectivity
between the VPL and S1/S2 (primary and secondary somatosensory
cortices), responsible for perceiving pain location, intensity, and
duration, while enhancing connectivity between the thalamus
(involved in attention, cognitive abilities) and amygdala (associated
with emotional aspects of pain assessment) (Sweet et al.,, 1971),
rTMS can alleviate this abnormal connectivity (Gruart and
Delgado-Garcia, 1994).

In recent years, some reviews have summarized the impact
of r'TMS on pain (Pan et al., 2022; Cheng et al., 2023; Mohanan
et al., 2023; Radiansyah and Hadi, 2023), suggesting that rTMS
may have a beneficial effect in alleviating pain. However, some
reviews primarily focus on exploring the mechanisms and
concentrate on conditions such as fibromyalgia, postherpetic
neuralgia, malignant neuropathic pain. There is limited analysis
in these reviews regarding the clinical evidence of rTMS in
treating CPSP. The effectiveness of rTMS for CPSP has not
yet received sufficient support from evidence-based medicine.
Therefore, to establish the relationship between rTMS and
the relief of CPSP, we conducted a systematic review and
meta-analysis of published randomized controlled trials. This
meta-analysis aims to provide the latest evidence for the
use of transcranial magnetic stimulation in the treatment
of CPSP.

2 Methods

This study has been registered in PROSPERO with
registration number CRD42023480458. Simultaneously, we
the PRISMA (Preferred Reporting Items
and Meta-analyses)

will adhere to

for Systematic Reviews guidelines

to conduct and report the current systematic review

and meta-analysis.
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2.1 Eligibility criteria

2.1.1 Study inclusion criteria
Participants: Individuals with a confirmed first-time stroke,
whether ischemic or hemorrhagic, as verified by computed
tomography (CT) or magnetic resonance imaging (MRI).
Confirmed CPSP Diagnosis: Participants
confirmed diagnosis of CPSP (Hansen et al.,, 2012; Scholz et al,,
2019), exhibiting persistent or intermittent pain characterized by

must have a

sensations of burning, throbbing, compression, or freezing (Klit
et al., 2009).

Exclusion of Other with  CPSP
excluding cases attributed to other diseases causing central

Causes:  Participants

neuropathic pain.
Intervention: Subjects undergoing rTMS as an intervention.

Comparison: ~ The control  group  should receive
either sham stimulation or conventional rehabilitation
treatment. The specific interventions in the conventional

rehabilitation treatment must be consistent with those in the
intervention group.

Study Design: Randomized controlled trials with a crossover or
parallel design.

2.1.2 Exclusion criteria

Reviews, conference papers, animal studies, retrospective
studies, case-control studies, and self-controlled studies will be
excluded. Randomized controlled trials that do not report pain
score-related outcomes will also be excluded.

2.2 Search strategy

We conducted searches in PubMed, Embase, Cochrane
Web  of (WOS),
Infrastructure (CNKI),
Knowledge Service Platform for relevant studies published
30, 2023. Additionally,
included studies and reviews
identify  additional Detailed
search strategies and exclusion criteria can be found in

Library, Science Chinese  National

Knowledge and Wan Fang Data

until December manual searches

of references in relevant

were performed to trials.

Supplementary material.

2.3 Study selection

The search records obtained through the search strategy
were imported into Endnote 21 to remove duplicate records.
The first screening was conducted by reviewing titles and

abstracts, followed by a full-text reading to determine
the final inclusion of studies. Two reviewers (YL and
QH) independently conducted the literature search and

screening process. Any discrepancies between the two
reviewers were resolved through discussion. If a consensus
could not be reached, a third reviewer (FYZ) made the

final decision.
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2.4 Data extraction

Two reviewers independently conducted data extraction
using a predefined standardized form. Extracted information
included author and publication year, stroke onset time,
sample size, participant demographics (age and gender),
intervention details, relevant parameters, outcome indicators,
and more. In cases where the original research data
could not be obtained from the article, the corresponding
author of the original study was contacted for the required
information. After independent extraction, cross-checking was
performed, and any discrepancies were resolved by the third

reviewer (FYZ).

2.5 Assessment of risk of bias

The Cochrane RoB 2 tool was employed to assess the risk
of bias in the included studies. The assessment covered five
aspects of the study’s overall risk of bias: randomization process,
deviations from intended interventions, missing outcome data,
measurement of the outcome, and selection of the reported result.
For each randomized controlled trial (RCT), two reviewers (YL
and QH) independently assessed each involved item as high risk,
some concerns, or low risk. Discrepancies were resolved through
verification. Additionally, the methodological quality was assessed
using the Pedro scale. Any disagreements were consulted with a
third reviewer (FYZ).

2.6 Outcome indicators

Primary outcome measures include Visual Analog Scale
(VAS) or Numeric Rating Scale (NRS). Secondary outcome
measures encompass McGill Pain Questionnaire (MPQ),
Hamilton Rating Scale for Depression (HADM), Hamilton
Anxiety Scale (HAMA), Motor Evoked Potential Latency
(MEP-latency), and Fugl-Meyer
Extremity (FMA-UE).

Assessment  for  Upper

2.7 Data synthesis and statistical analysis

Statistical analysis was performed using Stata 17 software.
Continuous data were expressed as standardized mean difference
(SMD) with a 95% confidence interval (CI). In cases of substantial
heterogeneity (I* > 50% or P < 0.05), a random-effects model
was applied, and subgroup analyses were conducted to explore
the sources of heterogeneity. Otherwise, a fixed-effects model
was used. If 1> > 75%, indicating “considerable heterogeneity,”
sensitivity analysis was performed to assess result stability. A
significance level of P < 0.05 was considered statistically significant
for all analyses.

When multiple outcome measures were used in a study, the
primary outcome measure reported in the article was prioritized
for analysis.
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FIGURE 1

The screening flowchart.

3 Result

3.1 Results on literature search and
selection

We retrieved a total of 803 relevant articles from six databases,
and after removing duplicates (143 articles), we evaluated them
through title, abstract, and full-text reading. Finally, six eligible
studies were included. A detailed flowchart is provided in
Figure 1.

3.2 Characteristics of included study

This study included a total of six RCTs, comprising two
English-language papers (De Oliveira et al,, 2014; Zhao C.-G.
et al,, 2021) and four Chinese-language papers (Sun et al., 2019;
Chen et al,, 2020; Zhao Y. Y. et al, 2021; Jiang et al.,, 2022).
The studies were published between 2014 and 2022, involving
a total of 288 participants. Among them, 144 patients received
r'TMS combined with conventional rehabilitation training, while
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the remaining 144 patients underwent conventional rehabilitation
training or sham stimulation. In the five studies (De Oliveira
et al., 2014; Sun et al., 2019; Chen et al., 2020; Zhao C.-G. et al.,
2021; Jiang et al, 2022) using sham stimulation combined with
conventional rehabilitation training, four studies (De Oliveira et al.,
2014; Sun et al., 2019; Zhao C.-G. et al., 2021; Jiang et al., 2022)
employed a sham coil with no effective stimulation, and one study
(Chen et al, 2020) used a method perpendicular to the surface
of the skull for sham stimulation. Two studies (De Oliveira et al.,
2014; Zhao Y. Y. et al,, 2021) had a stroke duration >6 months,
while the other four studies (Sun et al.,, 2019; Chen et al., 2020;
Zhao C.-G. et al, 2021; Jiang et al., 2022) had a duration <6
months. All studies assessed pain in patients, with 5 studies using
VAS as the primary outcome measure. The study by Zhao C.-
G. et al. (2021) used NRS. Three studies (Sun et al., 2019; Zhao
C.-G. et al,, 20215 Jiang et al., 2022) reported results for MEP-
latency, and two studies (Chen et al., 2020; Zhao C.-G. et al,
2021) reported results for FMA-UE. The studies by Zhao C.-G.
et al. (2021) and De Oliveira et al. (2014) reported results for
MPQ, HAM-A, and HAM-D. For detailed characteristics, refer
to Table 1.
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TABLE 1 Characteristics of the randomized controlled studies.

References Study Year Sample Age Duration Intervention  Coil type Treatment Treatment Outcome
design size [mean of stroke characteristics time indicator
(T, C) (SD)]
Jiang et al. RCT 2022 32/32 61.5646.36, 19/13,17/15 33.254+7.66 d, / rTMS+CT, Figure-eight coil Ipsilesional | 10 Hz, 80% RMT, 8 weeks, 2 days | VAS,
(2022) 60.13+7.87 32.81+6.29 d sham+CT (MagPro M1 1500 pulses per week MEP
R30 stimulator,
Tonica
Company, Denmark)
Zhao C.-G. RCT 2021 19,19 50.16+11.34, / 12.2145.61 / rTMS+CT, Figure-eight coil Ipsilesional | 10 Hz, 80% RMT, 3 weeks, 6 days | NRS, SF-
et al. (2021) 48.95+11.51 m,10.63 sham+CT (CCY-1 stimulator, M1 1500 pulses per week MPQ-2,
+5.77m Yiruide Medical MEP, HAM-
Equipment Company, A
China) HAM-D
Zhao Y. Y. RCT 2021 41/42 52.03+14.22, 25/16,27/15 2.1340.51m, 20/21, rTMS+CT, CT Figure-eight coil Ipsilesional | 10 Hz, 90% RMT, 4 weeks, 7 days | VAS,
etal. (2021) 52.11£14.28 2.163+0.52m 22/20 (CCY-1 stimulator, M1 1000 pulses per week FMA-UE
Yiruide Medical
Equipment Company,
China)
Chen et al. RCT 2020 20/20 51.5£17.0, 14/6,11/9 1.942.1m, 10/10, r'TMS+CT, Figure-eight coil Ipsilesional | 10 Hz, 90% RMT, 2 weeks, 7 days | VAS,
(2020) 55.1£18.8 1.6+£1.5m 11/9 sham+CT (Yiruide Medical M1 1500 pulses per week FMA-UE
Equipment Company,
China)
Sun et al. RCT 2019 20/20 48.1£8.5, 15/5,12/8 6.0+1.5d, 8/12, rTMS+CT, Figure-eight coil Ipsilesional | 10 Hz, 80% RMT, 4 weeks, 6 days | VAS,
(2019) 50.147.7 7.0+1.1d 10/10 sham+CT (CCY-1 stimulator, M1 1500 pulses per week MEP
Yiruide Medical
Equipment Company,
China)
De Oliveira RCT 2014 12,11 55.0£9.67, 5/7,6/6 64.1 +49.2 m, 4/8,2/9 r'TMS+CT, Figure-eight coil Left 10 Hz, 120% RMT, 2 weeks, 5 days | VAS,
etal. (2014) 57.8+11.86 50.1 £28.0m sham+CT (MagPROX100 DLPFC/ 1250 pulses per week MPQ,
machine Magventure | PMC HAM-D,
Tonika Elektronic, HAM-A

Farum, Denmark)

HADM, Hamilton Rating Scale for Depression; HAMA, Hamilton Anxiety Scale; T, Treatment Group; C, Control Group; rTMS, Repetitive Transcranial Magnetic Stimulation; RCT, Randomized Controlled Trial; VAS, M1, motor cortical area; MEP, Motor-Evoked
Potential; RMT, Resting Motor Threshold; NRS, Numeric rating scale; SF-MPQ-2, Short-form McGill Pain Questionnaire-2; MPQ-2, McGill Pain Questionnaire; VAS, visual analog scale; CT, conventional therapy; d, day; m, month; FMA-UE, Fugl-Meyer Assessment
Upper Extremity Scale; /, no information.
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FIGURE 2

3.3 Risk of bias

We assessed the risk of bias in the six RCTs using Cochrane
RoB 2.0. One study was rated as high risk, one study had some
concerns, and the remaining four studies were assessed as low
risk. Simultaneously, using the Pedro scale, four studies scored
>7 points, indicating high-quality research. Two studies scored
6 points, categorizing them as medium-quality studies (Moseley
et al., 2020; Meng et al., 2023). The specific bias risks are detailed
in Figure 2, Table 2.

3.4 Results of the meta-analysis

Primary Outcome: Six studies reported pain scores. The overall
pooled Standardized Mean Difference (SMD) using a random-
effects model showed that rTMS significantly reduced patients’
pain scores compared to the control group (SMD = —1.15, 95%
CI: —1.69, —0.61, P < 0.001). However, there was substantial
heterogeneity (I* = 71.5%, P < 0.001). Subgroup analysis for the

Frontiersin Neuroscience

duration less than 6 months revealed a significant reduction in pain
scores with rTMS (SMD = —1.31, 95% CI: —2.01, —0.60, P <
0.001). In contrast, for the subgroup with a duration >6 months,
the analysis showed no significant effect of rTMS on improving
patients’ pain (SMD = —0.80, 95% CI: —1.63, 0.03, P = 0.059).
Detailed results are shown in Figure 3.

Three studies reported MEP-latency. The meta-analysis
indicated no statistically significant difference between the rTMS
group and the control group (SMD = —0.99, 95% CI:—2.05,
0.07, P = 0.066), but with high heterogeneity (I* = 88.2%,
P < 0.001) (Figure4A). Two studies reported FMA-UE. The
meta-analysis demonstrated a statistically significant difference
in improving FMA-UE scores between the rTMS group and
the control group (WMD = 13.13, 95% CI: 10.03, 16.22, P <
0.001) with low heterogeneity (I*> = 0%, P = 0.328) (Figure 4B).
Two studies reported MPQ. Using a random-effects model, the
meta-analysis revealed no statistically significant difference in
improving patients’ MPQ scores between the rTMS group and the
control group (SMD = —0.08, 95% CI: —1.65, 1.49, P = 0.921),
but with high heterogeneity (I* = 88.2%, P = 0.004) (Figure 4C).
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TABLE 2 PEDro scores of the included studies.
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Two studies reported HAM-A. The meta-analysis showed no
statistically significant difference in reducing patients HAM-A
scores between the rTMS group and the control group (WMD =
—0.49, 95% CI: —1.06, 0.08, P = 0.095) with low heterogeneity
(I = 0%, P = 0.834) (Figure 4D). Two studies reported HAM-D.
The meta-analysis indicated no statistically significant difference in
improving patients’s HAM-D scores between the rTMS group and
the control group (WMD = 0.95, 95% CI: 0.23, 1.65, P = 0.010)
with high heterogeneity (I* = 62.9%, P = 0.101) (Figure 4E).

3.5 Sensitivity analysis and publication bias

We conducted a sensitivity analysis on the meta-analysis results
of the primary outcomes (effect = —1.19, CI: —1.45, —0.93),
Indicating that the results are stable. The results of Egger test
were P=0.585>0.05, suggesting no significant publication bias
(Figures 5, 6).

4 Discussion

Our meta-analysis results integrated quantitative data from
pain, anxiety, and depression rating scales, as well as FMA-UE and
MEP-latency assessments in CPSP patients treated with rTMS. The
data analysis revealed a significant efficacy of rTMS in alleviating
pain and enhancing upper limb motor function in CPSP patients.
Nevertheless, there was no statistically significant improvement
noted in the patients’ anxiety and depression levels, and MEP-
latency remained unaffected.

The pain inhibitory mechanisms in CPSP patients may
be dysregulated. The presence of post-stroke lesions results
in decreased excitability of the affected hemisphere’s M1,
leading to reduced neural output, including interhemispheric
inhibition (IHI) from the unaffected hemisphere to MI.
This results in a relative increase in excitability of the
contralateral hemispheres M1 and increased neural output,
thereby shifting IHI from the contralateral hemisphere’s Ml
to the affected hemisphere’s MI, inhibiting the excitability of
the affected hemisphere’s M1 (Gerges et al, 2022). A recent
study found that rTMS induces an increase in IHI from the
affected hemisphere to the contralateral hemisphere, thereby
alleviating pain (Alhassani et al, 2019). Thus, LF-rTMS over
the unaffected hemisphere may reduce inhibition of the
affected hemisphere. Conversely, HF-rTMS over the affected
hemisphere increases inhibition of the unaffected hemisphere,
normalizing cortical excitability and ultimately achieving
pain relief.

Numerous clinical trials have established that a reduction
in gamma-aminobutyric acid GABAergic neurotransmission
within the central nervous system is a principal etiology of
persistent neuropathic pain (Yang et al., 2019; Lanza et al., 2020).
It is widely posited that corticosterogenic inhibition within
the M1, known as intracortical inhibition (ICI), mirrors the
activity of interneurons. Both ICI and intracortical facilitation
(ICF) of GABAergic
inhibitory interneuron function, particularly in relation to

are considered potential indicators

GABAergic processes. Prior investigations have demonstrated
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FIGURE 3
Forest plot for pain.

that high-frequency rTMS can enhance ICI and ICE with these
alterations being correlated with pain alleviation in patients with
CPSP (Hosomi et al,, 2013). Consequently, rTMS may exert its
analgesic effect on CPSP through a mechanism that involves the
augmentation of GABAergic neuronal transmission (Pan et al,
2022).

rTMS may be mechanistically analogous to Motor Cortex
Stimulation (MCS), as indicated by findings from MCS research.
These investigations propose that MCS could directly modulate
regions of the brain involved in the affective processing of pain,
and/or indirectly initiate mechanisms enhancing the activity of
inhibitory pathways in the dorsal horn (Leung et al, 2009),
Additionally, rTMS might mitigate pain by augmenting perfusion
to the afflicted area. Evidence indicates a relative decrease in
Cerebral Blood Flow (CBF) in chronic pain conditions, with
PET studies revealing that rTMS application targeting the M1
significantly elevates CBF in individuals with neuropathic pain (Jin
et al., 2015; Quesada et al., 2018). Recent studies have reported
the potential of rTMS in alleviating neuropathic pain in conditions
such as post-spinal cord injury, post-trigeminal nerve surgery
pain, and burning mouth syndrome (Ma et al., 2015; Gatzinsky
et al., 2021; Isagulyan et al., 2023). The M1 has been suggested
as an effective target for pain relief (O'Brien et al., 2016), and
functional neuroimaging studies indicate that rTMS applied to the
pre-motor cortex (PMC)/Dorsolateral Prefrontal Cortex (DLPFC)
can provide robust and lasting analgesic effects, improving the
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condition of patients with severe depression (Ciampi Andrade
et al., 2014; Che et al, 2021; Zhu et al., 2022). While previous
research predominantly associated CPSP with thalamic damage,
recent studies propose that vascular damage in any part of the
central nervous system can lead to CPSP (Flaster et al., 2013; Cheng
et al,, 2023). This shift in understanding may be attributed to post-
stroke abnormalities in pathways such as the corticospinal tract,
thalamocortical tract, spinothalamic tract, and posterior limb of the
internal capsule, ultimately resulting in abnormal neural excitations
associated with pain (De Oliveira et al., 2012; Osama et al., 2018).
In clinical settings, the pharmacological management of
CPSP typically involves the trial of various medications until
pain relief is achieved, often requiring combinations of multiple
drugs. Initial therapy for neuropathic pain typically involves
tricyclic antidepressants, such as amitriptyline (75 mg/day),
which effectively reduces pain in CPSP patients (Kremer et al,
2016; Obata, 2017). Adverse effects, including fatigue and
dry mouth, are commonly reported, particularly with plasma
concentrations exceeding 300 nmol/L (Dworkin et al., 2007).
Anticonvulsant drugs, such as gabapentin and pregabalin,
are known for their efficacy in both peripheral and central
hyperexcitability.
Pregabalin has shown significant therapeutic benefits in pain

neuropathic pain by

reducing neuronal

intensity for central neuropathic pain patients, with common

adverse effects including nausea, somnolence, cognitive

decline, and dizziness (Vranken et al, 2008). Lamotrigine
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FIGURE 4
Forest plot for MEP-latency (A), FMA-UE (B), MPQ (C), HAM-A (D), HAM-D (E).

has been found to be well-tolerated and beneficial for pain
relief in CPSP patients (Dworkin et al., 2007; Rollo et al,

2023).
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Studies have indicated that in the treatment of CPSP,
transcranial magnetic TMS with a frequency >5Hz is more

effective than low-frequency stimulation. This effectiveness may
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be attributed to the ability of high-frequency stimulation to
restore the excitability of the abnormal cortex (Khedr et al,
2005; Kobayashi et al., 2015). Alhassani et al. (2019) discovered
that the affected M1 on the contralateral side inhibits the
unaffected M1. Therefore, high-frequency rTMS to the damaged
hemisphere increases inhibition of the unaffected hemisphere,
normalizing cortical excitability, and producing pain relief.
Although the mechanisms underlying the analgesic effects of
rTMS on M1 are not fully understood, they likely involve
several factors. Firstly, rTMS can alter cortical excitability,
and existing evidence suggests that the pain relief associated
with rTMS in post-stroke pain is often accompanied by the
restoration of cortical excitability abnormalities (Hosomi et al.,
2013). Secondly, rTMS induces neuroplastic changes in the brain
by mediating the up-down regulatory mechanism of cortical-
spinal inhibition, ultimately leading to increased secretion of
brain-derived neurotrophic factor (BDNF) (Zhao C.-G. et al,
2021). This process also influences the structural and functional
connections of brain regions involved in pain processing
and modulation (Dall’Agnol et al, 2014; Pan et al, 2022).
Subgroup analysis in this study revealed that patients with
CPSP lasting more than 6 months showed no significant relief
in pain compared to the control group. This suggests that
the mechanisms of pain in patients with a longer duration
of illness may be more complex and require further research
for clarification.

5 Limitations

Several limitations should be acknowledged in our study.
Firstly, this meta-analysis is based on a limited pool of six
randomized controlled trials (RCTs), each with a sample size <100.
This small sample size may potentially exaggerate the treatment
effects. Secondly, only two studies reported measurements of
depression and anxiety. Caution should be exercised in interpreting
these results due to the limited data available. The efficacy
differences between different stimulation sites (M1 vs. DLPFC)
were not analyzed in our study due to the insufficient number of
included studies. Future research may benefit from comparing the
effects of different intervention sites (M1 vs. DLPFC) on CPSP
patients. Moreover, multicenter, randomized controlled, double-
blind trials with diverse stimulation protocols are warranted
in clinical practice. These trials would facilitate longitudinal
and cross-sectional comparisons between different stimulation
parameters to determine the optimal stimulation protocol.

6 Conclusion

Our systematic review and meta-analysis of rTMS for the
treatment of CPSP indicate that rTMS may be effective in
alleviating pain and potentially improving motor function in CPSP
patients. However, its efficacy for depression, anxiety, and MEP-
latency remains inconclusive.
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Global research hotspots and
trends in constraint-induced
movement therapy in
rehabilitation over the past
30 years: a bibliometric and
visualization study

Jie Xu!, Meng Chen?, Xin Wang?, Zijuan Cai*, Yanjie Wang®* and
Xiaobing Luo™

!Department of Sports Medicine, Sichuan Provincial Orthopedics Hospital, Chengdu, China,
2Department of Emergency Medicine, Nanchong Hospital of Traditional Chinese Medicine,
Nanchong, China, *Health Science Center, Peking University, Beijing, China, *College of Physical
Education and Health, Geely University of China, Chengdu, China

Background: Stroke is a cerebrovascular disease with high prevalence and
mortality, and upper limb hemiparesis is a major factor limiting functional
recovery in stroke patients. Improvement of motor function in stroke patients
through various forms of constraint-induced movement therapy (CITM) has
been recognized as safe and effective in recent years. This research field lacks
a comprehensive systematic and clear vein combing analysis, analyzing the
literature research of CIMT in the field of rehabilitation in the past three decades,
summarizing the research hotspots and cutting-edge trends in this field, in an
effort to offer ideas and references for subsequent researchers.

Methods: Relevant literature on CIMT in rehabilitation was collected from 1996
to 2024 within the Web of Science database’s core dataset by using CiteSpace6.1,
VOSviewerl.6.18, R-bibliometrix4.6.1, Pajek5.16, Scimago Graphica 1.0.26
software for visualization and analysis.

Results: There were 970 papers in all United States was ranked first with
401 papers. Alabama Univ was ranked first for institutions with 53 papers.
Neurorehabilitation and Neural Repair was ranked first for journals with 78
papers, and Taub E was ranked first for author publications with 64 papers.
Research keywords were CIMT, stroke rehabilitation, upper extremity function,
lower extremity gait balance, randomized controlled trials, physical therapy
techniques (transcranial magnetic stimulation and sensory amplitude electrical
stimulation), primary motor cortex plasticity, lateral dominance (spatial
behaviors), cerebral vascular accidents, activities of daily living, hand function,
disability, functional restoration, bimanual training, aphasia, acquired invalidity,
type A Botulinum toxin and joystick riding toys.

Conclusion: The current state of research shows that CIMT still has a vast
potential for development in the field of rehabilitation research. The research
hotspots are the clinical efficacy of CIMT combined with other therapies
(botulinum toxin type A, transcranial direct current stimulation, virtual reality,
mirror therapy, robotic-assisted) to enhance the functionality of upper limb
hemiparesis in stroke patients, the mechanism of CIMT to improve the plasticity
of the motor cortex through electrophysiological and imaging methods, and
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improvement of lower limb gait balance function in stroke patients and aphasia
applications, the optimal intervention time and dose, and exploration of CIMT
in new settings such as robot-assisted, telemedicine, and home rehabilitation.

KEYWORDS

CIMT, constraint-induced movement therapy, stroke, exercise rehabilitation,
Citespace, bibliometrics

1 Introduction

Strokes are the second leading cause of death globally and the
third leading cause of disability (1). It is estimated that strokes result
in 5.5 million deaths each year, with up to 50% of survivors
experiencing long-term disability (2). Around 65% of patients are
unable to use their affected hand for daily activities 6 months post-
stroke, and up to 35% of individuals with lower limb paralysis do not
fully regain their physical abilities (3), and upper extremity
hemiparesis is a major limiting factor in functional recovery. When
stroke patients fail to effectively use their affected upper extremity,
they may develop ‘learned nonuse, ‘where they rely on their unaffected
side for daily tasks (4). Constraint-induced movement therapy
(CIMT) can enhance upper extremity function by addressing learned
disuse and leveraging use-dependent neuroplasticity (5). CIMT
comprises reinforcement training, shaping training, ‘transfer kits’ to
facilitate the application of treatment benefits to daily activities, and
discouragement of compensatory strategies (6, 7). During the 2 weeks
of the program, the less affected upper extremity is immobilized in a
sling, and 90% of waking hours (including time spent receiving direct
treatment) are spent wearing a splint, glove, or cast, while the more
severe upper extremity receives 6 h of treatment per day following a
routine procedure (8, 9). Each session includes shaping and targeted,
task-specific exercises that increase in difficulty as function or
performance improves. Traditional CIMT is most effective for
individuals with specific criteria, including a minimum of 10° of wrist
and thumb extension, extension of at least 2 other fingers in the most
impaired upper extremity, and the ability to stand and transfer
independently (8, 10). Challenges have been reported by both patients
and therapists in implementing this approach in clinical settings (11),
leading to the development of distributed or modified forms of CIMT
(dCIMT/mCIMT). These modified forms reduce the duration of each
training session (0.5-3 h/session) and daily time commitment (5-9h/
day), extending the overall duration of treatment (3-10weeks).
Evidence suggests that both mCIMT and dCIMT improve motor
function in affected limbs (12-14). In addition to improving post-
stroke hemiparesis, CIMT also addresses related issues such as
unilateral neglect (15, 16) and aphasia (6). CIMT has shown
effectiveness in treating Parkinsons patients (17), children with
cerebral palsy (18), and improving fine and gross motor skills, daily
living abilities, and cognitive function in the upper limbs.
Furthermore, CIMT has shown promise in improving conditions
related to peripheral nerve diseases, such as brachial plexus nerve
injury (19, 20) and finger dystonia (21).

Over the past three decades, clinical studies on CIMT/mCIMT
to enhance stroke patients’ quality of life and function have
significantly advanced. Although the efficacy of CIMT/mCIMT has
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reached a consensus, the mechanism of its action remains unclear.
Further research is needed to verify issues such as the intensity of
training, timing of intervention, and duration of treatment efficacy.
The treatment of stroke and other mental illnesses faces new
opportunities and challenges due to the development of new ideas
and technologies. Investigating CIMT research trends and hotspots
in the rehabilitation sector is crucial, yet there is a lack of
corresponding bibliometric studies in this field. Therefore, this
study aims to analyze hotspots, frontiers, and development
trajectories to provide a fresh perspective for a comprehensive
understanding of the area and offer researchers valuable references
and support.

2 Methodology
2.1 Search strategy and data retrieval

Bibliometric research is a quantitative analysis of scientific
literature. Gathered data from Web of Science in “plain text,
including “complete records and references” Collected data (500
records per file) was exported, renamed “download,” and input into
Citespace software. Citespace software visualizes scientific literature,
generating maps to understand patterns. Drew visualization maps by
selecting specific node types, aiding comprehension of scientific
literature patterns. Supplementary Table S1 provides detailed
information on the search strategy. The selection of the literature for
this study was done using the following inclusion and exclusion
standards: The literature met the following requirements: (i) it was
published between January 1, 1996, and January 1, 2024; (ii) it was
written in English; (iii) it was an article or review; (iv) it did not place
restrictions on the species or organisms it studied; and (v) duplicates
were eliminated from the analysis of the publications to guarantee the
dataset’s uniqueness. Since the data in the publications contained no
personally identifiable information about the patients, ethical
approval was not necessary. In Figure 1, the relevant workflow
diagram is displayed.

2.2 Literature screening

Independently, two evaluators perused the literature. The article’s
title and abstract served as the basis for the first screening. Next, the
inclusion and exclusion criteria were used to determine which papers
should be included or excluded. If there was any doubt, a third
assessor, who possessed veto power, read the entire document and
made the final decision.
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FIGURE 1
Workflow diagram.

2.3 Methods of statistical analysis

A number of tools, including CiteSpace version 6.1.R6, R-Studio
based R-bibliometrix version 4.6.1, Pajek version 5.16, Scimago
Graphica version 1.0.26, and VOSviewer version 1.6.18, were used in
our bibliometric analysis research.

CiteSpace version 6.1.R6 (Drexel University, Philadelphia,
PA) is a software tool developed by Prof. Chen C. It excels in
identifying research hotspots and trends within the academic
field by analyzing citation relationships and evolutionary trends
in the literature, which allows for the discovery of key research
themes and widely cited papers. In this study, we do a visual
analysis using CiteSpace that covers several features, including
journal citations, reference analysis, country and institutional
distribution, and keyword and citation bursts. The network
structure has been simplified and key aspects have been
highlighted by selecting “Pruning sliced networks” and
“Pathfinder;” and the filtering criteria has been set to “Top N, the
threshold is set to 50, and the time scale is set to 1year. See
Supplementary Table S2 for details.

VOSviewer version 1.6.18 (Leiden University, Leiden, the
Netherlands) is a visualization software developed by Prof. Van
Eck and Prof. Waltman, which focuses on co-word relationships
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between the literature and the analysis of co-word frequencies. It
can help researchers to discover common themes and concepts in
the literature and to construct co-occurrence network diagrams for
visualization. Analyzing the co-occurrence frequency and
temporal information of keywords in the literature reveals the
evolution process of research topics and the development trend of
keywords and helps researchers understand the development
dynamics of academic fields (22). In this work, VOSviewer was
utilized to investigate keyword co-occurrence and coverage
networks as well as to analyze and display the distribution of
nations, institutions, authors, and co-cited authors. The detailed
parameters were: the keyword inclusion criterion was a minimum
number of occurrences of 5, the association strength method was
chosen for the normalization process, the cluster resolution and
minimum cluster size were both 1 and merge small clusters were
checked, the minimum strength of cluster links was 0, and the
maximum number of links was 1,000, as detailed in
Supplementary Table S3.

R-Studio-based R-bibliometrics version 4.6.1, Pajek version 5.16,
and Scimago Graphics version 1.0.26 are powerful tools for multi-
modal and multi-dimensional geo-visualization. In this study, it was
used to highlight the inter-cooperative network relationships between
different countries or regions.
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3 Results

3.1 Characteristics and trends in the
volume of publications

By searching the core database of Web of Science, a total of 1,069
CIMT in the field of rehabilitation research-related literature was
retrieved, excluding the literature publication time not from January
1, 1996, to January 01, 2024, 2 literature, then excluding the literature
type for non-article and review of 82 literature, and finally excluding
non-English literature 15, and finally 970 literatures were included, as
shown in Figure 1. Of them, 796 comprised 82.1% of original research
publications, while 174 reviewed papers made up 17.9%. The total
citation frequency was 46,987 times, and the average citation
frequency per paper was 48.44 times. The annual publishing volume

10.3389/fneur.2024.1375855

across several nations is displayed in Figure 2A. From 1996 to 2024,
the quantity of research articles in the topic of rehabilitation in CIMT
remained rather consistent, showing remarkable expansion in 2006 as
the number of publications rose by 38.2% over the year before, the
annual number of publications was maintained at around 48 and
peaked at 60 in 2009. In general, the top three countries for research
in the sector continue to be the US, China, and Canada. China has
able to surpass the US as the leading nation in terms of yearly
publications from 2023. The U.S. has the highest share in terms of total
publications, with a tendency to be overtaken by China in terms of
annual publications. Through an investigation of polynomial fits
between the number of publications and the year of publication,
we found a significant correlation (for total papers, articles, reviews,
and RCTs, the coeflicients of determination (R2) were 0.8601, 0.8472,
0.7629, and 0.7331, in that order). We predicted that the number of

A
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FIGURE 2
(A) Bibliometric analysis of WoS core database output. (B) Trends in publications and corresponding polynomial fit curves.
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publications in 2026 would reach about 39, including about 23 original
articles, 16 reviews, and 19 RCTs, as shown in Figure 2B. However, it
can be observed that there is still a relative lack of high-quality RCT
studies despite the increasing number of publications year by year.

3.2 Countries or regions collaboration
analysis

The resultant graphic includes 58 nations or areas in total, of
which 10 have at least 30 articles. The data pertaining to the top 10
nations in terms of publications is displayed in Table 1. In the filled
Figure 3, the larger percentage of the country area represents more
articles sent, the color is darker, which represents a stronger
cooperation relationship, the thickness of the lines indicates the
intensity of the link, while the connecting lines show the level of
collaboration. Therefore, it can be inferred that the United States (401
articles or 41.34%) is the most active country, followed by China (125
articles or 12.89%, which can be categorized into 66 articles or 6.80%
in Mainland China and 59 articles or 6.08% in Taiwan, China) and
Australia (66 articles or 6.80%). These three nations are the biggest
contributors to the area, with a combined total of publications that
account for 61% of all publications. In terms of total citation rate (TC),
total link strength (TLS), and H-index, the US leads the world, while
the United Kingdom leads in average citations per publication
(ACPP). The TLS indicates the level of partnerships between
researchers, while the H-index is frequently employed to gauge
academic influence.

3.3 Research institution collaboration
analysis

In the realm of rehabilitation, 1,377 institutions released studies
connected to CIMT, of which 28 institutions had >10 publications.
Table 2 displays data on the top ten institutions based on the quantity
of publications, and 36.39% of the total number of articles came from
the top 10 universities with the most publications. Figure 4 illustrates
the international collaborations between the 95 institutions that have

TABLE 1 Top 10 countries with high impact of CIMT research in the field
of rehabilitation.

Country NP TC ACPP TLS H-index
United States 401 (41.34%) @ 26,010 64.86 6,566 77
China (Mainland) 66 (6.80%) 938 14.21 1,196 17
Australia 66 (6.80%) 5,146 77.97 1,606 23
Canada 66 (6.80%) 2,816 42.67 1,246 24
England 61 (6.29%) 6,928 113.57 1,461 30
China (Taiwan) 59 (6.08%) 1746 29.59 1,474 26
Germany 57 (5.88%) 5,804 101.82 1782 30
Italy 40 (4.12%) | 1439 | 3598 | 1,126 15
Brazil 36 (3.71%) 792 22.00 839 14
Japan 36 (3.71%) 656 18.22 547 11

NP, number of publications; TC, total citation; TLS, total link strength; ACPP, average
citations per publication.
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collaborated on at least five publications. It is noteworthy that the
University of Alabama Birmingham (United States) performed most
prominently with 53 publications or 5.46% of all publications,
followed by Emory Univ (United States) (49 publications, 5.05%) and
Natl Taiwan Univ (China) (40 publications, 4.12%). It is noteworthy
that among universities, Emory University has the greatest TC and
TLS. University Florida and University Alabama Birmingham had the
greatest ACPP and H-index, respectively. Chang Gung University,
Emory University, and University of Alabama in Birmingham are
three universities that have improved their research partnerships with
a few other universities.

3.4 High-impact authors collaboration
analysis

Of the 3,444 authors included in the graphic map, 91 had >5
publications. Table 3 displays the information of the top ten academics
in regards to quantity of publications and citations. Three of the most
prominent researchers of the CIMT in the field of rehabilitation, i.e.,
Taub E, Lin K, and Uswatte G, with 64 (6.60%), 43 (4.43%) and 40
(4.12%) publications, respectively, are very active and influential
authors. TC, ACPP, H-index, and TLS of Taub E, University of
Alabama, United States were ranked top. The top three authors of
CIMT with regard to of co-citation frequency in the field of
rehabilitation were Taub E. (1806), Wolf SL. (976), and Page S. . (818),
according to the author co-citation study carried out by VOSviewer.
The network of co-cited author relationships is depicted in Figure 5,
with each node’s size according to how frequently it has been
mentioned. Various colors show various clusters, which comprise 196
authors with a citation frequency of 30 or more. The connection and
thickness between the nodes, respectively, reflect the co-citation
relationship and its strength.

3.5 High-impact journals collaboration
analysis

The 261 journals that contained the 970 documents that were
retrieved had the highest number of publications across the top three
journals: Archives of Physical Medicine and Rehabilitation (63 articles
with 1,275 total citations and 20.24 average citations),
Neurorehabilitation and Neural Repair (78 articles with 1,392 total
citations and an average of 17.85 citations), and Physical Therapy (33
articles with 411 total citations and 12.45 average citations). The top
three journals in this field of research with high H-index and top three
H-index are Archives of Physical Medicine and Rehabilitation (40),
Neurorehabilitation and Neural Repair (37), and Stroke (25). There is
a good amount of research in the relevant domains, as indicated by the
Q1 and Q2 classifications assigned to all 10 journals. The fact that
these 10 journals originated from Europe and the United States
suggests that they have played a crucial role in advancing scholarship
in the field, and according to the VOSviewer-generated journal
co-citation analysis, the top three co-cited journals were Stroke (3,871
times), Archives of Physical Medicine and Rehabilitation (3,511
times), and Neurorehabilitation and Neural Repair (2,654 times).
Table 4 and Figure 6A show the network of co-cited journal
relationships, which includes 75 journals with a citation frequency of
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FIGURE 3
Populated chart of CIMT's bibliometric analysis of country collaborations in the field of rehabilitation.

TABLE 2 CIMT top 10 high impact institutions in the field of rehabilitation.

Institution NP TC ACPP TLS H-index Location
Alabama Univ 53 (5.46%) 4,537 85.60 2,161 39 United States
Emory Univ 49 (5.05%) 5,438 110.98 2,576 29 United States
Natl Taiwan Univ 40 (4.12%) 1,335 33.38 1,603 22 China (Taiwan)
Chang Gung Univ 40 (4.12%) 1,468 36.70 1,625 23 China (Taiwan)
Natl Taiwan Univ Hosp 37 (3.81%) 1,305 35.27 1,485 20 China (Taiwan)
Ohio State Univ 37 (3.81%) 3,226 87.19 1736 30 United States
Columbia Univ 25 (2.58%) 1988 79.52 938 11 United States
Univ Florida 24 (2.47%) 3,306 137.75 990 16 United States
Univ Queensland 24 (2.47%) 1,387 57.79 873 15 Australia

Univ So Calif 24 (2.47%) 3,236 134.83 1,517 22 United States

100 or more times. Presently, journals publishing publications in this
field of study have a significant impact. The double graph overlay’s
colored pathways connecting journal clusters show the citation
linkages between the citing and cited journals. The colored paths
indicate that studies published in NEUROLOGY, SPORTS,
OPHTHALMOLOGY journals usually cite studies published in
SPORTS, REHABILITATION, SPORT and PSYCHOLOGY,
EDUCATION, SOCIAL. Figure 6B provides further details regarding
the typical citing and referenced journals in each cluster. For example,
the most representative journals in the Physical Education/
Rehabilitation/Sports cluster are Archives of Physical Medicine and
Rehabilitation, Neurorehabilitation and Neural Repair, Clinical
Rehabilitation, and Physical Therapy. The journals most represented
in the Stroke,
Developmental Medicine and Child Neurology, and Neurology.

Psychology/Education/Sociology ~ group are

Frontiers in Neurology

4 Keyword visualization and analysis

When it comes to examining research trends and summarizing
research hotspots, keyword analysis is crucial. Using the keyword time
view produced by VOSviewer, each vertical bar in Figure 7A represents
a cluster, and the circle represents the keyword, with a larger circle
indicating a higher frequency of occurrence of the term. The
connecting lines show the connections between terms, and the skewed
yellow node color represents the years from far to near. The keywords
with high centrality and frequency in Table 5 represent the research
hotspots in that period of time. The keyword co-occurrence clustering
map in this field is shown in Figure 7B. Thirteen clusters in all were
created using the conventional log-likelihood rate (LLR) technique,
and via analysis of the keyword clusters, it was shown that the
homogeneity of the study improved with increasing degree of
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FIGURE 4
CIMT's intensity of collaboration across agencies in the rehabilitation field, http://tinyurl.com/ynp5b7fb.
TABLE 3 CIMT's top 10 high impact authors in the field of rehabilitation.
Author NP TC ACPP TLS H-index Institution
Taub E 64 (6.60%) 2,629 41.08 132 39 University of Alabama
Uswatte G 43 (4.43%) 1,512 35.16 121 29 University of Alabama
Wolf SL 40 (4.12%) 1,233 30.83 69 28 Emory University
Lin KC 31(3.20%) 582 18.77 73 22 Natl Taiwan Univ
Wu CY 29 (2.99%) 592 20.41 75 22 Chang Gung Univ
Page SJ 29 (2.99%) 656 22.62 16 19 University of Cincinnati
Morris DM 26 (2.68%) 195 7.50 45 10 University of Alabama
Mark VW 22 (2.27%) 363 16.50 61 16 University of Alabama
Blanton S 20 (2.06%) 438 21.90 54 14 Emory University
Levine P 19 (1.96%) 612 3221 24 17 University of Cincinnati

aggregation (23). The biggest cluster is denoted by #0, and so on. The
cluster number is inversely proportionate to the cluster size. Keyword
co-occurrence and cluster analysis yielded activities of daily living,
physical therapy techniques, hand function, motor therapy, primary
motor cortex, gait, disability, functional recovery, occupational
therapy, stroke rehabilitation, upper extremity, motor cortex plasticity,
and lateral dominance as the current research hotspots. Figure 7C
Timeline view of CIMT’s keywords in the field of rehabilitation, it can
be concluded that research hotspots such as #0 activities of daily
living, #2 hand function, #5 gait, and #6 disability have been
continuing to this day and will remain so. Furthermore, as Figure 7D
illustrates, the top 20 terms with the strongest burst were chosen by
extending the burst period to 2 years. The symbol “Strength” in the
graphic denotes the burst’s size, while “Begin” and “End” signify its
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start and end times, respectively. The time interval is represented by
the blue line, while the burst’s length is shown by the red line. By
analyzing the burst words, we may investigate this field’s projected
development tendencies and hotspots for study, especially when
analyzing the keywords with the duration of the burst time up to now,
which is of important reference value and guidance significance. The
most frequent mutation intensity is “forced use” (15.84), followed by
“physical rehabilitation” (11.09), and the third one is “learned nonuse”
(10.09). learned nonuse” (10.47). The most frequent words were

» «

“motor function,

»

people,” “transcranial direct current stimulation,”
“transcranial current stimulation,” “physical rehabilitation,” and

»

“learned nonuse” (10.47). “motor function,” “people,” “transcranial

» «

direct current stimulation,” “systematic review;” and “individual” have

all persisted so far, and are probably going to stay hot.
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TABLE 4 Status of CIMT high volume journals in the field of rehabilitation.

Journal H-index  IF (2023) JCR
(2023)
Neurorehabilitation and Neural Repair 78 1,392 17.85 1,309 37 4.1 Q1
Archives of Physical Medicine and Rehabilitation 63 1,275 20.24 1,228 40 4.3 Q1
Physical Therapy 33 411 12.45 563 21 3.8 Q1
Neurorehabilitation 33 244 7.39 486 14 2 Q2
Clinical Rehabilitation 33 481 14.58 687 18 3 Q1
Stroke 31 1,332 42.97 1,001 25 8.4 Q1
Topics in Stroke Rehabilitation 27 184 6.81 359 16 22 Q2
American Journal of Occupational Therapy 27 166 6.15 366 13 2.9 Q1
Disability and Rehabilitation 21 111 5.29 255 13 22 Q2
Frontiers in Neurology 20 31 1.55 251 8 3.4 Q2

5 Visual analysis of key literature

Top 10 most cited literatures are displayed in Table 6. Through
examining and evaluating highly cited publications, the areas of
interest in research can be revealed. Concurrently, it is possible to
identify the areas of research concentration and the development path
of CIMT in the field of rehabilitation. The top 10 cited
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frequency-ranked literature in this field all study stroke, which makes
it clear that CIMT for stroke is an enduring research hotspot in this
field. In light of the categorization of research methods, they fall into
two categories: clinical trials and Meta-analysis. The 1st, 2nd, 3rd, 4th,
5th, 6th, 7th, 8th, and 10th cited frequency items are clinical studies,
and the 9th cited frequency item is Meta-analysis. Among them, the
cited frequency items 1, 2, 4, 6, 7, 8, and 10 studies used randomized
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FIGURE 6
(A) Visualization of journal co-citation analysis generated based on VOSviewer software, https://tinyurl.com/yord8ryt. (B) CIMT double plot overlay of
citing and cited journals in the field of rehabilitation. Cited journals are on the left, cited journals are on the right, and the connecting lines represent
citations.

controlled study methods, and the cited frequency items 3 and 5 used
non-randomized controlled study methods. The Fugl-Meyer
Assessment of Motor Recovery (FMA), the Stroke Impact Scale (SIS),
the Wolf Motor Function Test (WMFT), the Motor Activity Log
(MAL), the Action Research Arm Test (ARAT), and the Upper
Extremity Function Rating Scale were used as testing indexes in the
majority of the studies to evaluate the efficacy of the therapy. This was
done by comparing changes in the ratings of the visual analogical
rating scales over a predetermined period of time. Every clinical
study’s findings demonstrated that 2-week CIMT/mCIMT had a
better effect on the prognosis of stroke, and the visual analogical rating
scale values were significantly different before and after treatment.

Frontiers in Neurology

Subfields that reflect important research hotspots can be shown using
cluster analysis based on co-cited literature (24). Twenty clusters in all
were created with the traditional LLR technique. Literature clustering
can identify the sub-topic directions of the hot research in the field,
with the biggest cluster denoted by #0 and the rest by analogy, with the
cluster number being inversely proportionate to the cluster size, as
shown in Figure 8A. The hot areas of research are stroke, cerebral
palsy, lower limb balance, bimanual training, multiple sclerosis,
aphasia, physical therapy (transcranial magnetic stimulation),
plasticity, sensory amplitude electrical stimulation, learned non-use,
motor reinforcement, spatial behavior, botulinum toxin type A, upper
limb function (machine learning), joystick ride-on toys (new
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technology in rehabilitation), CIMT, disability, monitoring, positron
emission tomography, exercise rehabilitation. Figure 8B Timeline view
of key CIMT literature in Rehabilitation shows that the research
trends in this area are lower extremity balance, upper extremity
function (machine learning), and joystick riding toys (new
technologies in rehabilitation), judging from the brighter color of the
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clusters. Furthermore, as Figure 8C illustrates, the emerging citations
highlight important works that are often cited throughout time,
highlighting hotspots and patterns. Out of the 25 emerging citations
that the Web of Science database reviewed and found to have the
greatest frequency of co-cited literature, the one with the highest
mutation intensity was the EXCITE randomized clinical trial using
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Top 20 Keywords with the Strongest Citation Bursts
Keywords Year Strength Begin End 1996 - 2023
learned nonuse 1997 10.47 1997 2006
cerebrovascular accident 1999 7.23 1999 2006
physical therapy 1999 5.24 1999 2006
arm function 1999 4.7 1999 2009
motor activity 1999 3.66 1999 2005
treatment outcome 2000 4.7 2000 2006
representation 2000 3.78 2000 2008
forced use 2000 15.84 2001 2007
physical rehabilitation 2001 11.09 2001 2007
patient 2001 4.25 2001 2008
cortical reorganization 1999 5.85 2003 2012
randomized trial 2009 4.51 2009 2014
motor control 1997 4.52 2012 2017
motor function 2005 421 2012 2023
congenital hemiparesis 2009 5.66 2013 2021
metaanalysis 2005 4.43 2014 2020
people 2016 3.04 2016 2023 —
transcranial direct current stimulation 2016 3.83 2016 2023 S ——
systematic review 2001 5.5 2017 2023
individual 2017 5.01 2017 2023 ——
FIGURE 7

(A) Keyword time view of CIMT in rehabilitation based on VOSviewer, http://tinyurl.com/ysc66zbg. (B) Citespce-based keyword co-occurrence
clustering of CIMT in the field of rehabilitation. (C) Timeline view of CIMT keywords in the field of rehabilitation. (D) Keyword bursting map for CIMT in
the field of rehabilitation.
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CIMT to treat 222 patients 3-9months after ischemic stroke,
published by Wolf SL in 2006, which resulted in a significant
improvement in hand-arm motor function (WMFT, MAL) that lasted
for at least 1year (50.66) (8); followed by the first demonstration by
Liepert in 2000 that long-term changes in brain function correlate
with treatment-induced improvements in motor rehabilitation after
neurological injury. Following chronic phase stroke patients’ CIMT
therapy, the afflicted hemisphere’s muscle output area significantly
expanded, and recruitment from nearby brain areas was improved. It
even lasted until 6 months when the size of motor cortical areas in
both hemispheres was almost the same (23.98) (25); in third place,

TABLE 5 CIMT's high-frequency keywords and centrality in the field of
rehabilitation top 10.

Keyword Frequency Keyword Centrality
Constraint-induced 618 Transcranial 0.11
movement therapy magnetic stimulation
Rehabilitation 438 Functional recovery 0.1
Upper extremity 372 Cerebral palsy 0.09
Upper extremity 195 Cerebrovascular 0.09
function accident

Reliability 170 Chronic stroke 0.08
Cerebral palsy 145 Reorganization 0.08
Forced use 144 Asymmetry 0.08
Stroke 120 Motor function test 0.07
Efficacy 116 Stroke rehabilitation 0.07
Randomized 109 Brain 0.07
controlled trial

10.3389/fneur.2024.1375855

Miltner WHR’s 1999 publication replicating in Germany the results of
the US laboratory CIMT to improve WMFT and MAL in chronic
stroke patients, demonstrating the general applicability of the
intervention (22.96) (26).

6 Discussion

To comprehensively review the literature on constraint-induced
movement therapy (CIMT) in the realm of rehabilitation research
over the past three decades, this study employs a bibliometric
approach. Through visual knowledge mapping, the study delineates
the field’s knowledge structure and growth trajectory from various
perspectives. The results of the study reveal a significant level of
interest among rehabilitation researchers in CIMT. When categorized
by research topics, the most prominent area of research is the
utilization of CIMT in stroke patients, which constitutes 80.2% of the
literature analyzed. Additionally, CIMT applications in cerebral palsy
and Parkinson’s disease account for 19.28 and 0.52% of the literature,
respectively, while no studies on CIMT application in peripheral
neurological disorders were found.

The average year of publishing for academic articles is particularly
early in the United States, Germany, the United Kingdom, and
Canada, as they are leading research nations. These countries have
significantly contributed to the early study of this field, establishing a
solid knowledge base for further research. In contrast, China, the
second largest producer of research articles, only began to make
relevant contributions in 2006. However, China has recently
accelerated its development in this field, showing a consistent increase
in publications. It is important to note that research trends vary across
regions due to different national policies. Taiwan, China has been an

TABLE 6 CIMT's top 10 cited literature frequency rankings in the field of rehabilitation.

Author, Year Frequency Title Journal (IF) JCR

Wolf SL, 2006 114 Effect of constraint-induced movement therapy on upper Journal of the American 622 Q1
extremity function 3 to 9 months after stroke: the EXCITE Medical Association (120.7)
randomized clinical trial

Page SJ, 2004 49 Efficacy of modified constraint-induced movement therapy in Archives of physical medicine 169 Q1
chronic stroke: a single-blinded randomized controlled trial and rehabilitation (4.3)

Liepert J, 2000 49 Treatment-induced cortical reorganization after stroke in Stroke (6.157) 292 Q1
humans

Taub E, 2006 47 A placebo-controlled trial of constraint-induced movement Stroke (6.157) 292 Q1
therapy for upper extremity after stroke

Miltner WHR, 1999 45 Effects of constraint-induced movement therapy on patients Stroke (6.157) 292 Q1
with chronic motor deficits after stroke: a replication

Wittenberg GF, 2003 42 Constraint-induced therapy in stroke: magnetic-stimulation Neurorehabilitation and 92 Q2
motor maps and cerebral activation neural repair (4.2)

van der Lee JH, 2004 41 Clinimetric properties of the motor activity log for the Stroke (6.157) 292 Q1
assessment of arm use in hemiparetic patients

Page SJ, 2005 41 Modified constraint-induced therapy in acute stroke: a Neurorehabilitation and 92 Q2
randomized controlled pilot study neural repair (4.2)

Kwakkel G, 2015 40 Constraint-induced movement therapy after stroke Lancet Neurology (48) 259 Q1

Sterr A, 2002 40 Longer versus shorter daily constraint-induced movement Archives of physical medicine 169 Q1
therapy of chronic hemiparesis: an exploratory study and rehabilitation (4.3)
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early research region in this field, with an annual publication volume
of around 3 articles. Mainland China started later but has shown a
faster growth rate. In 2023, its growth rate reached 58%, surpassing
the US in terms of publication numbers for the first time. However,
mainland China’s research output ranks in the bottom 1 of the top 10
countries/regions, indicating that the overall research quality of
China’s publications is low and fails to achieve wide dissemination in
the field. This highlights the importance of focusing not only on the
quantity but also on the quality of research output when aiming for

Frontiers in Neurology

academic prestige and influence in a specific research area. The
United States exhibits the highest TLS, demonstrated by its strong
research collaborations with Australia and the United Kingdom. The
partnership between North America and Europe is notably stronger
than its relationships with Asia and Africa. Despite ranking fifth in
publishing volume, the United Kingdom boasts the highest ACPP,
signifying widespread recognition and citation of its academic
research. Notably, North America and Europe collectively represent
50% of the top 10 countries/regions with the highest publication
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C
Top 25 References with the Strongest Citation Bursts
References Year Strength Begin End 1996 - 2023
Miltner WHR, 1999, STROKE, V30, P586, DOI 10.1161/01.STR.30.3.586, DOL 1999 22.96 1999 2004
Kunkel A, 1999, ARCH PHYS MED REHAB, V80, P624, DOI 10.1016/S0003-9993(99)90163-6, DOL 1999 16.79 1999 2004
Liepert J, 2000, STROKE, V31, P1210, DOI 10.1161/01.STR.31.6.1210, DOL 2000  23.98 2000 2005
Taub E, 1999, J REHABIL RES DEV, V36, P237 1999 17.9 2000 2004
van der Lee JH, 1999, STROKE, V30, P2369, DOI 10.1161/01.STR.30.11.2369, DOL 1999 16.31 2000 2004
Morris DM, 2001, ARCH PHYS MED REHAB, V82, P750, DOI 10.1053/apmr.2001.23183, DOL 2001 16.7 2003 2006
Wolf SL, 2001, STROKE, V32, P1635, DOI 10.1161/01.STR.32.7.1635, DOL 2001 14.31 2003 2006
Wittenberg GF, 2003, NEUROREHAB NEURAL RE, V17, P48, DOI 10.1177/0888439002250456, DOL 2003 20.04 2004 2008
Sterr A, 2002, ARCH PHYS MED REHAB, V83, P1374, DOI 10.1053/apmr.2002.35108, DOL 2002 19.24 2004 2007
Winstein CJ, 2003, NEUROREHAB NEURAL RE, V17, P137, DOI 10.1177/0888439003255511, DOL 2003 18.11 2004 2008
Page SJ, 2004, ARCH PHYS MED REHAB, V85, P14, DOI 10.1016/50003-9993(03)00481-7, DOL 2004 21.57 2005 2009
van der Lee JH, 2004, STROKE, V35, P1410, DOI 10.1161/01.STR.0000126900.24964.7e, DOL 2004 18.02 2005 2009
Taub E, 2006, STROKE, V37, P1045, DOI 10.1161/01.STR.0000206463.66461.97, DOL 2006  17.85 2006 2011
Page SJ, 2005, NEUROREHAB NEURAL RE, V19, P27, DOI 10.1177/1545968304272701, DOL 2005 17.44 2006 2010
Uswatte G, 2005, STROKE, V36, P2493, DOI 10.1161/01.STR.0000185928.90848.2¢, DOL 2005 16.15 2006 2010
Dettmers C, 2005, ARCH PHYS MED REHAB, V86, P204, DOI 10.1016/j.apmr.2004.05.007, DOL 2005 14.44 2006 2010
Wolf SL, 2006, JAMA-J AM MED ASSOC, V296, P2095, DOI 10.1001/jama.296.17.2095, DOL 2006 50.66 2007 2011
Charles JR, 2006, DEV MED CHILD NEUROL, V48, P633, DOI 10.1017/50012162206001356, DOL 2006 15.73 2007 2011
Uswatte G, 2006, NEUROLOGY, V67, P1189, DOI 10.1212/01.wnL.0000238164.90657.c2, DOL 2006 1529 2007 2011
Boake C, 2007, NEUROREHAB NEURAL RE, V21, P14, DOI 10.1177/1545068306291858, DOL 2007 14.86 2008 2012
Dromerick AW, 2009, NEUROLOGY, V73, P195, DOI 10.1212/WNL.0b013¢3181ab2627, DOL 2009 1509 2010 2014
Aarts PB, 2010, NEUROREHAB NEURAL RE, V24, P509, DOI 10.1177/1545968309359767, DOL 2010 16.09 2011 2015 e —
Sakzewski L, 2011, DEV MED CHILD NEUROL, V53, P313, DOI 10.1111/j.1469-8740.2010.03859.x, DOI 2011  15.31 2012 2016 —
Gordon AM, 2011, NEUROREHAB NEURAL RE, V25, P692, DOI 10.1177/1545968311402508, DOL 2011 14.17 2013 2016 e ——
Kwakkel G, 2015, LANCET NEUROL, V14, P224, DOI 10.1016/S1474-4422(14)70160-7, DOL 2015 21.55 2016 2020 S—
FIGURE 8
(A) Clustering of CIMT co-cited literature in the field of rehabilitation. (B) Timeline View of CIMT's Key Literature in Rehabilitation. (C) CIMT in
Rehabilitation Key Literature Breakout Chart.

numbers, while 30% are located in East Asia, highlighting these
regions as key centers of study in this field.

University of Alabama Birmingham has solidified its position
as a leading institution in the field, with notable publications. One
such study conducted in Germany replicated a US laboratory
experiment using CIMT to enhance upper limb function (WMFT,
MAL) in chronic stroke patients, showing lasting improvements
up to a 6-month follow-up (26). Emory University stands out for
its high TLS and strong collaboration with other institutions. A
significant study involving 222 patients 3-9 months post-ischemic
stroke demonstrated long-term improvements in arm motor
function (WMFT, MAL) through CIMT treatment, which was the
(EXCITE)
randomized controlled clinical trial to confirm the Positive efficacy
of CIMT in the treatment of subacute stroke (8). Despite fewer
publications, University of Florida ranks highly in academic

first application of a prospective multicenter

impact, as evidenced by a study involving 127 patients with upper
extremity injuries post-stroke. The study compared CIMT, robotic-
assisted treatment, and usual care, showing that robotic-assisted
treatment did not significantly improve motor function (FMA,
WMET) after 12 weeks, but did show better results compared to
standard care after 36 weeks, highlighting the effectiveness of
CIMT in chronic stroke treatment (27). Although China National
Taiwan University ranked third in research paper production, but
its Average Citation Per Paper (ACPP) was relatively low,
suggesting a need for further improvement in research quality.
Enhancing collaboration and communication with other leading
research groups is crucial. Additionally, it is noteworthy that the
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average publication year of National Taiwan University’s papers is
relatively recent, with a primary focus on comparative clinical
efficacy studies of mCIMT.

In the realm of academic publications, among the top 10 writers,
respectively, among which Taub E from Alabama Univ, United States,
holds the top spot in TC, ACPP, H-index, and TLS in addition to being
the most prolific author in the area, His highly cited articles provide
evidence that CIMT is effective in improving chronic (>1year) (26) or
subacute (3-9months) (8) upper extremity function in stroke patients,
with long-term benefits. Furthermore, CIMT has been shown to
enhance muscle output in the affected hemisphere of chronic stroke
patients, leading to increased muscle output and recruitment in
adjacent brain regions (28). Even when sustained for up to 6 months,
motor cortical areas in both hemispheres can be nearly identical in
size (25). This was the first time that CIMT was proposed and
demonstrated. This is the first suggestion and illustration that CIMT
can enhance the brain’s motor cortex’s plasticity in individuals with
chronic stroke. Recent research has explored the efficacy of CIMT in
improving motor function in paralyzed lower limbs post-stroke (29,
30), as well as its potential applications in other neurological
conditions such as multiple sclerosis (31, 32) and cerebral palsy (33).
Taub E’s top ranking in TLS reflects his collaborative efforts with
scholars like Uswatte G, Morris DM, Wolf SL, Mark VW, and Miltner
WHR from the University of Alabama. In addition, Uswatte G from
Alabama University, United States, who ranked second in terms of
number of publications, TC, ACPP, H-index, and TLS, is the
top-ranked researcher in total link strength. Uswatte Gs research
focused on evaluating the accuracy of accelerometry based on CIMT
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in tracking actual arm movement in subacute stroke patients (34, 35).
Notably, Bai YL from Fudan University, representing mainland China,
has conducted research on the molecular mechanisms of CIMT to
enhance neurological and motor functions in stroke patients.
He communicated closely with Ce L and Hu J. This research has
focused on areas such as ipsilateral corticospinal tracts (36), sensory-
motor cortex and hippocampal synapses (37), phosphorylated
extracellularly regulated protein kinase (38), AMPA receptor-
dependent synapses in the ipsilateral hemisphere (39), and inhibition
of extracellular traps of neutrophils in the ischemic cortex (40). In
Taiwan, Lin KC from Natl Taiwan Univ, along with Wu CY and Chen
CL, has concentrated on improving motor performance, daily
functioning, and quality of life in chronic stroke patients through
mCIMT, dCIMT, and constraint-induced therapy with trunk restraints
(CIT-TR) in clinical randomized controlled studies (41-43).

Neurorehabilitation and Neural Repair is the most influential
journal in the field. Among the most frequently cited papers on a
clinical trial of CIMT in chronic stroke patients with aphasia, which
showed that CIMT improved several standardized clinical tests, self-
ratings, and the effectiveness of communication in patients daily lives
(44). Stroke is a top-ranked ACPP journal and a Q1 journal with the
highest IE. One of its high-profile papers was the first to demonstrate
that long-term changes in brain function are associated with improved
motor rehabilitation after treatment-induced neurological injury (25).
The Q1 journals with the highest IF and H indices are Stroke and
Archives of Physical Medicine and Rehabilitation, respectively. This
suggests that the articles that have appeared in these two reputable
journals have a high academic reference value. You may give these
incredibly productive journals priority when submitting research to
get published in this subject, and when searching for related literature,
you can prefer the proceedings of these highly cited journals.

Highly cited literature often signifies impactful research, with a
substantial academic influence, providing insights into key areas of
focus within a particular field (45). Therefore, examining the most
referenced literature can provide early insights into research trends
and directions in the field. The top ten cited works primarily fall into
two categories: comparative clinical efficacy studies of CIMT/
mCIMT for enhancing upper limb function in stroke patients, and
investigations into the molecular mechanisms underlying the
efficacy of CIMT in improving upper limb function in stroke
patients. Among the comparative clinical efficacy studies of
conventional CIMT, an earlier study was that of Miltner et al. who
replicated the results of US laboratory CIMT to improve WMFT and
MAL in patients with chronic stroke in Germany, demonstrating the
general applicability of the intervention (26). Following closely
behind, Sterr et al. found that a 6-h CIMT training protocol was
more effective than a 3-h protocol in improving motor function
(WMFT, MAL) in chronic stroke patients (46). Taub et al. also
reported that CIMT significantly improved arm motor deficits
(WMFT, MAL) in patients with mild to moderate chronic stroke
(47). Notably, Wolf et al. reported the first application of the
prospective multicenter, large sample size (EXCITE) randomized
controlled clinical trial to confirm the positive efficacy of CIMT in
the treatment of subacute stroke (8). CIMT significantly improved
arm motor function (WMFT, MAL) in 222 patients 3-9 months after
ischemic stroke and persisted for at least 1year (8). In addition,
Peurala et al. in a meta-analysis that included 27 randomized
controlled trial studies, found that 60-72h of CIMT exercises over
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a two-week period produced better mobility. And only 30h of CIMT
exercises in 3 weeks showed improvement (48).

In a comparative study of the clinical efficacy of mCIMT, the most
frequently cited is Page et al. conducted a mCIMT 3 times/week for
10 weeks, with the less affected arm being restricted 5 days/week for
5h, and the findings that mCIMT improved the function of the more
affected arm in chronic stroke patients and the use, further confirming
that repetitive, task-specific exercises are critical for regaining
function, whereas the intensity of the exercise program is less
important (49). For acute stroke patients, Page et al. found that
mCIMT improved the use of the affected arm, MAL, Fugl-Meyer, and
ARAT, and the ability of the patient to perform valuable activities
again, compared with the efficacy of conventional rehabilitation for
the treatment of upper extremity hemiparesis in acute stroke patients
less than 14 days post-stroke (50). In addition, a review published by
Kwakkel et al. describes the current evidence regarding, original
CIMT and mCIMT. The beneficial effects of the original and mCIMT
types on motor function, arm-hand activity, and self-reported
arm-hand function in daily life, immediately after treatment, and at
long-term follow-up were summarized (51). Of note, the optimal
timing, dose, and training intensity of CIMT/mCIMT interventions
in acute and chronic stroke patients are not yet defined.

Among the studies on the molecular mechanisms of CIMT
efficacy, Liepert ] and Bauder H (2000) were the first to propose and
demonstrate that CIMT improves plasticity in the motor cortex of the
brain in chronic stroke patients. Their 12-day CIMT intervention with
13 chronic stroke patients compared the cortical motor output areas
of the hand muscles on both sides before and after treatment to
evaluate the reorganization of the motor cortex following effective
rehabilitation therapy in stroke patients. The results showed a
significant enlargement of the muscle output area in the affected
hemisphere and increased recruitment from neighboring brain
regions in chronic stroke patients. These changes were observed to
persist for up to 6 months, with the size of motor cortical areas in both
hemispheres becoming nearly identical (25). Additionally, Wittenberg
et al. utilized transcranial magnetic stimulation to map the motor
cortex and positron emission tomography to assess changes in motor
task-related activation as a result of CIMT intervention. Their findings
indicated that CIMT treatment led to a significant decrease in brain
activation during the motor task, along with an expansion of the
motor map in the affected hemisphere. This suggests an enhanced
capacity of the upper motor neurons to generate movement (52). The
underlying mechanisms driving both the CIMT/mCIMT are still
poorly understood, but results from kinesiological studies suggest that
improvements are largely based on post-stroke adaptation through
learning to optimize the use of intact end-effector for some
autonomous motor control of wrist and finger extensor muscles (51).
These influential publications have made a substantial academic
contribution and have been instrumental in pushing the field forward.
Continued analysis of these publications will enhance our
comprehension of the present state and future trajectory of the field,
ultimately bolstering our research capabilities and the quality of our
research outcomes.

In recent years, there have been several studies comparing CIMT
to other therapies, for example, to proprioceptive-based training (13),
compared to an unconstrained task-oriented training group (53),
CIMT has been shown to improve motor function and ADLs and can
be used in combination with other therapies. For example, in
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combination with virtual reality training (54) and botulinum toxin A
injections (55), visual biofeedback training (56), combined with
mirror therapy (57), which resulted in better improvements in upper
limb motor function, ADLs, grasping and pad-pinch function. It can
be assumed that CIMT, in combination with other treatments,
produces additional results. This suggests that we need to choose the
most appropriate treatment for the patient based on their condition
and needs. It is noteworthy that the use of trunk surrogate methods
may hinder the upper extremity’s long-term functional rehabilitation.
CIMT can be augmented with trunk restraints. It has been
demonstrated that in terms of upper extremity motor function, ADLs,
and use of the hemiplegic upper extremity, CIMT in conjunction with
trunk restraint is much better than CIMT alone (12, 58). Enhancing
upper limb motor performance may also be possible by combining
CIMT with transcranial magnetic stimulation (TMS) or transcranial
direct current stimulation (tDCS) (59-61). A major field of study is
robot-based rehabilitation, which offers precision control and real-
time patient monitoring to achieve effective rehabilitation. A research
comparing CIMT with robot-assisted treatment shown that while
both enhanced patient performance, there was no discernible change
in motor function across the groups (62). Nevertheless, compared to
robot-assisted therapy alone, studies that combined CI therapy with
robot-assisted therapy demonstrated a decrease in compensatory
trunk movements during activities and a greater improvement in
motor function and ADLs (63, 64). In the aftermath of the new
coronavirus era, home rehabilitation and telemedicine have become
hot study issues. Studies have shown that CIMT in conjunction with
telemedicine and home rehabilitation using a gaming approach can
have efficacy comparable to clinic-based rehabilitation (65, 66). For
stroke patients who require long-term rehabilitation, it is particularly
practical and effective.

CIMT for the lower extremities in stroke patients is a modification
of the original CIMT for the upper extremit (30). In lower extremity
CIMT, the number of exercise tasks, rather than the duration of the
exercises, might be crucial to the functional recovery process. As a
result, using the mCIMT, which prioritizes repeat count over length,
could be more practical (67). Numerous studies have demonstrated
that CIMT considerably enhances patients’ walking speed, lower limb
motor function, and balance (68). In addition, treatments for aphasia
should also incorporate behavioral and communicative correlates of
interactions throughout therapy, as well as a thorough training
program tailored to the individual’s communication requirements and
abilities. These principles have been adopted by new treatments (6).
CIMT can be used to treat acute post-stroke aphasia (69) and to
improve chronic aphasia (>1year) (70). The benefits derived from it
may persist long after treatment has ended (71). In addition, CIMT
may improve depressive symptoms (72) and unilateral spatial neglect
(16). Impairment of hand function is a major dysfunction in children
with cerebral palsy, and children often tend to use the healthy side
more in daily life, leading to “learned disuse” CIMT and mCIMT are
equally useful for improving spasticity and cerebral palsy children’s
upper limb motor function, with benefits lasting long (14, 33, 73).

Keywords and key literature co-occurrence and clustering
analyses showed that CIMT, stroke rehabilitation, upper limb function
(machine learning), lower limb gait balance, randomized controlled
trials, physical therapy techniques (transcranial magnetic stimulation
and sensory amplitude electrical stimulation), primary motor cortex
plasticity, lateral dominance (spatial behavior), cerebrovascular
accidents, activities of daily living, hand function, disability, functional
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restoration, cerebral palsy, bilateral arm training, aphasia, learned
disuse, botulinum toxin type A, and joystick riding toys (new
technologies in rehabilitation) are the main research hotspot keywords
in this field. The clustering timeline graphs of keywords and key
literature can be observed that the clustering labels of #0 activities of
daily living, #2 hand function, #5 gait, #6 disability, and #2 lower
extremity balance, #13 upper extremity function, and #14 joystick
riding toys, respectively, are still evolving, which to a certain extent
reflects the current research hotspots. Research hotspots that have
received a lot of attention over time are known as burst keywords.
Keywords that have exploded in the field in recent years include motor
function, human, transcranial direct current stimulation, and
systematic review. These research hotspots offer insightful information
for next studies in addition to reflecting present trends. Specifically the
main research hotspots are the clinical efficacy of CIMT combined
with other therapies (transcranial direct current stimulation,
botulinum toxin type a, virtual reality, mirror therapy, and robotic
assistance) to improve the function of upper extremity hemiparesis in
patients with stroke, the mechanism of CIMT to improve the plasticity
of the motor cortex through electrophysiological and imaging
methods, and improvement of lower limb gait balance function in
stroke patients and aphasia applications. In the future, we can further
delve into the optimal intervention time and dosage of CIMT for
different stages of stroke and the exploratory application of CIMT in
new environments, such as robotic-assisted, telemedicine, and home-
based rehabilitation, with the goals of enhancing the effectiveness of
the rehabilitation program and offering practical assistance for the
stroke rehabilitation industry.

6.1 Limitations of the study

This research may have missed excellent literature from other
databases in the area or in other languages because it only included
studies of literature in the English language from the WOS database’s
core dataset. It also has certain limitations when it comes to literature
retrieval. That being said, it is crucial to stress that the WoSCC
database is generally accepted as the most extensively used database
for bibliometric research (74-76).

7 Conclusion

This work offers a fresh viewpoint for a rapid comprehension of
CIMT in rehabilitation as it is the first bibliometric and visualisation
analysis of CIMT in rehabilitation research during the previous 30years
from many angles. The current state of research suggests that CIMT in
rehabilitation research still has vast potential for growth. The most
influential countries, institutions, journals, and authors are the
United States, Alabama Univ, Neurorehabilitation and Neural Repair,
and Taub E. The research hotspot keywords are CIMT, stroke
rehabilitation, upper extremity function (machine learning), lower
extremity gait balance, randomized controlled trials, physical therapy
techniques (transcranial magnetic stimulation and sensory amplitude
electrical stimulation), primary motor cortex plasticity, lateral dominance
(spatial behavior), cerebrovascular accidents, activities of daily living,
hand function, disability, functional restoration, bimanual training,
aphasia, learned disuse, botulinum toxin type A, and joystick ride-on
toys (new rehabilitation technology). These hot keywords reflect, to some
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extent, the development trend and cutting-edge research direction of the
field. However, CIMT still faces many opportunities and challenges in
rehabilitation research, including the clinical efficacy of CIMT combined
with other therapies (botulinum toxin type A, transcranial direct current
stimulation, virtual reality, mirror therapy, robotic-assisted) to enhance
the functionality of upper limb hemiparesis in stroke patients, the
investigation of the mechanism of CIMT to improve motor cortex
plasticity through electrophysiological and imaging methods, and
improvement of lower limb gait balance function in stroke patients and
aphasia applications. Meanwhile, future studies should focus on an
in-depth exploration of the optimal intervention time and dose of CIMT
for different stages of stroke CIMT in new environments such as robot-
assisted, telemedicine, and home rehabilitation. Overall, this research
offers a comprehensive and well-structured overview of the extensive and
intricate literature on CIMT in the field of rehabilitation. It is given in the
form of a knowledge map. This facilitates the comprehension of the
discipline’s history and future prospects by academics, hence promoting
further scholarly investigation.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

JX: Conceptualization, Software, Writing - original draft, Writing
- review & editing. MC: Formal analysis, Writing - review & editing.
XW: Investigation, Writing - review & editing. ZC: Funding
acquisition, Supervision, Writing — review & editing. YW: Funding
acquisition, Supervision, Writing — review & editing. XL: Funding
acquisition, Project administration, Writing - review & editing.

References

1. Collaborators GS. Global, regional, and national burden of stroke and its risk
factors, 1990-2019: a systematic analysis for the global burden of disease study 2019.
Lancet Neurol. (2021) 20:795-820. doi: 10.1016/S1474-4422(21)00252-0

2. Donkor ES. Stroke in the 21(st) century: a snapshot of the burden, epidemiology,
and quality of life. Stroke Res Treat. (2018) 2018:3238165. doi: 10.1155/2018/3238165

3. Han P, Zhang W, Kang L, Ma Y, Fu L, Jia L, et al. Clinical evidence of exercise benefits
for stroke. Adv Exp Med Biol. (2017) 1000:131-51. doi: 10.1007/978-981-10-4304-8_9

4. Bonifer NM, Anderson KM, Arciniegas DB. Constraint-induced movement therapy
after stroke: efficacy for patients with minimal upper-extremity motor ability. Arch Phys
Med Rehabil. (2005) 86:1867-73. doi: 10.1016/j.apmr.2005.04.002

5. Taub E, Uswatte G, Pidikiti R. Constraint-induced movement therapy: a new family
of techniques with broad application to physical rehabilitation--a clinical review. J
Rehabil Res Dev. (1999) 36:237-51.

6. Rose ML, Nickels L, Copland D, Togher L, Godecke E, Meinzer M, et al. Results of
the COMPARE trial of constraint-induced or multimodality aphasia therapy compared
with usual care in chronic post-stroke aphasia. ] Neurol Neurosurg Psychiatry. (2022)
93:573-81. doi: 10.1136/jnnp-2021-328422

7. Morris DM, Taub E, Mark VW. Constraint-induced movement therapy:
characterizing the intervention protocol. Eura Medicophys. (2006) 42:257-68. doi:
10.2478/hacq-2013-0010

8. Wolf SL, Winstein CJ, Miller JP, Taub E, Uswatte G, Morris D, et al. Effect of
constraint-induced movement therapy on upper extremity function 3 to 9 months after
stroke. JAMA. (2006) 296:2095-104. doi: 10.1001/jama.296.17.2095

9. Kunkel A, Kopp B, Miiller G, Villringer K, Villringer A, Taub E, et al. Constraint-

induced movement therapy for motor recovery in chronic stroke patients. Arch Phys
Med Rehabil. (1999) 80:624-8. doi: 10.1016/50003-9993(99)90163-6

Frontiers in Neurology

10.3389/fneur.2024.1375855

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the Sichuan Provincial Science and 26 Technology
Support Program (2015SZ0055).

Acknowledgments

The editor and reviewers provided insightful comments that helped
the writers enhance this article, for which the authors are grateful.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1375855/
full#supplementary-material

10. Wolf SL, Thompson PA, Winstein CJ, Miller JP, Blanton SR, Nichols-Larsen DS,
et al. The EXCITE stroke trial: comparing early and delayed constraint-induced
movement therapy. Stroke. (2010) 41:2309-15. doi: 10.1161/STROKEAHA.110.588723

11. Viana R, Teasell R. Barriers to the implementation of constraint-induced
movement therapy into practice. Top Stroke Rehabil. (2012) 19:104-14. doi: 10.1310/
tsr1902-104

12. Bang DH, Shin WS, Choi HS. Effects of modified constraint-induced movement
therapy with trunk restraint in early stroke patients: a single-blinded, randomized,
controlled, pilot trial. NeuroRehabilitation. (2018) 42:29-35. doi: 10.3233/NRE-172176

13. Alaca N, Ocal NM. Proprioceptive based training or modified constraint-induced
movement therapy on upper extremity motor functions in chronic stroke patients: a
randomized controlled study. NeuroRehabilitation. (2022) 51:271-82. doi: 10.3233/
NRE-220009

14. Wang TN, Liang KJ, Liu YC, Shieh JY, Chen HL. Effects of intensive versus
distributed constraint-induced movement therapy for children with unilateral cerebral
palsy: a quasi-randomized trial. Neurorehabil Neural Repair. (2023) 37:109-18. doi:
10.1177/15459683231162330

15. Wu CY, Wang TN, Chen YT, Lin KC, Chen YA, Li HT, et al. Effects of constraint-
induced therapy combined with eye patching on functional outcomes and movement
kinematics in poststroke neglect. Am J Occup Ther. (2013) 67:236-45. doi: 10.5014/
2jot.2013.006486

16. Taub E, Mark VW, Uswatte G. Implications of CI therapy for visual deficit training.
Front Integr Neurosci. (2014) 8:78. doi: 10.3389/fnint.2014.00078

17.Lee KS, Lee WH, Hwang S. Modified constraint-induced movement therapy
improves fine and gross motor performance of the upper limb in Parkinson disease. Am
] Phys Med Rehabil. (2011) 90:380-6. doi: 10.1097/PHM.0b013e31820b15cd

frontiersin.org


https://doi.org/10.3389/fneur.2024.1375855
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1375855/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1375855/full#supplementary-material
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1155/2018/3238165
https://doi.org/10.1007/978-981-10-4304-8_9
https://doi.org/10.1016/j.apmr.2005.04.002
https://doi.org/10.1136/jnnp-2021-328422
https://doi.org/10.2478/hacq-2013-0010
https://doi.org/10.1001/jama.296.17.2095
https://doi.org/10.1016/S0003-9993(99)90163-6
https://doi.org/10.1161/STROKEAHA.110.588723
https://doi.org/10.1310/tsr1902-104
https://doi.org/10.1310/tsr1902-104
https://doi.org/10.3233/NRE-172176
https://doi.org/10.3233/NRE-220009
https://doi.org/10.3233/NRE-220009
https://doi.org/10.1177/15459683231162330
https://doi.org/10.5014/ajot.2013.006486
https://doi.org/10.5014/ajot.2013.006486
https://doi.org/10.3389/fnint.2014.00078
https://doi.org/10.1097/PHM.0b013e31820b15cd

Xu et al.

18. Geerdink Y, Aarts P, Geurts AC. Motor learning curve and long-term effectiveness
of modified constraint-induced movement therapy in children with unilateral cerebral
palsy: a randomized controlled trial. Res Dev Disabil. (2013) 34:923-31. doi: 10.1016/j.
ridd.2012.11.011

19. Rostami HR, Khayatzadeh MM, Yarmohammadi N. Feasibility of the modified
constraint-induced movement therapy in patients with median and ulnar nerve injuries:
a single-subject A-B-A design. Clin Rehabil. (2015) 29:277-84. doi:
10.1177/0269215514542357

20. Rostami HR, Akbarfahimi M, Hassani MA, Akbarinia AR, Samani S. Occupation-
based intervention versus rote exercise in modified constraint-induced movement
therapy for patients with median and ulnar nerve injuries: a randomized controlled trial.
Clin Rehabil. (2017) 31:1087-97. doi: 10.1177/0269215516672276

21. Candia V, Schafer T, Taub E, Rau H, Altenmiiller E, Rockstroh B, et al. Sensory
motor retuning: a behavioral treatment for focal hand dystonia of pianists and guitarists.
Arch Phys Med Rehabil. (2002) 83:1342-8. doi: 10.1053/apmr.2002.35094

22.Chen C, Song M. Visualizing a field of research: a methodology of systematic
scientometric reviews. PLoS One. (2019) 14:€0223994. doi: 10.1371/journal.
pone.0223994

23. Sabe M, Pillinger T, Kaiser S, Chen C, Taipale H, Tanskanen A, et al. Half a century
of research on antipsychotics and schizophrenia: a scientometric study of hotspots,
nodes, bursts, and trends. Neurosci Biobehav Rev. (2022) 136:104608. doi: 10.1016/j.
neubiorev.2022.104608

24.Synnestvedt MB, Chen C, Holmes JH. CiteSpace II: visualization and
knowledge discovery in bibliographic databases. AMIA Annu Symp Proc. (2005)
2005:724-8.

25. Liepert J, Bauder H, Wolfgang HR, Miltner WH, Taub E, Weiller C. Treatment-
induced cortical reorganization after stroke in humans. Stroke. (2000) 31:1210-6. doi:
10.1161/01.STR.31.6.1210

26. Miltner WH, Bauder H, Sommer M, Dettmers C, Taub E. Effects of constraint-
induced movement therapy on patients with chronic motor deficits after stroke: a
replication. Stroke. (1999) 30:586-92. doi: 10.1161/01.STR.30.3.586

27.Lo AC, Guarino PD, Richards LG, Haselkorn JK, Wittenberg GF, Federman DG,
et al. Robot-assisted therapy for long-term upper-limb impairment after stroke. N Engl
] Med. (2010) 362:1772-83. doi: 10.1056/NEJMo0a0911341

28. Liepert J, Miltner WH, Bauder H, Sommer M, Dettmers C, Taub E, et al. Motor
cortex plasticity during constraint-induced movement therapy in stroke patients.
Neurosci Lett. (1998) 250:5-8. doi: 10.1016/50304-3940(98)00386-3

29. Dos AS, Morris DM, Taub E. Constraint-induced movement therapy for improving
motor function of the paretic lower extremity after stroke. Am J Phys Med Rehabil.
(2020) 99:¢75-8. doi: 10.1097/PHM.0000000000001249

30.Dos AS, Morris D, Taub E. Constraint-induced movement therapy for lower
extremity function: describing the LE-CIMT protocol. Phys Ther. (2020) 100:698-707.
doi: 10.1093/ptj/pzz191

31. Barghi A, Allendorfer JB, Taub E, Womble B, Hicks JM, Uswatte G, et al. Phase II
randomized controlled trial of constraint-induced movement therapy in multiple
sclerosis. Part 2: effect on white matter integrity. J. Neurol. Rehabil. (2018) 32:233-41.
doi: 10.1177/1545968317753073

32. Mark VW, Taub E, Uswatte G, Morris DM, Cutter GR, Adams TL, et al. Phase II
randomized controlled trial of constraint-induced movement therapy in multiple
sclerosis. Part 1: effects on real-world function. Neurorehabil Neural Repair. (2018)
32:223-32. doi: 10.1177/1545968318761050

33. Taub E, Ramey SL, DeLuca S, Echols K. Efficacy of constraint-induced movement
therapy for children with cerebral palsy with asymmetric motor impairment. Pediatrics.
(2004) 113:305-12. doi: 10.1542/peds.113.2.305

34. Uswatte G, Giuliani C, Winstein C, Zeringue A, Hobbs L, Wolf SL. Validity of
accelerometry for monitoring real-world arm activity in patients with subacute stroke:
evidence from the extremity constraint-induced therapy evaluation trial. Arch Phys Med
Rehabil. (2006) 87:1340-5. doi: 10.1016/j.apmr.2006.06.006

35. Uswatte G, Foo WL, Olmstead H, Lopez K, Holand A, Simms LB. Ambulatory
monitoring of arm movement using accelerometry: an objective measure of upper-
extremity rehabilitation in persons with chronic stroke. Arch Phys Med Rehabil. (2005)
86:1498-501. doi: 10.1016/j.apmr.2005.01.010

36. HuJ, Li C, Hua Y, Zhang B, Gao BY, Liu PL, et al. Constrained-induced movement
therapy promotes motor function recovery by enhancing the remodeling of ipsilesional
corticospinal tract in rats after stroke. Brain Res. (2019) 1708:27-35. doi: 10.1016/j.
brainres.2018.11.011

37.HuJ, Li C, Hua Y, Liu P, Gao B, Wang Y, et al. Constraint-induced movement
therapy improves functional recovery after ischemic stroke and its impacts on synaptic
plasticity in sensorimotor cortex and hippocampus. Brain Res Bull. (2020) 160:8-23. doi:
10.1016/j.brainresbull.2020.04.006

38.Zhang B, He Q, Li YY, Li C, Bai YL, Hu YS, et al. Constraint-induced movement
therapy promotes motor function recovery and downregulates phosphorylated
extracellular regulated protein kinase expression in ischemic brain tissue of rats. Neural
Regen Res. (2015) 10:2004-10. doi: 10.4103/1673-5374.172319

39.Hu J, Liu PL, Hua Y, Gao BY, Wang YY, Bai YL, et al. Constraint-induced
movement therapy enhances AMPA receptor-dependent synaptic plasticity in the

Frontiers in Neurology

10.3389/fneur.2024.1375855

ipsilateral hemisphere following ischemic stroke. Neural Regen Res. (2021) 16:319-24.
doi: 10.4103/1673-5374.290900

40.Li C, Hu J, Xing Y, Han J, Zhang A, Zhang Y, et al. Constraint-induced movement
therapy alleviates motor impairment by inhibiting the accumulation of neutrophil
extracellular traps in ischemic cortex. Neurobiol Dis. (2023) 179:106064. doi: 10.1016/j.
nbd.2023.106064

41. Wu CY, Chen CL, Tsai WC, Lin KC, Chou SH. A randomized controlled trial of
modified constraint-induced movement therapy for elderly stroke survivors: changes in
motor impairment, daily functioning, and quality of life. Arch Phys Med Rehabil. (2007)
88:273-8. doi: 10.1016/j.apmr.2006.11.021

42. Wu CY, Chen YA, Lin KC, Chao CP, Chen YT. Constraint-induced therapy with
trunk restraint for improving functional outcomes and trunk-arm control after stroke:
a randomized controlled trial. Phys Ther. (2012) 92:483-92. doi: 10.2522/ptj.20110213

43. Wu CY, Chuang LL, Lin KC, Chen HC, Tsay PK. Randomized trial of distributed
constraint-induced therapy versus bilateral arm training for the rehabilitation of upper-
limb motor control and function after stroke. Neurorehabil Neural Repair. (2011)
25:130-9. doi: 10.1177/1545968310380686

44. Pulvermiiller E, Neininger B, Elbert T, Mohr B, Rockstroh B, Koebbel P, et al.
Constraint-induced therapy of chronic aphasia after stroke. Stroke. (2001) 32:1621-6.
doi: 10.1161/01.STR.32.7.1621

45.Li R, Wang Y, Zhao Z, Li X, Liu Z. A bibliometric analysis based on web of science
from 2012 to 2021: current situation, hot spots, and global trends of medullary thyroid
carcinoma. Front Oncol. (2023) 13:1119915. doi: 10.3389/fonc.2023.1119915

46. Sterr A, Elbert T, Berthold I, Kélbel S, Rockstroh B, Taub E. Longer versus shorter
daily constraint-induced movement therapy of chronic hemiparesis: an exploratory
study. Arch Phys Med Rehabil. (2002) 83:1374-7. doi: 10.1053/apmr.2002.35108

47.Taub E, Uswatte G, King DK, Morris D, Crago JE, Chatterjee A. A placebo-
controlled trial of constraint-induced movement therapy for upper extremity after
stroke. Stroke. (2006) 37:1045-9. doi: 10.1161/01.STR.0000206463.66461.97

48. Peurala SH, Kantanen MP, Sjogren T, Paltamaa ], Karhula M, Heinonen A.
Effectiveness of constraint-induced movement therapy on activity and participation after
stroke: a systematic review and meta-analysis of randomized controlled trials. Clin
Rehabil. (2012) 26:209-23. doi: 10.1177/0269215511420306

49. Page 9], Sisto S, Levine P, McGrath RE. Efficacy of modified constraint-induced
movement therapy in chronic stroke: a single-blinded randomized controlled trial. Arch
Phys Med Rehabil. (2004) 85:14-8. doi: 10.1016/S0003-9993(03)00481-7

50. Page SJ, Levine P, Leonard AC. Modified constraint-induced therapy in acute
stroke: a randomized controlled pilot study. Neurorehabil Neural Repair. (2005)
19:27-32. doi: 10.1177/1545968304272701

51. Kwakkel G, Veerbeek JM, van Wegen EEH, Wolf SL. Constraint-induced
movement therapy after stroke. Lancet Neurol. (2015) 14:224-34. doi: 10.1016/
S$1474-4422(14)70160-7

52. Wittenberg GF, Chen R, Ishii K, Bushara KO, Taub E, Gerber LH, et al. Constraint-
induced therapy in stroke: magnetic-stimulation motor maps and cerebral activation.
Neurorehabil Neural Repair. (2003) 17:48-57. doi: 10.1177/0888439002250456

53. Wang D, Li L, Pan H, Huang L, Sun X, He C, et al. Comparison of the effects of
constraint-induced movement therapy and unconstraint exercise on oxidative stress and
limb function - a study on human patients and rats with cerebral infarction. Brain Sci.
(2022) 13:4. doi: 10.3390/brainsci1 3010004

54.7i EK, Lee SH. Effects of virtual reality training with modified constraint-induced
movement therapy on upper extremity function in acute stage stroke: a preliminary
study. J Phys Ther Sci. (2016) 28:3168-72. doi: 10.1589/jpts.28.3168

55. Nasb M, Shah S, Chen H, Youssef AS, Li Z, Dayoub L, et al. Constraint-induced
movement therapy combined with botulinum toxin for post-stroke spasticity: a
systematic review and Meta-analysis. Cureus. (2021) 13:e17645. doi: 10.7759/
cureus.17645

56.Seok H, Lee SY, Kim J, Yeo ], Kang H. Can short-term constraint-induced
movement therapy combined with visual biofeedback training improve hemiplegic
upper limb function of subacute stroke patients? Ann Rehabil Med. (2016) 40:998-1009.
doi: 10.5535/arm.2016.40.6.998

57.Yoon JA, Koo BI, Shin MJ, Shin YB, Ko HY, Shin YI. Effect of constraint-induced
movement therapy and mirror therapy for patients with subacute stroke. Ann Rehabil
Med. (2014) 38:458-66. doi: 10.5535/arm.2014.38.4.458

58. Bang DH. Effect of modified constraint-induced movement therapy combined
with auditory feedback for trunk control on upper extremity in subacute stroke patients
with moderate impairment: randomized controlled pilot trial. J Stroke Cerebrovasc Dis.
(2016) 25:1606-12. doi: 10.1016/j.jstrokecerebrovasdis.2016.03.030

59. Figlewski K, Blicher JU, Mortensen J, Severinsen KE, Nielsen JF, Andersen H.
Transcranial direct current stimulation potentiates improvements in functional ability
in patients with chronic stroke receiving constraint-induced movement therapy. Stroke.
(2017) 48:229-32. doi: 10.1161/STROKEAHA.116.014988

60. Rocha S, Silva E, Foerster A, Wiesiolek C, Chagas AP, Machado G, et al. The impact
of transcranial direct current stimulation (tDCS) combined with modified constraint-
induced movement therapy (mCIMT) on upper limb function in chronic stroke: a
double-blind randomized controlled trial. Disabil Rehabil. (2016) 38:653-60. doi:
10.3109/09638288.2015.1055382

frontiersin.org


https://doi.org/10.3389/fneur.2024.1375855
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.ridd.2012.11.011
https://doi.org/10.1016/j.ridd.2012.11.011
https://doi.org/10.1177/0269215514542357
https://doi.org/10.1177/0269215516672276
https://doi.org/10.1053/apmr.2002.35094
https://doi.org/10.1371/journal.pone.0223994
https://doi.org/10.1371/journal.pone.0223994
https://doi.org/10.1016/j.neubiorev.2022.104608
https://doi.org/10.1016/j.neubiorev.2022.104608
https://doi.org/10.1161/01.STR.31.6.1210
https://doi.org/10.1161/01.STR.30.3.586
https://doi.org/10.1056/NEJMoa0911341
https://doi.org/10.1016/S0304-3940(98)00386-3
https://doi.org/10.1097/PHM.0000000000001249
https://doi.org/10.1093/ptj/pzz191
https://doi.org/10.1177/1545968317753073
https://doi.org/10.1177/1545968318761050
https://doi.org/10.1542/peds.113.2.305
https://doi.org/10.1016/j.apmr.2006.06.006
https://doi.org/10.1016/j.apmr.2005.01.010
https://doi.org/10.1016/j.brainres.2018.11.011
https://doi.org/10.1016/j.brainres.2018.11.011
https://doi.org/10.1016/j.brainresbull.2020.04.006
https://doi.org/10.4103/1673-5374.172319
https://doi.org/10.4103/1673-5374.290900
https://doi.org/10.1016/j.nbd.2023.106064
https://doi.org/10.1016/j.nbd.2023.106064
https://doi.org/10.1016/j.apmr.2006.11.021
https://doi.org/10.2522/ptj.20110213
https://doi.org/10.1177/1545968310380686
https://doi.org/10.1161/01.STR.32.7.1621
https://doi.org/10.3389/fonc.2023.1119915
https://doi.org/10.1053/apmr.2002.35108
https://doi.org/10.1161/01.STR.0000206463.66461.97
https://doi.org/10.1177/0269215511420306
https://doi.org/10.1016/S0003-9993(03)00481-7
https://doi.org/10.1177/1545968304272701
https://doi.org/10.1016/S1474-4422(14)70160-7
https://doi.org/10.1016/S1474-4422(14)70160-7
https://doi.org/10.1177/0888439002250456
https://doi.org/10.3390/brainsci13010004
https://doi.org/10.1589/jpts.28.3168
https://doi.org/10.7759/cureus.17645
https://doi.org/10.7759/cureus.17645
https://doi.org/10.5535/arm.2016.40.6.998
https://doi.org/10.5535/arm.2014.38.4.458
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.03.030
https://doi.org/10.1161/STROKEAHA.116.014988
https://doi.org/10.3109/09638288.2015.1055382

Xu et al.

61. Abo M, Kakuda W, Momosaki R, Harashima H, Kojima M, Watanabe S, et al.
Randomized, multicenter, comparative study of NEURO versus CIMT in poststroke
patients with upper limb hemiparesis: the NEURO-VERIFY study. Int ] Stroke. (2014)
9:607-12. doi: 10.1111/ijs.12100

62. Terranova T'T, Simis M, Santos A, Alfieri FM, Imamura M, Fregni F, et al. Robot-
assisted therapy and constraint-induced movement therapy for motor recovery in stroke:
results from a randomized clinical trial. Front Neurorobot. (2021) 15:684019. doi:
10.3389/fnbot.2021.684019

63. Simis M, Thibaut A, Imamura M, Battistella LR, Fregni F. Neurophysiological
biomarkers of motor improvement from constraint-induced movement therapy and
robot-assisted therapy in participants with stroke. Front Hum Neurosci. (2023)
17:1188806. doi: 10.3389/fnhum.2023.1188806

64. Hsieh YW, Lin KC, Horng YS, Wu CY, Wu TC, Ku FL. Sequential combination of
robot-assisted therapy and constraint-induced therapy in stroke rehabilitation: a
randomized controlled trial. ] Neurol. (2014) 261:1037-45. doi: 10.1007/
s00415-014-7345-4

65. Barzel A, Ketels G, Stark A, Tetzlaff B, Daubmann A, Wegscheider K, et al. Home-
based constraint-induced movement therapy for patients with upper limb dysfunction
after stroke (HOMECIMT): a cluster-randomised, controlled trial. Lancet Neurol. (2015)
14:893-902. doi: 10.1016/S1474-4422(15)00147-7

66. Gauthier LV, Nichols-Larsen DS, Uswatte G, Strahl N, Simeo M, Proffitt R, et al.
Video game rehabilitation for outpatient stroke (VIGoROUS): a multi-site randomized
controlled trial of in-home, self-managed, upper-extremity therapy. EClinicalMedicine.
(2022) 43:101239. doi: 10.1016/j.eclinm.2021.101239

67. Abdullahi A, Aliyu NU, Useh U, Abba MA, Akindele MO, Truijen S, et al.
Comparing two different modes of task practice during lower limb constraint-induced
movement therapy in people with stroke: a randomized clinical trial. Neural Plast. (2021)
2021:6664058. doi: 10.1155/2021/6664058

68. Marklund I, Sefastsson A, Fure B, Klassbo M, Liv P, Stalnacke BM, et al. Lower-
extremity constraint-induced movement therapy improved motor function, mobility,

Frontiers in Neurology

172

10.3389/fneur.2024.1375855

and walking after stroke. Eur ] Phys Rehabil Med. (2023) 59:136-44. doi: 10.23736/
$1973-9087.23.07683-9

69. Sickert A, Anders LC, Miinte TE, Sailer M. Constraint-induced aphasia therapy
following sub-acute stroke: a single-blind, randomised clinical trial of a modified
therapy schedule. J Neurol Neurosurg Psychiatry. (2014) 85:51-5. doi: 10.1136/
jnnp-2012-304297

70. Szaflarski JP, Ball AL, Vannest J, Dietz AR, Allendorfer JB, Martin AN, et al.
Constraint-induced aphasia therapy for treatment of chronic post-stroke aphasia: a
randomized, blinded, controlled pilot trial. Med Sci Monit. (2015) 21:2861-9. doi:
10.12659/MSM.894291

71. Doppelbauer L, Mohr B, Dreyer FR, Stahl B, Biischer V, Pulvermiiller F. Long-term
stability of short-term intensive language-action therapy in chronic aphasia: a 1-2 year
follow-up study. Neurorehabil ~Neural Repair. (2021) 35:861-70. doi:
10.1177/15459683211029235

72. Stahl B, Millrose S, Denzler P, Lucchese G, Jacobi F Floel A. Intensive Social
interaction for treatment of Poststroke depression in subacute aphasia: the CONNECT
trial. Stroke. (2022) 53:3530-7. doi: 10.1161/STROKEAHA.122.039995

73. Sakzewski L, Ziviani J, Boyd RN. Efficacy of upper limb therapies for unilateral
cerebral palsy: a meta-analysis. Pediatrics. (2014) 133:e175-204. doi: 10.1542/
peds.2013-0675

74. Wang J, Zhao W, Zhang Z, Liu X, Xie T, Wang L, et al. A journey of challenges and
victories: a bibliometric worldview of nanomedicine since the 21st century. Adv Mater.
(2023) 36:€2308915. doi: 10.1002/adma.202308915

75. Wang C, Zhang Y, Zhang Y, Li B. A bibliometric analysis of gastric cancer liver
metastases: advances in mechanisms of occurrence and treatment options. Int J Surg.
(2024) 110:2288-99. doi: 10.1097/JS9.0000000000001068

76.Li P, Sheng L, Ye Y, Wang JS, Geng S, Ning D, et al. Allergenicity of alternative
proteins: research hotspots, new findings, evaluation strategies, regulatory status, and
future trends: a bibliometric analysis. Crit Rev Food Sci Nutr. (2024):1-12. doi:
10.1080/10408398.2023.2299748

frontiersin.org


https://doi.org/10.3389/fneur.2024.1375855
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1111/ijs.12100
https://doi.org/10.3389/fnbot.2021.684019
https://doi.org/10.3389/fnhum.2023.1188806
https://doi.org/10.1007/s00415-014-7345-4
https://doi.org/10.1007/s00415-014-7345-4
https://doi.org/10.1016/S1474-4422(15)00147-7
https://doi.org/10.1016/j.eclinm.2021.101239
https://doi.org/10.1155/2021/6664058
https://doi.org/10.23736/S1973-9087.23.07683-9
https://doi.org/10.23736/S1973-9087.23.07683-9
https://doi.org/10.1136/jnnp-2012-304297
https://doi.org/10.1136/jnnp-2012-304297
https://doi.org/10.12659/MSM.894291
https://doi.org/10.1177/15459683211029235
https://doi.org/10.1161/STROKEAHA.122.039995
https://doi.org/10.1542/peds.2013-0675
https://doi.org/10.1542/peds.2013-0675
https://doi.org/10.1002/adma.202308915
https://doi.org/10.1097/JS9.0000000000001068
https://doi.org/10.1080/10408398.2023.2299748

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Rupert Ortner,
g.tec medical engineering GmbH, Austria

REVIEWED BY

Chen Hao,

Tianjin University of Traditional Chinese
Medicine, China

Keying Chen,

Sunnybrook Research Institute (SRI), Canada
Vassiliy Tsytsarev,

University of Maryland, United States
Bernhard Schaller,

University of Zurich, Switzerland

*CORRESPONDENCE
Meng Wang
tiwangmeng1988@163.com
Tao Yu
doctoryutao@163.com

RECEIVED 24 March 2024
ACCEPTED 05 August 2024
PUBLISHED 16 August 2024

CITATION

FanS, Yan L, Zhang J, Sun Y, Qian Y,

Wang M and Yu T (2024) Transcutaneous
vagus nerve stimulation: a bibliometric study
on current research hotspots and status.
Front. Neurosci. 18:1406135.

doi: 10.3389/fnins.2024.1406135

COPYRIGHT

© 2024 Fan, Yan, Zhang, Sun, Qian, Wang and
Yu. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Neuroscience

Frontiers in Neuroscience

TYPE Review
PUBLISHED 16 August 2024
pol 10.3389/fnins.2024.1406135

Transcutaneous vagus nerve
stimulation: a bibliometric study
on current research hotspots and
status

Shiyu Fan'?, Long Yan'?, Junfeng Zhang'?, Yujia Sun*?,
Yulin Qian?!, Meng Wang'* and Tao Yu'*
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Medical Research Center of Acupuncture, Tianjin, China, 2Tianjin University of Traditional Chinese
Medicine, Tianjin, China

Background: Transcutaneous Vagal Nerve Stimulation (tVNS) has been used as a
promising noninvasive neuromodulation technique for the treatment of various
systems.The aim of this study was to analyze the research hotspots and future
directions of tVNS in the 21st century by using bibliometric methods.

Methods: The study object was the literature related to tVNS from the Web of
Science database from 2000 to May 2024. In order to measure and analyze
the number of literature issuance, institutions, authors, countries, keywords, co-
citations, and journals of publication, we used VOSviewer, Citespace, Bibliometrix
R-package, and Scimago Graphica software. A narrative review of the current
research content of tVNS was conducted to gain a better understanding of the
current state of the field.

Results: A total of 569 papers were included in the study. The results show that
from 2000 to 2024, the number of publications shows an increasing trend year
by year, involving a total of 326 research institutions. The United States, China,
and Germany are the major research centers. The study identified 399 keywords,
which roughly formed 11 natural clusters, revealing that the current hotspots of
related research are mainly reflected in 3 areas: intervention efficacy on nervous
system diseases, mechanism of action of tVNS, and stimulation mode of tVNS.
The top 10 most cited references focus on research into the mechanism of
action of tVNS.

Conclusion: The efficacy and safety of tVNS have been confirmed in previous
studies, but a standardized tVNS treatment protocol has not yet been developed,
and most clinical studies have small sample sizes and lack multicenter and
multidisciplinary collaboration. Currently, tVNS is used in the treatment of
neurological diseases, psychiatric diseases, cardiovascular diseases, and some
autoimmune diseases. It is expected that future research in this field will
continue to focus on the application of tVNS in central nervous system diseases
and the exploration of related mechanisms, and at the same time, with the rise
of non-invasive neuromodulation technology, the application of tVNS in other
diseases also has great potential for development.

KEYWORDS

bibliometrics, transcutaneous vagal nerve stimulation, non-invasive neuromodulation,
current state of research, hot trends, visual analysis, Citespace
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1 Introduction

The Vagus nerve is the 10th pair of cerebral nerves, originating
from the nucleus of suspicion and the dorsal nucleus of the vagus
nerve, which is widely distributed in the pharynx, ear, and internal
organs. The vagus nerve fibers are composed of 20% efferent fibers
and 80% afferent fibers, which can transmit sensory information to
the central nervous system. It is the longest and most widely
distributed cerebral nerve in the human body and belongs to the
category of parasympathetic nervous system. It exerts a significant
regulatory influence on the human body’s nervous system,
respiratory system, circulatory system, and digestive system
(Skandalakis et al., 1993; Berthoud and Neuhuber, 2000). As early
as the 19th century, American neurologist James Corning first
proposed the application of vagus nerve stimulation (VNS) to treat
epilepsy (Lanska, 2002). Subsequently, based on VNS, further
attempts were made to use Transcutaneous Vagal Nerve Stimulation
(tVNS) to intervene in epilepsy, but the above therapies were not
popularized due to the lack of a complete theoretical framework
and controversy throughout the therapeutic efficacy. Since the 20th
century, with the improvement of relevant basic research and
revision of the conceptual framework, VNS and tVNS therapies
have re-entered the public’s view, and become one of the important
neuromodulation therapies in the field of neuroscience (Ventureyra,
2000; Lanska, 2002).

tVNS is a non-invasive neuromodulation technology that affects
relevant pathways of the central nervous system through non-invasive
stimulation of the vagus nerve branches distributed in the skin sensory
zone. It exerts anti-inflammatory, anti-oxidative stress, modulation of
cortical excitability and neuroplasticity, regulation of endocrine and
the Brain-Gut-Microbiome Axis (BGMA; Colzato and Beste, 2020;
Bonaz, 2023; Kumaria and Ashkan, 2023). In addition tVNS may play
arole in regulating circulatory control, maintaining arterial pressure,
and mediating the vasodilatory component of the cardiovascular
reflexes through the oxygen-conserving reflexes, which ultimately
serve as neuroprotection. This is related to its involvement in the
trigeminal cardiac reflex (TCR; Schaller et al., 2009; Nothen et al.,
2010). Previous studies have demonstrated that tVNS can effectively
improve neuropsychiatric disorders, such as headache, epilepsy,
stroke, and depression, to some extent (Schindler and Burish, 2022).
It can also be used to treat circulatory disorders, such as heart failure
and atrial fibrillation (Geng et al., 2022), and digestive disorders, such
as inflammatory bowel disease (Gu and Li, 2020). The efficacy and
safety of this treatment have been well documented. Therefore it is
worthwhile to promote its clinical application.

Bibliometrics employs mathematical and statistical techniques to
qualitatively and quantitatively analyze literature characteristics,
revealing knowledge structures, research trends, and hotspots in a
given field (Luo, 1994). VOSviewer, Citespace, Bibliometrix R-package,
and Scimago Graphica have powerful visualization and data analysis
capabilities and are now widely used in bibliometric analysis (Zeng
etal., 2023). This study employs bibliometrics to analyze collaborative
network analysis and keyword analysis of relevant literature on tVNS
in the 21st century. We present an overview of the current state of
research in this field, identify key research topics, and suggest future
research directions (Broadly, this includes mechanistic studies of
tVNS, standardization of stimulation parameters and efficacy in
neurological disorders.). This analysis is a reference for subsequent
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research endeavors and the formulation of relevant diagnosis and
treatment plans in this field.

2 Materials and methods
2.1 Search strategy and data collection

A computerized search was conducted on Web of Science for
literature pertaining to tVNS from 2000 to May 25, 2024, using the
English search strategy outlined in Supplementary Table 1. The search
was limited to the “Web of Science Core Collection, resulting in the
retrieval of 914 English articles. These articles were manually screened
based on predefined inclusion and exclusion criteria, with 569 articles
meeting the inclusion criteria.

2.1.1 Inclusion criteria

-Publicly available journal literature related to tVNS (excluding
invasive vagus nerve stimulation), with the type of “Article” and a few
high relevance ‘Review’. The studies included in this article for analysis
were selected from the literature on the basis of their relevance to the
topic under discussion. They comprise clinical trials, animal
experiments, and case studies. The objective is to elucidate the clinical
efficacy or mechanism of action associated with taVNS.

2.1.2 Exclusion criteria

o Excluded duplicates and literature lacking complete information
or relevance to the topic.

o Excluded document types such as conference papers, books,
book chapters, newspapers, news, and conference reviews.

« No restrictions were imposed based on geography or language;
however, documents with incomplete information and duplicate
publications were excluded.

2.2 Data processing flow and parameter
setting

The scientometric analysis in this study utilized various tools:
CiteSpace software (version 6.1.6), VOSviewer (version 1.6.19),
Bibliometrix R-package, and Scimago Graphica (version 1.0.38).
Literature from Web of Science was exported in Refworks format,
processed through CiteSpace software, and converted to _xxx.txt
format for compatibility. The following steps were conducted:

1. CiteSpace 6.1.6 was used for de-duplication, resulting in
569 documents.

2. Manual data merging resolved discrepancies in country names
and author variations.

3. Microsoft Excel 2013 facilitated the mapping annual
publication trends and the categorization of keywords, authors,
institutions, and countries.

4. CiteSpace 6.1.6 was used for data conversion and analysis, with
parameters set for a time frame from 2002 to 2024, and specific
criteria for node selection and threshold settings. Keyword
emergence graphs were plotted with Burstness- y (0.8) for
comprehensive mapping.
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5. VOSviewer 1.6.19 was employed for author collaboration
network visualization, using Refworks text format with a
co-occurrence minimum frequency of 5.

. Scimago Graphica 1.0.38 was utilized to analyze and visualize
publication distribution across different regions and countries.

. Bibliometrix R-package was applied to summarize cited
literature and journal distribution information.

3 Results
3.1 Analysis of trends in publications

The annual publications (Figure 1) serve as an indicator of the
field’s development. tVNS-related research has exhibited progressive
growth since the 21st century. From 2000 to 2012, the average annual
publications were low (1/year), indicating an embryonic stage.
Between 2012 and 2019, a slow but steady increase occurred, averaging
19 publications/year. Since 2019, the average annual number of
publications has grown rapidly. The 5-year growth rate reaches 33.7%
and peaks in 2023 (112 articles). Exponential regression analysis
reveals a positive correlation (y=3E-221e0.2533x, R2=0.9204),
suggesting sustained research interest in the future.

3.2 Author collaboration analysis

To ensure data analysis accuracy, we examined raw data using
Microsoft Excel 2013. Name variants for the same author were manually
merged for precision. Results revealed 569 publications involving 2,655
authors in this study. The top contributors were from the Department
of Functional Research, Institute of Acupuncture and Moxibustion,
China Academy of Chinese Medical Sciences, particularly Peijing Rong,
with 52 publications. Supplementary Table 2 displays the top 10 authors
and their affiliations. Following Price’s law, authors with more than 5
publications are considered core contributors (Ninkov et al., 2022).

10.3389/fnins.2024.1406135

According to the search results, there are 106 core authors in this study.
Utilizing VOSviewer software for author density mapping (Figure 2), a
network of author collaborations with 106 nodes was generated. After
removing isolated points, 18 clusters emerged, suggesting a network of
authors led by Peijing Rong, Liebler Eric, Badran Bashar W, Burger
Andreas, and others, forming the research team.

3.3 Analysis of institutional cooperation

Citespace is used to analyze the collaborating institutions. This
study encompasses 326 institutions cited in the literature (Figure 3),
resulting in 682 connections among them. The network density of
institutional collaboration stands at 0.0126, indicating a relatively
dispersed collaboration among institutions. It is evident that research
institutions, primarily in the medical schools, predominate, forming
collaborative groups centered around institutions such as China Acad
Chinese Med Sci, Harvard Med Sch, Leiden Univ, and Med Univ
South Carolina, with China Acad Chinese Med Sci leading in
publication output (60 papers). Due to geographical and academic
factors, collaboration between Chinese institutions and those in
Europe and America remains relatively limited. A tightly woven mesh
of collaborative relationships has yet to emerge.

3.4 Analysis of country cooperation

Scimago Graphica is used to make a national collaboration
analysis. This study engaged researchers from 52 countries. Table 1
highlights the top 10 countries by publication count, led by the
United States (n=172), followed by China (1=169) and Germany
(n=131). The U.S. holds the highest total citations at 5115. In Figure 4,
the collaboration network among countries/regions is depicted, with
circle color indicating collaboration strength, and the circle size
denoting the number of articles. According to a comprehensive
analysis, the United States is recognized as a significant contributor to
international cooperation, with the highest number of articles issued
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FIGURE 2
Occurrence of authors. The closer the color of the area is to red, the higher the density of authors in the area, and the scale denoting the number of
documents.
&eiden Univ
Univ Bonn ,Leibniz Inst Neurobiol
. E Univ Hosp Bonn
_+ "+ Katholieke Univ Leuven .
= 2 ® '
,,U\I'IIV Tubingen Aalborg Univ Hosp:  +  Ludwig Maximilians Univ Munchen
L
—— = (ElectroCore Inc .« (ElectroCore LLC
Otto von Guericke Uni s '
¢ 2 X Tech Univ Dresden /cuuv Sty ol
/ o ~ arvard Med Sch
¢Univ Erlangen Nurnberg @niv Polsda.m < @
2 : ”gﬁ. (Ralph H Johnson VA Med Ctr Harvard Univ
/ ) Y = .
Ib Uni %’ “~*  |Rollins Sch Publ Hith
alborg Univ 358 = * Politecn Milan Beijing Univ Chinese Med
x
«Ruhr Univ Bochum Ghent Univ Hosp
@eorgia Inst Technol Emory Univ Nanjing Med Univ
@mory ina Acad Chinese Med Sci
< % (_Peklgg Univ
@fed Univ South Carolina™y,y, ¢ionae (Hebei Med Univ
¥ .= Muhan Univ
- .Univ Hong Kong
— tlanta VA Med Ctr .
H Univ Oklahoma @ s . ¢ <Guangzhou Univ Chinese Med
=
¢Southern Med Univ
Massachusetts Gen Hosp @apital Med Univ
= Chongging Med Univ  ¢Univ Chinese Acad Sci
FIGURE 3

Occurrence of institutions. The thickness of the line indicating collaboration strength, and the circle size denoting the number of articles.
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and the total number of citations. Furthermore, the United States has
established a close cooperation with China, the United Kingdom,
Germany, Italy, and other nations.

3.5 Keyword visualization and analysis

3.5.1 Co-occurrence analysis
The article’s keywords have been condensed to effectively
summarize the core research content. The presence of high-frequency

TABLE 1 The top 10 countries in tVNS research.

10.3389/fnins.2024.1406135

keywords may indicate a hot research direction. As depicted in
Figure 5A, the keywords have been visualized and analyzed using
Citespace. The total number of keywords is 399, with 2,504 links, and
a network density of 0.0315, which suggests a high literature density.
Table 2 presents the top 10 keywords, excluding low-information
words such as ‘therapy, 'efficacy’, and ‘vagus nerve. The keywords can
be broadly categorized into the mechanism of action, stimulation
mode, therapeutic diseases, and other categories. Currently, the
mechanisms of action related to tVNS include activation of the
noradrenergic neural pathway originating from the blue spot and the
cholinergic anti-inflammatory pathway (CAP), among others (Urbin
et al., 2021; Agarwal et al., 2024). The stimulation modes included
transcutaneous vagus nerve electrical stimulation, transcutaneous
vagus nerve magnetic stimulation and so on (Zhang et al., 2023).

3.5.2 Cluster analysis

The keyword clustering analysis (Figure 5B) can show a highly
condensed keyword clustering plate. To a certain extent, it reflects the
knowledge structure and research hotspots in this field, which is
conducive to grasping the research direction (Huifeng, 2017). The
K-clustering algorithm, utilizing the LLR approach, was employed to
cluster the keywords associated with tVNS. A total of 11 clustering
results were obtained for the keywords in this study. The clustering
module value, Modularity Q=0.3969 > 0.3, indicates the presence of a
significant clustering structure. The silhouette value, Silhouette
(S)=0.7285>0.7. This indicates that the clustering results are highly
convincing and can reflect the research hotspots in this field to a
significant extent (Yue et al., 2015). The overlapping and interlacing

Number of
publications/ Citations Country
article
1 172 5,115 United States
2 169 2,894 China
3 131 4,967 Germany
4 43 1,526 United Kingdom
5 39 1,317 Netherlands
6 37 815 Italy
7 33 790 Belgium
8 17 1,363 Denmark
9 17 259 Spain
10 17 209 France
finland
canada . .
united kingdom . denmark
0
ireland
united states——
spain italy
india

brazil

FIGURE 4
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International collaborative network for geovisualization. The circle color indicating collaboration strength, and the circle size denoting the number of
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between the clusters indicate that the clusters are more closely linked
to each other. Table 3 presents the top nine keyword clusters. Clusters
#4 and #7 reveals different tVNS stimulation methods, in which
transcutaneous auricular vagus nerve stimulation (taVNS) has been
the subject of considerable research interest. Clusters #1 and #5
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illustrate the advantageous diseases that can be treated with tVNS
intervention, with a primary focus on the treatment of neurological
disorders. The clusters #0, #2, #3, #6, and #8 demonstrate the
mechanism of action of tVNS. This indicates that the regulation of the
autonomic nervous system, the functional connectivity between
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Top 25 Keywords with the Strongest Citation Bursts
Keywords Year Strength Begin End 2002 - 2024
blood flow 2002 3.18 2002 2013
far field potential 2003 4.83 2003 2015
vn 2007 3.56 2007 2016
acupuncture 2007 3.42 2007 2015
brain stem 2012 549 2012 2018
chronic cluster headache 2013 3.39 2013 2018
autonomic nervous system 2013 2.58 2013 2017
therapy 2003 3.52 2015 2016
acute treatment 2015 2.74 2015 2019 P
auricular branch 2015 2.74 2015 2017 S—
transcutaneous vagus nerve stimulation 2003 5.33 2016 2019
vagus nerve 2002 2.76 2016 2017
prevention 2017 3.47 2017 2018 p—
non-invasive vagus nerve stimulation 2017 2.65 2017 2018 —
inhibitory control 2018 2.84 2018 2019 P
human 2002 2.65 2018 2019
external ear 2019 2.89 2019 2021 S —
cholinergic anti-inflammatory pathway 2019 2.59 2019 2021 e
memory 2017 3.2 2020 2022 —
vagal stimulation 2021 3.27 2021 2022 P
transcutaneous vagal nerve stimulation 2021 291 2021 2022 N
connectivity 2022 437 2022 2024 a—
stress 2022 3.54 2022 2024 aa—
rehabilitation 2022 3.04 2022 2024 —
ischemic stroke 2022 3.04 2022 2024 c—
FIGURE 5
(A) Keywords occurrence. The thickness of the line indicating collaboration strength, and the circle size denoting the number of articles. (B) Keyword
clustering. The color of the region represent cluster. The size of the area represents the number of keywords that are included. (C) Top 25 keywords
with the strongest citation bursts.

TABLE 2 Keyword frequency and center value in tVNS research.

Rank Literaturg Keywords
volume/article
1 141 0.12 Electrical stimulation
2 80 0.08 Heart rate variability
3 66 0.07 Locus coeruleus
4 43 0.13 Activation
5 38 0.09 Mechanism
6 38 0.09 Brain stem
7 35 0.02 Disorder
Treatment resistant
8 32 0.06
depression
9 29 0.02 Norepinephrine
10 28 0.02 Pain
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various brain regions, and the CAP pathway associated with the locus
coeruleus in the brainstem are the current research focus.

3.5.3 Keyword with citation bursts analysis

Figure 5C illustrates the emergence of keywords that are used
more frequently or suddenly appear during the development of the
field. This analysis provides insight into the research process over time
and the historical span of the literature. The Citespace software was
utilized to identify 25 emergent words in the included literature.
Previous research has mainly concentrated on investigating the
therapeutic effects of tVNS, which involves assessing its effectiveness
through measures such as “blood flow” and vagus nerve sensory
evoked potentials. After 2010, the research direction of the field
gradually shifted toward clinical trials of tVNS for different diseases,
including cluster headache, stroke. In recent years, there has been an
increase in studies on the stimulation mode and mechanism of action
related tVNS. Furthermore, the the

to exploration  of
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TABLE 3 Keyword clustering in tVNS research.

Cluster . .
D Size  Silhouette @ Year Term label
Autonomic nervous
0 73 0.743 2016
system
Chronic cluster
1 72 0.73 2016
headache
2 57 0.659 2018 Locus coeruleus
3 48 0.683 2016 Brain stem
4 38 0.809 2014 Brain stimulation
Disorders of
5 36 0.673 2019
consciousness
6 36 0.713 2018 Functional connectivity
Transcutaneous
7 27 0.838 2015
auricular vagus nerve
Transforming growth
8 6 0.976 2015
factor beta 1

anti-inflammatory mechanism in tVNS has become a focus of
research and future research in this area will be more intensive.

3.6 Analysis of co-cited literature

The analysis of the characteristics of the co-cited literature is
beneficial in understanding the current research hotspots and frontiers
in this field, as well as exploring future research directions (Zhilong
etal., 2023). The Bibliometrix R-package was employed to analyze the
number of citations of related literature published in this field between
2000 and 2024. Table 4 presents the 10 most highly cited articles, all
of which have been cited more than 100 times. This indicates that
these articles have high academic and reference values and are widely
recognized. “Non-invasive Access to the Vagus Nerve Central
Projections via Electrical Stimulation of the External Ear: fMRI
Evidence in Humans,” published by Frangos in 2015, was ranked first
(cited 396 times). Employing Citespace for co-cited literature
clustering revealed the top 10 clusters (Figure 6A; Q=0.6897,
$=0.8802), suggesting high clustering confidence. The integration of
the clustering outcomes with the timeline (Figure 6B) reveals recent
research directions in the fields of stroke (#3), noradrenaline (#2), and
stress (#0).

3.7 Analysis of journals

According to the statistical analysis conducted using the
Bibliometrix R-package, Table 5 presents the top 10 journals with the
highest number of publications in the field of tVNS. Among these
journals, ‘BRAIN STIMULATION’ (IF=7.70, Q1) stands out with 44
papers related to tVNS. The article has received a considerable number
of citations, totaling 2,441, which highlights its significant influence
in this research domain.

Using Citespace software for dual-map overlay journal network
analysis, the dual-map overlay function demonstrates the knowledge
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flow between citing and cited journals (Figure 7), revealing a scientific
hybrid model of the global journal map in this field (Wei et al., 2022).
After Z-score correction, the results indicate that MOLECULAR/
BIOLOGY/GENETICS/PSYCHOLOGY/EDUCATION/SOCIOLOGY
serves as the primary citation pathways in cited journals. It forms the
main theoretical and technical basis for research with limited
interdisciplinary studies and the strongest correlations (Chen et al.,
2024).  Among citing journals, NEUROLOGY/SPORTS/
OPHTHALMOLOGY represent the top three citation pathways,
indicating high citation frequency and relevance in these disciplines’
research. When these disciplines are used as source journals, molecular
biology, biology, and genetics are the most frequently cited clusters with
a Z-score of 4.00. This suggests a strong interconnection and high
citation rates between these fields.

4 Discussion

In this study, we visualize and analyze the number of publications,
authors, countries, institutions, references, and published journals of
tVNS-related literature. Furthermore, we conducted a comprehensive
and systematic review of the latest research directions based on the
findings of the visualization analysis, with the aim of providing a
detailed account of the advancements made in the field of tVNS.

4.1 Analysis of the current status of tVNS
research

According to the data, the annual publication volume has been
steadily increasing since the 21st century, with a peak in 2021-2023.
It is reasonable to assume that there will be continued potential for
development in this area in the future. Upon analyzing the number
of author publications and their collaboration network, it appears
that Peijing Rong and her team have published a significant number
of works in this field. A recent study has investigated the effects of
taVNS on gastric motility injury and autonomic mechanisms (Zhu
et al., 2023). Furthermore, they have investigated the regulatory
effects of taVNS on brain networks and neural activities in patients
with mild, moderate, and severe depression (Ma et al., 2023). It is
worth noting that the United States and China had the highest
number of publications. The United States plays a leading role in
tVNS research, as demonstrated by its extensive academic
collaborations with other nations. From an institutional perspective,
three of the top 10 institutions are located in China, which is
consistent with the distribution of publications by country. However,
cross-regional collaboration is limited and may hinder global
research exchange and integration. Highly cited publications often
indicate the research field’s theme (Jiang et al., 2023). This study
provides a summary of the 10 most frequently cited publications
since the 21st century, which mainly focus on the mechanism of
action and clinical application of tVNS. The article published in
BRAIN STIMULATION has been cited most frequently. It
demonstrates that the central projection of the ear branch of the
vagus nerve is consistent with the classical central vagal projection
and can act in a non-invasive manner through the outer ear (Frangos
et al., 2015). According to the distribution of journals, BRAIN
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TABLE 4 The top 10 references in tVNS research.

. Ta

Rank = Author Title citaot?glns TC per year

1 Frangos E 2015 Non-invasive Access to the Vagus Nerve Central Projections via Electrical Stimulation of the 396 39.60
External Ear: fMRI Evidence in Humans

2 Clancy JA 2014 Non-invasive vagus nerve stimulation in healthy humans reduces sympathetic nerve activity 275 25.00

3 Kraus T 2007 BOLD fMRI deactivation of limbic and temporal brain structures and mood enhancing 274 15.22
effect by transcutaneous vagus nerve stimulation

4 Yakunina N 2017 Optimization of Transcutaneous Vagus Nerve Stimulation Using Functional MRI 237 29.63

5 Fang JL 2016 Transcutaneous Vagus Nerve Stimulation Modulates Default Mode Network in Major 212 23.56
Depressive Disorder

6 Kraus T 2013 CNS BOLD fMRI effects of sham-controlled transcutaneous electrical nerve stimulation in 196 16.33
the left outer auditory canal - a pilot study

7 Dietrich S 2008 A novel transcutaneous vagus nerve stimulation leads to brainstem and cerebral activations 185 10.88
measured by functional MRI

8 Stefan H 2012 Transcutaneous vagus nerve stimulation (t-VNS) in pharmacoresistant epilepsies: a proof of 171 13.15
concept trial

9 Silberstein SD 2016 Non-Invasive Vagus Nerve Stimulation for the ACute Treatment of Cluster Headache: 171 19.00
Findings From the Randomized, Double-Blind, Sham-Controlled ACT1 Study

10 Straube A 2015 Treatment of chronic migraine with transcutaneous stimulation of the auricular branch of 168 16.80
the vagal nerve (auricular t-VNS): a randomized, monocentric clinical trial

STIMULATION and FRONTIERS IN NEUROSCIENCE have the
highest number of articles and citations in this field. This indicates
that there is significant potential for further development of tVNS
research in neuroscience.

4.2 Content analysis of tVNS research

The objective of this study is to examine the prevalent research
areas of tVNS. Keywords are brief summaries of literature content that
facilitate in-depth exploration of research hotspots and development
trends (Wang et al., 2023). Based on keyword and citation clustering
themes, which are divided into three relevant aspects of tVNS research
content, including tVNS mechanisms of action, stimulation patterns,
and clinical applications. The following is an in-depth discussion of
the keywords that appear more frequently in the results of this
bibliometric study, as well as the results achieved by representative
research teams in the field. Moreover, this study also investigates the
safety of tVNS applications.

4.2.1 Mechanism of action of tVNS (keyword
clusters #0, #2, #3, #6, #8)

Keyword clusters #0, #2, #3, #6, #8 are relevant with the
mechanism of tVNS. The findings of our study indicate that the
investigation of anti-inflammatory mechanisms, functional
connectivity in brain regions and locus coeruleus-norepinephrine
(LC-NE) system represents a current area of interest.

1. Anti-inflammatory mechanism

The vagus nerve is a major component of the neuroendocrine-
immune axis, participating in the regulation of neural, behavioral, and
endocrine responses. As the frontline of innate defense against
infections/inflammations in the body, it helps maintain internal
homeostasis (Johnston and Webster, 2009). The anti-inflammatory
pathways of tVNS mainly include CAP, the splenic sympathetic

Frontiers in Neuroscience

anti-inflammatory pathway, and the hypothalamic-pituitary-adrenal
(HPA) axis anti-inflammatory pathway (Yan et al., 2024).

@ CAP anti-inflammatory mechanism

The result of keyword with citation bursts analysis showed that
‘cholinergic anti-inflammatory pathway’ appears in large numbers
during 2019-2021. CAP refers to the excitation of the vagus nerve by
external stimulation, leading to the production of the anti-
inflammatory neurotransmitter acetylcholine (ACh) at the vagus
nerve endings, which activates alpha-7 nicotinic acetylcholine
receptors (x7nAChR) on monocytes and macrophages (Hongxian
etal., 2023). This further activates the nuclear factor kappa B (NF-«B)
signaling pathway and the Janus kinase 2/signal transducers and
activators of transcription 3 (JAK2/STAT3) pathway within the cells,
suppressing the production of cytokines such as IL-1p and TNF-a,
ultimately exerting anti-inflammatory effects (Wang et al., 2003).
Previous animal studies have suggested that by enhancing CAP, tVNS
can counteract colon cancer induced by 1,2-dimethylhydrazine
(DMH). The research results showed that applying tVNS could restore
DMH-induced mitochondrial apoptosis. At the protein and mRNA
levels, tVNS can activate CAP by upregulating the expression of
a7nAChR, downregulating nuclear factor kappa B p65 (NFkBp65) in
activated B cells, and enhancing the expression of tissue necrosis
factor-alpha and high mobility group box-1 (Rawat et al., 2019).
Aranow et al. (2021) conducted a 12-day randomized controlled study
and concluded that taVNS significantly improves inflammatory
musculoskeletal pain and fatigue in patients with systemic lupus
erythematosus. The mechanism of action may involve the activation
of the CAP, leading to a reduction in plasma levels of substance P in
subjects. This suggests that plasma substance P may be more sensitive
to the biological response of taVNS than cytokines, which is a worthy
area for further exploration. In an ischemic stroke model, taVNS is
believed to modulate brain ischemia/reperfusion (I/R) injury, axonal

frontiersin.org


https://doi.org/10.3389/fnins.2024.1406135
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Fanetal.

10.3389/fnins.2024.1406135

#8 electrogdutr O

included. (B) Timeline chart of cited literature.

A
m’&. mlﬂ“ ar;a#acsv it 1S Wdsts
mﬁl{:—:‘hﬁ;ﬁ-ﬂ- LRF'A‘S‘,G UN=10, LBY=5, e=1.0 L] f1 3 ta_v')s
Norcc “‘V“ < .. L)
o 1Ry .
#5 chronic cluste'i"be ache =
° '. . :' ©
93
K
e \. « % ° o ..
LR ] L]
. o " . #9 nonlnvas’lve,bl;aln sﬂmalaﬂon
o e major depresslve glsﬁﬁer
o H4 B p&rat've ilusy s, * &°
Y ‘.‘ LR .‘ - A ..
¥ - M
o =g i .
- P TR 4
: : ® ] i asuoké' 30 c.
gnm #1 wangcutanequg.vagus nerve stimulation
. LR J
. ..-.-#2 noradrenajme oY I
. o ® .. -e
e . . e i
- o °
LR

B
2000 2008 10 2018 2020 2020
[ SR #0 stress
“"m #1 transcutaneous vagus nerve stimulatiol
T #2 noradrenaline
T #3 stroke
EEGELITS BT T eSS @ #4 postoperative ileus
P T ) #5 chronic cluster headache
m #6 major depressive disorder
e 0000 #8 electrogastrogram
— m #9 noninvasive brain stimulation
-
#13 ta-vns
FIGURE 6

(A) Clustering map of cited literature. The color of the region represent cluster. The size of the area represents the number of keywords that are

plasticity, and vascular regeneration, thereby improving neuro-motor
function. Its molecular mechanism involves taVNS activating the CAP
pathway, thereby activating downstream PPAR-y (expressed mainly
in neurons and astrocytes) nuclear transcription factors to promote
the expression and secretion of brain-derived neurotrophic factors
(BDNF) and vascular endothelial growth factors (Li, 2020).

® HPA axis

The HPA axis is one of the crucial neuroendocrine axes in the
human body. Stimulation of the vagus nerve, on the one hand, can

Frontiers in Neuroscience

reduce peripheral inflammatory responses by activating the HPA axis
(Kaniusas et al., 2019). According to the anatomy of the vagus nerve,
peripheral inflammatory factors including interleukin (IL)-1, IL-6,
and TNFa can transmit information to the nucleus of the solitary tract
(NTS) through vagal afferent fibers, activating neurons located in the
A2 noradrenergic group and projecting information to the
paraventricular nucleus of the hypothalamus (PVH). This pathway
can activate neurons producing corticotropin-releasing factor (CRF)
in this area, stimulating the hypothalamus to release corticotropin-
releasing hormone via the HPA axis, ultimately leading to adrenal
release of glucocorticoids, thereby reducing peripheral inflammation
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TABLE 5 The top 10 journals in tVNS research.

10.3389/fnins.2024.1406135

Rank  Journals Documents h_index Total citation IF, JCR [2022]
1 Brain Stimulation 44 22 2,441 7.7,Q1
2 Frontiers in Neuroscience 28 9 249 4.3,Q3
3 Scientific Reports 18 9 226 4.6,Q2
4 Frontiers in Neurology 16 6 143 3.4,Q3
5 Autonomic Neuroscience-Basic & Clinical 14 8 196 2.7,Q4
6 Neuromodulation 14 8 392 2.8,Q3
7 Frontiers in Human Neuroscience 14 6 195 2.9,Q3
8 Plos one 10 8 220 3.72,Q2
9 Brain Sciences 10 6 74 3.3,Q3
10 Journal of Headache and Pain 9 9 493 7.4,Q1
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(Bonaz et al., 2016). In terms of anti-inflammatory effects, taVNS
shares similar physiological effects with VNS. Studies have shown that
taVNS can reduce pro-inflammatory cytokines, modulate lung injury,
and alleviate acute respiratory distress syndrome caused by COVID-19
by activating the HPA anti-inflammatory pathway and the CAP
(Kaniusas et al., 2020). On the other hand, the HPA axis is the primary
stress response system in the human body and is closely associated
with the pathophysiology of depression. Long-term stress, including
psychological and physiological stress as well as other stimulation, can
lead to HPA axis hyperactivity, resulting in abnormal secretion of
plasma cortisol (CORT) and adrenocorticotropic hormone (ACTH),
thereby inducing depressive-like behavior (Liyanarachchi et al., 2017).
Previous animal studies have shown that taVNS can improve
depressive states in rats by inhibiting excessive activity of the HPA axis
(Hou et al., 2022). Recent clinical research has found that tVNS can
upregulate salivary cortisol levels and decrease salivary flow rate in
temporal lobe epilepsy patients, improving epilepsy symptoms by
suppressing excessive activation of the HPA axis and the autonomic
nervous system (Doerr et al., 2023). The study by Li et al. (2020)
demonstrated that 20Hz taVNS is an effective treatment for
depressive-like behavior and downregulates the excessive activity of
the HPA axis.
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® Splanchnic sympathetic anti-inflammatory pathway

The stimulation of the vagus nerve has been demonstrated to
activate splanchnic sympathetic anti-inflammatory pathways and to
inhibit the secretion of pro-inflammatory factors in splanchnic
macrophages (Kaniusas et al., 2019). Studies have shown that taVNS
may inhibit peripheral inflammatory responses, reduce the release of
the chemokine CXCLI, and ameliorate lipopolysaccharide (LPS)-
induced depressive-like behaviors in rats by activating the splenic a7n
Ach R/JAK2/STAT3 signaling pathway (Yu et al., 2023). However, the
splanchnic sympathetic anti-inflammatory pathway has been
questioned by some researchers. Martelli et al. (2014) demonstrated
that plasma levels of the key inflammatory mediator tumor necrosis
(TNFx)
lipopolysaccharide were not affected by previous bilateral cervical

factor-alpha in rats injected intravenously with
vagotomy. However, the level of TNFa was increased by about 5-fold
after severing visceral sympathetic nerves. This suggested that the
inflammatory response after LPS immune attack is not reduced by
reflex activation of the splanchnic sympathetic anti-inflammatory
pathway by the vagus nerve. Instead, its anti-inflammatory mechanism
may be related to splanchnic nerve activity driven by the conventional
the

sympathetic pathway via the visceral nerve. However,
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above-mentioned anti-inflammatory mechanisms are mostly derived
from invasive VNS, and in a recent systematic review, the results
suggest that VNS is only beneficial in acute inflammatory events. The
current evidence is insufficient to confirm the claim that VNS affects
human inflammatory cytokines (Schiweck et al., 2024). Therefore,
further high-quality research is needed to substantiate the anti-
inflammatory mechanisms of tVNS in the future.

2. Functional Connectivity and Neuroplasticity

The term “functional connectivity” emerged as a topic term in the
keyword cluster with high silhouette values (0.713). tVNS has been
demonstrated to optimize brain plasticity, enhancing functional
connectivity between brain regions and modulating neurotransmitter
and neurotrophic factor secretion (Brambilla-Pisoni et al., 2022).
Recent studies have demonstrated that tVNS can enhance functional
connectivity between parietal and temporal lobe regions and that it
can induce heightened activity in various brain regions among
patients with mild cognitive impairment (MCI). Among these
patients, the cingulate gyrus may be a particularly promising target for
tVNS-based MCI regulation (Chunlei, 2023). The functional
impairment of the thalamocortical connectivity network is considered
the basis of migraine pathophysiology. The findings of Zhang et al.
(2021) confirm that taVNS may alleviate migraines by increasing
connectivity between the motor-related subregions of the thalamus
and the pregenual anterior cingulate cortex/medial prefrontal cortex
while reducing connectivity between the occipital cortex-related
thalamic subregion and the central posterior cingulate/precuneus. It
is well established that the dynamic equilibrium between excitability
and inhibition (E/I balance) is crucial for the development and
sustenance of typical cerebral functionality and plasticity (He et al.,
2018). VNS has been demonstrated to enhance the imbalance between
excitability and inhibition in the brain (Ooi et al., 2023). For instance,
previous studies demonstrated that taVNS enhanced the activity of
the cortical GABA system and inhibited the release of the excitatory
neurotransmitter glutamate (Chen et al., 2016; van Midden et al,,
2023). This may be one of the result that VNS can influence the
progression of disorders such as epilepsy, stroke, and depression (Di
Lazzaro et al., 2004; Bajbouj et al., 2007; Wang et al., 2023). Moreover,
research indicates that taVNS may also be an effective treatment for
migraines by activating the descending pathways of the locus
coeruleus and the dorsal raphe nucleus. These pathways are
responsible for the synthesis and release of norepinephrine and
serotonin, respectively, which are key neurotransmitters involved in
central pain modulation (Hao Han et al., 2023). Baig et al. (2022)
demonstrated that prolonged tVNS intervention is associated with
increased PPAR-y, BDNF, and growth differentiation factor 11 in
stroke models. These findings suggest that tVNS may promote
angiogenesis and neurogenesis, and modulate neuroplasticity, thereby
alleviating vascular and neurological impairments linked to stroke.

3. LC-NE system

Keyword cluster #2 “locus coeruleus,” #3 “brain stem” and
“norepinephrine” indicate that the mechanism of action of tVNS is
related to the LC-NE system. The LC in the brainstem is one of the
main sources of NE in the brain. Previous studies have shown that
stimulation of the vagus nerve affects the LC-NE system, thereby
exerting a therapeutic effect on depression, chronic pain, post-
traumatic stress disorder, neurodegenerative diseases, as well as
cognitive decline in aging (Kaczmarczyk et al., 2017; Fischer et al,,
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2018; Zhang et al., 2019; Garcia et al., 2021). Zhang et al. (2019)
showed that taVNS at 1 HZ reduced the fMRI signal of LC and
enhanced the resting-state functional connectivity between LC and
temporoparietal junction, amygdala, hippocampus/parahippocampus,
and the left secondary somatosensory cortex, thus modulating the
vagal pathway and pain-modulating network to alleviate migraine
symptoms in patients with migraine. Additionally, evidence indicates
that taVNS may facilitate associative memory and situational memory;,
while also eliminating fear memory by activating the LC-NE pathway
(Hansen, 2018). Furthermore, it has been demonstrated to enhance
mood and to promote attention, memory, and cognitive control-
factors affected by long COVID (Colzato et al., 2023).

4.2.2 tVNS stimulation patterns (keyword cluster
#7)

Keyword cluster #7 (taVNS) is one of the tVNS stimulation
patterns. tVNS stimulation modes can be classified into three broad
categories: taVNS, transcutaneous cervical vagal nerve stimulation
(tcVNS), and transcutaneous vagal nerve magnetic stimulation. These
categories are based on the different stimulation sites and modes.
Concerning stimulation parameters, it is worth noting that there is no
uniform standard. Previous studies have shown that the stimulation
frequency is mostly 25Hz, and the stimulation intensity is often
adjusted according to the sensitivity threshold. Pulse widths of 0.2 ms
and 0.5ms are predominant (Yap et al., 2020). However, due to the
large variation in stimulation protocols across studies, it may
be difficult to determine the optimal stimulation parameters.
Therefore, it is suggested that closed-loop controlled tVNS may
provide greater clinical benefits.

At present taVNS is widely used as a neuromodulation modality.
The most in-depth research is conducted by Prof. Rong Peijing’s team.
According to anatomical studies the auricular branch is the only
branch of the vagus nerve that reaches the body surface (Butt et al.,
2020). taVNS is a promising technique that combines vagus nerve
stimulation with Chinese medicine auricular acupoint therapy. The
technique aims to regulate bodily functions and treat disease through
non-invasive electrical stimulation of skin receptor sites distributed by
the auditory branch of the vagus nerve in the outer ear (Wang et al.,
2021). According to Jiakai et al. (2023) taVNS and VNS share a
common anatomical basis and mechanism of action. The indications
and efficacy of VNS and taVNS were also compared and the results
indicated that their clinical efficacy was comparable. taVNS has the
potential to expand the applications of VNS to include heart failure
diabetes mellitus and neurological disorders. However further clinical
studies are needed to confirm the efficacy of taVNS.

The research team led by Brock C. is engaged in studies pertaining
to tcVNS (Drewes et al.,, 2021; Kornum et al.,, 2024). tcVNS is a
therapeutic approach that targets the vagus nerve near the carotid
artery through transcutaneous electrical stimulation. It is based on the
concept of the “carotid bifurcation,” which was initially developed by
American neurologist James L. Corning (Farmer et al., 2020). tcVNS
was originally developed for the treatment of epilepsy. Its function is
to stimulate the branches of the cervical nerve near the carotid artery,
which reduces the heart rate (HR) and subsequently decreases blood
flow to the brain. As research progressed, tcVNS has gained FDA
approval for the management of migraines and cluster headaches
(Nesbitt et al., 2015). A multitude of studies have indicated its efficacy
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in the intervention of cardiovascular diseases, acute ischemic brain
disorders, and psychiatric conditions (Ay et al., 2016; Brock et al,,
2017; Gazi et al., 2022). In a randomized double-blind controlled trial,
Gurel et al. (2020) demonstrated that tcVNS can regulate the
autonomic nervous system, cardiovascular, and vascular indices in
patients with post-traumatic stress disorder. This treatment reduced
sympathetic arousal and improved recovery from traumatic stress. In
a study by Moazzami et al. (2023), the levels of gastrin, a biomarker of
stress, were measured in response to various stressful stimulation. The
results demonstrated that tcVNS can reduce gastrin levels and
modulate hormonal and autonomic responses to stress, thereby
treating psychiatric disorders.

Transcutaneous vagus nerve magnetic stimulation is an
intervention that combines vagus nerve stimulation with repetitive
transcranial magnetic stimulation (rTMS; Lin et al, 2018). This
innovative approach addresses some limitations of tVNS, including
attenuation of current upon entering the body, difficulty in stimulating
deep tissues and nerves, and excessively high current intensity, which
can lead to adverse events such as pain, skin reddening, and itching
(Redgrave et al., 2018). Previous studies have shown that rTMS can
activate the auricular branch of the vagus nerve to improve swallowing
function in stroke patients (Lin et al., 2018) and patients’ level of
consciousness (Wang et al., 2022). Furthermore, Zhang et al. (2023)
demonstrated through a single-arm study that transcutaneous cervical
vagus nerve magnetic stimulation can effectively enhance cognitive
function in patients with traumatic brain injury-related cognitive
impairment, offering a safe and feasible treatment option. However,
the currently available evidence is insufficient to demonstrate the
efficacy and mechanisms of action of transcutaneous vagus nerve
magnetic stimulation. Therefore, further clinical and basic research of
the highest quality is required to provide more definitive evidence on
this topic.

As research on non-invasive neurostimulation techniques
progresses, researchers propose the concept of closed-loop
transcutaneous auricular vagus nerve stimulation (CL-taVNS), an
automated taVNS system regulated by biofeedback signals such as
behavioral changes, respiratory variations, and brain activity (Cook
et al., 2020). The CL-taVNS system primarily consists of biological
signal sensors (identifiers) and taVNS stimulators integrated with
remote control solutions (Kaniusas et al., 2019). It aims to adapt
more sensitively to dynamically detectable changes in the clinical
setting, thus providing personalized taVNS protocols to enhance
therapeutic efficacy. Current forms of CL-taVNS include movement-
activated auricular vagus nerve stimulation (MAAVNS) and
respiratory-gated auricular vagus nerve afferent stimulation
(RAVANS). MAAVNS has
neurorehabilitation (Badran et al., 2020) and adult upper limb

been applied in neonatal
rehabilitation. RAVANS have been previously utilized in intervention
studies for the treatment of pain (Garcia et al, 2017) and
hypertension (Stowell et al, 2019). Moreover, in the future,
electroencephalogram signals, electrocardiogram signals, and
subcutaneous fluid signals may also be considered as potential
triggers for taVNS in specific patients (Yu et al., 2021). Nevertheless,
given the limited sample sizes and the paucity of research currently
available, the efficacy and safety of these approaches remain
uncertain. It is conceivable that this will become a prospective
avenue of development for non-invasive neuromodulation
techniques in the future.
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4.2.3 tVNS advantageous diseases (keyword
clusters #1 and #5)

4.2.3.1 Diseases of the nervous system

Keyword clusters #1 and #5 showed the parts of tVNS
advantageous diseases. Currently, there is significant attention being
given to tVNS intervention in neurological disorders, including
migraines, Parkinson’s disease, Alzheimer’s disease, epilepsy, and
stroke. Prof. Liebler Eric’s team delves into the efficacy of tVNS
intervention in cluster headaches and related mechanisms (Diener
et al,, 2019). The findings of their study indicated that tVNS was an
efficacious intervention for the acute and prophylactic treatment of
migraine headaches (Grazzi et al., 2017; Goadsby et al., 2018).
According to a meta-analysis, tVNS has significantly increased the
responder rate by at least 50% in migraine patients. Low-frequency
taVNS has been found to reduce the number of migraine days
significantly. Furthermore tcVNS is considered safe and well-tolerated
(Song et al., 2023). A four-week clinical trial conducted by Zhang et al.
(2021) demonstrated that taVNS could relieve headache symptoms
and modulate thalamocortical circuits in migraine patients. These
findings suggest a potential therapeutic target for this population.
Research has shown that tVNS affects the cortical areas responsible
for controlling trigeminal pain. Additionally, taVNS (1Hz)
significantly alters the activity and connectivity of the central vagal
pathway and brain regions associated with the pain modulatory
system. These findings may provide insight into the neural
mechanisms of taVNS for treating migraines (Zhang et al., 2019).

In our analysis the terms “memory” and “Alzheimer’s disease”
emerged as key concepts with high frequency. AD is a
neurodegenerative disease commonly observed in the elderly
population. It is characterized by the formation of neuroinflammatory
plaques made up of amyloid p-protein (Ap) and neurofibrillary tangles
made up of hyperphosphorylated tau proteins. AD is characterized by
atrophy in various regions of the brain including the hippocampus
and internal olfactory cortex. Neuromodulation techniques are being
investigated as a potential treatment for AD (Duyu and Wei, 2019).
One such technique is tVNS which has demonstrated encouraging
outcomes in animal studies. In particular tVNS has been shown to
alter the morphology of microglia in aged AD model animals such as
APP/PS1
neuroprotective phenotype. This has the potential to slow down the

mice from a neurodestructive phenotype to a

progression of the disease (Kaczmarczyk et al., 2017). Recent studies
have shown that 40Hz taVNS may inhibit hippocampal P2X7R/
NLRP3/Caspase-1 signaling and potentially improve spatial learning
and memory in APP/PS1 mice (Yu et al., 2023). However further
clinical research is needed to determine the effectiveness of tVNS in
treating AD.

The keyword co-occurrence analysis revealed that the term
“Parkinson’s disease” appeared 18 times, which suggests that tVNS
may be an effective therapy for Parkinson’s disease (PD). Previous
evidence suggests that tVNS may have beneficial therapeutic effects
on both motor and non-motor symptoms in PD. It has been proposed
that tVNS could potentially improve several objective gait parameters,
such as stride length, speed, and frequency (Marano et al., 2022). In a
study conducted by Zhang et al. (2023), the effects of tVNS (20 Hz) on
gait disturbances in PD patients were investigated. The results
demonstrated that tVNS was an effective intervention for alleviating
gait disturbances and remodeling sensorimotor integration. Lench
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et al. (2023) also conducted a study that affirmed the safety and
of taVNS in
PD. Furthermore, the involvement of the vagus nerve in regulating the

feasibility of multiple sessions intervening
onset and progression of PD has prompted researchers to propose
tVNS as a potential treatment for autonomic dysfunction in PD
(Ko, 2021).

The keyword “epilepsy” is referenced with greater frequency.
Among the 10 most frequently cited documents are studies on tVNS
for epilepsy (Stefan et al., 2012). VNS has previously been used to
manage refractory epilepsy (Penry and Dean, 1990), but due to safety
and tolerability concerns associated with implantable VNS, tVNS has
emerged as a potential alternative therapy (Ben-Menachem et al.,
2015). In a large randomized controlled study, Yang et al. (2023)
investigated the effectiveness and safety of tVNS in patients with
epilepsy. The study showed a significant reduction in seizure frequency
after the intervention, and no serious adverse events were observed.
These findings suggest that tVNS may be a safe and effective treatment
option for epilepsy. In a study conducted by von Wrede et al. (2022),
the effects of taVNS on brain network function in various types of
epilepsy were investigated. The study found that taVNS produced
immediate and significant improvements in network robustness.
However, it is worth noting that the lasting effects of taVNS differed
significantly across types of epilepsy. While the focal epilepsy group
experienced enhanced robustness, the generalized epilepsy group
experienced a reduction in robustness. The fluctuating stability of the
network could potentially be linked to the magnitude of the
susceptibility to perturbation induced by taVNS in different types
of epilepsy.

The results of the top 25 Keywords with the Strongest Citation
Bursts indicate that “stroke” is a more popular research topic in the
period from 2022 to 2024. The team led by Schaller demonstrated that
tVNS can enhance limb and memory function in patients with
ischemic stroke by increasing central noradrenergic activity (Sternberg
and Schaller, 2020). Furthermore, tVNS has been demonstrated to
markedly enhance upper limb motor function, cognitive, and
dysphagia in stroke patients (Yuan et al., 2019; Colombo et al., 2023).
The mechanism of action may be related to various factors, some acute
effects including the reduction of infarct size, improvement of
neurological deficits, regulation of blood-brain barrier permeability
and inhibition of neuroinflammation. Longer term effects of tVNS in
stroke that may mediate neuroplasticity include microglial
polarization, angiogenesis and neurogenesis (Baig et al., 2022, 2023).
It has been confirmed that tVNS intervention is both effective and safe
in treating nervous system diseases. However, the mechanism of
action is still not fully understood and requires further exploration in
the future.

4.2.3.2 Mental illness

The research team led by Prof. Peijing Rong has dedicated the past
few years to investigating the efficacy and mechanism of tVNS in
treating depression (Sun et al., 2024). In 1997 and 2005, respectively,
the FDA approved the use of cervical VNS for refractory depression
that does not respond to pharmacological treatments (Cristancho
etal,2011).In 2016, Rong et al. (2016) conducted a non-randomized
controlled pilot study to explore the effects of taVNS on MDD. After
12weeks of intervention, it was observed that the taVNS group
showed a more significant improvement in their symptoms compared
to the control group after 4 weeks of treatment. This improvement was
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mainly observed in terms of changes in Hamilton scores, as well as
response and remission rates in the fourth week. A recent study
further investigated the effects of prolonged longitudinal taVNS on
the modulation of functional connectivity in striatal subregions of
MDD patients. According to the study, prolonged longitudinal taVNS
was found to affect the resting-state functional connectivity in the
striatum with the prefrontal cortex, occipital cortex, and temporal
cortex. It was also found that this effect was associated with symptom
improvement (Zhang et al., 2022). Furthermore, Wang et al. (2021)
conducted an experimental study utilizing CUMS rats as a model,
which demonstrated that taVNS may exert antidepressant effects by
modulating the hippocampal a7nAchR/NF-kB signaling pathway.

4.2.3.3 Diseases of the circulatory system

The second most frequent keyword is “heart rate variability;
which indicates that tVNS has been met with considerable enthusiasm
in the field of cardiovascular disease. Current studies have shown that
tVNS is effective in improving heart rate variability and maintaining
the balance of the autonomic nervous system (Geng et al., 2022). In a
study conducted by Clancy et al. (2014), the effects of tVNS on
autonomic function were investigated in 48 healthy participants. The
results demonstrated that tVNS enhanced heart rate variability and
reduced sympathetic outflow, which has significant implications for
the clinical management of disorders with elevated sympathetic
activity, such as heart failure. Central blood pressure is considered to
be the main indicator of left ventricular (LV) afterload, so lowering
central blood pressure can reduce LV afterload and prevent heart
failure decompensation. One study showed that tVNS in the left
external auditory canal can significantly reduce central blood pressure
in elderly patients with acute heart failure (AHF), reduce cardiac
afterload, and thus improve cardiac function in patients with AHF
(Nagai et al., 2023).

tVNS has also been shown to be effective in arrhythmias and
myocardial infarction. Previously, it has been suggested that low levels
of tVNS may exert anti-fibrillation effects by prolonging the effective
refractory period of atrial and pulmonary vein myocardium,
inhibiting activation of the atrioventricular ganglionic plexus,
decreasing stellate ganglionic neural activity, and decreasing
sympathetic ganglion cells in the sympathetic left stellate ganglion (Li
et al,, 2015). Dalgleish et al. (2021) have further demonstrated that
occipital artery decompression in combination with taVNS increases
cardiac parasympathetic tone on the one hand and prolongs atrial
conduction time on the other hand, which has a positive effect on
ventricular rate control during auricular fibrillation. There is also
evidence that taVNS may ameliorate cardiac ischemia/reperfusion
injury by mediating the dynamic balance between pro-inflammatory
and anti-inflammatory responses in cardiac macrophages (Chung
et al., 2020). This suggests that tVNS may play a beneficial role in
improving cardiac function and regulating cardiac rhythm.

4.2.3.4 Diseases of the digestive system
Citation ileus) and #8

(electrogastrogram) appear with greater frequency. It is evident that

clusters #4  (postoperative
aside from circulatory system and neuropsychiatric diseases, tVNS
also impacts the development of digestive system diseases. Studies
indicate tVNS may be an effective treatment for gastrointestinal
discomfort in PD (Kaut et al., 2019). Steidel et al. (2021) demonstrated
tVNS’s ability to enhance gastric motility in healthy individuals,
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particularly with high-frequency stimulation. Furthermore, tVNS has
demonstrated efficacy in alleviating constipation and abdominal
discomfort in patients with irritable bowel syndrome. This effect may
be mediated by autoimmune mechanisms such as activation of the
CPA, inhibition of the 5-HT pathway, and improvement of rectal
sensation (Shi et al., 2021). Additionally, tVNS has been observed to
have a combined effect on visceral hypersensitivity, delayed gastric
emptying, and depression-like behavior in iodoacetamide (IA)-treated
rats. These effects are likely linked to anti-inflammatory activation,
improvement of duodenal mucosal integrity, enhanced vagal efferent
activity, and down-regulation of HPA axis hyperactivation (Hou et al.,
2023). Moreover, Miiller et al. (2022) demonstrated that tVNS
enhanced gastro-brain coupling via the NTS-midbrain pathway,
thereby substantiating the capacity of vagal signaling to effectively
modulate brain-digestive organ communication and the beneficial
impact of vagal modulation in digestive disorders.

4.2.4 tVNS safety

While tVNS is widely recognized as a promising replacement
therapy for VNS in clinical practice due to its non-invasiveness and
effectiveness, researchers remain concerned about its safety. The
results of the keyword co-occurrence analysis also showed that
keyword “safety” appeared frequently. The underlying cause of its
safety concerns may be linked to the TCR (Chowdhury et al.,, 2014).
Previous studies has demonstrated that when the trigeminal nerve is
stimulated, excitation is conveyed to the vagus nerve via the common
fiber ganglion, resulting in an enhancement of vagal excitability and
subsequent cardiovascular effects, including an increase in heart rate
and blood pressure (Meuwly et al., 2017). It is generally believed that
tVNS is mostly applied to the left ear, as stimulation of the right side
is more likely to induce bradycardia since the efferent vagal fibers on
the right side regulate heart rate (Keute et al., 2018). It is worth noting
that tcVNS tends to stimulate peripheral non-vagal nerves. Similar to
invasive VNS, it can be challenging for tcVNS to selectively stimulate
VN fibers percutaneously. Consequently, current products are likely
to stimulate afferent and efferent fibers indiscriminately. Some have
questioned the safety of this modality due to the possibility of
stimulating motor efferent nerves that innervate the sinus node, which
could lead to arrhythmias, conduction block, and other adverse effects
(AEs; Simon and Blake, 2017). However, analyzing relevant clinical
studies in recent years, the incidence of AEs associated with tVNS was
low. A recent meta-analysis evaluated the possible AEs of taVNS and
their incidence. The study found that the most common AEs reported
were earache, headache, tingling, dizziness, skin redness, and fatigue.
However, the results showed no significant difference in the risk or
intensity of AEs between the taVNS group and the control group,
suggesting that taVNS is a safe treatment option (Kim et al., 2022). It
has been shown that tVNS can produce therapeutic effects similar to
those of VNS but with a higher level of safety. Additionally, tVNS is
effective in treating refractory epilepsy, particularly in pediatric cases
(Rong et al., 2014). Clinical studies have evaluated the efficacy and
safety of tVNS in treating acute stroke. The studies have shown that
both tcVNS and taVNS are safe and effective in treating acute ischemic
or hemorrhagic stroke (Arsava et al., 2022; Li et al., 2022). Additionally,
tVNS is safe in treating acute/chronic headaches, depression,
gastrointestinal disorders, and Novel coronavirus pneumonia
(Goadsby et al., 2018; Kaczmarczyk et al., 2021; Tornero et al., 2022;
Alam and Chen, 2023). It is suggested that tVNS may be comparatively
safer than VNS. However, it is important to note that the current
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studies have mostly included small sample sizes and short follow-up
times. Therefore, it is recommended that more large clinical studies
be conducted in the future to validate the safety of tVNS further.

5 Conclusion and outlook

This bibliometric study reveals the global publication trends and
dynamics of tVNS in the 21st century.The results show that the
research fever in the field of tVNS is generally on the rise. The study
systematically clarifies the development of this research field and
comprehensively analyzes the current hot research topics related to
tVNS, including mechanism of action, stimulation mode, advantage
diseases, and safety. This will help to grasp the future development
direction of tVNS.

The current tVNS research field still faces some challenges. Firstly,
the mechanism of tVNS mainly focuses on exploring the anti-
inflammatory pathway, and its central and peripheral anti-
inflammatory effects have been verified by some clinical and basic
experiments, but the relevant research is still insufficient. There is a
relative lack of research on the application and mechanism of tVNS in
acute and chronic inflammation of various respiratory and
digestive diseases.

Secondly, It is well known that VN has been confirmed as a crucial
mediator of bidirectional communication between the gut and the
brain (Bonaz et al., 2018). Consequently, the brain-gut axis may also
be a mechanism of action of tVNS. Although there are fewer related
studies, this may be one of the future research directions.

Thirdly, the current research is somewhat arbitrary in its selection
of tVNS treatment sites and stimulation parameters. Previous studies
indicated that different diseases may respond differently to specific
stimulation parameters. The use of tVNS for the treatment of epilepsy
and depression involves the application of a range of stimulation
frequencies (20-30Hz), pulse widths (up to 500 ps), and stimulation
on-times (30-90s) followed by off-times (5min). The optimal
parameters for the modulation of cognition require the use of much
higher current stimulations, typically up to 8 mA (Vargas-Caballero
et al,, 2022). In contrast, Yu et al. (2023) demonstrated that 40-Hz
taVNS enhanced spatial learning and memory in APP/PS1 mice. The
findings of Badran et al. (2019) indicate that the 500 ps pulse width is
the most biologically active. In terms of frequency, 25Hz has proven
to be an effective frequency. Nevertheless, further studies are required
in the future in order to establish standardized tVNS stimulation
protocols for different diseases.

Finally, there is still a lack of evidence regarding the longer-term
efficacy and safety of tVNS, In the future, more clinical studies with
large samples and long-term follow-up are needed to validate.

It is predicted that tVNS research will continue to focus on the
effects of tVNS on neuropsychiatric diseases in the next few years and
explore its mechanism of action in depth. It is also expected to
strengthen the combination with ECG, EEG, and other technical
means to form a closed-loop automated stimulation, to take advantage
of its precise neuromodulation. In addition, the combination of tVNS
with other non-invasive neuromodulation techniques (e.g., TMS) may
be a potential direction for future research.

This study is subject to certain limitations. Firstly, only the WOS
database was used as the source of literature analysis. Secondly, as
there was less tVNS-related literature before 2000, only literature
published after the 21st century was included in this study. This may
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result in some errors and biases. Nevertheless, an analysis of global
publications since the 21st century allows for the visualization of
publishing trends and promising areas of research in the dynamic
development of tVNS. This analysis informs the establishment of new
research directions for tVNS.

Author contributions

SE: Writing - review & editing, Writing - original draft,
Methodology, Data curation. LY: Writing - review & editing,
Supervision. JZ: Writing - review & editing, Supervision, Investigation.
YS: Writing - review & editing, Resources, Investigation. YQ: Writing
- review & editing, Resources, Investigation, Conceptualization. MW:
Writing - review & editing, Resources, Project administration,
Investigation, Funding acquisition, Data curation. TY: Writing -
review & editing, Resources, Investigation, Funding acquisition,
Data curation.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

Agarwal, V,, Kaushik, A. S., Chaudhary, R., Rehman, M., Srivastava, S., and Mishra, V.
(2024). Transcutaneous vagus nerve stimulation ameliorates cardiac abnormalities in
chronically stressed rats. Naunyn Schmiedeberg's Arch. Pharmacol. 397, 281-303. doi:
10.1007/s00210-023-02611-5

Alam, M. J., and Chen, J. (2023). Non-invasive neuromodulation: an emerging
intervention for visceral pain in gastrointestinal disorders. Bioelectron Med 9:27. doi:
10.1186/s42234-023-00130-5

Aranow, C., Atish-Fregoso, Y., Lesser, M., Mackay, M., Anderson, E., Chavan, S., et al.
(2021). Transcutaneous auricular vagus nerve stimulation reduces pain and fatigue in
patients with systemic lupus erythematosus: a randomised, double-blind, sham-
controlled pilot trial. Ann. Rheum. Dis. 80, 203-208. doi: 10.1136/
annrheumdis-2020-217872

Arsava, E. M., Topcuoglu, M. A, Ay, I, Ozdemir, A. O., Gungor, L. L., Togay, I. C., et al.
(2022). Assessment of safety and feasibility of non-invasive vagus nerve stimulation for
treatment of acute stroke. Brain Stimul. 15, 1467-1474. doi: 10.1016/j.brs.2022.10.012

Ay, I, Nasser, R., Simon, B., and Ay, H. (2016). Transcutaneous cervical vagus nerve
stimulation ameliorates acute ischemic injury in rats. Brain Stimul. 9, 166-173. doi:
10.1016/j.brs.2015.11.008

Badran, B. W, Jenkins, D. D., Cook, D., Thompson, S., Dancy, M., DeVries, W. H.,
etal. (2020). Transcutaneous auricular vagus nerve stimulation-paired rehabilitation for
oromotor feeding problems in newborns: an open-label pilot study. Front. Hum.
Neurosci. 14:77. doi: 10.3389/fnhum.2020.00077

Badran, B. W, Yu, A. B, Adair, D., Mappin, G., DeVries, W. H., Jenkins, D. D., et al.
(2019). Laboratory administration of transcutaneous auricular vagus nerve stimulation
(tavns): technique, targeting, and considerations. J. Vis. Exp.:143. doi: 10.3791/58984

Baig, S. S., Kamarova, M., Ali, A, Su, L., Dawson, J., Redgrave, J. N, et al. (2022).
Transcutaneous vagus nerve stimulation (tvns) in stroke: the evidence, challenges and
future directions. Auton. Neurosci. 237:102909. doi: 10.1016/j.autneu.2021.102909

Baig, S. S., Kamarova, M., Bell, S. M., Ali, A. N,, Su, L., Dimairo, M., et al. (2023). Tvns

in stroke: a narrative review on the current state and the future. Stroke 54, 2676-2687.
doi: 10.1161/STROKEAHA.123.043414

Bajbouj, M., Gallinat, J., Lang, U. E., Hellen, E, Vesper, ]., Lisanby, S. H.,, et al. (2007).
Motor cortex excitability after vagus nerve stimulation in major depression. J. Clin.
Psychopharmacol. 27, 156-159. doi: 10.1097/JCP.0b013e31803308f3

Ben-Menachem, E., Revesz, D., Simon, B. J., and Silberstein, S. (2015). Surgically
implanted and non-invasive vagus nerve stimulation: a review of efficacy, safety and
tolerability. Eur. J. Neurol. 22, 1260-1268. doi: 10.1111/ene.12629

Berthoud, H. R., and Neuhuber, W. L. (2000). Functional and chemical anatomy of
the afferent vagal system. Auton. Neurosci. 85, 1-17. doi: 10.1016/81566-0702(00)00215-0

Frontiers in Neuroscience

10.3389/fnins.2024.1406135

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer CH declared a shared affiliation with the authors to
the handling editor at the time of review.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2024.1406135/
full#supplementary-material

Bonaz, B. (2023). The gut-brain axis in parkinson's disease. Rev. Neurol. (Paris). 99,
1877-2013. doi: 10.1152/physrev.00018.2018

Bonaz, B., Bazin, T., and Pellissier, S. (2018). The vagus nerve at the interface of the
microbiota-gut-brain axis. Front. Neurosci. 12:49. doi: 10.3389/fnins.2018.00049

Bonaz, B., Sinniger, V., and Pellissier, S. (2016). Anti-inflammatory properties of the
vagus nerve: potential therapeutic implications of vagus nerve stimulation. J. Physiol.
594, 5781-5790. doi: 10.1113/JP271539

Brambilla-Pisoni, C., Munoz-Moreno, E., Gallego-Amaro, I., Maldonado, R.,
Ivorra, A., Soria, G., et al. (2022). Auricular transcutaneous vagus nerve stimulation
acutely modulates brain connectivity in mice. Front. Cell. Neurosci. 16:856855. doi:
10.3389/fncel.2022.856855

Brock, C., Brock, B., Aziz, Q., Moller, H. ]., Pfeiffer, J. M., Drewes, A. M., et al. (2017).
Transcutaneous cervical vagal nerve stimulation modulates cardiac vagal tone and tumor
necrosis factor-alpha. Neurogastroenterol. Motil. 29:12999. doi: 10.1111/nmo.12999

Butt, M. E, Albusoda, A., Farmer, A. D., and Aziz, Q. (2020). The anatomical basis for
transcutaneous auricular vagus nerve stimulation. J. Anat. 236, 588-611. doi: 10.1111/
joa.13122

Chen, S. P, Ay, I, Lopes, D. M. A,, Qin, T, Zheng, Y., Sadeghian, H., et al. (2016).
Vagus nerve stimulation inhibits cortical spreading depression. Pain 157, 797-805. doi:
10.1097/j.pain.0000000000000437

Chen, X., Zhang, J., Shen, L. S, Chen, Y. P, Yang, J. Q. Tang, W. J,, et al. (2024).
Bibliometric analysis of myelin imaging studies of patients with multiple sclerosis
(2000-2022). Quant. Imaging Med. Surg. 14, 837-851. doi: 10.21037/qims-23-1157

Chowdhury, T., Sandu, N., Sadr-Eshkevari, P., Meuwly, C., and Schaller, B. (2014).
Trigeminocardiac reflex: current trends. Expert. Rev. Cardiovasc. Ther. 12, 9-11. doi:
10.1586/14779072.2014.862498

Chung, C. H., Bretherton, B., Zainalabidin, S., Deuchars, S. A., Deuchars, J., and
Mabhadi, M. K. (2020). Mediation of cardiac macrophage activity via auricular vagal
nerve stimulation ameliorates cardiac ischemia/reperfusion injury. Front. Neurosci.
14:906. doi: 10.3389/fnins.2020.00906

Chunlei, G. (2023). Efficacy of transcutaneous auricular vagus nerve stimulation in
the treatment of mild cognitive impairment and brain mechanism fmri study. China
Academy of Traditional Chinese Med.

Clancy, J. A., Mary, D. A., Witte, K. K., Greenwood, J. P, Deuchars, S. A., and
Deuchars, J. (2014). Non-invasive vagus nerve stimulation in healthy humans reduces
sympathetic nerve activity. Brain Stimul. 7, 871-877. doi: 10.1016/j.brs.2014.07.031

Colombo, M., Aggujaro, S., Lombardi, N., Pedrocchi, A., Molteni, E, and Guanziroli, E.
(2023). Motor and cognitive modulation of a single session of transcutaneous auricular

frontiersin.org


https://doi.org/10.3389/fnins.2024.1406135
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2024.1406135/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2024.1406135/full#supplementary-material
https://doi.org/10.1007/s00210-023-02611-5
https://doi.org/10.1186/s42234-023-00130-5
https://doi.org/10.1136/annrheumdis-2020-217872
https://doi.org/10.1136/annrheumdis-2020-217872
https://doi.org/10.1016/j.brs.2022.10.012
https://doi.org/10.1016/j.brs.2015.11.008
https://doi.org/10.3389/fnhum.2020.00077
https://doi.org/10.3791/58984
https://doi.org/10.1016/j.autneu.2021.102909
https://doi.org/10.1161/STROKEAHA.123.043414
https://doi.org/10.1097/JCP.0b013e31803308f3
https://doi.org/10.1111/ene.12629
https://doi.org/10.1016/S1566-0702(00)00215-0
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.3389/fnins.2018.00049
https://doi.org/10.1113/JP271539
https://doi.org/10.3389/fncel.2022.856855
https://doi.org/10.1111/nmo.12999
https://doi.org/10.1111/joa.13122
https://doi.org/10.1111/joa.13122
https://doi.org/10.1097/j.pain.0000000000000437
https://doi.org/10.21037/qims-23-1157
https://doi.org/10.1586/14779072.2014.862498
https://doi.org/10.3389/fnins.2020.00906
https://doi.org/10.1016/j.brs.2014.07.031

Fanetal.

vagus nerve stimulation in post stroke patients: a pilot study. Ieee Open ] Eng Med Biol
4,292-299. doi: 10.1109/0JEMB.2023.3268011

Colzato, L., and Beste, C. (2020). A literature review on the neurophysiological
underpinnings and cognitive effects of transcutaneous vagus nerve stimulation:
challenges and future directions. J. Neurophysiol. 123, 1739-1755. doi: 10.1152/
jn.00057.2020

Colzato, L. S., Elmers, J., Beste, C., and Hommel, B. (2023). A prospect to ameliorate
affective symptoms and to enhance cognition in long covid using auricular transcutaneous
vagus nerve stimulation. J. Clin. Med. 12:1198. doi: 10.3390/jcm12031198

Cook, D. N., Thompson, S., Stomberg-Firestein, S., Bikson, M., George, M. S.,
Jenkins, D. D., et al. (2020). Design and validation of a closed-loop, motor-activated
auricular vagus nerve stimulation (maavns) system for neurorehabilitation. Brain Stimul.
13, 800-803. doi: 10.1016/j.brs.2020.02.028

Cristancho, P, Cristancho, M. A., Baltuch, G. H., Thase, M. E., and O'Reardon, J. P.
(2011). Effectiveness and safety of vagus nerve stimulation for severe treatment-resistant
major depression in clinical practice after fda approval: outcomes at 1 year. J. Clin.
Psychiatry 72, 1376-1382. doi: 10.4088/JCP.09m05888blu

Dalgleish, A. S., Kania, A. M., Stauss, H. M., and Jelen, A. Z. (2021). Occipitoatlantal
decompression and noninvasive vagus nerve stimulation slow conduction velocity
through the atrioventricular node in healthy participants. ] Osteopath Med 121, 349-359.
doi: 10.1515/jom-2020-0213

Di Lazzaro, V., Oliviero, A., Pilato, E, Saturno, E., Dileone, M., Meglio, M., et al.
(2004). Effects of vagus nerve stimulation on cortical excitability in epileptic patients.
Neurology 62, 2310-2312. doi: 10.1212/01.wnl.0000131743.45131.ae

Diener, H., Goadsby, P. ]., Ashina, M., Al-Karagholi, M. A., Sinclair, A., Mitsikostas, D.,
etal. (2019). Non-invasive vagus nerve stimulation (nvns) for the preventive treatment
of episodic migraine: the multicentre, double-blind, randomised, sham-controlled
premium trial. Cephalalgia 39, 1475-1487. doi: 10.1177/0333102419876920

Doerr, J. M., Juenemann, M., Hakel, L., Schmidt, L., Menzler, K., Krause, K., et al.
(2023). Effect of transcutaneous vagus nerve stimulation on stress-reactive
neuroendocrine measures in a sample of persons with temporal lobe epilepsy. Epilepsia
Open 8,1013-1020. doi: 10.1002/epi4.12774

Drewes, A. M., Brock, C., Rasmussen, S. E., Moller, H. J., Brock, B., Deleuran, B. W,,
et al. (2021). Short-term transcutaneous non-invasive vagus nerve stimulation may
reduce disease activity and pro-inflammatory cytokines in rheumatoid arthritis: results
of a pilot study. Scand. J. Rheumatol. 50, 20-27. doi: 10.1080/03009742.2020.1764617

Duyu, D., and Wei, Z. (2019). Neuromodulation therapy for Alzheimer's disease. Chin.
Med. ]. 54, 474-477. doi: 10.3969/j.issn.1008-1070.2019.05.003

Farmer, A. D., Strzelczyk, A., Finisguerra, A., Gourine, A. V., Gharabaghi, A.,
Hasan, A, et al. (2020). International consensus based review and recommendations for
minimum reporting standards in research on transcutaneous vagus nerve stimulation
(version 2020). Front. Hum. Neurosci. 14:568051. doi: 10.3389/fnhum.2020.568051

Fischer, R., Ventura-Bort, C., Hamm, A., and Weymar, M. (2018). Transcutaneous
vagus nerve stimulation (tvns) enhances conflict-triggered adjustment of cognitive
control. Cogn. Affect. Behav. Neurosci. 18, 680-693. doi: 10.3758/s13415-018-0596-2

Frangos, E., Ellrich, J., and Komisaruk, B. R. (2015). Non-invasive access to the vagus
nerve central projections via electrical stimulation of the external ear: fmri evidence in
humans. Brain Stimul. 8, 624-636. doi: 10.1016/j.brs.2014.11.018

Garcia, R. G., Cohen, J. E,, Stanford, A. D., Gabriel, A., Stowell, ., Aizley, H., et al.
(2021). Respiratory-gated auricular vagal afferent nerve stimulation (ravans) modulates
brain response to stress in major depression. J. Psychiatr. Res. 142, 188-197. doi:
10.1016/j.jpsychires.2021.07.048

Garcia, R. G, Lin, R. L., Lee, J., Kim, J., Barbieri, R., Sclocco, R., et al. (2017).
Modulation of brainstem activity and connectivity by respiratory-gated auricular vagal
afferent nerve stimulation in migraine patients. Pain 158, 1461-1472. doi: 10.1097/j.
pain.0000000000000930

Gazi, A. H., Wittbrodt, M. T, Harrison, A. B., Sundararaj, S., Gurel, N. Z., Nye, . A.,
et al. (2022). Robust estimation of respiratory variability uncovers correlates of limbic
brain activity and transcutaneous cervical vagus nerve stimulation in the context of
traumatic stress. IEEE Trans. Biomed. Eng. 69, 849-859. doi: 10.1109/
TBME.2021.3108135

Geng, D,, Yang, K., Fu, Z., Zhang, Y., Wang, C., and An, H. (2022). Circadian stage-
dependent and stimulation duration effects of transcutaneous auricular vagus nerve
stimulation on heart rate variability. PLoS One 17:€277090. doi: 10.1371/journal.
pone.0277090

Goadsby, P. ], de Coo, L. E, Silver, N., Tyagi, A., Ahmed, E, Gaul, C,, et al. (2018).
Non-invasive vagus nerve stimulation for the acute treatment of episodic and chronic
cluster headache: a randomized, double-blind, sham-controlled act2 study. Cephalalgia
38, 959-969. doi: 10.1177/0333102417744362

Grazzi, L., Egeo, G., Liebler, E., Padovan, A. M., and Barbanti, P. (2017). Non-invasive
vagus nerve stimulation (nvns) as symptomatic treatment of migraine in young patients:
a preliminary safety study. Neurol. Sci. 38, 197-199. doi: 10.1007/s10072-017-2942-5

Gu, N.N,, and Li, C. H. (2020). Advances in percutaneous vagus nerve stimulation. J.
Shanghai Jiao Tong University (Medical Edition) 40, 539-542. doi: 10.3969/j.
issn.1674-8115.2020.04.021

Frontiers in Neuroscience

10.3389/fnins.2024.1406135

Gurel, N. Z.,, Wittbrodt, M. T., Jung, H., Shandhi, M., Driggers, E. G., Ladd, S. L., et al.
(2020). Transcutaneous cervical vagal nerve stimulation reduces sympathetic responses
to stress in posttraumatic stress disorder: a double-blind, randomized, sham controlled
trial. Neurobiol Stress 13:100264. doi: 10.1016/j.ynstr.2020.100264

Hansen, N. (2018). Memory reinforcement and attenuation by activating the human
locus coeruleus via transcutaneous vagus nerve stimulation. Front. Neurosci. 12:955. doi:
10.3389/fnins.2018.00955

Hao Han, Z., Pei Jing, R., Yu, C,, Xing Ke, S., and Jun Ying, W. (2023). Exploring the
possible mechanism of auricular acupoints for migraine from the ear vagus nerve.
Acupuncture Res., 1-11. doi: 10.13702/j.1000-0607.20221262

He, H., Shen, W,, Zheng, L., Guo, X,, and Cline, H. T. (2018). Excitatory synaptic
dysfunction cell-autonomously decreases inhibitory inputs and disrupts structural and
functional plasticity. Nat. Commun. 9:2893. doi: 10.1038/541467-018-05125-4

Hongxian, R., Ruirong, Z., and Xianze, M. (2023). Progress of anti-inflammatory
effects of percutaneous ear vagus nerve stimulation. Joint. Mil. Med. 37, 632-636. doi:
10.13730/j.issn.2097-2148.2023.07.017

Hou, L. W, Fang, J. L., Zhang, J. L., Wang, L., Wu, D., Wang, J. Y,, et al. (2022).
Auricular vagus nerve stimulation ameliorates functional dyspepsia with depressive-like
behavior and inhibits the hypothalamus-pituitary-adrenal axis in a rat model. Dig. Dis.
Sci. 67, 4719-4731. doi: 10.1007/s10620-021-07332-4

Hou, L., Rong, P, Yang, Y, Fang, J., Wang, J., Wang, Y., et al. (2023). Auricular vagus
nerve stimulation improves visceral hypersensitivity and gastric motility and depression-
like behaviors via Vago-vagal pathway in a rat model of functional dyspepsia. Brain Sci.
13. doi: 10.3390/brainsci13020253

Huifeng, L. (2017). Research on methods and techniques of clustering analysis of big
data in internet of things. China: North Polytechnic University.

Jiakai, H. E., Jinling, Z., Yu, W., Shaoyuan, L. L, Jiliang, E, Shuai, Z., et al. (2023).
Transcutaneous auricular vagus nerve stimulation would be an alternative to implantable
cervical vagus nerve stimulation in some situation. J. Tradit. Chin. Med. 43, 627-630.
doi: 10.19852/j.cnki.jtcm.20230308.002

Jiang, S., Liu, Y., Zheng, H., Zhang, L., Zhao, H., Sang, X,, et al. (2023). Evolutionary
patterns and research frontiers in neoadjuvant immunotherapy: a bibliometric analysis.
Int. J. Surg. 109, 2774-2783. doi: 10.1097/J59.0000000000000492

Johnston, G. R., and Webster, N. R. (2009). Cytokines and the immunomodulatory
function of the vagus nerve. Br. J. Anaesth. 102, 453-462. doi: 10.1093/bja/aep037

Kaczmarczyk, M., Antosik-Wojciniska, A., Dominiak, M., and Swie;cicki, L. (2021).
Use of transcutaneous auricular vagus nerve stimulation (tavns) in the treatment of
drug-resistant depression - a pilot study, presentation of five clinical cases. Psychiatr. Pol.
55, 555-564. doi: 10.12740/PP/OnlineFirst/115191

Kaczmarczyk, R., Tejera, D., Simon, B. J., and Heneka, M. T. (2017). Microglia
modulation through external vagus nerve stimulation in a murine model of alzheimer's
disease. J. Neurochem. doi: 10.1111/jnc.14284

Kaniusas, E., Kampusch, S., Tittgemeyer, M., Panetsos, E, Gines, R. E,, Papa, M., et al.
(2019). Current directions in the auricular vagus nerve stimulation i - a physiological
perspective. Front. Neurosci. 13:854. doi: 10.3389/fnins.2019.00854

Kaniusas, E., Szeles, J. C., Kampusch, S., Alfageme-Lopez, N., Yucuma-Conde, D.,
Li, X., et al. (2020). Non-invasive auricular vagus nerve stimulation as a potential
treatment for covid19-originated acute respiratory distress syndrome. Front. Physiol.
11:890. doi: 10.3389/fphy542020.00890

Kaut, O., Janocha, L., Weismiiller, T. J., and Wiillner, U. (2019). Transcutaneous vagal
nerve stimulation improves gastroenteric complaints in parkinson's disease patients.
NeuroRehabilitation 45, 449-451. doi: 10.3233/NRE-192909

Keute, M., Ruhnau, P, Heinze, H. J., and Zaehle, T. (2018). Behavioral and
electrophysiological evidence for gabaergic modulation through transcutaneous vagus
nerve stimulation. Clin. Neurophysiol. 129, 1789-1795. doi: 10.1016/j.
clinph.2018.05.026

Kim, A. Y., Marduy, A., de Melo, P. S., Gianlorenco, A. C., Kim, C. K., Choi, H,, et al.
(2022). Safety of transcutaneous auricular vagus nerve stimulation (tavns): a systematic
review and meta-analysis. Sci. Rep. 12:22055. doi: 10.1038/s41598-022-25864-1

Ko, D. (2021). Transcutaneous vagus nerve stimulation (tvns) as a potential
therapeutic application for neurodegenerative disorders - a focus on dysautonomia in
parkinson's disease. Auton. Neurosci. 235:102858. doi: 10.1016/j.autneu.2021.102858

Kornum, D. S., Bertoli, D., Kufaishi, H., Wegeberg, A., Okdahl, T., Mark, E. B, et al.
(2024). Transcutaneous vagal nerve stimulation for treating gastrointestinal symptoms
in individuals with diabetes: a randomised, double-blind, sham-controlled, multicentre
trial. Diabetologia 67, 1122-1137. doi: 10.1007/s00125-024-06129-0

Kumaria, A., and Ashkan, K. (2023). Neuromodulation as an anticancer strategy.
Cancer Med. 12, 20521-20522. doi: 10.1002/cam4.6624

Lanska, D. J. (2002). JL Corning and vagal nerve stimulation for seizures in the 1880s.
Neurology 58, 452-459. doi: 10.1212/wnl.58.3.452

Lench, D. H,, Turner, T. H., McLeod, C., Boger, H. A, Lovera, L., Heidelberg, L., et al.
(2023). Multi-session transcutaneous auricular vagus nerve stimulation for parkinson's
disease: evaluating feasibility, safety, and preliminary efficacy. Front. Neurol. 14:1210103.
doi: 10.3389/fneur.2023.1210103

frontiersin.org


https://doi.org/10.3389/fnins.2024.1406135
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1109/OJEMB.2023.3268011
https://doi.org/10.1152/jn.00057.2020
https://doi.org/10.1152/jn.00057.2020
https://doi.org/10.3390/jcm12031198
https://doi.org/10.1016/j.brs.2020.02.028
https://doi.org/10.4088/JCP.09m05888blu
https://doi.org/10.1515/jom-2020-0213
https://doi.org/10.1212/01.wnl.0000131743.45131.ae
https://doi.org/10.1177/0333102419876920
https://doi.org/10.1002/epi4.12774
https://doi.org/10.1080/03009742.2020.1764617
https://doi.org/10.3969/j.issn.1008-1070.2019.05.003
https://doi.org/10.3389/fnhum.2020.568051
https://doi.org/10.3758/s13415-018-0596-2
https://doi.org/10.1016/j.brs.2014.11.018
https://doi.org/10.1016/j.jpsychires.2021.07.048
https://doi.org/10.1097/j.pain.0000000000000930
https://doi.org/10.1097/j.pain.0000000000000930
https://doi.org/10.1109/TBME.2021.3108135
https://doi.org/10.1109/TBME.2021.3108135
https://doi.org/10.1371/journal.pone.0277090
https://doi.org/10.1371/journal.pone.0277090
https://doi.org/10.1177/0333102417744362
https://doi.org/10.1007/s10072-017-2942-5
https://doi.org/10.3969/j.issn.1674-8115.2020.04.021
https://doi.org/10.3969/j.issn.1674-8115.2020.04.021
https://doi.org/10.1016/j.ynstr.2020.100264
https://doi.org/10.3389/fnins.2018.00955
https://doi.org/10.13702/j.1000-0607.20221262
https://doi.org/10.1038/s41467-018-05125-4
https://doi.org/10.13730/j.issn.2097-2148.2023.07.017
https://doi.org/10.1007/s10620-021-07332-4
https://doi.org/10.3390/brainsci13020253
https://doi.org/10.19852/j.cnki.jtcm.20230308.002
https://doi.org/10.1097/JS9.0000000000000492
https://doi.org/10.1093/bja/aep037
https://doi.org/10.12740/PP/OnlineFirst/115191
https://doi.org/10.1111/jnc.14284
https://doi.org/10.3389/fnins.2019.00854
https://doi.org/10.3389/fphys.2020.00890
https://doi.org/10.3233/NRE-192909
https://doi.org/10.1016/j.clinph.2018.05.026
https://doi.org/10.1016/j.clinph.2018.05.026
https://doi.org/10.1038/s41598-022-25864-1
https://doi.org/10.1016/j.autneu.2021.102858
https://doi.org/10.1007/s00125-024-06129-0
https://doi.org/10.1002/cam4.6624
https://doi.org/10.1212/wnl.58.3.452
https://doi.org/10.3389/fneur.2023.1210103

Fanetal.

Li, J. (2020). Cholinergic anti-inflammatory pathway activity regulates axonal
plasticity and neovascularization after cerebral ischemia/reperfusion injury and its
mechanism [PhD]. China: Chongqing Medical University.

Li, S., Wang, Y., Gao, G., Guo, X., Zhang, Y., Zhang, Z., et al. (2020). Transcutaneous
auricular vagus nerve stimulation at 20 hz improves depression-like behaviors and
down-regulates the hyperactivity of hpa axis in chronic unpredictable mild stress model
rats. Front. Neurosci. 14:680. doi: 10.3389/fnins.2020.00680

Li, J. N, Xie, C. C,, Li, C. Q, Zhang, G. F, Tang, H,, Jin, C. N., et al. (2022). Efficacy
and safety of transcutaneous auricular vagus nerve stimulation combined with
conventional rehabilitation training in acute stroke patients: a randomized controlled
trial conducted for 1 year involving 60 patients. Neural Regen. Res. 17, 1809-1813. doi:
10.4103/1673-5374.332155

Li, S., Zhou, X,, Yu, L., and Jiang, H. (2015). Low level non-invasive vagus nerve
stimulation: a novel feasible therapeutic approach for atrial fibrillation. Int. J. Cardiol.
182, 189-190. doi: 10.1016/j.ijjcard.2014.12.171

Lin, W. 8., Chou, C. L., Chang, M. H., Chung, Y. M,, Lin, E. G., and Tsai, P. Y. (2018).
Vagus nerve magnetic modulation facilitates dysphagia recovery in patients with stroke
involving the brainstem - a proof of concept study. Brain Stimul. 11, 264-270. doi:
10.1016/j.brs.2017.10.021

Liyanarachchi, K., Ross, R., and Debono, M. (2017). Human studies on hypothalamo-
pituitary-adrenal (hpa) axis. Best Pract. Res. Clin. Endocrinol. Metab. 31, 459-473. doi:
10.1016/j.beem42017.10.011

Luo, S. (1994). Introduction to Bibliometrics. Guangzhou: Sun Yat-sen
University Press.

Ma, Y., He, J., Lu, X., Sun, J., Guo, C., Luo, Y., et al. (2023). Transcutaneous electrical
cranial-auricular acupoint stimulation versus escitalopram for modulating the brain
activity in mild to moderate major depressive disorder: an fmri study. Neurosci. Lett.
814:137414. doi: 10.1016/j.neulet.2023.137414

Marano, M., Anzini, G., Musumeci, G., Magliozzi, A., Pozzilli, V., Capone, F, et al.
(2022). Transcutaneous auricular vagus stimulation improves gait and reaction time in
parkinson's disease. Mov. Disord. 37, 2163-2164. doi: 10.1002/mds.29166

Martelli, D., Yao, S. T., McKinley, M. J., and McAllen, R. M. (2014). Reflex control of
inflammation by sympathetic nerves, not the vagus. J. Physiol. 592, 1677-1686. doi:
10.1113/jphysiol.2013.268573

Meuwly, C., Chowdhury, T., Sandu, N., Golanov, E., Erne, P., Rosemann, T,, et al.
(2017). Definition and diagnosis of the trigeminocardiac reflex: a grounded theory
approach for an update. Front. Neurol. 8:533. doi: 10.3389/fneur.2017.00533

Moazzami, K., Pearce, B. D., Gurel, N. Z., Wittbrodt, M. T., Levantsevych, O. M.,
Huang, M., et al. (2023). Transcutaneous vagal nerve stimulation modulates stress-
induced plasma ghrelin levels: a double-blind, randomized, sham-controlled trial. J.
Affect. Disord. 342, 85-90. doi: 10.1016/j.jad.2023.09.015

Miiller, S. J., Teckentrup, V., Rebollo, I., Hallschmid, M., and Kroemer, N. B. (2022).
Vagus nerve stimulation increases stomach-brain coupling via a vagal afferent pathway.
Brain Stimul. 15, 1279-1289. doi: 10.1016/j.brs.2022.08.019

Nagai, M., Dote, K., Kato, M., Sasaki, S., Oda, N., and Forster, C. Y. (2023). Afterload
reduction after non-invasive vagus nerve stimulation in acute heart failure. Front. Hum.
Neurosci. 17:1149449. doi: 10.3389/fnhum.2023.1149449

Nesbitt, A. D., Marin, J. C., Tompkins, E., Ruttledge, M. H., and Goadsby, P. J. (2015).
Initial use of a novel noninvasive vagus nerve stimulator for cluster headache treatment.
Neurology 84, 1249-1253. doi: 10.1212/WNL.0000000000001394

Ninkov, A., Frank, J. R., and Maggio, L. A. (2022). Bibliometrics: methods for
studying academic publishing. Perspect Med Educ 11, 173-176. doi: 10.1007/
540037-021-00695-4

Nothen, C., Sandu, N., Prabhakar, H., Filis, A., Arasho, B. D., Buchfelder, M., et al.
(2010). Trigemino-cardiac reflex and antecedent transient ischemic attacks. Expert. Rev.
Cardiovasc. Ther. 8, 509-512. doi: 10.1586/erc.10.19

Ooi, Q. Y, Qin, X,, Yuan, Y., Zhang, X., Yao, Y., Hao, H., et al. (2023). Alteration of
excitation/inhibition imbalance in the hippocampus and amygdala of drug-resistant
epilepsy patients treated with acute vagus nerve stimulation. Brain Sci. 13:976. doi:
10.3390/brainscil3070976

Penry, J. K., and Dean, J. C. (1990). Prevention of intractable partial seizures by
intermittent vagal stimulation in humans: preliminary results. Epilepsia 31, S40-S43.
doi: 10.1111/§.1528-1157.1990.tb05848.x

Rawat, J. K, Roy, S., Singh, M., Guatam, S., Yadav, R. K., Ansari, M. N,, et al. (2019).
Transcutaneous vagus nerve stimulation regulates the cholinergic anti-inflammatory
pathway to counteract 1, 2-dimethylhydrazine induced colon carcinogenesis in albino
wistar rats. Front. Pharmacol. 10:353. doi: 10.3389/fphar.2019.00353

Redgrave, ., Day, D, Leung, H., Laud, P.]., Ali, A, Lindert, R., et al. (2018). Safety and
tolerability of transcutaneous vagus nerve stimulation in humans; a systematic review.
Brain Stimul. 11, 1225-1238. doi: 10.1016/j.brs.2018.08.010

Rong, P, Liu, ], Wang, L., Liu, R., Fang, J., Zhao, ], et al. (2016). Effect of
transcutaneous auricular vagus nerve stimulation on major depressive disorder: a
nonrandomized controlled pilot study. J. Affect. Disord. 195, 172-179. doi: 10.1016/j.
72d.2016.02.031

Rong, P, Liu, A., Zhang, J., Wang, Y, Yang, A., Li, L., et al. (2014). An alternative
therapy for drug-resistant epilepsy: transcutaneous auricular vagus nerve stimulation.
Chin. Med. J. 127, 300-303. doi: 10.3760/cma.j.issn.0366-6999.20131511

Frontiers in Neuroscience

10.3389/fnins.2024.1406135

Schaller, B. J., Sandu, N., Cornelius, J. E, Filis, A., and Perez-Pinzon, M. A. (2009).
Oxygen-conserving implications of the trigemino-cardiac reflex in the brain: the
molecular basis of neuroprotection? Mol. Med. 15, 125-126. doi: 10.2119/
molmed.2009.00013

Schindler, E., and Burish, M. J. (2022). Recent advances in the diagnosis and
management of cluster headache. BMJ 376:€59577. doi: 10.1136/bmj-2020-059577

Schiweck, C., Sausmekat, S., Zhao, T., Jacobsen, L., Reif, A., and Edwin, T. S. (2024).
No consistent evidence for the anti-inflammatory effect of vagus nerve stimulation in
humans: a systematic review and meta-analysis. Brain Behav. Immun. 116, 237-258. doi:
10.1016/j.bbi.2023.12.008

Shi, X., Hu, Y., Zhang, B., Li, W,, Chen, J. D., and Liu, E. (2021). Ameliorating effects
and mechanisms of transcutaneous auricular vagal nerve stimulation on abdominal pain
and constipation. JCI Insight 6:¢150052. doi: 10.1172/jci.insight.150052

Simon, B., and Blake, J. (2017). Mechanism of action of non-invasive cervical vagus
nerve stimulation for the treatment of primary headaches. Am. J. Manag. Care 23,
$312-S316

Skandalakis, L. J., Donahue, P. E., and Skandalakis, J. E. (1993). The vagus nerve and
its vagaries. Surg. Clin. North Am. 73, 769-784. doi: 10.1016/s0039-6109(16)46084-6

Song, D., Li, P, Wang, Y., and Cao, J. (2023). Noninvasive vagus nerve stimulation for
migraine: a systematic review and meta-analysis of randomized controlled trials. Front.
Neurol. 14:1190062. doi: 10.3389/fneur.2023.1190062

Stefan, H., Kreiselmeyer, G., Kerling, E, Kurzbuch, K., Rauch, C., Heers, M., et al.
(2012). Transcutaneous vagus nerve stimulation (t-vns) in pharmacoresistant epilepsies:
a proof of concept trial. Epilepsia 53, e115-e118. doi: 10.1111/j.1528-1167.2012.03492.x

Steidel, K., Krause, K., Menzler, K., Strzelczyk, A., Immisch, L, Fuest, S., et al. (2021).
Transcutaneous auricular vagus nerve stimulation influences gastric motility: a
randomized, double-blind trial in healthy individuals. Brain Stimul. 14, 1126-1132. doi:
10.1016/j.brs.2021.06.006

Sternberg, Z., and Schaller, B. (2020). Central noradrenergic agonists in the treatment
of ischemic stroke-an overview. Transl. Stroke Res. 11, 165-184. doi: 10.1007/
$12975-019-00718-7

Stowell, J., Garcia, R. G,, Staley, R., Sclocco, R, Fisher, H., Napadow, V., et al. (2019).
Dose-optimization of respiratory-gated auricular vagal afferent nerve stimulation
(ravans) for blood pressure modulation in hypertensive patients. 2019 Computing in
Cardiology (CinC) 2019, 8-11.

Sun, L., Ma, S., Yu, Y., Li, X., Wei, Q., Min, L., et al. (2024). Transcutaneous auricular
vagus nerve stimulation ameliorates adolescent depressive- and anxiety-like behaviors
via hippocampus glycolysis and inflammation response. CNS Neurosci. Ther. 30:e14614.
doi: 10.1111/cns.14614

Tornero, C., Pastor, E., Garzando, M., Orduia, J., Forner, M. J., Bocigas, L, et al.
(2022). Non-invasive vagus nerve stimulation for covid-19: results from a randomized
controlled trial (savior i). Front. Neurol. 13:820864. doi: 10.3389/fneur.2022.820864

Urbin, M. A, Lafe, C. W,, Simpson, T. W., Wittenberg, G. E, Chandrasekaran, B., and
Weber, D. J. (2021). Electrical stimulation of the external ear acutely activates
noradrenergic mechanisms in humans. Brain Stimul. 14, 990-1001. doi: 10.1016/j.
brs.2021.06.002

van Midden, V. M., Deméar, J., Pirtosek, Z., and Kojovi¢, M. (2023). The effects of
transcutaneous auricular vagal nerve stimulation on cortical gabaergic and cholinergic
circuits: a transcranial magnetic stimulation study. Eur. J. Neurosci. 57, 2160-2173. doi:
10.1111/ejn.16004

Vargas-Caballero, M., Warming, H., Walker, R., Holmes, C., Cruickshank, G., and
Patel, B. (2022). Vagus nerve stimulation as a potential therapy in early alzheimer's
disease: a review. Front. Hum. Neurosci. 16:866434. doi: 10.3389/fnhum.2022.866434

Ventureyra, E. C. (2000). Transcutaneous vagus nerve stimulation for partial onset
seizure therapy: A new concept. Childs Nerv. Syst. 16, 101-102. doi: 10.1007/
5003810050021

von Wrede, R., Rings, T., Brohl, T., Pukropski, J., Schach, S., Helmstaedter, C., et al.
(2022). Transcutaneous auricular vagus nerve stimulation differently modifies functional
brain networks of subjects with different epilepsy types. Front. Hum. Neurosci.
16:867563. doi: 10.3389/fnhum.2022.867563

Wang, L., Gao, E, Dai, Y., Wang, Z., Liang, F, Wu, ], et al. (2023). Transcutaneous
auricular vagus nerve stimulation on upper limb motor function with stroke: a
functional near-infrared spectroscopy pilot study. Front. Neurosci. 17:1297887. doi:
10.3389/fnins.2023.1297887

Wang, Y., Li, S. Y., Wang, D., Wu, M. Z, He, J. K, Zhang, J. L, et al. (2021).

Transcutaneous auricular vagus nerve stimulation: from concept to application.
Neurosci. Bull. 37, 853-862. doi: 10.1007/s12264-020-00619-y

Wang, L., Wu, Q, Yang, Z., Yang, Y., Luo, Y., Cao, Y,, et al. (2022). Preliminary study
of vagus nerve magnetic modulation in patients with prolonged disorders of
consciousness. Neuropsychiatr. Dis. Treat. 18,2171-2179. doi: 10.2147/NDT.S381681

Wang, H., Yu, M., Ochani, M., Amella, C. A., Tanovic, M., Susarla, S., et al. (2003).
Nicotinic acetylcholine receptor alpha7 subunit is an essential regulator of inflammation.
Nature 421, 384-388. doi: 10.1038/nature01339

Wang, J. Y., Zhang, Y., Chen, Y,, Wang, Y, Li, S. Y., Wang, Y. E, et al. (2021).
Mechanisms underlying antidepressant effect of transcutaneous auricular vagus nerve
stimulation on cums model rats based on hippocampal a7nachr/nf-kb signal pathway.
J. Neuroinflammation 18:291. doi: 10.1186/512974-021-02341-6

frontiersin.org


https://doi.org/10.3389/fnins.2024.1406135
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnins.2020.00680
https://doi.org/10.4103/1673-5374.332155
https://doi.org/10.1016/j.ijcard.2014.12.171
https://doi.org/10.1016/j.brs.2017.10.021
https://doi.org/10.1016/j.beem.2017.10.011
https://doi.org/10.1016/j.neulet.2023.137414
https://doi.org/10.1002/mds.29166
https://doi.org/10.1113/jphysiol.2013.268573
https://doi.org/10.3389/fneur.2017.00533
https://doi.org/10.1016/j.jad.2023.09.015
https://doi.org/10.1016/j.brs.2022.08.019
https://doi.org/10.3389/fnhum.2023.1149449
https://doi.org/10.1212/WNL.0000000000001394
https://doi.org/10.1007/s40037-021-00695-4
https://doi.org/10.1007/s40037-021-00695-4
https://doi.org/10.1586/erc.10.19
https://doi.org/10.3390/brainsci13070976
https://doi.org/10.1111/j.1528-1157.1990.tb05848.x
https://doi.org/10.3389/fphar.2019.00353
https://doi.org/10.1016/j.brs.2018.08.010
https://doi.org/10.1016/j.jad.2016.02.031
https://doi.org/10.1016/j.jad.2016.02.031
https://doi.org/10.3760/cma.j.issn.0366-6999.20131511
https://doi.org/10.2119/molmed.2009.00013
https://doi.org/10.2119/molmed.2009.00013
https://doi.org/10.1136/bmj-2020-059577
https://doi.org/10.1016/j.bbi.2023.12.008
https://doi.org/10.1172/jci.insight.150052
https://doi.org/10.1016/s0039-6109(16)46084-6
https://doi.org/10.3389/fneur.2023.1190062
https://doi.org/10.1111/j.1528-1167.2012.03492.x
https://doi.org/10.1016/j.brs.2021.06.006
https://doi.org/10.1007/s12975-019-00718-7
https://doi.org/10.1007/s12975-019-00718-7
https://doi.org/10.1111/cns.14614
https://doi.org/10.3389/fneur.2022.820864
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1111/ejn.16004
https://doi.org/10.3389/fnhum.2022.866434
https://doi.org/10.1007/s003810050021
https://doi.org/10.1007/s003810050021
https://doi.org/10.3389/fnhum.2022.867563
https://doi.org/10.3389/fnins.2023.1297887
https://doi.org/10.1007/s12264-020-00619-y
https://doi.org/10.2147/NDT.S381681
https://doi.org/10.1038/nature01339
https://doi.org/10.1186/s12974-021-02341-6

Fanetal.

Wang, S., Zhang, L., Jin, Z., Wang, Y., Zhang, B., and Zhao, L. (2023). Visualizing
temporal dynamics and research trends of macrophage-related diabetes studies between
2000 and 2022: a bibliometric analysis. Front. Immunol. 14:1194738. doi: 10.3389/
fimmu.2023.1194738

Wei, N, Xu, Y., Li, Y., Shi, J., Zhang, X., You, Y., et al. (2022). A bibliometric analysis
of t cell and atherosclerosis. Front. Immunol. 13:948314. doi: 10.3389/
fimmu.2022.948314

Yan, L., Li, H,, Qian, Y., Zhang, J., Cong, S., Zhang, X., et al. (2024). Transcutaneous
vagus nerve stimulation: a new strategy for alzheimer’s disease intervention through
the brain-gut-microbiota axis? Front. Aging Neurosci. 16:1334887. doi: 10.3389/
fnagi.2024.1334887

Yang, H., Shi, W, Fan, J., Wang, X,, Song, Y., Lian, Y,, et al. (2023). Transcutaneous
auricular vagus nerve stimulation (ta-vns) for treatment of drug-resistant epilepsy: a
randomized, double-blind clinical trial. Neurotherapeutics 20, 870-880. doi: 10.1007/
s13311-023-01353-9

Yap, J. Y. Y., Keatch, C., Lambert, E., Woods, W,, Stoddart, P. R., and Kameneva, T.
(2020). Critical review of transcutaneous vagus nerve stimulation: challenges for
translation to clinical practice. Front. Neurosci. 14:284. doi: 10.3389/fnins.2020.00284

Yu, Y, Jiang, X., Fang, X., Wang, Y,, Liu, P, Ling, J., et al. (2023). Transauricular vagal
nerve stimulation at 40 hz inhibits hippocampal p2x7r/nlrp3/caspase-1 signaling and
improves spatial learning and memory in 6-month-old app/ps1 mice. Neuromodulation
26, 589-600. doi: 10.1016/j.neurom.2022.03.011

Yu, C,, Jun-Ying, W., Yue, Z., Zi-Xuan, Z., Yi-Fei, W,, and Pei-Jing, R. (2023). Effects
of transcutaneous auricular-vagus nerve stimulation on a7nachr/jak2/stat3 signaling
pathway in the spleen of rats with lipopolysaccharide-induced depressive-like behavior.
Acupuncture Res. 48, 933-938. doi: 10.13702/j.1000-0607.20220402

Yu, Y., Ling, J., Yu, L., Liu, P, and Jiang, M. (2021). Closed-loop transcutaneous
auricular vagal nerve stimulation: current situation and future possibilities. Front. Hum.
Neurosci. 15:785620. doi: 10.3389/fnhum.2021.785620

Yuan, Y., Wang, J., Wu, D., Zhang, D., and Song, W. (2019). Effect of transcutaneous
vagus nerve stimulation in dysphagia after lateral medullary infarction: a case report.
Am. ]. Speech Lang. Pathol. 28, 1381-1387. doi: 10.1044/2019_AJSLP-18-0262

Frontiers in Neuroscience

191

10.3389/fnins.2024.1406135

Yue, C., Chen, C,, Liu, Z., Zhigang, H., and Wang, X. (2015). Methodological functions
of Citespace knowledge graph. Res. Sci. 33, 242-253. doi: 10.16192/j.
¢nki.1003-2053.2015.02.009

Zeng, J., Chu, H,, Lu, Y, Xiao, X,, Lu, L, Li, J., et al. (2023). Research status and
hotspots in the surgical treatment of tremor in parkinson's disease from 2002 to 2022:
a bibliometric and visualization analysis. Front. Aging Neurosci. 15:1157443. doi:
10.3389/fnagi.2023.1157443

Zhang, H., Cao, X. Y,, Wang, L. N, Tong, Q., Sun, H. M., Gan, C. T,, et al. (2023).
Transcutaneous auricular vagus nerve stimulation improves gait and cortical activity in
parkinson's disease: a pilot randomized study. CNS Neurosci. Ther. 29, 3889-3900. doi:
10.1111/cns.14309

Zhang, S., He, J. K., Zhong, G. L., Wang, Y., Zhao, Y. N., Wang, L., et al. (2022).
Prolonged longitudinal transcutaneous auricular vagus nerve stimulation effect on
striatal functional connectivity in patients with major depressive disorder. Brain Sci.
12:1730. doi: 10.3390/brainscil2121730

Zhang, Y., Huang, Y., Li, H,, Yan, Z., Zhang, Y., Liu, X,, et al. (2021). Transcutaneous
auricular vagus nerve stimulation (tavns) for migraine: an fmri study. Reg. Anesth. Pain
Med. 46, 145-150. doi: 10.1136/rapm-2020-102088

Zhang, Y., Liu, ], Li, H,, Yan, Z., Liu, X., Cao, J., et al. (2019). Transcutaneous auricular
vagus nerve stimulation at 1 hz modulates locus coeruleus activity and resting state
functional connectivity in patients with migraine: an fmri study. Neuroimage Clin
24:101971. doi: 10.1016/j.nicl.2019.101971

Zhang, H., Zhao, Y., Qu, Y., Du, J., and Peng, Y. (2023). Transcutaneous cervical vagus
nerve magnetic stimulation in patients with traumatic brain injury: a feasibility study.
Neuromodulation 27, 672-680. doi: 10.1016/j.neurom.2023.09.004

Zhilong, Z., Shengping, Y., Tianxin, C., and Yuqi, Z. (2023). Visualization and analysis
of research hotspots and trends in the field of articular cartilage repair. Chinese Tissue
Eng. 28, 4306-4311. doi: 10.12307/2024.547

Zhu, Y., Xu, E, Sun, C, Xu, W, Li, M., Gong, Y., et al. (2023). Noninvasive
transcutaneous auricular vagal nerve stimulation improves gastric slow waves impaired
by cold stress in healthy subjects. Neuromodulation 26, 1851-1857. doi: 10.1016/j.
neurom.2022.03.010

frontiersin.org


https://doi.org/10.3389/fnins.2024.1406135
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fimmu.2023.1194738
https://doi.org/10.3389/fimmu.2023.1194738
https://doi.org/10.3389/fimmu.2022.948314
https://doi.org/10.3389/fimmu.2022.948314
https://doi.org/10.3389/fnagi.2024.1334887
https://doi.org/10.3389/fnagi.2024.1334887
https://doi.org/10.1007/s13311-023-01353-9
https://doi.org/10.1007/s13311-023-01353-9
https://doi.org/10.3389/fnins.2020.00284
https://doi.org/10.1016/j.neurom.2022.03.011
https://doi.org/10.13702/j.1000-0607.20220402
https://doi.org/10.3389/fnhum.2021.785620
https://doi.org/10.1044/2019_AJSLP-18-0262
https://doi.org/10.16192/j.cnki.1003-2053.2015.02.009
https://doi.org/10.16192/j.cnki.1003-2053.2015.02.009
https://doi.org/10.3389/fnagi.2023.1157443
https://doi.org/10.1111/cns.14309
https://doi.org/10.3390/brainsci12121730
https://doi.org/10.1136/rapm-2020-102088
https://doi.org/10.1016/j.nicl.2019.101971
https://doi.org/10.1016/j.neurom.2023.09.004
https://doi.org/10.12307/2024.547
https://doi.org/10.1016/j.neurom.2022.03.010
https://doi.org/10.1016/j.neurom.2022.03.010

TYPE Systematic Review
PUBLISHED 27 November 2024
pol 10.3389/fnagi.2024.1438994

:' frontiers Frontiers in Aging Neuroscience

@ Check for updates

OPEN ACCESS

EDITED BY
Rupert Ortner,
g.tec medical engineering GmbH, Austria

REVIEWED BY

Zhen Yuan,

University of Macau, China
Valentina Azzollini,
University of Pisa, Italy
Hewei Wang,

Fudan University, China

*CORRESPONDENCE
Jingui Wang
wjg65tj@163.com

RECEIVED 27 May 2024
ACCePTED 30 October 2024
PUBLISHED 27 November 2024

CITATION
Wang X, Yin L, Wang Y, Zhang H, Zhang S,
Wu J, Fan S, Li Z, Li H and Wang J (2024)
Transcutaneous electrical acupoint
stimulation for upper limb motor recovery
after stroke: a systematic review and
meta-analysis.

Front. Aging Neurosci. 16:1438994.

doi: 10.3389/fnagi.2024.1438994

COPYRIGHT

© 2024 Wang, Yin, Wang, Zhang, Zhang, Wu,
Fan, Li, Li and Wang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aging Neuroscience

Transcutaneous electrical
acupoint stimulation for upper
limb motor recovery after stroke:
a systematic review and
meta-analysis

Xiaoyu Wang'?3, Lianjun Yin?, Yikun Wang'?, Haining Zhang*?,
Shiying Zhang'?, Jiantong Wu'?, Shun Fan'?, Zhengfei Li'?,
Huanan Li*?* and Jingui Wang*#**

!Department of Tuina, First Teaching Hospital of Tianjin University of Traditional Chinese Medicine,
Tianjin, China, ?National Clinical Research Center for Chinese Medicine Acupuncture and
Moxibustion, Tianjin, China, *The Institute of Traditional Chinese Medicine Massage of Tianjin Health
Commission, Tianjin, China, *Rehabilitation Medicine, The Third Affiliated Hospital of Southern
Medical University, Guangzhou, China

Background: Transcutaneous electrical acupoint stimulation (TEAS) is an
innovative, non-invasive therapy that stimulates the contraction of paralyzed
muscles in the upper limbs, promoting functional recovery. Several studies have
demonstrated the efficacy of TEAS in restoring upper limb function. This study
aims to evaluate the impact of TEAS on upper limb motor recovery after stroke.

Objectives: This study aims to evaluate the influence of TEAS on upper limb
motor recovery after stroke and improve the quality of life in such patients.

Methods: Eight databases were systematically searched from inception to 1st
October 2024. Two independent reviewers conducted the screening and data
extraction of the study. The primary outcome measure was the Fugl Meyer
Assessment of the Upper Extremity (FMA-UE), which evaluates upper extremity
motor function in stroke patients. Secondary outcomes included the Modified
Ashworth Scale (MAS) for assessing spasticity and the Modified Barthel Index
(MBI) to evaluate patients’ abilities to perform activities of daily living. Data
synthesis was conducted using RevMan 5.4 and Stata 14.0. The GRADE method
was employed to assess the quality of evidence.

Results: A total of 16 trials involving 1,218 stroke patients were included in this
meta-analysis. Meta-analysis showed that the TEAS significantly improved
upper limb function (SMD =170, 95CI% =1.09 to 2.31, p<0.00001, />=93%;
low certainty of evidence), reduced spasticity (SMD =-1.18, 95CI% =-1.79 to
—0.58, p<0.00001, ?=90%; very low certainty of evidence), and enhanced the
ability to perform daily activities (SMD =1.53, 95CI% = 0.85 to 2.20, p<0.00001,
>=95%; low certainty of evidence).

Conclusion: Our results indicated that TEAS improved motor function and
functional activities and reduced muscle tone in the upper limbs after stroke.
However, these results should be interpreted with caution due to the limited
strength of the evidence. High-quality, larger sample, multi-center studies are
needed to validate these preliminary findings.

Systematic review registration: This study was registered on PROSPERO with
registration number CRD42024592509. https://www.crd.york.ac.uk/prospero/
display_record.php?ID=CRD42024592509
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1 Introduction

Stroke is a condition characterized by damage to brain tissue
caused by the rupture or obstruction of blood vessels within the brain
(Sacco etal,, 2013). According to the Global Burden of Disease Study
(GBD), stroke ranks as the third leading cause of disability and
mortality, accounting for 87.4 deaths (95% UI 79.5-94.4) per 100,000
population (GBD 2021 Causes of Death Collaborators, 2024). In
China alone, more than 70 million individuals are affected by stroke,
making it the leading cause of death in the country. Furthermore, as
the population continues to age, the burden associated with stroke is
expected to increase significantly (Tu and Wang, 2023; Wang
etal., 2022).

After the onset of stroke, a variety of adverse manifestations can
occur rapidly, most often accompanied by sensory and limb
dysfunction, which severely impacts patients’ daily lives (Dawson
et al.,, 2021). Studies have shown that approximately 55-75% of
patients experience varying degrees of upper limb motor
dysfunction (Ma et al., 2021). Relevant studies have demonstrated
a strong correlation between upper limb motor function and
activities of daily living (ADL) in stroke patients, which places a
significant burden on caregivers, families, and society (Meng
etal., 2022).

Upper limb motor dysfunction resulting from damage to upper
motor neurons is characterized by poor motor ability, spasticity and
flexion of the fingers, and impaired fine motor control of the hand
(Zhou et al., 2021). Compared to lower limb motor dysfunction after
a stroke, upper limb motor dysfunction is more difficult to recover
from, with a higher incidence and a longer recovery period (Julie
etal.,, 2017). Because fine motor tasks, especially those involving the
hand, require precision, regaining normal function is challenging, and
relying solely on traditional rehabilitation training often yields
unsatisfactory outcomes.

Neurorehabilitation for upper limb dysfunction has become a
central focus of post-stroke recovery efforts (Huang et al., 2024; Tang
etal,, 2024). Based on insights into brain functional remodeling, brain
functional connectivity, cortical reorganization, and neural plasticity,
various rehabilitation methods have been developed (Muller et al.,
2024). Some of these methods, such as robotic exoskeleton training
and constraint-induced movement therapy, have shown significant
effectiveness (Zhang et al., 2022; Thrane et al., 2015).

Constraint-induced movement therapy, in particular, has shown
positive rehabilitation outcomes for patients with acute or subacute
strokes (Liu et al., 2017). However, for stroke survivors with severe
motor deficits, the treatment outcomes are often minimal, and
recovery remains unpredictable (Coscia et al., 2019).

Robotic training may be a viable alternative for patients with
severe upper limb injuries, though the high cost of robotic devices
poses a challenge (Zhang et al., 2022). Other therapeutic techniques,
such as mirror therapy (Nogueira et al., 2021) and neurodevelopmental
treatment (Langhammer and Stanghelle, 2011), appear to lack strong
evidence supporting their effectiveness in improving upper limb
motor function after a stroke. Therefore, new rehabilitation methods
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should be developed to enhance upper limb motor function
impairment following a stroke (Pollock et al., 2014).

Electrical stimulation therapy for post-stroke spasticity has
become a major area of interest. The American Heart Association
guidelines for adult stroke rehabilitation endorse neuromuscular
electrical stimulation as an effective approach for the transient
alleviation of spasticity (Winstein et al., 2013). Transcutaneous
electrical acupoint stimulation (TEAS) is a non-invasive stimulation
therapy that combines the advantages of Chinese acupuncture and
transcutaneous electrical nerve stimulation (Pan et al., 2023). TEAS
uses low-frequency pulsed direct current to electrically stimulate
peripheral acupoints and surrounding tissues. This stimulation
facilitates the transmission of information to the central nervous
system, thereby enhancing local neuromuscular function (Szmit
etal., 2023).

TEAS mimics the effects of acupuncture on specific acupoints,
stimulating muscle cell activity and facilitating the restoration of
upper limb function and active control capabilities as swiftly as
possible. This approach effectively alleviates symptoms of spasticity
(Yan and Hui-Chan, 2009). Moreover, it activates relevant regions of
the cerebral cortex, eliciting responses from neurons associated with
the upper limb. This process is beneficial for enhancing muscle
strength and improving hand coordination (Alwhaibi et al., 2021).
Compared to electroacupuncture and traditional acupuncture, TEAS
can avoid discomforts such as pain and bleeding and has higher
patient compliance (Chi et al., 2019). In addition, the input time and
frequency of the pulse current can be set after setting the parameters,
facilitating the quantification and standardization of acupuncture
treatment (Xu et al., 2016).

Clinical practice has confirmed that combined rehabilitation
training with TEAS can significantly enhance patients’ muscle
strength and improve hand function, grip strength, and manual
dexterity. This approach facilitates the recovery of upper limb
functionality while alleviating pain and addressing symptoms such as
muscle spasms, ultimately enhancing the patients quality of life
(Wang, 2024). In addition, previous network meta-analysis showed
that TEAS had the most significant effect on upper limb motor
recovery in stroke (Tang et al., 2021). Factors such as the treatment
regimen and TEAS parameters should be considered to accurately
measure the effectiveness of TEAS. However, no comprehensive meta-
analysis has included the above factors simultaneously to specifically
analyze the effects of TEAS on upper limb motor recovery in stroke.
In this systematic review, stratified analysis was conducted to
summarize and analyze the scientific evidence of TEAS on upper limb
motor recovery in stroke patients.

2 Methods

A systematic review and meta-analysis were conducted according
to the reporting checklist of the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) (Page et al., 2021).
The study has been registered with Prospero (registration number
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CRD42024592509). Ethics review board approval was not required for
this study.

2.1 Search strategy

Two reviewers (L]JY and XYW) independently searched databases
to collect randomized controlled trials (RCTs) of TEAS on upper limb
motor recovery in stroke patients, including eight databases: 4 English
databases, Embase, Web of Science, PubMed, The Cochrane Library
and 4 Chinese databases: China National Knowledge Infrastructure
(CNKI), Wanfang database (WANFANG), VIP database (VIP) and
Chinese Biomedical Literature Service system (CBM). The search
period covered from the inception of each database to 1st October
2024, and references from the included literature were traced. The
languages are Chinese and English. In addition, the key points used in
this study include “transcutaneous electrical acupoint stimulation,”

»

“TEAS,” “stroke,” “cerebrovascular accident,” “cerebrovascular disease,”

»

“upper limb motor,” “upper limb,” “randomized controlled trials,” and
“clinical trial” The specific search strategies are described in the

Supplementary Appendix.

2.2 Eligibility criteria

Studies were eligible for inclusion if they met the following
criteria: (1) Study designs: randomized controlled trials; (2)
Participants: The selected stroke patients should meet the diagnostic
criteria of stroke published in the literature or recognized at home and
abroad and be further diagnosed by CT and MRI. The patient had
stable vital signs, clear consciousness, and upper limb motor
dysfunction. There were no restrictions based on gender, age, or race.
(3) Intervention: TEAS stimulation (the acupoints, frequency,
duration, and course of TEAS stimulation were not limited); (4)
Comparison: sham TEAS treatment or conventional rehabilitation
treatment; (5) Outcomes: the primary outcome measure was Fugl
Meyer Assessment of the upper extremity (FMA-UE), and the
secondary outcome measures were Modified Ashworth Scale (MAS)
and Modified Barthel Index (MBI). The FMA-UE is the most
commonly used instrument for assessing upper limb motor function
in stroke patients and has demonstrated good reliability and validity.
Spasticity was measured using the Modified Ashworth Scale (MAS),
and the Modified Barthel Index (MBI) was used to evaluate the
patient’s ability to perform daily activities.

The exclusion criteria were as follows: (1) conferences and abstract
papers; (2) unable to obtain the full text or extract relevant outcome
indicators; (3) non-adult patients with stroke; (4) case reports,
protocol studies, reviews, and meta-analysis; (5) duplicate published
studies; (6) the number of study cases was less than 10; and (7)
intervention measures, grouping methods and effect indicators were
not consistent.

2.3 Study selection and data extraction
Two researchers (WXY and YLJ]) independently audited the

literature and extracted data. Endnote 20.1 software was used to
eliminate duplicate records. Studies that did not meet the criteria were
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screened by reading titles and abstracts. Finally, the full text was read,
the final literature was determined according to the inclusion and
exclusion criteria, and the data were extracted. The extracted data
were entered into RevMan 5.4 and double-checked for accuracy. If
there was any disagreement, the third researcher (WYK) discussed
and made a decision. The extracted contents mainly included the
name of the first author, the year of publication, the characteristics of
participants (age and sample size), the details of TEAS (acupoint
selection, frequency, and intervention time), the control intervention,
the content of quality assessment (randomized method, blind method,
selection report, complete results, and so on), and the data of related
outcome indicators.

2.4 Risk of bias assessment

Two reviewers (WXY and ZHN) independently used the
Cochrane Collaboration tool to assess the risk of bias in the selected
trials (Higgins et al., 2011). The evaluation included random sequence
generation, allocation concealment, blinding of participants and
personnel, blinding of outcome assessment, incomplete outcome data,
selective reporting, and other biases. The risk assessment results
included high risk, low risk, and unclear. When there were differences
in opinions between the two evaluators, they were discussed and
resolved first. If the opinions differed, a third evaluator (ZSY) would
re-evaluate the results to achieve consistency.

2.5 Data synthesis and statistical analysis

Statistical analysis was performed using Review Manager 5.4 and
Stata 14.0 software. The outcome indicators involved in this study
were all continuous variables. The effect value index was expressed as
standard mean difference (SMD), and the 95% confidence interval of
each effect value was calculated. If p >0.10, I* <50%, there was no
heterogeneity or small heterogeneity among the studies, so the fixed
effect model was used. If p < 0.1, ?>50%, the heterogeneity among the
studies was considered large, so the random effect model was used
(Higgins and Thompson, 2002), and the source for heterogeneity was
searched through sensitivity analysis and subgroup analysis. A p-value
of <0.05 was considered statistically significant. According to the
control methods (no TEAS and sham TEAS) and TEAS parameters
(including frequency, treatment duration, and retention time) for
subgroup analysis. If sufficient trials (>10 trials) were included,
publication bias was assessed using funnel plots and Egger’s test (Egger
etal., 1997).

2.6 Evidence quality evaluation

The quality of evidence for each outcome was assessed using the
Grading of Recommendations Assessment, Development, and
Evaluations (GRADE) system. Based on factors such as methodological
quality, consistency of results across studies, directness of evidence,
precision of evidence, and possibility of publication bias, the evidence
level of included RCTs was judged to be downgraded. The quality of
evidence was categorized into high, medium, low, or very low (Guyatt
et al., 2008). Two researchers conducted the assessments and
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cross-checked the results. Any disagreement was resolved by
consensus. Any disagreements were resolved through consensus, and
if consensus could not be reached, a third researcher was consulted.

3 Results
3.1 Study selection

We conducted a thorough search of the aforementioned eight
databases following our inclusion and exclusion criteria, initially
identifying 1,030 articles. After removing duplicates, 332 articles
remained in the database. By reviewing the titles and abstracts,
we excluded those that did not meet our inclusion criteria, resulting
in 41 articles remaining for further consideration. Upon examining
the full texts of these articles, we excluded an additional 25 articles.
Finally, 16 RCTs (Chao, 2016; Chen et al., 2015; Chen et al., 2019a;
Chen et al,, 2019b; Gu et al., 2019; Jia et al., 2018; Mao et al., 2017;
Peng et al., 2015; Tang et al., 2015; Wang H. et al., 2023; Xia et al., 2021;
Xie etal., 2019; Yan et al., 2019; Yang, 2023; Yu et al., 2020; Zheng and
Mao, 2020) were included. The flow chart and results of the literature

screening are shown in Figure 1.

3.2 Study characteristics

The characteristics of the 16 trials included are summarized in
Table 1.

A total of 16 trials involving 1,218 stroke patients (10 dropouts)
were included in this meta-analysis, with 603 in the TEAS group and
605 in the control group. The trials were published between 2015 and
2023. Sample sizes ranged from 31 to 204. The sample included 431
women and 777 men. As described in the included trials, except for
one trial (Yan et al., 2019), which did not report the type of stroke, the
remaining trials included 377 patients with intra-cerebral hemorrhage
and 712 patients with cerebral infarction. A total of 10 trials (Chen
etal.,, 2015; Chen et al., 2019a; Chen et al., 2019b; Jia et al., 2018; Mao
et al,, 2017; Peng et al., 2015; Tang et al., 2015; Wang H. et al., 2023;
Xia et al., 2021; Zheng and Mao, 2020) specified Brunstrom stages.
Moreover, three trials (Chen et al., 2015; Peng et al., 2015; Wang
H. etal., 2023) used sham TEAS as the control group. The duration of
treatment ranged from 21 to 120 days. The outcome measures included
the FMA-UE, MAS, and MBI. A total of 13 trials (Chao, 2016; Chen
etal, 2015; Chen et al., 2019b; Mao et al., 2017; Peng et al., 2015; Tang
et al,, 2015; Wang H. et al., 2023; Xia et al., 2021; Yang, 2023; Zheng
and Mao, 2020) used FMA-UE as an outcome measure, seven trials
(Chen et al., 2015; Chen et al., 2019b; Gu et al., 2019; Mao et al., 2017;
Wang H. et al., 2023; Yang, 2023; Zheng and Mao, 2020) used MAS,
and 11 trials (Chen et al., 2015; Chen et al., 2019a; Chen et al., 2019b;
Jia etal., 2018; Peng et al., 2015; Tang et al., 2015; Wang H. et al., 2023;
Xia et al., 2021; Xie et al., 2019; Yan et al., 2019; Yu et al., 2020)
used MBL

3.3 TEAS regimen

The details of TEAS for the included 16 trials are summarized in
Table 2. For stimulation frequencies, 100 Hz and 2 Hz were popular
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across trials. The most commonly used acupoints were LI10
(Shousanli) and TE5 (Waiguan), used in 13 trials. The most
commonly used treatment duration was 30 min (78.5%). The most
commonly used frequency of treatment was 5 times per week
(66.7%).

3.4 Risk of bias

A total of 14 (Chao, 20165 Chen et al., 2015; Chen et al., 2019a;
Chen et al.,, 2019b; Gu et al., 2019; Jia et al., 2018; Mao et al., 2017;
Tang et al., 2015; Wang H. et al., 2023; Xia et al., 2021; Xie et al,,
2019; Yang, 2023; Yu et al., 2020; Zheng and Mao, 2020) trials
described detailed methods of randomization, except for two
trials (Peng et al., 2015; Yan et al., 2019) in which the risks were
not clear. Only two trials (Wang H. et al., 2023; Xie et al., 2019)
emphasized allocation concealment. Two trials (Peng et al., 2015;
Xie et al., 2019) performed a blinding method on subjects and
operators as high-risk, and only two trials (Chen et al., 2019a;
Chen et al,, 2019b) performed blinding to outcome assessment.
One trial (Yan et al., 2019) was conducted as an unclear risk due
to incomplete outcome data. In addition, three trials (Gu et al.,
2019; Jia et al., 2018; Yan et al., 2019) had unclear selective
reporting bias, and four trials (Chao, 2016; Chen et al., 2019a;
Mao et al., 2017; Yan et al., 2019) reported other biases. The risk
of bias is summarized in Figure 2.

3.5 Meta-analysis

3.5.1 Fugl Meyer Assessment of the Upper
Extremity (FMA-UE)

A total of 13 RCTs (Chao, 20165 Chen et al., 2015; Chen et al.,
2019b; Mao et al., 2017; Peng et al., 2015; Tang et al., 2015; Wang
H. et al., 2023; Xia et al., 2021; Yang, 2023; Zheng and Mao, 2020)
involving 865 patients reported FMA-UE. There was a significant
difference in FMA-UE in the TEAS group (SMD =1.70, 95CI%=1.09
to 2.31, p<0.00001, ’=93%; Figure 3), although the quality of
evidence was low (Table 3). The results of subgroup analysis showed
that TEAS had a statistically significant effect on improving FMA-UE
compared with no TEAS (Figure 4) (SMD =1.76, 95CI% = 1.22 to 2.30,
p<0.00001, P=86%; Table 4), while there was no significant statistical
difference compared with sham TEAS (SMD = 1.54, 95CI%=0.00 to
3.09, p=0.05, P=96%; Table 4).

In addition, we also performed the subgroup analysis of the
TEAS parameters (Figure 5). In the subgroup analysis of
frequency of TEAS (Figure 5A), there was a statistically
significant difference between the 5 times per week, and 6 times
per week TEAS treatment (SMD =1.57, 95CI% =0.92 to 2.22,
p<0.00001, F=92%; SMD=243, 95CI%=1.67 to 3.19,
p<0.00001; Table 4), while there was no significant difference
between TEAS treatment once a day (SMD =1.82, 95CI% = —0.13
to 3.77, p=0.07, P=97%; Table 4). Subgroup based on the
treatment duration (Figure 5B): 0-4 weeks, 5-8 weeks, and more
than 8weeks, TEAS was superior to the control group in
improving FMA-UE (SMD=2.09, 95CI%=1.33 to 2.86,
p<0.00001, F=92%; SMD=1.01, 95CI%=0.60 to 1.42,
p<0.00001; SMD =0.35, 95CI% =0.06 to 0.63, p=0.02; Table 4).

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1438994
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Wang et al. 10.3389/fnagi.2024.1438994
M
Records identified through Additional records identified
=
£ database searching through other sources
]
;:: (n=1027) (n=3)
-
=
%]
=
]
A A4
— Records after duplicates removed
(n=698)
g
= v
§ Records screened
@ (n =332)
__J Records excluded (n =291)
1. Animal experiment (n = 58)
.| 2. Case report (n = 62)
"| 3. Reviews (n=61)
-*E 4. Conference paper (n = 57)
2 5. No control group (n =53)
80
= Full-text articles assessed for eligibility
(n=41)
Full-text articles excluded, with
reasons (1 = 25)
1. No clear diagnostic criteria (n = 8)
2 2. Irrelevant interventions (7 = 8)
E 3. Not related to study (7 =2)
;:‘ 4. Not related to outcome (1 =7)
v
Studies included in meta-analysis
—
(n=16)
FIGURE 1
PRISMA flow chart.

Furthermore, in the subgroup analysis of retention time
(Figure 5C), TEAS was superior to the control group in improving
FMA-UE either less than 30min or more than 30min
(SMD=2.58, 95CI%=1.68 to 3.49, p<0.00001, I’=80%;
SMD =1.50, 95CI% = 0.83 to 2.16, p < 0.0001, I’ =92%; Table 4).

3.5.2 Modified Ashworth Scale (MAS)

A total of 7 RCTs (Chen et al., 2015; Chen et al., 2019b; Gu
et al,, 2019; Mao et al.,, 2017; Wang H. et al,, 2023; Yang, 2023;
Zheng and Mao, 2020) reported MAS in a total of 552 patients.
Meta-analysis results show that compared with the control group,
the TEAS group had significant improvement in MAS
(SMD=-1.18, 95CI%=-1.79 to —0.58, p<0.00001, I*=90%;
Figure 6), although the quality of evidence was very low (Table 3).
The results of subgroup analysis showed that TEAS had significant
advantages in improving MAS compared with no TEAS and sham
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TEAS (Figure 7) (SMD=-1.34, 95CI%=-2.03 to —0.65,
p=0.0001, ’=88%; SMD=-0.36, 95CI%=—0.65 to —0.08,
p=0.01; Table 4).

We performed the subgroup analysis of the TEAS parameters
(Figure 8). In the subgroup analysis of the frequency of TEAS
(Figure 8A), once a day and 5 times per week had statistical
significance in the evaluation of MAS (SMD =—1.68, 95CI%=—3.23
to —0.13, p=0.03, F=91%; SMD=-1.01, 95CI%=—1.74 to —0.28,
p=0.007; Table 4). Subgroup analysis based on the treatment duration
(Figure 8B): 0-4 weeks, 5-8 weeks, and more than 8 weeks, TEAS was
superior to the control group in improving MAS (SMD=-1.51,
95CI%=-2.30 to —0.71, p=0.0002, F’=89%; SMD=-0.56,
95CI%=—1.11 to —0.01, p=0.04; SMD =-0.36, 95CI% =—0.65 to
—0.08, p=0.01; Table 4). Furthermore, in the subgroup analysis of
retention time (Figure 8C), TEAS for less than 30 min or more than
30min was superior to the control group in improving MAS
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TABLE 1 Characteristics of the included studies.

Type Brunnstrom Course of Sample Age Intervention Duration Outcome
of disease size (years) | c (days)
stroke (days)
(ICH/
Cl)
Yang I: (19/30) / 1:161.4£15.6 98 :68.49£2.83  1:(25/24)  TEAS+ CR 28 FMA-UE,
(2023) C: (17/32) C:162.6+16.2 C C:(27/22) | CR MAS
68.51+2.86
Wang D. | 1: (34/68) v / 204 1:60.6+125  L:(77/25) | TEAS+  Sham 72 FMA-UE,
etal. C: (31/71) C:61.9+£10.5  C:(72/30)  CR TEAS MBI, MAS
(2023) +CR
Xiaetal. | L (15/9) v 1:35+18.06 48 1:56.2£9.91 1.(17/7) | TEAS+ CR 28 FMA-UE, MBI
(2021) C: (12/12) C:36.4+17.99 C:565+7.9 | C:(18/6) | CR
Zheng I: (15/19) v I: 186+ 54 68 1:58.9+1.3 1:(23/11) | TEAS+ CR 28 FMA-UE,
and Mao | C:(13/21) C:177+21 C:588+1.1 | C:(22/12)  CR MAS
(2020)
Yuetal. | I:(24/30) / / 108 :62.5%6.5 1:(30/24) | TEAS+ CR 30 MBI
(2020) C: (22/32) C:61.8+58 | C:(29/25) CR
Chen I: (5/23) <V L 60 (Fall off I I:(22/6) | TEAS+ CR 42 FMA-UE, MBI
etal. C:(9/19) 152.39+123.46 4 cases) 64501295 = C:(21/7) = CR
(2019a) C: C:
156.36.+123.60 64.57+9.35
Guetal.  I:(6/15) / / 42 1:63.847.1 1:(14/7)  TEAS+ CR 28 FMA-UE,
(2019) C: (8/13) C:629£83 | C:(12/9)  CR MAS
Xieetal. | L (CL42) / 1:40.28+9.28 82 I 1:(23/19) | TEAS+ CR 28 FMA-UE, MBI
(2019) C: (CI:40) C:41.95+10.88 50.38+10.76 = C:(24/16)  CR
C:
49.68+10.52
Yanetal. | / / / 120 I: 62.40 1:(3327) | TEAS+ CR 120 MBI
(2019) C:60.90 C:(39/21) | CR
Chen I: (8/18) /v 1:275.95+59.11 53 I: 1:(19/7)  TEAS+ CR 42 FMA-UE,
etal. C: (6/21) C 60.75£16.62 = C:(20/7) | CR MBI, MAS
(2019b) 271.43+74.01 C
60.45+11.25
Jiaetal. | I:(22/32) v I: 14451 108 I:64.7+9.8 1:(29/25) | TEAS+ CR 84 MBI
(2018) C: (20/34) C:150+48 C:642+95 | C:(32/22) CR
Mao I: (12/14) v I: 177.60 £72.00 52 :59.52+7.35 = 1:(14/12) | TEAS+ CR 28 FMA-UE,
etal. C: (11/15) C: C: C: (18/8) CR MAS
(2017) 186.90 +96.30 58.92+6.21
Chao I: (17/10) / I:161.4%104.1 55 I: 1:(22/5)  TEAS+  Sham 28 FMA-UE, MBI
(2016) C: (12/16) C:169.2+101.7 522641556 @ C:(24/4)  CR TEAS
C +CR
49.54+11.21
Peng I (7/14) <V 1. 67.5£26.1 46 (Fall off = 1:66.4+10.8 1:(9/12) | TEAS+  Sham 21 FMA-UE, MBI
etal. C: (7/13) C:60.6£31.5 5cases) | C:655+11.2 | C:(10/10) = CR TEAS
(2015) +CR
Chen I: (7/13) v 1: 186.00 £ 85.50 43 [:61.05£924  1:(17/3)  TEAS+ CR 28 FMA-UE,
etal. C: (8/15) C: C: C: (19/4) CR MBI, MAS
(2015) 185.10£92.40 57.69+8.79
Tang L (4/11) 1 1: 40.23£16.02 31 [:54.69+£9.68 = 1:(12/3) | TEAS+ CR 42 FMA-UE, MBI
etal. C: (6/10) C:37.64+18.32 C C:(14/2)  CR
(2015) 57.93+11.2

L, Intervention group; C, Control group; ICH, Intra Cerebral Hemorrhage; CI, Cerebral Infarction; M, Male; F, Famale; /, not mention; CR, Conventional Rehabilitation; TEAS, Transcutaneous
electrical acupoint stimulation; FMA-UE, Fugl-Meyer Assessment of the upper extremity; MAS, Modified Ashworth Scale; MBI, Modified Barthel Index.
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TABLE 2 Details of transcutaneous electrical acupoint stimulation in included trials.

Frequency (Hz)/
intensity (mA) of

electrical
stimulation

The site of
electrical
stimulation

Duration of
treatments

Number of
treatments

10.3389/fnagi.2024.1438994

Frequency
(weeks/days)

Yang (2023) 35Hz/10/50 mA LI10 (Shousanli), TE5 15min TEAS + CR: 28 Once a day
(Waiguan) CR:28
Wang D. et al. 2Hz LI10 (Shousanli), TE5 30 min TEAS + CR: 30 5 times per week
(2023) (Waiguan) Sham TEAS + CR: 30
Xia et al. (2021) 100 Hz/100 mA LI15 (Jianyu), LI11 20 min TEAS + CR: 24 6 times per week
(Quchi), LI10 (Shousanli), CR: 24
TE5 (Waiguan)
Zheng and Mao / LI10 (Shousanli), TE5 30min TEAS + CR: 34 5 times per week
(2020) (Waiguan) CR: 34
Yu et al. (2020) 100 Hz/10/40 mA Eight evil points 30 min TEAS + CR: 54 Once a day
CR: 54
Chen et al. (2019a) Brunnstrom I ~ II: 2Hz, LI10 (Shousanli), TE5 30 min TEAS + CR: 28 5 times per week
Brunnstrom III ~ IV: (Waiguan) CR: 28
4/15Hz
Gu et al. (2019) 35Hz/10/50 mA LI10 (Shousanli), TE5 15min TEAS + CR: 21 Once a day
(Waiguan) CR: 21
Xie et al. (2019) 2Hz TE5 (Waiguan), LI15 30min TEAS + CR: 42 5 times per week
(Jianyu), LI11 (Quchi), CR: 40
LI10 (Shousanli)
Yan et al. (2019) General condition: 10 Hz, LI10 (Shousanli), TE5 30 min CT +TEAS: 60 /
The disease is serious: 4Hz | (Waiguan) CT: 60
Chen et al. (2019b) Brunnstrom III~IV: LI10 (Shousanli), TE5 30 min TEAS + CR: 26 5 times per week
10/15Hz Brunnstrom V: (Waiguan) CR: 27
4Hz
Jia et al. (2018) Brunnstrom I/II: 2Hz, LI10 (Shousanli), TE5 Brunnstrom I/IL: TEAS + CR: 54 5 times per week
Brunnstrom III/IV: 4/15Hz, | (Waiguan) 25/30 min, Brunnstrom CR: 54
Brunnstrom V/VI: 4Hz II1/1V: 20/30 min,
Brunnstrom V/VI: 30 min
Mao et al. (2017) / LI10 (Shousanli), TE5 30 min TEAS + CR: 26 5 times per week
(Waiguan) CR: 26
Chao (2016) 100 Hz/10/40 mA Eight evil points 30 min TEAS + CR: 28 Once a day
Sham TEAS + CR: 28
Peng et al. (2015) 100Hz TE5 (Waiguan), LI15 30 min TEAS + CR: 21 5 times per week
(Jianyu), LI11 (Quchi), Sham TEAS + CR: 20
LI14 (Hegu)
Chen et al. (2015) / LI10 (Shousanli), TE5 / TEAS + CR: 20 5 times per week
(Waiguan) CR: 23
Tang et al. (2015) / LI10 (Shousanli), TE5 30 min TEAS + CR: 30 5 times per week
(Waiguan) CR: 30

CR, Conventional Rehabilitation; TEAS, Transcutaneous electrical acupoint stimulation; /, not mention.

(SMD=-1.68, 95CI%=—3.23 to —0.13, p=0.03, ’=91%; SMD =1.09,
95CI%=2.00 to 0.17, p=0.02, ’=93%; Table 4).

3.5.3 Modified Barthel Index (MBI)

A total of 11 RCTs (Chen et al., 2015; Chen et al., 2019a; Chen
etal., 2019b; Jia et al., 2018; Peng et al., 2015; Tang et al., 2015; Wang
H.etal, 2023; Xia et al.,, 2021; Xie et al., 2019; Yan et al., 2019; Yu et al.,
2020) involving 886 patients reported MBI. Meta-analysis results

Frontiers in Aging Neuroscience

showed that compared with the control group, the TEAS group had
significant differences in MBI (SMD=1.53, 95CI%=0.85 to 2.20,
p<0.00001, P=95%; Figure 9), although the quality of evidence was

low (Table 3).

Subgroup analysis results show that, compared with no TEAS

(Figure 10), TEAS was statistically different in improving the
MBI. (SMD=1.52,95CI % =0.84 to 2.21, p<0.0001, I’=93%; Table 4),
although there was no significant statistical difference compared with
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FIGURE 2

Risk of bias (ROB) assessments of included studies. (A) ROB graph. (B) ROB summary.

Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

TEAS Control
Study or Subgrou Mean SD Total Mean SD Total Weight
Chen 2015 -1.22 05 20 -0.87 0.46 23 14.0%
Chen 2018h -0.88 078 26 -0.44 0.76 27 14.4%
Gu 2019 -26 032 21 -16 045 21 125%
Mao 2017 -1.21 049 26 -0.84 0.44 26 14.3%
Wang 2023 -0.77 0.73 99 -052 0.63 97 158%
Yang 2023 -3.2 033 43  -29 0.3 49 152%
Zheng 2020 -1.21 0.08 34 -084 017 34 136%
Total (95% CI) 275 277 100.0%

Heterogeneity: Tau®= 0.58; Chi*= 58.94, df= 6 (P < 0.00001); F= 80%
Test for overall effect: Z= 3.84 (P = 0.0001)

FIGURE 3
Forest plot and meta-analysis of FMA-UE.
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sham TEAS (SMD=1.61, 95CI%=—1.59 to 4.81, p=0.32, ’=98%;
Table 4).

In addition, we performed a subgroup analysis of the TEAS
parameters (Figure 11). In the subgroup analysis of frequency of TEAS
(Figure 11A), TEAS treatment administered once a day, 5 times per
week, and 6 times per week showed statistical significance in the
evaluation of MBI (SMD=0.51, 95CI%=0.13 to 0.90, p=0.009;
SMD=1.48, 95CI%=0.58 to 2.37, p=0.001, ’=95%; SMD=3.67,
95CI% =2.72 to 4.62, p<0.00001; Table 4). Subgroup based on the
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treatment duration (Figure 11B): 0-4 weeks, 5-8 weeks, and more than
8weeks, TEAS was superior to the control group in improving MBI
(SMD=2.53, 95CI%=0.54 to 4.52, p=0.01, P=95%; SMD=1.17,
95CI%=0.39 to 1.94, p=0.003, I’=88%; SMD =2.18, 95CI%=1.03 to
3.32, p=0.0002, P=92%; Table 4). Furthermore, in the subgroup
analysis of retention time (Figure 11C), TEAS was superior to the
control group in improving MBI either less than 30 min or more than
30min (SMD=3.67, 95CI% =2.72 to 4.62, p<0.00001; SMD =1.28,
95CI%=0.57 to 2.00, p=0.0004, I’=94%; Table 4).
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SMD, standard mean difference; CI, confidence interval; GRADE, Grading of Recommendations Assessment, Development, and Evaluation.

Risk of bias: serious, study with unclear risk of bias; Inconsistency: Serious, I>50%.

Indirectness: no indirectness of evidence was found in any study.
Imprecision (based on sample size): Serious, <500 participants.

Publication bias: Undetected due to the number of trials less than the recommended arbitrary minimum number of 10.

10.3389/fnagi.2024.1438994

3.5.4 Safety of intervention

Only one trial (Wang H. et al., 2023) mentioned the safety of
TEAS intervention, and no adverse reactions were reported. All the
included trials reported that patients could tolerate TEAS intervention
well without obvious adverse reactions. Therefore, larger-scale RCTs
are needed to further confirm and report the safety of TEAS in the
treatment of upper limb dysfunction after stroke.

3.5.5 Sensitivity analysis and publication bias
Sensitivity analysis was performed after sequentially excluding
each study, and the recalculated summary results did not change
significantly, indicating that no peripheral studies significantly affected
the overall results (Figures 12A, 13A, 14A). Funnel plots and Egger’s
test were used to assess publication bias based on the FMA-UE, MSA,
and MBI scales. The distribution of the funnel plot (Figures 12B, 14B)
was asymmetrical. Eggers test showed FMA-UE (p=0.005;
Figure 12C), MSA (p=0.047; Figure 13B), and MBI (p=0.008;
Figure 14C), suggesting that publication bias is difficult to rule out.

3.5.6 Quality of evidence

The GRADE approach was employed to assess the quality of
evidence from 16 RCTs (Table 3). The analysis focused on three
outcome measurements: FMA-UE improvement, MAS improvement,
and MBI improvement. Overall, the quality of evidence was ranked
from low to very low. The results indicated that none of the outcomes
were supported by high-quality evidence; two out of three (2/3,
66.67%) outcomes had low-quality evidence, while one out of three
outcomes (1/3, 33.33%) had very low-quality evidence. The main
reasons for the low-quality ratings were risk of bias (ROB)
and inconsistency.

4 Discussion
4.1 Summary of main findings

This meta-analysis included 16 RCTs involving 1,218 stroke
patients and was conducted to investigate TEAS to the influence of the
upper limb functional recovery after stroke. The findings from the
meta-analysis indicate that TEAS can significantly improve upper
limb motor function, spasticity, and functional independence in
stroke patients compared with the control group. The results are
consistent with previous research results (Tang et al., 2021). However,
considering the literature, the overall quality is low, with issues such
as lack of follow-up, absence of adverse reaction reports, and the case
fatality rate affecting the credibility. According to the GRADE
guidelines, the recommended level is “very low” to “low”” This result
is not very convincing, requiring a larger sample size and further
evidence. In addition, the meta-analysis showed that the P of
FMA-UE, MAS, and MBI were all greater than 50%, indicating high
heterogeneity among trials. To improve the reliability of the
conclusions, subgroup analysis based on control interventions and
TEAS parameters (including frequency, treatment duration, and
retention time) was performed to find potential sources
of heterogeneity.

The trials included in this meta-analysis had differences in the
control group intervention, and the treatment measures of the
control group included traditional rehabilitation therapies such as
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TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup _Mean _ SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chao 2017 3.07 098 27 285 11 28 B8.0% 0.21 [-0.32,0.74] T
Chen 2015 13.8 847 20 582 90 23 7.8% 0.89[0.26,1.52] =
Chen 2019a 19 8.41 28 1289 931 28 7.9% 0.68[0.14,1.22] ~
Chen 2018h 26.8 9.25 26 1314 1077 27 7.8% 1.34[0.74,1.94] -
Gu 2019 17.3 317 21 108 359 21 7.5% 1.88[1.15, 2.62) -
Mao 2017 13.8 851 26 1.78 9 26 7.8% 1.35([0.74,1.96) -
Peng 2015 1915 2.75 21 513 328 20 6.4% 455(3.35,5.76) I
Tang 2015 15.73 7.76 15 731 718 16  7.5% 1.10[0.34, 1.86) -
Wang 2023 253 98 99 -0.08 397 97  B83% 0.35[0.06, 0.63] ~
Xia 2021 189 421 24 92 363 24 75% 2.43[1.67,319) -
Kie 2019 18.3 ] 42 531 46 40 7.9% 2.31[1.74,2.87) =
Yang 2023 2352 318 49 1393 238 49  7.8% 3.39([2.76,4.01) -
Zheng 2020 13.8 597 34 178 428 34 78% 2.29[1.67,2.91)] -
Total (95% CI) 432 433 100.0% 1.70 [1.09, 2.31] L 2
Heterogeneity: Tau®= 1.14; Chi*= 170.18, df= 12 (P < 0.00001); F= 93% -1:0 5 b 1:0
Test for overall effect: Z=5.47 (P < 0.00001) Favours [Control] Favours [TEAS]
FIGURE 4
Subgroup analysis of FMA-UE is based on the types of control groups.

TABLE 4 The results of subgroup analyses.

No. of No. of SMD (95% Cl)
studies = patients
FMA-UE Types of control TEAS + CR vs. CR 10 573 1.76 (1.22, 2.30) <0.00001 86% Random
group TEAS + CR vs. Sham TEAS + CR 3 292 1.54 (0.00, 3.09) 0.05 96% Random
Frequency of Once a day 3 195 1.82 (-0.13,3.77) 0.07 97%  Random
TEAS 5 times per week 9 622 1.57 (0.92, 2.22) <0.00001 = 92% | Random
6 times per week 1 48 2.43(1.67,3.19) <0.00001 / /
Treatment 0-4 weeks 9 529 2.09 (1.33,2.86) <0.00001 92% Random
duration 5-8weeks 3 140 1.01 (0.60, 1.42) <0.00001 24% Random
>8 weeks 1 196 0.35 (0.06, 0.63) 0.02 / /
TEAS retention <30min 3 188 2.58 (1.68, 3.49) <0.00001 80% Random
time >30min 9 600 1.50 (0.83, 2.16) <0.0001 92% Random
MAS Types of control TEAS + CRvs. CR 6 356 —1.34 (—2.03, —0.65) 0.0001 88% Random
group TEAS + CR vs. Sham TEAS + CR 1 196 —0.36 (—0.65, —0.08) 0.01 / /
Frequency of Once a day 2 140 —1.68 (=3.23, —-0.13) 0.03 91%  Random
TEAS 5 times per week 5 412 —1.01 (—1.74, —0.28) 0.007 90%  Random
Treatment 0-4weeks 5 303 —1.51 (-2.30, —0.71) 0.0002 89% Random
duration 5_8weeks 1 53 ~0.56 (—1.11, —0.01) 0.04 / /
>8 weeks 1 196 —0.36 (—0.65, —0.08) 0.01 / /
TEAS retention <30 min 2 140 —1.68 (—3.23, —0.13) 0.03 91% Random
time >30min 4 369 —1.09 (=2.00, 0.17) 0.02 93% | Random
MBI Types of control TEAS + CRvs. CR 9 649 1.52(0.84, 2.21) <0.0001 93% Random
group TEAS + CR vs. Sham TEAS + CR 2 237 1.61 (—1.59, 4.81) 0.32 98% Random
Frequency of Once a day 1 108 0.51 (0.13, 0.90) 0.009 / /
TEAS 5 times per week 8 610 1.48 (0.58, 2.37) 0.001 95% | Random
6 times per week 1 48 3.67 (2.72, 4.62) <0.00001 / /
Treatment 0-4 weeks 3 173 2.53(0.54, 4.52) 0.01 95% Random
duration 5-8weeks 5 289 1.17 (0.39, 1.94) 0.003 88%  Random
>8 weeks 3 299 2.18 (1.03, 3.32) 0.0002 92% Random
TEAS retention <30min 1 48 3.67 (2.72, 4.62) <0.00001 / /
time >30min 8 687 1.28 (0.57, 2.00) 0.0004 94% Random

CR, Conventional Rehabilitation; TEAS, Transcutaneous electrical acupoint stimulation; /, not mention; FMA-UE, Fugl-Meyer Assessment of the upper extremity; MAS, Modified Ashworth
Scale; MBI, Modified Barthel Index.
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Subgroup analysis of FMA-UE based on TEAS parameters:

(A) Frequency of TEAS. (B) Treatment duration. (C) TEAS retention
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neurodevelopmental therapy, exercise therapy, and occupational
therapy. Traditional rehabilitation therapy is based on the “motor
relearning learning theory,” which promotes the reconstruction of
brain motor function through repeated purposeful exercise
). Studies have confirmed that
stroke patients often have multiple functional disorders, and task-

training (

oriented training and sensory stimulation of TEAS are
complementary to each other, which can enhance the rehabilitation
effect (
treatment with the addition of TEAS significantly improved
FMA-UE, MAS, and MBI scores compared with conventional
rehabilitation alone. However, TEAS treatment did not significantly
improve FMA and MBI compared with sham TEAS. This negative
result is consistent with a previous TEAS study with a similar

). This is consistent with our results that

design ( ). The prevalent methods for sham
TEAS underwent identical settings and manipulations as those in
the TEAS group, with the exception that the wire connecting the
electrode pads to the TEAS stimulator was severed, thereby
preventing any current from being delivered.

compared the effects of task-specific training (TST) combined with
TEAS (applied to L14 and LI11) and sham TEAS combined with
TST on upper limb movement in patients with chronic stroke. The
results showed that patients in both groups improved significantly
after treatment. However, when the two groups were compared,
there was no significant improvement in the FMA-UE score after
treatment. Even though sham TEAS is designed to have no
therapeutic effect, it may still produce unintended consequences.
Participants might perceive an improvement due to the placebo
effect, which refers to the beneficial outcomes generated by an
inactive or ineffective treatment. The experience of receiving
stimulation, regardless of its sham nature, could lead to habituation
or learning effects, potentially influencing participants’ behavior
and performance on the FMA-UE and BMI assessments.
Furthermore, participants who believe they are undergoing
treatment may become more attuned to their movement abilities,
which could affect their performance.

time TEAS stimulation parameters such as frequency, treatment
duration, and retention time may significantly affect the
TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup _ Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% Cl
Chen 2015 2075 10.34 20 13.04 127 23 91% 0.65([0.03,1.27] [
Chen 2019a 16.43 11.19 28 1411 11.19 28 9.3% 0.20[-0.32,0.73] E i
Chen 2018h 24.23 13.02 26 1315 979 27 92% 0.95[0.38, 1.52] -
Jia 2018 3916 7.35 54 2247 6.88 54  94% 2.33[1.84,2.82] =
Peng 2015 2983 455 21 1457 458 20 8.2% 3.28([2.31,4.24] I
Tang 2015 278 752 15 17.94 7.08 16 87% 1.32[0.53,2.10] -
Wang 2023 18.76 14.02 99 18.57 18.05 97  97% 0.01 [-0.27,0.29] T
Kia 2021 17 1.88 24 81 233 24 82% 3.67(2.72,4.62] -
Xie 2019 2381 6 42 581 4.6 40 9.0% 3.32[2.65, 4.00] -
Yan 2019 2573 776 60 17.31 7.18 60 96% 1.12[0.73,1.50] -
Yu 2020 131 115 54 7121 54  96% 0.51 [0.13, 0.90] ™
Total (95% Cl) 443 443 100.0% 1.53 [0.85, 2.20] <
Heterogeneity: Tau®= 1.20; Chi*= 189.25, df= 10 (P < 0.00001); F= 95% _=1 5 5 : 5 15

Test for overall effect: Z= 4.44 (P < 0.00001)

FIGURE 6

Forest plot and meta-analysis of MAS

Favours [Control] Favours [TEAS]
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TEAS
SD Total Mean

Control

Study or Subgrou| Mean SD Total Weight

2.2.1 TEAS+CRvs.CR

Chen 2015 -1.22 04 20 -0.87 048 23 14.0%
Chen 2018k -0.88 078 26 -0.44 076 27 14.4%
Gu 20149 -26 032 21 -16 045 21 12.48%
Mao 2017 -1.21 049 26 -0.84 0.44 26 14.3%
Yang 2023 -3.2 033 49 -289 0.3 49 15.2%
Zheng 2020 -1.21 0.08 34 -0.84 017 34 13.6%
Subtotal (95% CI) 176 180 84.2%

Heterogeneity: Tau®= 0.64; Chi*= 4114, df=5 (P = 0.00001); F= 88%
Test for averall effect: 2= 3.83 (P =0.0001)

2.2.2 TEAS+CRvs. Sham TEAS+CR

Wang 2023 -0.77 073 493 -0.52 0.63 97 15.8%
Subtotal (95% CI) 99 97  15.8%
Heterogeneity: Mot applicable

Test for averall effect Z=2.53 (P =0.01)

Total (95% Cl) 275 277 100.0%

Heterogeneity: Tau®= 0.58; Chi®= 58.94, df=6 (F = 0.00001); "= 90%
Testfor overall effect: 2= 3.84 (F=0.0001)
Testfor subaroun differences: Chi*= 6.64. df=1(F=00100. F=385.0%

FIGURE 7
Subgroup analysis of MAS is based on the types of control groups.

Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI IV, Random, 95% CI
-0.72[1.34,-0.10] ]
-0.56 [1.11,-0.01] ™
-2.51 [3.34,-1.68] —
-0.78 [1.35,-0.22] -
-0.93 [1.35,-0.51] -
-2 76 [3.43,-2.08] -
-1.34 [-2.03, -0.65] L 4
-0.36 [-0.65, -0.08] *
-0.36 [-0.65, -0.08] L
1.18 [-1.79, -0.58] L 2
10 -5 0 5 10
Favours [TEAS] Favours [Control]

intervention’s efficacy. In terms of TEAS frequency, the 5/6 times
per week treatment was superior to the control group in improving
FMA-UE and MBI scores. In contrast, the once-a-day treatment
was more effective in improving MAS. The possible explanation is
that the effect of relieving spasticity is not sustainable due to the
gradual weakening of the effector substance with the prolongation
of the treatment interval (Yin et al., 2022). Regarding the duration
of treatment, TEAS was superior to the control group in improving
FMA-UE, MAS, and MBI scores in 0-4 weeks, 5-8 weeks, and more
than 8 weeks. However, the improvement effect was most obvious
during 0-4 weeks, which may be the most obvious response of the
body at this effective stimulation amount. A previous study
(Dimitrijevic¢ et al., 1972) suggested that regular and continuous
electrical stimulation for a long time could lead to stimulation
tolerance but could not cause stimulation of the motor area of the
cerebral cortex (M1). For the retention time of TEAS, whether less
than 30 min or more than 30 min, TEAS was superior to the control
group in improving FMA-UE, MAS, and MBI scores. The study of
Laddha (Laddha et al., 2015) showed that transcutaneous electrical
stimulation for 30 min or 60 min for 3 weeks was effective on
spasticity of lower limbs and walking ability, and there was no
significant  difference lack of
standardization of TEAS parameters is the limitation of its clinical

in efficacy. However, the

treatment, and more RCTs with rigorous designs based on the
differences in TEAS parameters are needed to explore the best
TEAS regimen.

A total of six acupoints were included across 16 RCTs, with
TE5 (Waiguan, used 14 times) and LI10 (Shousanli, used 13 times)
being the most common. From the anatomical point of view, the
main muscles under TE5 (Waiguan) are the extensor of the little
finger, the extensor of the long thumb, and the extensor of the
index finger. Stimulation is beneficial for improving the adverse
movement of the wrist joint and promoting the extension of the
thumb and index finger. The main muscles under the acupoint LI10
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(Shousanli) are extensor carpi radialis longus, extensor carpi
radialis brevis, and supinator. The forearm supination can
be promoted by stimulating the acupoint, and the spasm can
be relieved. TEAS can exert the effects of electrical stimulation and
acupoints to promote the recovery of limb function after a stroke
(Lim et al.,, 2023; Zhang et al., 2018).

4.2 Mechanisms of TEAS

A related study (Wang D. et al., 2023) has shown that the possible
mechanism of limb spasticity and motor dysfunction is that the
corresponding cortex of the brain is damaged after stroke, blocking its
nerve conduction pathway, resulting in the reduction of local cerebral
blood flow and the damage of neuromuscular innervation. TEAS can
stimulate and contract the paralyzed muscles of limbs so that they can
input information impulses to the nerve center, improve the excitability
of relevant brain functional nerve areas, and promote the recovery of
neuronal function (Li et al., 2022). Ischemia and hypoxia of brain tissue
are the pathological basis of ischemic stroke. Studies have shown that
TEAS, by adjusting the SIRT1/FOXO3a and SIRT1/BRCC3/NLRP3
signaling pathways following ischemic stroke, inhibits cell apoptosis,
oxidative stress, and inflammation of the nerve to reduce brain damage
(Tan et al., 2024) and accelerates the recovery of neurons and some
functional metabolism (Nelles et al., 2001). In addition, TEAS can inhibit
the TLR4/MyD88/NF-kB pathway, reduce ischemic brain damage after
stroke, inhibit inflammation, cell death, and microglia activation (Wu
etal,, 2023), improve the motor neurons in spinal cord downlink control
function, and reduce excessive muscle tone. Another study of TEAS in
the treatment of upper limb spastic paralysis showed that TEAS had a
significant effect on the excitability of motor-evoked potential in the
affected cerebral hemisphere of stroke patients, which was speculated to
be related to the enhancement of local cerebral cortical excitability
through motor and sensory transduction pathways (Zhang et al., 2013).
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A

TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean _SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.4.1 Once a day
Gu 2019 -26 032 21 <16 045 21 125% -2.51 [3.34,-1.69] -
Yang 2023 -3.2 033 49 -29 0 43 15.2% -0.93 [-1.35,-0.51] -
Subtotal (95% CI) 70 70 27.8% -1.68[-3.23,-0.13] -
Heterogeneity: Tau®=1.14; Chi*=11.21, df=1 (P = 0.0008); F= 91%
Testfor overall effect: Z= 212 (P =0.03)
2.4.2 5 times per week
Chen 2015 -1.22 05 20 -0.87 046 23 140% -0.72[-1.34,-0.10] =
Chen 2019h -0.88 078 26 -0.44 076 27 14.4% -0.56 [-1.11,-0.01] -
Mao 2017 -1.21 049 26 -0.84 044 26 143% -0.78 [-1.35,-0.22] =
Wang 2023 -0.77 073 99 -052 063 97 158% -0.36 [-0.65,-0.08] '
Zheng 2020 -1.21 0.08 34 -0.84 017 34 136% -2.75[-3.43,-2.08] -
Subtotal (95% CI) 205 207 72.2% -1.01[-1.74, -0.28] L 4
Heterogeneity: Tau®= 0.62; Chi*= 41.46, df= 4 (P < 0.00001), F= 90%
Test for overall effect: Z=2.70 (P = 0.007)
Total (95% CI) 275 277 100.0% -1.18 [-1.79, -0.58] L 2
;uet?;ogeneitylzlT?fu=t=zu.533;é:4h2;= 508,09040,10!;: 6 (P = 0.00001); F=90% _1=0 5 ) 5 1=0
est for overall effect Z= 3. =0. .
Testfor subaroun difierences: Chi= 0,59, df= 1 (P = 0.44). F= 0% Favours [TEAS] Favours [Control
TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2510 -4 weeks
Chen 2015 -1.22 05 20 -0.87 0486 23 140% -0.72[-1.34,-0.10] =
Gu 2019 -2.6 0.32 pal -1.6 0.45 21 125% -2.51[-3.34,-1.69] N
Mano 2017 -1.21 0.49 26 -0.84 044 26 143% -0.78 [-1.35,-0.22] -
Yang 2023 -3.2 033 43 -289 031 43 152% -0.93 [-1.35,-0.51] -
Zheng 2020 -1.21 0.08 34 -0.84 017 34 136% -2.75[-3.43,-2.08] -
Subtotal (95% CI) 150 153  69.7% -1.51 [-2.30, -0.71] <
Heterogeneity: Tau®= 0.73; Chi*= 35.76, df= 4 (P = 0.00001), F=89%
Test for overall effect: Z= 3.70 (P = 0.0002)
2525 -8 weeks
Chen 2018h -0.88 0.78 26 -0.44 076 27 14.4% -0.56 [-1.11,-0.01] ™
Subtotal (95% CI) 26 27 14.4% -0.56 [1.11, -0.01] 4
Heterogeneity: Mot applicahle
Testfor overall effect: Z=2.01 (P =0.04)
2.5.3 > 8 weeks
Wang 2023 -0.77 073 99 -052 063 97 158% -0.36 [-0.65,-0.08] =
Subtotal (95% CI) 99 97 15.8% -0.36 [-0.65, -0.08] 4
Heterogeneity: Mot applicable
Test for overall effect: Z= 2.53 (P = 0.01)
Total (95% CI) 275 277 100.0% -1.18 [-1.79, -0.58] *
¢et?;ogenenylzl T;u::zu.si;&h;: 50333040,3;: 6 (P < 0.00001); = 90% T g : t e
est for overall effect: Z= 3. =0
Testfor subaroun differences: Chi*= 7.03. df= 2 (P = 0.03). FF= 71 5% FEDERIIERS] Fanmiom
TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.6.1<30 min
Gu 2019 -26 032 21 -16 045 21 148% -2.51 [13.34,-1.69] .
Yang 2023 -3.2 033 43 -29 0.3 43 17.6% -0.93 [-1.35,-0.51] -
Subtotal (95% CI) 70 70 324% -1.68[-3.23,-0.13] ~afp-
Heterogeneity: Tau®=1.14; Chi*=11.21, df=1 (P = 0.0008), F= 91%
Test for overall effect Z= 212 (P=0.03)
2.6.2 = 30 min
Chen 2018h -0.88 0.78 26 -0.44 076 27 16.8% -0.56 [-1.11,-0.01] gl
Mao 2017 -1.21 049 26 -084 044 26 167% -0.78[1.35,-0.22] -
Wang 2023 -0.77 073 99 -052 063 97 18.2% -0.36 [-0.65,-0.08] *
Zheng 2020 -1.21 0.08 34 -0.84 017 34 16.0% -2.75[-3.43,-2.08] =
Subtotal (95% CI) 185 184 67.6% -1.09 [-2.00, -0.17] <>
Heterogeneity: Tau®= 0.80; Chi*= 41.46, df= 3 (P < 0.00001); F=93%
Testfor overall effect: Z=2.33 (P =0.02)
Total (95% CI) 255 254 100.0% -1.27 [-1.96, -0.57] <*
Heterogeneity: Tau®= 0.68; Chi*= 58.79, df= 5 (P < 0.00001); F=91% b + : : P

Testfor overall effect: Z= 3.56 (F = 0.0004)
Test for subaroun differences: Chi*=0.42.df=1 (P=0.52). F=0%

FIGURE 8

Favours [TEAS] Favours [Control]

Subgroup analysis of MAS based on TEAS parameters: (A) Frequency of TEAS. (B) Treatment duration. (C) TEAS retention time.
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Testfor overall effect Z=4.44 (P = 0.00001)
Testfor subaroun differences: Chi*= 0.00. df=1 (P = 0.96). F=0%

FIGURE 9
Forest plot and meta-analysis of MBI.

TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.2.1 TEAS+CRvs. CR
Chen 2015 2075 1034 20 1304 127 23 91% 0.65[0.03,1.27] ~
Chen 2019a 1643 11189 28 1411 1118 28 9.3% 0.20 [F0.32,0.73] T
Chen 20159k 2423 13.02 26 1315 878 27 9.2% 0.85[0.38,1.57] -
Jia 2018 3816 7.35 54 2247 688 54 94% 2.33[1.84, 2387 -
Tang 2015 278 T.A2 18 17.94 7.08 16 87% 1.32[0.583, 210 -
Hia 2021 17 1.88 24 9.1 233 24 8.2% 36T [2.72, 462] -
Hie 20149 23.81 G 42 581 46 40 9.0% 3.32[2.65, 4.00] -
Yan 2014 2573 776 B0 17.31 718 60 9.6% 1.12[0.73,1.40] -
Yu 2020 131 114 a4 7121 a4 9.6% 0.51[0.13, 0.90] ™
Subtotal (95% Cl) 323 326 82.1% 1.52 [0.84, 2.21] L 2
Heterogeneity, Tau®=1.01; Chi*= 113.76, df= & (P = 0.00001); F= 93%
Test far overall effect Z2=4.35 (F = 0.0001)
3.2.2 TEAS+CR vs. Sham TEAS+CR
Peng 2014 1876 14.02 99 18.47 18.05 97 97% 0.01 [[0.27,0.29] T
Wang 2023 2983 455 21 14457 458 20 8.2% 328[2.31,4.24] —
Subtotal (95% Cl) 120 117 17.9% 1.61[-1.59, 4.81] iR
Heterageneity: Tau®=5.20; Chi®= 4057 df=1 {P = 0.00001); F= 98%
Testfor overall effect Z= 099 (P =0.32)
Total (95% CI) 443 443 100.0% 1.53 [0.85, 2.20] ‘
Heterogeneity: Tau®= 1.20; Chi*= 189.25, df= 10 (P < 0.00001}; F= 95% i + ] t i

Favours [Control] Favours [TEAS]

TEAS Control
Study or Subgrou Mean SD Total Mean SD Total Weight

Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI IV, Random. 95% CI

1.2.1 TEAS+CRvs. CR

Zheng 2020 138 5897 34 178 4328 34 78%
Yang 2023 2352 318 49 1383 238 49 7.9%
Hie 2019 18.3 G 42 a3 46 40 7.49%
Hia 2021 189 4. 24 9.2 363 24 78%
Tang 2015 1573 7.76 19 F31 7.a8 16  7.45%
Mao 2017 138 851 26 178 9 26 7.8%
Gu 2019 17.3 317 21 108 359 i 7.8%
Chen 2019hb 268 9.25 26 1314 1077 7 TE%
Chen 2019a 19 841 28 1289 931 8 749%
Chen 2015 13.8 8.47 200 582 901 23 T7.8%
Subtotal (95% CI) 285 288 77.3%

Heterogeneity: Tau®= 0.65; Chi®= 64.58, df=9 (P = 0.00001); F= 86%
Test for overall effect: Z2=6.41 (P = 0.00001)

1.2.2 TEAS+CR vs. Sham TEAS+CR

Wang 2023 2483 98 99 -0.08 397 97 B.3%
Peng 2015 1915 275 21 513 3328 20 64%
Chao 2017 3.07 0898 27 285 1.1 28 8.0%
Subtotal (95% CI) 147 145 22.7%

Heterogeneity: Tau®=1.72; Chi*= 45.83, df=2 (P = 0.00001}; F= 96%
Test for overall effect: £=1.96 (P = 0.048)

Total (95% CI) 432 433 100.0%
Heterogeneity: Tau*=1.14; Chi*=17018, df=12 (P = 0.00001};, F= 93%
Testfor overall effect: Z2=5.47 (P = 0.00001)

Testfor subaroun differences: Chi*=0.07. df=1{FP=07%. F=0%

FIGURE 10
Subgroup analysis of MBI is based on the types of control groups.

2.29[1.67, 2.91] -
3.39 [2.76, 4.01] -
231 [1.74, 2.87] -
2.43[1.67,3.19] -
1.10 [0.34, 1.86] —
1.35 [0.74, 1.98] -
1.88[1.15, 2.62] —
1.34 [0.74,1.94] -~
0.68[0.14,1.22] -

0.89 [0.26, 1.52] —

1.76 [1.22, 2.30] L

0.35 [0.06, 0.63] -
4.55[3.35, 5.76] —
0.21 [0.32, 0.74] T
1.54 [0.00, 3.00] o
1.70 [1.09, 2.31] L 2
10 5 0 5 10

Favours [Contral] Favours [TEAS]

4.3 Strengths and limitations

This review has some strengths. Our study includes the recent trial
and comprehensive analysis of TEAS on upper limb function after
stroke. We employed sensitivity analysis and subgroup analysis based on
the different control groups and TEAS parameters (frequency, duration,

and retention time) to investigate the sources of heterogeneity and assess
the stability of our findings. In addition, funnel plots and Egger’s test
were employed to evaluate the potential for publication bias. However,
this review has some limitations. First, the studies included in this
analysis were not registered as clinical trials and did not provide details
on sample size calculations. Second, the overall methodological quality
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TEAS Control Std. Mean Difference Std. Mean Difference

Study or Subgroup _Mean SD Total Mean  SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl

1.4.1Once a day

Chao 2017 3.07 0.98 27 285 1.1 28 8.0% 0.21 [0.32,0.74] T

Gu 2019 17.3 347 21 108 359 21 7.5% 1.88[1.15, 2.62) -

Yang 2023 2352 318 49 1393 238 49 7.8% 3.39[2.76, 4.01] -

Subtotal (95% CI) 97 98  23.3% 1.82[-0.13,3.77] g

Heterogeneity: Tau®= 2.87, Chi*= 58.43, df= 2 (P < 0.00001); F=97%

Testfor overall effect Z=1.83 (P=0.07)

1.4.2 5 times per week

Chen 2015 138 847 20 582 9M 23 7.8% 0.89[0.26,1.52] —

Chen 2019a 19 841 28 1289 93 28 79% 0.68[0.14,1.22) ~

Chen 2019h 268 9.25 26 1314 1077 27 7.8% 1.34[0.74,1.94] =

Mao 2017 138 851 26 178 9 26 7.8% 1.35[0.74, 1.96] -

Peng 2015 1915 275 21 513 328 20 6.4% 4.55 [3.35, 5.76] —

Tang 2015 1673 7.76 15 731 718 16 7.6% 1.10[0.34, 1.86] -

Wang 2023 253 98 98 -008 387 97 8.3% 0.35 [0.06, 0.63] I~

Xie 2019 183 B 42 581 46 40 7.9% 2.31[1.74,2.87] =

Zheng 2020 138 597 34 178 428 34 7.8% 2.28[1.67,2.91] -

Subtotal (95% CI) 311 311 69.2% 1.57[0.92, 2.22] *

Heterogeneity: Tau®= 0.88; Chi*= 94.66, df= 8 (P < 0.00001); F= 92%

Testfor overall effiect Z= 4.71 (P < 0.00001)

1.4.3 6 times per week

Xia 2021 188 421 24 92 3863 24 75% 2.43[1.67,3.19] -

Subtotal (95% CI) 24 24 7.5% 2.43[1.67,3.19] <

Heterogeneity: Not applicable

Testfor overall effect: Z= 6.26 (P = 0.00001)

Total (95% CI) 432 433 100.0% 1.70[1.09, 2.31] *

Heterogeneity: Tau®=1.14; Chi*= 17018, df= 12 (P < 0.00001); F= 93% T + t H

Test for overall effect: Z=5.47 (P < 0.00001) .

Testfor subaroun differences: Chi*= 2.85. df= 2 (P = 0.24). = 29.8% Favours [Control] Favours [TEAS]
B TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgrouj Mean SD Total Mean SD Total Weight 95% ClI A" 95% Cl
1.5.10 -4 weeks
Chao 2017 307 088 27 285 11 28 80% 0.21[0.32,0.74] T™
Chen 2015 13.8 847 20 582 901 23 7.8% 0.89 [0.26, 1.52] =
Gu 2019 17.3 347 21 108 359 21 7.5% 1.88[1.15, 2.62] -

Mao 2017 138 851 26 1.78 9 26 7.8% 1.35[0.74, 1.98] =
Peng 2015 1915 275 21 513 328 20 6.4% 4.55[3.35,5.76] —
ia 2021 18.9 421 24 92 383 24 7.5% 2.43[1.67,3.19] =
Xie 2019 183 6 42 581 46 40 7.9% 2.31[1.74, 2.87] =
Yang 2023 2352 348 49 1393 238 49 7.8% 3.39[2.76, 4.01] =
Zheng 2020 138 587 34 1.78 428 34 7.8% 2.29 [1.67,2.91] =
Subtotal (95% CI) 264 265 68.4% 2.09 [1.33, 2.86] >
Heterogeneity: Tau®= 1.25; Chi*= 97.50, df= 8 (P < 0.00001); F= 92%
Test for overall effect Z= 5.35 (P < 0.00001)
1.5.2 5 - 8 weeks
Chen 2018a 19 841 28 1289 831 28 7.9% 0.68[0.14,1.22] =
Chen 2018b 26.8 925 26 1314 1077 27 7.8% 1.34[0.74,1.94] -
Tang 2015 1573 7.76 15 7.31 748 16 7.5% 1.10[0.34, 1.88] =
Subtotal (95% CI) 69 71 23.3% 1.01 [0.60, 1.42] *
Heterogeneity: Tau®= 0.03; Chi*= 2.64, df= 2 (P = 0.27); F= 24%
Test for overall effect: Z= 4.80 (P < 0.00001)
1.5.3 > 8 weeks
Wang 2023 253 98 99 -0.08 397 97 83% 0.35 [0.06, 0.63] C
Subtotal (95% CI) 99 97  8.3% 0.35 [0.06, 0.63] \J
Heterogeneity: Not applicable
Test for overall effect Z=2.41 (P=0.02)
Total (95% CI) 432 433 100.0% 1.70 [1.09, 2.31] <
;cet?;ogeneity”Tg"u::; 1:;;407hi;: 1;30101361df: 12 (P = 0.00001); = 93% 7140 + 5 1‘0
Tector cubatoun Aifierances oL 20,66 df= 2 (P < 0.0001). F= 80.4% ESNOUIS [COntioll FSvouss [(EASH
C TEAS Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random. 95% CI
1.6.1 <30 min
Gu 2018 17.3 317 21 108 359 21 82% 1.88[1.15,2.62] =
Xia 2021 188 421 24 92 363 24 82% 2.43[1.67,3.19] -
‘Yang 2023 2352 318 49 1393 238 49 85% 3.39(2.76, 4.01] —
Subtotal (95% CI) 94 94 24.9% 2.58[1.68, 3.49] L 2
Heterogeneity: Tau®= 0.51; Chi#= 9.82, df= 2 (P = 0.007); F=80%
Testfor overall effect Z= 5.61 (P < 0.00001)
1.6.2 = 30 min
Chao 2017 307 098 27 285 11 28 8.6% 0.21 [-0.32,0.74] T
Chen 2019a 19 841 28 1283 931 28 8.6% 0.68[0.14,1.22] ~—
Chen 2019b 26.8 925 26 1314 1077 27 8.5% 1.34[0.74,1.94] -
Mao 2017 138 851 26 1.78 9 26 8.5% 1.35[0.74, 1.96] =
Peng 2015 19.15 2.75 21 513 328 20 7.0% 4.55[3.35,5.76] -
Tang 2015 1573 7.76 15 731 718 16 8.2% 1.10[0.34, 1.86] —
Wang 2023 253 98 93 -0.08 397 97 9.0% 0.35[0.06, 0.63] I~
Hie 2019 189 421 24 92 363 24 82% 2.43[1.67,3.19] -
Zheng 2020 138 597 34 178 428 34 85% 2.29[1.67,2.91] -
Subtotal (95% CI) 300 300 75.1% 1.50 [0.83, 2.16] *
Heterogeneity: Tau®= 0.91; Chi*= 96.39, df= 8 (P = 0.00001); F=92%
Testfor overall effect: Z= 4.41 (P < 0.0001)
Total (95% CI) 394 394 100.0% 1.78[1.12, 2.44] *
Heterogeneity: Tau®= 1.25; Chi*= 164.64, df= 11 (P < 0.00001); F= 93% RN + : A
Test for overall effect: Z=5.26 (P < 0.00001) .
Testfor subaroun differences: Chi*= 3.63. df=1 (P = 0.06). = 72.4% Favours [Control]  Favours [TEAS]
FIGURE 11
Subgroup analysis of MBI based on TEAS parameters: (A) Frequency of TEAS. (B) Treatment duration. (C) TEAS retention time.
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FIGURE 12

A

Study or Subgrou Mean

TEAS Control Std. Mean Difference
SD Total Mean SD Total Weight IV, Random. 95% Cl

Std. Mean Difference
IV, Random, 95% CI

3.4.1 Once a day

Yu 2020 131 115 54 7121 54 105% 0.51[0.13, 0.90] =

Subtotal (95% CI) 54 54  10.5% 0.51[0.13, 0.90] g

Heterogeneity: Not applicable

Test for overall effect: Z= 2.62 (P = 0.009)

3.4.2 5times per week

Chen 2015 2075 10.34 20 13.04 127 23 101% 0.65[0.03,1.27] =

Chen 2019a 16.43 11.19 28 1411 1119 28 10.3% 0.20[-0.32,0.73] T

Chen 2018h 24.23 13.02 26 1315 979 27 102% 0.95[0.38,1.52] =

Jia 2018 3916 7.35 54 2247 688 54 10.3% 2.33[1.84,282] -

Peng 2015 29.83 455 21 1457 458 20 9.2% 3.28([2.31,4.24] -

Tang 2015 278 752 15 17.94 7.08 16 97% 1.32[0.53,2.10] -

Wang 2023 18.76 14.02 99 1857 18.05 97 106% 0.01 [-0.27,0.29] 1

Hie 2019 23.81 B 42 581 46 40 9.9% 3.32[2.65, 4.00] -

Subtotal (95% CI) 305 305 80.3% 1.48 [0.58, 2.37] <&

Heterogeneity: Tau®=1.57; Chi*=151.92, df=7 (P < 0.00001); = 95%

Test for overall effect: Z=3.23 (P = 0.001)

3.4.3 6 times per week

Hia 2021 17 1.88 24 91 233 24 93% 3.67[2.72,462] -

Subtotal (95% CI) 24 24 9.3% 3.67[2.72,4.62] &>

Heterogeneity: Not applicable

Testfor overall effect: Z=7.55 (P < 0.00001)

Total (95% CI) 383 383 100.0% 1.58 [0.80, 2.35] L 4

_Ir-_ietf;ogenemflzlTgu::;asa;gogh;: 1Dsg.nsxljo1,)df= 9 (P = 0.00001); F=95% -1’0 5 5 1’0

estfor overall effect: £= 3. =< U

Testfor subaroun differences: Chi*= 37.45. df= 2 (P < 0.00001). F= 94.7% Favours [Control] - Favours [TEAS)
TEAS Control Std. Mean Difference Std. Mean Difference

Study or Subgroup _Mean SD Total Mean SD Total Weight IV, Random. 95% CI IV. Random. 95% CI

3.5.10 -4 weeks

Chen 2015 2075 10.34 20 13.04 127 23 93% 0.65[0.03,1.27] ~

ia 2021 17 188 24 81 233 24  B84% 3.67[2.72, 462 —

Hie 2019 23.81 6 42 581 46 40 91% 3.32(2.65, 4.00] —

Subtotal (95% CI) 86 87 26.7% 2.53[0.54,4.52] -

Heterogeneity: Tau®= 2.93; Chi*= 44.07, df= 2 (P =< 0.00001); = 95%

Test for overall effect Z=2.49 (P =0.01)

3.5.25 -8 weeks

Chen 2019a 16.43 11.19 28 1411 1119 28 95% 0.20[-0.32,0.73] T

Chen 2018h 2423 13.02 26 1315 979 27 9.4% 0.95[0.38,1.52] -

Peng 2015 29.83 455 21 1457 458 20 8.3% 3.28[2.31,4.24] -

Tang 2015 278 752 15 17.94 7.08 16 8.8% 1.32[0.53, 2.10] o

Yu 2020 131 115 54 7121 54 97% 0.51[0.13, 0.90] ™

Subtotal (95% CI) 144 145  45.7% 1.17 [0.39, 1.94] L 2

Heterogeneity; Tau®= 0.67; Chi*= 34.32, df = 4 (P < 0.00001); = 88%

Testfor overall effect: Z=2.94 (P = 0.003)

3.5.3 > 8 weeks

Jia 2018 3916 7.35 54 2247 688 54 95% 2.33[1.84,282] -

Wang 2023 29.83 455 21 1457 458 20 8.3% 3.28[2.31,4.24] =

Yan 2019 2573 776 60 17.31 718 60 97% 1.12[0.73,1.50] -

Subtotal (95% CI) 135 134 27.6% 2.18[1.03,3.32] >

Heterogeneity: Tau®= 0.91; Chi*= 25.18, df= 2 (P < 0.00001); = 92%

Testfor overall effect: Z=3.73 (P = 0.0002)

Total (95% CI) 365 366 100.0% 1.82[1.14, 2.50] L 2

Heterogeneity: Tau®= 1.19; Chi*= 145.98, df= 10 (P < 0.00001); = 93% TS + t o

Test for overall effect: Z=5.26 (P < 0.00001)

Test for subaroun difierences: Chi*= 3.01. df= 2 (P = 0.22). F= 33.6% PR Eoniol, Favous [TEAS]
TEAS Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

3.6.1< 30 min

Kia 2021 17 188 24 91 233 24 101% 367272, 462] =

Subtotal (95% CI) 24 24 10.1% 3.67[2.72,4.62] L 4

Heterogeneity: Mot applicable

Test for overall effect: Z=7.55 (P < 0.00001)

3.6.2 = 30 min

Chen 2019a 16.43 1119 28 1411 1119 28 11.4% 0.20[-0.32,0.73] r

Chen 2018h 24.23 13.02 26 1315 979 27 11.3% 0.95[0.38,1.52] Bl

Peng 2015 29.83 455 21 1457 458 200 101% 3.28[2.31,4.24] -

Tang 2015 278 752 15 17.94 7.08 16 10.7% 1.32[0.53, 2.10] -

Wang 2023 18.76 14.02 99 1857 18.05 97 11.9% 0.01 [-0.27,0.29]

Hie 2019 23.81 B 42 581 46 40 1.0% 3.32[2.65, 4.00] —

Yan 2019 2573 776 B0 17.31 718 60 11.7% 1.12[0.73,1.50] -

Yu 2020 131 115 54 7 o121 54 11.7% 0.51[0.13, 0.90] ™

Subtotal (95% Cl) 345 342 89.9% 1.28 [0.57, 2.00] <

Heterogeneity: Tau®= 0.97; Chi#= 120,01, df= 7 (P < 0.00001); F= 84%

Testfor overall effect: Z=3.51 (P = 0.0004)

Total (95% CI) 369 366 100.0% 1.53[0.78, 2.28] L 2

Heterogeneity: Tau®= 1.22; Chi*= 155,53, df= 8 (P < 0.00001); *= 95% 1n 5 5 1=u

Test for overall effect: Z=4.00 (P < 0.0001)
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of all the analyzed studies was low, and allocation concealment and
blinding were not described in detail. Two studies had more than 5%
missing outcome data, which may have been subject to implementation
and measurement biases. Third, only studies published in Chinese and
English were included, which may introduce publication bias. Finally,
adverse events were rarely reported in the original study, and safety
concerns cannot be assured. Therefore, we interpret the results cautiously.

Existing evidence suggests that TEAS can improve upper limb motor
function and spasticity in stroke patients and improve daily life abilities.
The improvement in upper limb motor function appears to have a dose-
dependent relationship with the frequency, duration, and retention time
of the TEAS intervention. However, these findings should be interpreted
cautiously due to the restricted number and low methodological quality
of the included trials. High-quality, large-sample, multi-center trials are
needed to further confirm these preliminary findings.
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Eccentric strengthening vs.
conventional therapy in
sub-acute stroke survivors: a
randomized controlled trial

Kalthoum Belghith'?, Mustapha Zidi, Lhéo Vincent'?,
Jean-Michel Fedele?, Rayan Bou-Serhal? and Wael Maktouf*

!Bioengineering, Tissues and Neuroplasticity, UR 7377, Faculty of Health/EPISEN, University of
Paris-Est Créteil, Créteil, France, 2EMEIS Group, Clinique du Parc de Belleville, Paris, France

Spastic paresis, a frequent consequence of stroke, is characterized by both
neurological and muscular alterations, leading to decreased muscle strength,
increased passive muscle stiffness, and subsequently, diminished functional capacity.
Although conventional rehabilitation programs are effective in enhancing muscle
strength, they often fail to yield clinically significant improvements in functional
capacities. Eccentric Training (ET) has shown promise in addressing the shortened
muscle fascicle lengths and joint contractures commonly observed in stroke
survivors. Despite the prevalence of contractures and rigidity in this population,
the effects of ET on the structural and mechanical properties of muscles remain
underexplored. This study aims to investigate the impact of ET on gait speed in
sub-acute stroke patients compared to conventional therapy. Additionally, we aim
to explore the effects of ET on the mechanical properties, structural characteristics,
and neuromuscular parameters of the plantar flexors. A randomized controlled trial
will be conducted, adhering to CONSORT guidelines, with participants assigned to
either a Conventional Therapy Group or an Eccentric Training Group. Assessments
will be conducted at baseline, and after ET intervention, encompassing clinical,
biomechanical, and functional evaluations. This study seeks to provide empirical
evidence on the efficacy of ET in improving motor outcomes in sub-acute stroke
patients, thereby informing more effective rehabilitation strategies.

KEYWORDS

muscle strength, stiffness, ankle joint, eccentric training, stroke

1 Introduction

Stroke, as the leading cause of adult disability, presents a substantial challenge for affected
individuals (1). Among the primary impairments following a stroke is the weakening of the
lower limb muscles (2), impacting over 90% of stroke patients (3). While some recovery of
lower limb function is observed, it often falls short of enabling independent and comfortable
outdoor ambulation in daily life (4). Consequently, approximately half of stroke survivors are
unable to resume their professional activities, and roughly two-thirds experience chronic
disability (5).

One of the primary neuromotor consequences of a stroke is spastic paresis, known as the
most common motor disorder following a cerebral injury (6). Generally, the spastic paresis
syndrome is associated with both neurological and muscular disorders (7). Neurological issues
manifest immediately after a stroke, leading to a quantitative reduction in the recruitment of
motor units in agonist muscles (8). This has been explained by a failure of central voluntary
control activation and changes in the structure and properties of spinal motoneurons (9).
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These alterations lead to a decrease in muscle contraction efficiency,
resulting in a diminished capacity to generate voluntary force (10). In
addition to the previously mentioned neurological alterations, a stroke
also triggers muscular changes (11). These alterations, referred to as
spastic myopathy, result from a combination of two factors: the
underuse of the paretic limb and immobilization in a shortened
position (12). Spastic myopathy induces multiple adaptations in the
mechanical and structural properties of the paretic muscle (2, 13). In
this context, studies have demonstrated a loss of fascicular length and
thickness of plantar flexors (PF) (14) and a decrease in pennation
angle of the gastrocnemius medialis (GM) in stroke survivors (15).
Regarding mechanical adaptation, stroke injury leads to muscle
contracture, which is defined as an increased muscle stiffness during
passive mobilization of the ankle joint (14, 16).

Several studies have investigated many rehabilitation programs
for stroke survivors and found that a regular musculotendinous
stretching is effective in short-term spasticity inhibition and in
preventing long-term hypo-extensibility and muscle contracture;
muscle strengthening is recommended as soon as voluntary motor
control allows for it; relearning grasping (17), balance (18), and
locomotion involves the repetition of motor tasks (19). Otherwise,
many studies have concluded, with a high level of evidence, the
effectiveness of botulinum toxin in reducing spasticity (20).
However, motor improvement remains mild to moderate (21).
These mixed results concerning motor function improvement are
likely related to the evaluation methods of movement-limiting
factors and muscle hyperactivity, which are lengthy, intrusive, and
destructive (3, 13). They also do not focus on reducing the effects
of spastic myopathy, which is still not well-understood in
management (22, 23). Therefore, it is both justified and necessary
to question ~ the  post-stroke rehabilitation ~ and
readaptation methodologies.

Recently, an increasing amount of recent research is focusing
on muscle strengthening, particularly eccentric training (ET) (24).
ET, a traditional method used to boost muscle strength in athletes,
involves muscle contraction during the lengthening of the
musculotendinous complex (25). Compared to other training
modalities at the same force exertion level, eccentric exercise
requires less muscle activity (26). Therefore, this approach could
be particularly effective for addressing muscle fascicle shortening
and stiffness observed in stroke survivors, due to the increased
mechanical load involved during active lengthening (14). This
increased load is hypothesized to lead to more significant gains in
muscle strength and volume and may also reduce hyperactivity in
affected muscles (24). In this context, ET has been demonstrated
to enhance muscle strength, reduce spasticity, and improve
functional performance and quality of life in chronic stroke
survivors following 4 to 6 weeks of intervention (27, 28). As a
result, ET offers a myriad of benefits that may be relevant for
individuals with neurological conditions (27). However, to our
knowledge, no study has investigated the effects of ET on the
structural and mechanical properties of the PF, nor on their
implications for improving functional capacities. This is
particularly relevant given the high prevalence of stiffness in post-
stroke patients, which is associated with alterations in the structural
and mechanical properties of the muscle-tendon complex,
consequently limiting functional capacities (29). These issues are
challenging to address in neurorehabilitation, where conventional
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therapy often fail to produce clinically significant results (30, 31).
In fact, conventional therapy, which generally involves stretching
exercises, concentric training, and repetitive movements to relearn
skills such as balance and locomotion, does not appear to
significantly improve the patient’s functional walking abilities
beyond 0.04 m/s (32).

The objectives of this study are: (i) investigating the effects of
eccentric training on the structural and mechanical properties of PF
in stroke survivors compared to conventional therapy, and (ii)
analyzing the relationships between changes in structural and
mechanical parameters of PF and improvements in walking speed and
maximal range of motion.

2 Materials and methods
2.1 Ethical approval and trial registration

The study protocol, patient information letter, and informed
consent form received Institutional Ethics Committee approval
(CPP 2022-038 = 000117). The study is registered in the ClinicalTrials.
gov database (ID = NCT06140381). The procedures will be conducted
according to the principles expressed in the Declaration of Helsinki.
Written consent to participate in the protocol will be signed directly
by the patient.

2.2 Study design

This study will be conducted in strict adherence to the
(CONSORT)
guidelines, and will employ a single-blinded, controlled,

Consolidated Standards of Reporting Trials

randomized design, wherein participants will be randomly
assigned to one of two groups: the conventional therapy group
(CTG) or the Eccentric training group (ETG). Both groups will
undergo a series of assessments at: Ji (initial assessment) and Jf
(final assessment) as illustrated in Figure 1. The study will begin
with a recruitment phase, followed by a screening phase.
Subsequently, there will be a 4-week period allocated for
experimental testing before the intervention, and an additional
4 weeks for experimental testing after the intervention. The
experimental testing will include clinical health assessments,
biomechanical assessments, neuromuscular evaluations, and
functional assessments.

2.3 Randomization

The random assignment of participants to their respective
groups will take place on the day they will be included in the study
and will be supervised by the investigator. The randomization list
will be created by an independent statistician from the clinical
research unit. For the randomization process, a computer-
generated list will be generated using the Clinical Trial
Randomization Tool. This list will then be uploaded into an online
case report form. Each study participant will be assigned a unique
allocation study number in a sequential format (TMP00X). The
rigorous blinding will be maintained until the database will
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Study design.

be finalized. A blinded assessor will conduct three visits: one
before, one in the middle, and one after the interventions, while
unblinded kinesiologists, who provide treatment and exercise
sessions, will not be involved in the assessment sessions. All
required information stipulated by the study protocol will
be entered diligently into the Electronic Data Capture system in
real-time as it will be acquired.

2.4 Recruitment

Participants will be recruited from the clinic of Parc de Belleville in
Paris between the 1st of January 2024 to 31st May 2024. Recruitment will
be accomplished by disseminating study participation offers in clinical
centers, and subsequently, the medical staff will compile a list of volunteers
to the experimenter. To participate in this study, subjects will be invited
for an admission consultation (Pre-inclusion) (JO) with the principal
investigator. Before this consultation, the investigator will need to ensure
that the patient meets the study’s inclusion and exclusion criteria.

2.4.1 Inclusion criteria

- Adult aged 20 to 75 years.

- Subacute hemiparesis (< 6 months).

BMI between 18.5 and 25.

- Written consent to participate in the study.

Frontiers in Neurology

2.4.2 Exclusion criteria

- Ankle impairment

- Botulinum toxin injections in PF within the last 4 months before
study inclusion to ensure that the muscle properties were not
influenced by the toxin’ effects.

- Medical contraindication for maximal effort.

- Neurodegenerative disorders.

- Cardiovascular disorders.

- History of epilepsy.

The investigator will explain the purpose of the study, and the
experimental protocol. The patient will then be given time for
consideration. If they will agree, on the day of admission, they will
sign an informed written consent to participate in the study, and then
they will undergo their initial evaluation (Ji).

2.5 Intervention

2.5.1 Conventional therapy

The conventional therapy program will extend over a period
of 12 weeks, consisting of a total of 36 sessions with three sessions
per week conducted by physiotherapists. The program will include
both isometric and concentric strengthening exercises specifically
targeting the plantar flexors. The load and intensity of these
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exercises will be individualized according to each participant’s
capabilities. The conventional therapy will consist of:

- Isometric Exercises: Participants will perform isometric
contractions at 70% of their MVC for 10 s, followed by a 20 s rest
interval. This cycle will be repeated in sets of 10.

- Concentric Exercises: These exercises will involve the use of
weights or resistance bands. The intensity of these exercises will
progressively increase from 50 to 80% of the MVC over the
course of the program. The number of repetitions per set will also
gradually increase from 8 to 12, with each exercise being
performed in three sets.

- Stretching Sessions: The program will incorporate stretching
exercises for the plantar flexors, performed both passively and
actively. Each stretch will be held for 30 s and repeated three
times for each target muscle.

2.5.2 Eccentric training protocol

In the absence of a standardized eccentric isokinetic training
protocol established for hemiparetic subjects on the plantar flexor
muscles, the protocol designed for this study drew inspiration from
the one established by Clark and Patten (28) and by Harris-Love et al.
(33). This protocol will allow the introduction of eccentric stimulus to
individuals who are new to this type of training. It will progressively
advance their program to include workload levels that are sufficient to
stimulate muscular plasticity optimally, thereby inducing skeletal
muscle adaptations. The ET protocol will adhere to guidelines
provided by the TiDieR, which encompass the following 12 items:

1. Name: The ET protocol.

2. Why: The ET protocol will aim to enhance walking capacity
and reduce spasticity.

3. What (Materials): The eccentric exercise program will
be carried out using the BIODEX isokinetic device (Biodex 4
Medical Systems, Inc., Shirley, NY, USA).

4. What (Procedures): The eccentric program will last for
12 weeks, with a frequency of 3 sessions per week, totaling 36

[o=BERN B O |

10.
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presented in the Figure 2. The familiarization phase, involving
the manipulation of three key variables, will aim to reduce risks
and enhance the advantages of eccentric strength training. This
phase will unfold in two stages (33). The first stage will consist
of two sessions designed to familiarize participants with the
muscle recruitment patterns associated with isokinetic
eccentric exercises. The second stage will span a one-week
preparation period, intended to elicit a protective muscular
response, and progressively condition the muscles for higher
eccentric intensities (33). For the progression phase, a
triangular pyramid training paradigm will be employed (28).
The rationale will be to, first, train to increase the speed at
which force can be produced and second increase the load
produced during dynamic contractions. Custom-designed
attachments will be used to enable optimal biomechanical
alignment for proper performance of the ankle joint movement
(28). Participants will be instructed to “resist and try to stop the
dynamometer” Verbal encouragement will continue to
be provided throughout the training sessions to motivate
maximal effort. This form of training will conceptually remain
like power training, which involves rapid muscle contractions.
Power training will continue to be considered a safe but intense
form of training that is more effective than traditional
resistance training using slower contractions.

. Who: By a kinesiologists specialized in adapted physical activity.
. How: Face to face sessions.

. Where: Rehabilitation department.

. When and how much: the ET protocol begins the 1st of January

2024 and concludes on the 31*°f May 2024. Each week will
include three sessions, making a cumulative total of 36 sessions.
Each session lasts 45 min, with a 15-min warm-up and 30 min
of actual exercise.

. Tailoring: The determination of the number of sets will

be tailored to the patient’s abilities.

Modifications: Modifications will be implemented to the
protocol in each session, involving adjustments such as an
increase in the number of sets or repetitions.

sessions. At least 1 day of rest will be required between two 11. How well (planned): The training program will be divided into
training sessions. The participants will be placed in the similar two phases: a familiarization phase and a progression phase.
position of the neuromuscular assessments (reference Training will be progressing according to the schedule
position). The Biodex System 4 dynamometer settings for the presented in the Figure 2. The program’s progression will
exercise sessions will be conducted under settings like those be determined by two factors: a quantitative element linked to
used for the assessments. The training program will be divided the training load (volume/intensity) and a qualitative aspect
into two phases: a familiarization phase and a progression associated with the nature of the exercises (eccentric exercise).
phase. Training will be progressing according to the schedule 12. How well (actual): Not started yet.
| week || 1 [ 2 |3 [ 4[5 [ 6|7 ]8]9 |10|]n]in|

phase

FIGURE 2
The progression of eccentric training protocol.

VELOCITY 15°s™ 30°s™ 45°s™"
Familiarization ) . : . <o &
PHASE and preparation Progression phase using triangular pyramid training paradigm

60°s™ 45°s™ 30°s™
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2.6 Outcome measures

2.6.1 Functional parameters

First, gait speed (m/s) will be measured through the 10-meter
walking test. Secondly, the maximal range of motion (ROM), defined
as the extent of stretch that the participant can comfortably endure
during the stretching maneuver, will be measured using the BIODEX
isokinetic device (Biodex 4 Medical Systems, Inc., Shirley, NY,
United States). Participants will be positioned prone on the isokinetic
machine and instructed to achieve complete relaxation. To minimize
the involvement of unrecorded muscles, the ankle will be securely
fixed in a relaxed position on the isokinetic dynamometer. Starting
from the neutral position (0°), the ankle joint will be passively
mobilized from plantar to dorsiflexion at a slow angular velocity
(2°/s). Participants will be encouraged to maintain a state of relaxation
and halt ankle rotation when they will perceive a tolerable maximum
stretch. Then, the ROM (°) will be recorded for each participant.

2.6.2 Biomechanical proprieties of plantar flexors

Muscle stiffness, as expressed by the shear modulus (¢, in Kpa), will
be assessed during passive ankle joint mobilization and during MVC of
PF (34). An Aixplorer® ultrasound scanner (Supersonic Imagine,
version 6.1, Aix-en-Provence, France) will be used in Shear Wave
Elastography (SWE) mode (musculoskeletal preset, penetration mode,
scale: 600 kPa) to quantify muscle stiffness in PF (GM, GL, and SOL).
During the evaluations, two ultrasound probes will be used: probe 1
(4-15 MHz, SL15-4; SuperSonic Imagine, Aix-en-Provence, France) for
the GM and GL, and probe 2 (2-10 MHz, SL10-2; SuperSonic Imagine,
Aix-en-Provence, France) for the SOL. Acoustic gel will be used as an
interface between the skin and the probe. For passive muscle stiffness
evaluation, three positions will be identified: PO = 0° (Neutral position),
P1 = 10° and P2 = 20° (from neutral position to dorsiflexion). For each
position, the SWE measurement will be conducted twice in
predetermined regions, with the order randomized and a 1-min rest
period between measurements. Regarding the active stiffness evaluation,
the reference position will require the hips to be flexed at 45°, the knee
on the paretic side to be fully extended, and the ankle on the paretic side
to be positioned at 90°. The ankle joint’s axis will align with the
dynamometer’s axis of rotation, and the foot will be securely fastened to
the dynamometer platform. To ensure stability, additional attachments
will be employed to secure the thigh and trunk to the isokinetic
ergometer seat. Then, participants will receive instructions to perform
two maximal isometric contractions (MVC) of PFE. For submaximal
contractions (30, 50, 70% of MVC), participants will receive immediate
visual feedback on their %MVC torque to achieve the experimenter’s
target %MVC torque. Once the desired torque level will be reached, an
ultrasound image will be taken. For each MVC torque level, the SWE
measurement will be performed twice in each muscle in a randomized
order. Each trial will have a maximum duration of 5 s, and subjects will
be allowed rest periods between trials. SWE measurement during
passive and active conditions will be used for further analysis.

2.6.3 Structural parameters

Fascicle length, thickness and pennation angle will be assessed
using the ultrasound scanner (Supersonic Imagine, version 6.1,
Aix-en-Provence, France) in B-mode (echography mode). Muscle
thickness will be determined as the distance between the superficial
and deep aponeuroses of the GM muscle (35). Fascicle length will
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be calculated by extrapolating the intersection with both aponeuroses
and measuring the distance between their respective intersection
points (35). Pennation angle will be defined as the angle between the
fascicle and the deep aponeurosis (35). Fascicle length and pennation
angle will be measured for three fibers, and the average will be used
for analysis. For each parameter, the average of three measurements
will be used for further analysis.

2.6.4 Neuromuscular parameters

Peak force and rate of force development (RFD) will be evaluated
using the BIODEX isokinetic device (Biodex 4 Medical Systems,
Inc., Shirley, NY, United States) during MVC of PE. The peak force
value from the two trials of MVC will be recorded (aPeak, N). The
relative peak force (rPeak, N/kg) will be calculated by normalizing
the peak force to the participant’s body mass (aPeak/BM, N/kg). The
dynamometer signals will be stored offline for subsequent analysis.
Early RFD will also be obtained from each MVC contraction onset
to 50 ms (RFD50-100). Late RFD will be acquired from 100 to
200 ms (RFD100-200). All RFD will be calculated from the linear
slop of the force — time curve (4 force/A time). Finally, maximal
activation will be evaluated using the Trigno Wireless
Electromyography (EMG) system (Delsys, Inc., Boston,
United States) during the MVC of PE. Four EMG sensors will
be placed on the GM, GL, SOL, and tibialis anterior (TA) muscles.
Before attaching the electrodes, the skin will be carefully prepared
by shaving and cleaning it with an abrasive cleaner and alcohol swab
to minimize impedance. EMG sensors will be positioned on each
muscle’s belly, aligned parallel to the muscle fibers as recommended
by SENIAM guidelines (36). The placement of EMG electrodes will
be meticulously verified using ultrasound to ensure longitudinal
alignment with the muscle fascicles and proper positioning away
from neighboring muscles (37). EMG signal will also be recorded
during passive evaluation.

2.7 Data analysis

Data will be processed using MATLAB software (MATLAB
R2024a, MathWorks, Natick, USA). Ultrasound images will
be exported from Aixplorer’s software. Shear displacements will
be calculated using a speckle-tracking algorithm. Tissue displacement
maps will be used to calculate shear-wave velocity (SWV, m/s) in each
pixel of the map. Then, the shear modulus (u) will be calculated
as follows:

H= p.SWV2,where pis the muscle mass density (I,OOO kg / m3).

Image processing will be converted each pixel of the color map
into a shear modulus based on the recorded color scale. Mean shear
modulus values will be calculated in a 15 x 15 mm?” region of interest
in different regions of each muscle fascicular area (38).

The raw EMG signals will be band-pass filtered at 15-500 Hz
through a second-order Butterworth digital filter to remove noise or
movement interference (39). The data from the different assessments
will be collected, rectified, and smoothed using root mean square
analysis (RMS) with a 20-ms window (40) calculated using the
following equation (36):
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1 t0+7/2 »
— I (EMG) dt,whereT is the Time of integration
r T0-7/2

For the MVC assessments, a moving window with a width of
20 ms will be used to find the maximum RMS EMG activity resulting
from the three efforts of MVC for each kind of contraction. Then, all
RMS EMG data from the different tests will be normalized using the
following equation for each muscle:

EMG RMS% = [ (RMS EMG assessment / RMS EMG MVC) x100% .

2.8 Statistical methods

Statistical analysis will be conducted using Prism 7.0 software
(GraphPad Software, Inc., San Diego, United States). The normality of
data distribution will be assessed using Kolmogorov-Smirnov tests. If
the data follows a normal distribution, the paired t-test (for comparing
the same group before and after intervention) and independent t-test
(for comparing the control and experimental groups) will
be employed. If the data does not follow a normal distribution, the
Wilcoxon signed-rank test (paired samples) and the Mann-Whitney
U test (independent samples) will be applied. Relationships between
different parameters and their variations will be evaluated using
Pearson’s correlation analysis. Data will be presented by their means
and standard deviations. The chosen significance threshold will be set
at p < 0.05 for all results.

3 Discussion

To the best of our knowledge, this study protocol will be the first
to investigate the effects of eccentric training on the structural and
mechanical properties of PF in stroke survivors compared to
conventional therapy. We hypothesize that a notable distinction will
emerge between the two interventions, with the protocol incorporating
eccentric strengthening demonstrating favorable outcomes. Moreover,
the enhancement in gait speed and ROM will be associated with an
improvement in passive and active PF stiffness.

The conceptualized program for this study aims to provide high-
intensity training for individuals in sub-acute phase to effectively
stimulate various forms of plasticity. The speed, load, and number of
repetitions are the factors that form the basis of the eccentric work and
upon which its relevance depends. Therefore, these parameters will
be considered to achieve the targeted objective. In this context, a
recent study conducted by Le Sant et al. (24) has presented compelling
evidence that ET significantly enhances motor performance,
particularly in terms of maximal strength and power, among
individuals within neurological populations. This finding aligns with
the observations of Clark and Patten (28) suggesting that the
remarkable strength improvements attributed to eccentric training
post-stroke may be linked to heightened quadriceps stretch reflex
activity. This increased reflex activity supplements the voluntary
neural drive during eccentric knee flexion contractions. Conversely,
when considering the structural properties of the paretic muscle, (41)
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calculated the minimum detectable change for the thickness
parameter, estimating it to be at 3 mm. Remarkably, these authors
observed a noteworthy increase of 3 mm in the thickness of the SOL
muscle following a 23-session eccentric training program focused on
the PE but this research was conducted with healthy individuals.

The conceptualized program for this study aims to provide high-
intensity training for individuals in the sub-acute phase to effectively
stimulate various forms of plasticity. The key factors—speed, load, and
number of repetitions—form the basis of eccentric work and are
critical to its efficacy. Therefore, these factors will be meticulously
considered to achieve the targeted objectives. In this context, a recent
systematic review by Le Sant et al. (24) presents compelling evidence
that ET could significantly enhance motor performance, particularly
in terms of maximal strength and power, among individuals with
neurological diseases. The remarkable strength improvements
attributed to ET post-stroke may be linked to heightened stretch reflex
activity (28). Increased reflex activity may supplement the voluntary
neural drive during eccentric contractions. Furthermore, regarding
the structural properties of the paretic muscle, Geremia et al. (41)
observed noteworthy increases of fascicle lengths (GM: 13.2%; GL:
8.8%; SOL: 21%) and muscle thickness (GM: 14.9%; GL: 15.3%; SOL:
19.1%) following 12 weeks ET focused on the PF in healthy
individuals. We hypothesize that similar structural enhancements
could be observed in post-stroke individuals after ET.

In our recent study, we demonstrated that the paretic muscles
exhibited greater stiffness in comparison to the healthy muscles and
the highest stiffness was predominantly observed in the GM, especially
in the distal region at 20° (42). These observations prompt
considerations regarding the potential relevance of eccentric exercise
in the context of paretic muscle. In fact, eccentric exercise involves
active stretching of the muscle, thereby engaging both the contractile
and elastic components of the skeletal muscle. Notably, studies
involving ultrasound imaging in healthy individuals have shown that
this type of training can induce a reduction in passive muscle stiffness
(43, 44), an increase in fascicle length, and muscle thickness (45, 46).
These adaptations are likely the result of an increase in the number of
sarcomeres in series and in parallel (47). Such muscle adaptations
contribute to enhanced muscular strength, particularly at greater
muscle lengths (48), by improving the tension-length relationship of
the muscle (48, 49). Moreover, ET, which involves lengthening the
muscle while producing force, is particularly effective in the context
of stroke rehabilitation. It can increase force production, reduce
muscle stiffness, and consequently improve the overall function of the
muscle-tendon complex and functional capacity (45, 50, 51). However,
to the best of our knowledge, no studies have thoroughly examined
the potential modifications or improvements in the biomechanical
properties of the paretic muscle following eccentric exercise. This gap
in research limits our ability to draw conclusive insights into the
potential enhancements or lack thereof in addressing the inherent
issues associated with spastic paresis.

Walking performance is influenced by lower-extremity muscle
strength (28). Particularly, the PF are pivotal in the walking process,
serving as agonists and contributing to concentric activity that
significantly impacts the quality of propulsion during walking (52).
However, the effect of ET interventions on walking function in
individuals with spastic paresis has produced mixed results in prior
studies. While some investigations have reported significant
improvements in walking speed and function (53, 54), others have not
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observed significant enhancements (55). This variability in outcomes
may be attributed to the timing of intervention, as some studies were
conducted during the chronic phase, typically after six months post-
injury, when spasticity may have become fully established. This study
seeks to address this potential limitation by implementing the
intervention during the sub-acute phase. Furthermore, other factors
such as the intensity of eccentric exercise, its duration, and the overall
methodology of intervention may also play a role in these divergent
findings, warranting further investigation.

4 Limitations

One notable limitation of this study is the heterogeneity within the
stroke patient population. Even though participants are in the sub-acute
phase, the variability in individual recovery trajectories, severity of
stroke, and pre-existing health conditions could lead to significant
differences in response to the interventions. This heterogeneity may
influence the outcomes and interpretations, making it challenging to
draw definitive conclusions that are broadly applicable to all sub-acute
stroke patients. We aim to increase the sample size to minimize the
effects of data heterogeneity and interpretation bias. Furthermore, this
study will focus on penniform muscles. It has been suggested that SWV
measurements with small deviations from the fiber direction, as
determined by the probe-fascicle angle, may be potentially inaccurate
(56). However, previous study on the GM have shown relatively
reproducible stiffness measurements (57).

5 Conclusion

This study protocol proposes an innovative comparison between
ET and conventional therapy for improving outcomes in post-stroke
survivors during the sub-acute phase. Preliminary evidence supports
ET’s potential to enhance structural, neuromuscular, biomechanical,
and functional parameters, with notable improvements expected in
muscle strength, stiffness, and walking performance. However,
existing research has yet to fully elucidate the specific biomechanical
adaptations in paretic muscles following ET, highlighting a significant
gap in our understanding. This study aims to address this gap, offering
new insights into stroke rehabilitation practices. The outcomes of this
research could inform future clinical approaches, emphasizing the
critical need for high-quality, targeted interventions in the early stages
of stroke recovery.
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This review delves into the emerging field of cerebellar Transcranial Magnetic
Stimulation (TMS) in the rehabilitation of limb dysfunction following a stroke. It
synthesizes findings from randomized controlled trials and case studies, examining
the efficacy, safety, and underlying mechanisms of cerebellar TMS. The review
outlines advancements in TMS technologies, such as low-frequency repetitive
TMS, intermittent Theta Burst Stimulation, and Cerebello-Motor Paired Associative
Stimulation, and their integration with physiotherapy. The role of the cerebellum
in motor control, the theoretical underpinnings of cerebellar stimulation on motor
cortex excitability, and the indirect effects on cognition and motor learning are
explored. Additionally, the review discusses current challenges, including coil
types, safety, and optimal timing and modes of stimulation, and suggests future
research directions. This comprehensive analysis highlights cerebellar TMS as a
promising, though complex, approach in stroke rehabilitation, offering insights
for its clinical optimization.

KEYWORDS

cerebellar transcranial magnetic stimulation, stroke rehabilitation, limb dysfunction,
neuroplasticity, motor recovery

1 Introduction

Stroke remains a preeminent cause of chronic disability on a global scale, severely affecting
countless individuals annually (Dhuri et al., 2021). It is primarily characterized by an abrupt
interruption of blood flow to a specific brain region, resulting in neuronal damage (Premilovac
et al.,, 2020). Such cerebral ischemic events frequently lead to extensive physical disabilities,
with limb dysfunction being notably incapacitating (McHutchison et al., 2019). This
diminution in limb capability not only markedly deteriorates a patient’s life quality but also
imposes substantial dependence on caregivers and a consequent societal burden.

Traditional Transcranial Magnetic Stimulation (TMS), focusing primarily on the primary
motor cortex (M1) for upper limb rehabilitation, has demonstrated potential in stroke recovery.
However, its effectiveness in ameliorating lower limb dysfunction and balance issues is somewhat
constrained. This limitation largely stems from the inadequate penetration depth of the standard
figure-8 coil, which often fails to sufficiently stimulate lower limb regions of the M1 (Zhao et al.,
2019). Moreover, patient-specific response variability and the extent of neural damage further
limit the efficacy of conventional TMS (Pasley et al., 2009). As a result, recent researches have
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begun exploring stimulation of non-motor cortical areas, such as the
prefrontal cortex, and non-cortical areas like the cerebellum, in search of
more effective rehabilitation strategies. A distinctive feature of cerebellar
TMS is its capacity to activate motor-related cortical and subcortical
regions, including the thalamus, M1, posterior parietal cortex (PPC), and
premotor cortices (PMC) (Casula et al., 2016). Such unique activation
leverages the cerebellum’s intrinsic capability for motor adaptation and
integration, thus offering an innovative approach in addressing post-
stroke limb dysfunction. Additionally, cerebellar TMS has been linked to
changes in resting-state functional connectivity of brain networks,
showing promise in rehabilitation and motor learning processes (Dum
and Strick, 2003; Spampinato D. A. et al,, 2020; Xia et al., 2022). Emerging
research on cerebellar TMS distinguishes it as a forward-looking and
promising therapeutic avenue, potentially exceeding traditional methods
in targeting deeper motor areas and efficaciously managing lower limb
and balance dysfunctions.

The purpose of this review is to meticulously explore and synthesize
the current research on cerebellar TMS as it pertains to limb dysfunction
post-stroke. By examining a spectrum of studies, ranging from
randomized clinical trials to case reports, this review aims to present a
comprehensive overview of the efficacy, safety and mechanisms of
action of cerebellar TMS. Furthermore, it seeks to highlight the
challenges and limitations encountered in the current research
landscape, while also identifying future directions that could contribute
to the optimization of this therapeutic intervention in clinical practice.

2 Background

2.1 The evolution and theoretical
foundations of TMS in stroke rehabilitation

TMS, a non-invasive cerebral stimulation modality, has undergone
significant advancements since its inception in 1985 (Barker et al.,
1985). TMS employs magnetic fields to generate electric currents
within specific cerebral regions by positioning a magnetic coil close to
the scalp (Gilbert et al.,, 2019). Activation of this coil induces a
magnetic pulse that penetrates the skull, subsequently eliciting a minor
electric current in the brain tissue beneath (Schluter et al., 2019). The
impact of this current on neuronal functioning varies according to the
frequency of stimulation: high-frequency TMS (exceeding 5 Hz) tends
to augment cortical excitability, whereas low-frequency TMS (1 Hz or
below) is associated with reduced excitability (Zhang et al., 2022).

A critical development in TMS technology is Theta Burst
Stimulation (TBS), an time-effective stimulation mode that can
accomplish in mere minutes what conventional repetitive TMS (rTMS)
achieves in 20-30 min (Corp et al,, 2020). TBS is categorized into two
forms: continuous TBS (cTBS), which yields prolonged inhibitory
effects on the cerebral cortex, and intermittent TBS (iTBS), known for
inducing long-term potentiation (LTP) like effects when applied to the

Abbreviations: TMS, Transcranial magnetic stimulation; M1, Primary motor cortex;
PPC, Posterior parietal cortex; PMC, Premotor cortices; TBS, Theta burst
stimulation; rTMS, repetitive TMS; cTBS, Continuous TBS; iTBS, Intermittent TBS;
PAS, Paired associative stimulation; fMRI, Functional magnetic resonance imaging;
EEG, Electroencephalogram; SICI, Short-interval cortical inhibition; LICI, Long-
interval cortical inhibition; CBI, Cerebellar-brain inhibition; ICF, Intracortical

facilitation.
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cerebral and cerebellar cortex. This form of stimulation bolsters
neuroplasticity in the cerebral cortex and has demonstrated efficacy in
enhancing motor function recovery in stroke survivors, with benefits
persisting for at least 30 min post-stimulation (Pauly et al., 2021).

The integration of TMS into stroke rehabilitation has progressively
evolved, initially focusing on the M1 for motor restoration. Subsequent
investigations expanded its application to encompass modulation of
other cerebral regions, notably the cerebellum. The advent of diverse
TMS protocols, including rTMS and iTBS, has refined clinical
applications, facilitating more targeted interventions for an array of
stroke-related impairments.

The advancement of TMS in stroke rehabilitation is anchored in
three principal theoretical frameworks concerning limb recovery. The
compensation model posits that recovery involves engaging alternative
neural pathways to offset those impaired by stroke (Jaillard et al.,
2005). The interhemispheric competition model hypothesizes a post-
stroke imbalance in excitatory and inhibitory interactions between the
brain’s hemispheres affecting motor functions, which TMS can
modulate (Grefkes and Fink, 2014). Finally, the “biphasic balance”
recovery model posits a two-phase recovery process, commencing
with interhemispheric inhibition and evolving into a balanced bilateral
activation (Di Pino et al., 2014). These theoretical frameworks offer
valuable insight for the application of TMS in neural rehabilitation,
guiding the refinement and optimization of TMS protocols for
enhancing functional outcomes post-stroke.

Paired Associative Stimulation (PAS) is a specialized variant of
paired-pulse transcranial magnetic stimulation (ppTMS). Unlike
traditional TMS, which typically involves direct stimulation of the
motor cortex or other brain regions (Derosiere et al., 2022), PAS
combines a TMS pulse directed at a cortical area with peripheral nerve
electrical stimulation. This approach leverages the temporal
relationship between sensory input and cortical excitability
(Stampanoni Bassi et al., 2020). This method is grounded in the
Hebbian plasticity model (Shikauchi et al., 2023), where the sequence
and timing of stimuli can induce LTP or long-term depression (LTD)
of synaptic connections. Specifically, when the peripheral stimulus
precedes cortical stimulation, LTP is induced, promoting synaptic
strengthening, whereas the reverse sequence leads to LTD, which
weakens synaptic connections (Chindemi et al., 2022). This dynamic
interaction facilitates cortical plasticity, which is essential for motor
recovery following neurological injuries. Furthermore, PAS can also
involve cortical-cortical stimulation using a double-coil setup to
target different brain regions, thereby enhancing the precision and
efficacy of neuromodulation. Clinically, PAS has demonstrated
promise in treating conditions such as stroke, Parkinson’s disease, and
chronic pain, with evidence indicating improvements in motor
performance and neuroplasticity (Shikauchi et al., 2023). In the
context of stroke rehabilitation, PAS is emerging as a key mechanism
for enhancing motor recovery, with the potential to synergize with
other neuromodulatory interventions, such as cerebellar TMS, to
further promote cortical reorganization and functional recovery.

2.2 Role of the cerebellum in motor
control

Traditionally, the cerebellum has been acknowledged for its
critical role in refining motor actions and maintaining balance and
coordination (Mirdamadi and Block, 2021). This perception, while
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accurate, only partially represents the cerebellum’s complex
involvement in motor control. Contemporary neuroscience has
substantially expanded our understanding, revealing the cerebellum’s
integral role in a myriad of motor and cognitive functions (De
Doncker et al., 2021).

Recent advancements in research have elucidated the cerebellum’s
expansive role in motor control, highlighting a complex network of
connections extending well beyond mere coordination. Cerebro-
cerebellar loops, for instance, establish links between the cerebellum
and the cerebral cortex (Caligiore et al., 2017; Spampinato D. et al.,
2020; Carey, 2024). These connections facilitate intercommunication
between the cerebellum and brain regions involved in motor planning,
such as the prefrontal cortex, execution (like the M1), and sensory
processing (Zhang et al., 2019; Carey, 2024). The cerebellar-thalamic-
cortical pathway, pivotal in modulating motor commands, is
instrumental for motor learning (Mawase et al., 2017). It enables the
cerebellum to fine-tune and adapt motor actions (Hirjak et al., 2020),
a capability critical for acquiring new motor skills or reacquiring skills
after a stroke. Furthermore, the cerebellum’s integration with the
vestibular system through vestibulo-cerebellar connections is essential
for balance and spatial orientation (Pushchina et al., 2022). Recent
studies (Blatt et al., 2013; Ferrari et al., 2022) also suggest the presence
of limbic-cerebellar connections, indicating the cerebellum’s
involvement in the emotional dimensions of movement. Additionally,
spino-cerebellar tracts relay essential sensory feedback from the spinal
cord regarding the state of muscles and joints (Back et al., 2019),
further enhancing the cerebellum’s ability for precise motor control.
Collectively, these pathways highlight the cerebellum’s comprehensive
role in the adaptive control of movement, a factor of considerable
relevance in formulating targeted strategies for stroke rehabilitation.

In the context of stroke recovery, the cerebellum’s role in adaptive
motor control assumes significant importance. Moreover,
contemporary research is delving into the cerebellum’s involvement in
the higher-order processing of motor tasks, suggesting its participation
in the cognitive aspects of motor planning and decision-making. This
evolving perspective accentuates the cerebellum’s potential as a
therapeutic target in stroke rehabilitation, extending beyond the
traditional focus on the M1.

2.3 Molecular pathways activated by
cerebellar TMS in synaptic plasticity

Cerebellar TMS is a powerful neuromodulatory tool that induces
plasticity within the cerebellum, a brain region crucial for motor
control, cognitive processing, and emotional regulation. Key
molecular mechanisms involved in cerebellar plasticity during TMS
include glutamatergic signaling, calcium signaling, gamma-
aminobutyric acid (GABA) pathways, Brain-Derived Neurotrophic
Factor (BDNF) upregulation, and cAMP/PKA pathways.

Purkinje cells in the cerebellum play a crucial role in inhibiting
cerebellar neuronal activity through the neurotransmitter
GABA. Cerebellar TMS of the cerebellum can modulate the activity
of these Purkinje cells, thus influencing cortical cerebellar inhibition
(CBI) (Spampinato et al., 2021). Notably, GABA-B receptors, which
are the most widely distributed inhibitory receptors in the cerebellum,
are involved in mediating both immediate and long-term functional
and structural changes induced by magnetic stimulation (Rowan et al.,
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2018). Through cerebellar TMS, GABA-B receptor activation can
induce alterations in the synthesis of GABA, the presynaptic GABA
transporter, and cortical inhibitory interneurons, ultimately
modulating the balance between excitation and inhibition within
cerebellar circuits (Harrington and Hammond-Tooke, 2015). In this
way, cerebellar TMS can facilitate neural plasticity and motor recovery,
especially after stroke, where cerebellar inhibition is often impaired.

One of the key molecular pathways activated by cerebellar TMS is
the BDNF pathway. BDNF regulates presynaptic GABA release (Song
etal., 2022), which plays a pivotal role in synaptic plasticity, neuronal
survival, and neurogenesis (Negrete-Hurtado et al., 2020). Cerebellar
TMS has been shown to increase BDNF expression in the cerebellum
and associated brain regions, thereby promoting the formation of new
synapses, strengthening existing synapses, and supporting
neuronal survival.

The receptor for BDNE Tropomyosin Receptor Kinase B (TrkB),
is activated during cerebellar TMS. The binding of BDNF to TrkB
initiates a cascade of downstream signaling pathways that promote
cellular survival, synaptic remodeling, and neuroplasticity.
Furthermore, BDNF activation enhances synaptic efficiency and
induces long-term alterations in neuronal connectivity, both of which
are essential for motor learning and rehabilitation. Research by
Mancic et al. (2016) has demonstrated that TMS interventions on the
rat cerebellum can significantly affect the metabolic pathways of
neuronal cells. In particular, TMS influences the expression of key
metabolic enzymes and transporters, including glucose-6-phosphate
dehydrogenase, vesicular glutamate transporter 1, plasma glutamate
transporter 1, and glial fibrillary acidic protein. These metabolic
alterations may support the energetic demands of neurons during the
plasticity processes induced by TMS, further promoting functional

recovery and synaptic plasticity.

3 Application of cerebellar TMS in
stroke rehabilitation

A comprehensive literature search was conducted across several
databases, including Web of Science, PubMed, Cochrane Library, and
EMBASE, to identify relevant studies on cerebellar TMS. The search
was executed by three reviewers (ZW, LikW, and FG) using the
following terms: (cerebellum) AND (transcranial magnetic
stimulation) AND (stroke) AND (movement). We also examined the
references cited in the retrieved literature and the articles that cited
these sources. The following criteria were used for cerebellar TMS
studies: (1) clinical studies on stroke patients with impaired motor
function, such as randomized controlled trials (RCTs) or case reports,
etc; (2) treatment groups received TMS; (3) published on peer-
reviewed articles The exclusion criteria were as follows: (1) Duplicate
reports; (2) Research protocols, conference abstracts, or incomplete
studies; (3) Non-human research; and (4) Missing outcome
information. This literature search was completed prior to March
1, 2024.

In our comprehensive review of current literature, we have
identified 11 clinical trials and one case report predominantly focusing
on the impact of cerebellar TMS on lower limb motor function and
balance impairments post-stroke. Additionally, two singular study
emphasized upper limb motor function (as detailed in Table 1). The
majority of these studies encompass patients with subacute and
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TABLE 1 Characteristics of the relevant studies.

Author/
year

N

Experiment Movement

design

disorder(s)

Coil type
(diameter/
figure)

Coil placement/
orientation

Intervention

Control

Behavioral
training

Side
effects

Main findings

Kim et al. r'TMS: sham | Pilot study PCS with ataxia | Cerebellar 75 mm/8 coil by | Manually placed/with 100% RMT 1 Hz Same parameters | None None 1 Hz cerebellum rTMS,
(2014) (22:10) hemisphere MagPro® the handle pointing rTMS (900 pulses per | (coil feasible and may have a
ipsilateral to the (Medtronic, superiorly session, 5 sessions per | perpendicular to beneficial effect in
ataxic side (2cm | Minneapolis, day, 5 days) the scalp) ataxic patients with
below and lateral | MN, posterior circulation
to the middle United States) stroke
line)
Bonnietal. | iTBS(6),no | Prospective pilot | Chronic stroke The damaged Monophasic Neuronavigation 80% AMT iTBS (600 = None PT None Cerebellar iTBS could
(2014) sham trial with PCS lateral cerebellum | Magstim 200 system (Softaxic, pulses; 10 sessions, be a promising tool to
stimulator E.M.S,, Bologna, Italy)/ | 2 weeks) promote recovery of
(Magstim Co., The handle of the coil cerebellar stroke
Whitland, pointed backward and patients
Dyfeld, UK); was perpendicular to
70 mm/8 coil the presumed direction
of the central sulcus
Koch et al. iTBS: sham RCT Stroke with gait | Contralateral 70 mm/8 coil Neuronavigation 80% AMT iTBS Sham iTBS (coil PT None Cerebellar intermittent
(2019) (18:18) and balance cerebellum to the | (Magstim system (SofTaxic; EMS) | (1,200 pulses per perpendicular to O-burst stimulation
impairment affected cerebral | Company) coupled with a Polaris session, 3 weeks) the cerebellum) promotes gait and
hemisphere Vicra infrared camera/ balance recovery in
the handle pointing patients with stroke by
superiorly acting on cerebello-
cortical plasticity
Xie et al. iTBS: sham Parallel group Stroke with Contralateral 70 mm/8 coil Manually placed/the 80% AMT iTBS (600 | Same parameters = PT None iTBS over the
(2021) (17:17) trial walking cerebellum (1 cm | (YIRUIDE handle directed pulses per session, 10 | (coil pedicular to contralesional
dysfunction inferior to and medical, Wuhan, | backward and laterally | sessions, 2 weeks) the scalp) cerebellum paired with
3 cm lateral to China) and at an angle of physical therapy could
the inion) approximately 45° to improve walking
the mid-sagittal line of performance in patients
the head after stroke
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TABLE 1 (Continued)

Author/ Experiment Movement Coil type Coil placement/ ' Intervention Control Behavioral Main findings
year design disorder(s) (diameter/  orientation training
figure)
Liao et al. iTBS: sham RCT Stroke with The cerebellar 70 mm/8 coil manually placed/with 80% AMT iTBS (600 | Sham iTBS (coil PT Mild Cerebellar iTBS
(2021) (15:15) balance and hemisphere (YIRUIDE the handle pointing pulses per session, 10 | angled at 90° to headache associated with PT
motor contralateral to medical, Wuhan, | superiorly sessions, 2 weeks) the scalp) (n=1)in improves BBS score; no
dysfunction the affected China) the significant difference in
cerebral treatment FMA-LE scores; no
hemisphere group difference in the BI
(3 cm lateral to scores
the midline and
1 cm below the
inion)
Lietal rTMS + RCT Stroke with M1 on the Circular coil Manually placed/none | 80% AMT cTBS Only cTBS; only | PT + acupuncture = Not to The MAS score was
(2021) cTBS: rTMS: spasticity and unaffected side of (1,200 pulses); 80% LF-rTMS therapy mention markedly decreased;
cTBS (30: 30: limb dyskinesia | the brain; right RMT 1 Hz rTMS FMA and MBI scores
30) cerebellar (1,000 pulses); 1 were markedly
hemisphere session per day, 6 increased in the three
(3 cm lateral to sessions per week, groups; LE-rTMS +
the midline and 4 weeks cTBS group showed
1 cm below the lower MAS score,
inion) higher FMA, and MBI
scores
Chen et al. iTBS: sham RCT Stroke with Ipsilesional 70 mm/8 coil Manually placed/with 80% AMT iTBS (600 | Same parameters = PT None Both groups showed
(2021) (16: 16) upper limb lateral cerebellum | (YIRUIDE the handle pointing pulses per sessions, (coil was rotated significant
spasticity (1 cm inferior medical, Wuhan, | superiorly 10 sessions, 2 weeks) 90°) improvements in the
and 3 cm lateral China) MAS, MTS, SWV, and
to the inion) BI. Compared with the
sham stimulation group,
MAS, MTS, SWV, and
MEP amplitude are
improved more in the
cerebellar iTBS group
(Continued)
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TABLE 1 (Continued)

Author/ Experiment Movement Coil type Coil placement/ ' Intervention Behavioral Main findings
year design disorder(s) (diameter/ | orientation training
figure)
Rosso etal.  CER_M1 RCT Stroke with The coil was 110 mm/double- | By the anatomical 3D PAS (120 pairs of same place (sham | PT transient Cerebello-motor PAS
(2022) PAS: sham upper limb moved right- or cone coil; reconstruction of each | stimuli at 0.2 Hz) coil produces a cephalalgia | was effective compared
(14: 14) dysfunction left- wards off the | 70 mm/8 coil participant’s brain (Magstim, Dyfed, sound (n=1)in | to sham in improving
midpoint by 3 cm (Brainsight2, Rogue UK); conditioning mimicking) each hand dexterity but not
along a line Research, Inc., stimulus: 90% RMT; group; grip strength
between the Montreal, Canada)/ test stimulus:140% reflex
inion and the none RMT; 5 sessions, syncope
mastoid process 1 week right
(n=1)in
the sham
group
Im et al. rTMS:control | Placebo- Cerebral 2 cm below and 8 coil Magpro Manually placed/none | 90% RMT 1 Hz (900 | Sham coil (the PT vertigo Low-frequency
(2022) (16:16) controlled study | infarction with 2 cm lateral to R30 (Magventure, pulses) sound and scalp (n=1)in cerebellar rTMS is
balance the inion by Farum, sensation were the helpful for improving
impairment targeting the Denmark) similar) treatment | balance in patient with
cerebellar group cerebral infarction, and
hemisphere maybe a beneficial
contralateral to treatment for these
the site of patients
cerebral
infarction
Xia et al. CB-single Pilot study Stroke with M1: motor hot 90 mm/8 coil Manually placed/none | 3 pulses at 50 Hz None None None The CB-SMA group
(2022) iTBS: CB- motor and spot; SMA:3cm | (YIRUIDE repeated at 5 Hz (600 exhibited a significant
M1 balance defects in front of Czand | medical, Wuhan, pulses in 192 s) inhibitory pattern in the
iTBS:CB- 0.5 cm close to China) resting-state functional
SMA iTBS the hemisphere; connectivity, which was
(9:10:11) cerebellum not observed in the
stimulation point: other two groups. In
1 cm below and conclusion, we believe
3 cm lateral to that paired targeting of
the inion the CB-SMA can
reshape the brain
network and improve
the balance function of
patients with stroke
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TABLE 1 (Continued)

Author/ N Experiment Movement Coil type Coil placement/ ' Intervention Control Behavioral Main findings
year design disorder(s) (diameter/  orientation training
figure)
Einstein None Case report Hemorrhagic Left: 2 cm B-70 coil Using a Brainsight 100%MT 1 HzrTMS | None None None The case of a patient
et al. (2023) stroke with laterally from the | (Magventure, system (Rogue (900 pulses, 5 sessions with chronic cerebellar
chronic midline and Denmark) Research, Montreal, per day, 2 days) ataxia following a
nonlateralized approximately Canada) that was then hemorrhagic stroke
ataxia 1 cm below the used to guide who underwent
inion. Right: stimulation/none inhibitory rTMS to
2 cm laterally bilateral cerebellar
from the midline targets with
and 2 cm below demonstrated
the inion improvement in
symptoms
Liao et al. M1 iTBS: RCT Stroke with Contralateral 70 mm/8 coil Manually placed/with 80% RMT 50 Hz Sham stimulation | PT None Stimulation of the
(2024) cerebellum motor and cerebellar (YIRUIDE the handle pointing iTBS, (1,200 pulses (coil was rotated cerebellum and M1
iTBS: sham balance defects | hemisphere medical, Wuhan, | superiorly per session, 15 90°) both improves BBS
(12:12:12) (3 cm lateral to China) sessions, 3 weeks) score and change FAC

the midline and
1 cm below the
inion of the
occipital bone);

ipsilesional M1

scores. Cerebellar
stimulation may

be better than
stimulation of the M1
since the changes in the
BBS scores in the
cerebellar-iTBS group
seemed to be larger
than M1-iTBS group
although there was no

statistical significance

RCT, randomized controlled trial; PAS, paired associative stimulation; PCS, posterior circulation stroke; CB-single, unilateral cerebellar; CB-M1, cerebellar-primary motor cortex; CB-SMA, cerebellar-supplementary motor area; AMT, the active motor threshold; MT,

motor threshold; RMT, resting motor threshold; PT, physical therapy; FMA, FMA-LE scores; MAS, the modified Ashworth scale; MBI, modified Barthel index; MTS, the modified Tardieu scale; SWV, the shear wave velocity; MEP, motor-evoked potential; BBS, Berg

balance scale; BI, the Barthel index.

227

1e e buepp

£$950%T'5202'sUlu/6855°0T


https://doi.org/10.3389/fnins.2025.1405637
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Wang et al.

chronic stroke, with the exception of three trials report that involved
patients with acute stroke.

The array of methodologies in cerebellar TMS, ranging from
low-frequency rTMS to iTBS and c¢TBS, supplemented by advanced
techniques such as Cerebello-Motor Paired Associative Stimulation
(PAS), presents a diverse and adaptable toolkit for stroke rehabilitation.

3.1 Low-frequency rTMS

Low-frequency rTMS is characterized by its inhibitory effects on
cerebellar activity and has demonstrated efficacy in alleviating ataxia
and balance disorders symptoms. For instance, Kim et al. (2014)
applied this technique in patients with posterior circulation stroke and
observed significant improvements in gait dynamics and balance. The
enhancements noted in the 10-Meter Walk Test (10MWT) and Berg
Balance Scale (BBS) scores translated into substantial gains in daily
activities and mobility.

The application of low-frequency rTMS to the cerebellum
primarily works by modulating cerebellar-brain inhibition (CBI), a
process that regulates how the cerebellum communicates with the M1
(Im et al., 2022; Einstein et al., 2023). By inhibiting excessive cerebellar
excitability, low-frequency rTMS helps recalibrate overactive
cerebellar output, commonly seen in conditions like ataxia. This
modulation likely reduces the disruptive effects of impaired cerebellar
signals on motor coordination, allowing for more controlled
movement patterns (Lien et al, 2022). Additionally, rTMS may
promote plastic changes in cerebello-cortical pathways, enhancing the
reorganization of motor networks that are crucial for motor recovery
post-stroke.

3.2 Intermittent TBS

The utilization of iTBS targeting the cerebellum is predominantly
applied in addressing limb dysfunction following a stroke. Xia’s review
(Xia etal., 2023) posits that the effectiveness of cerebellar stimulation
is not attributable to a single session, but rather to the cumulative
impact of TMS. This was later substantiated by further research
conducted by Xia et al. (2022). In the study conducted by Bonni et al.
(2014), iTBS was directed toward the impaired lateral cerebellum in
patients with chronic stroke, resulting in heightened excitability of the
cerebellar cortex. This approach led to notable enhancements in both
the subacute and chronic stages of stroke rehabilitation.

Building on this, Koch et al. (2019) provided evidence for the
efficacy of iTBS in improving balance and gait functions. This was
demonstrated through significant improvements in various
assessments including the BBS, Scale Trunk Impairment Scale, Fugl-
Meyer Assessment-Lower Extremity, and the Melbourne Assessment
of Unilateral Upper Limb Function. These improvements collectively
indicate advancements in balance, trunk control, lower limb motor
functionality, and ataxia. Moreover, Xie et al. (2021) observed that
integrating iTBS with physical therapy notably enhanced walking
performance in stroke patients.

The primary mechanism through which iTBS enhances motor
recovery lies in its ability to induce LTP-like effects in the cerebellar
cortex. By increasing the excitability of cerebellar networks, iTBS
promotes synaptic plasticity, facilitating the reorganization of damaged
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motor circuits and enhancing communication between the cerebellum
and M1 (Chen et al, 2019; Hensel et al., 2019). This improved
connectivity strengthens motor coordination and learning, which is
especially critical in post-stroke recovery.

3.3 Continuous TBS

CTBS, akin to low-frequency rTMS, has shown particular efficacy
in combined therapy approaches. Li et al. (2021) demonstrated that
when combined with low frequency rTMS (LE-rTMS), cTBS contributed
to significant reductions in muscle spasticity and improvements in limb
dyskinesia, offering a synergistic benefit surpassing individual treatments.

The effectiveness of ¢TBS lies in its ability to induce LTD-like
effects (Romero et al,, 2022) in the cerebellum, which inhibits
excessive neural excitability. This downregulation of overactive motor
circuits contributes to the reduction of spasticity and dyskinesia by
restoring a more balanced and controlled output from the motor
cortex. When combined with LF-rTMS, which exerts an inhibitory
effect on hyperexcitable neural circuits in the motor cortex, this dual
therapy effectively targets both cortical and cerebellar pathways. This
approach enhances the neuroplastic changes essential for improving
motor control, particularly in conditions characterized by increased
muscle tone and involuntary movements.

3.4 Cerebello-motor paired associative
stimulation

By combining TMS with peripheral nerve stimulation, PAS
facilitates spike-timing-dependent plasticity, targeting either cortical-
cortical (C/C PAS), cortical-peripheral (C/P PAS), or even cerebellar-
motor (Cerebello-M1 PAS) connections to strengthen neural pathways
involved in motor control. Stimulating both the M1 and the cerebellum
simultaneously can further enhance the reorganization of motor
networks, offering an additional pathway to improve motor outcomes.

The targeting of paired sites within the cerebellum and cerebral
cortex may yield more advantageous outcomes compared to
stimulating individual sites. Xia’s investigation (Xia et al., 2022) into
the effects of a single TMS session on balance, with eyes open and
closed, in stroke patients utilized three distinct stimulation targets:
unilateral cerebellum, cerebellar-M1, and cerebellar-SMA. The
findings indicated that combined targeting of the cerebellum and
SMA facilitated the restructuring of brain networks, leading to
improved balance functions in these patients. Rosso et al. (2022)
investigated the efficacy of Cerebello-Motor PAS, revealing its
effectiveness in improving hand dexterity compared to sham
interventions. This technique, which synergizes cerebellar and cortical
stimulation, employs associative plasticity principles with the objective
of bolstering functional connectivity between the cerebellum and
motor cortex, potentially facilitating cortical reorganization conducive
to motor recovery.

3.5 Integration with physiotherapy

The integration of cerebellar TMS techniques with traditional
physiotherapy has proven more effective than isolated interventions.
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Liao et al. (2021) combined iTBS with physical therapy, leading to
improvements in BBS scores, indicative of enhanced balance and
motor recovery. Similarly, Chen et al. (2021) found that iTBS could
augment the effects of physical therapy in addressing upper limb
spasticity post-stroke. This collaborative approach, melding neural
modulation with physical therapy, hints at a more holistic model of
rehabilitation. This model is further supported by Liao’s comparative
study (Liao et al., 2024), which suggested that cerebellar stimulation
might surpass M1 iTBS in facilitating balance and motor recovery.

The neuroplasticity mechanisms underlying this combined
application of cerebellar TMS and physical therapy are rooted in both
specific and generalized processes. A key specific mechanism is spike-
timing-dependent plasticity (STDP) (Bi and Poo, 2001; Dan and Poo,
2006), which occurs when the timing of TMS pulses is aligned with
motor or sensory input from physical therapy, leading to the targeted
strengthening or weakening of synaptic connections (Rosenkranz
et al,, 2014). This precise timing enhances corticomotor excitability
and strengthens neural circuits critical for motor learning
and recovery.

4 Predictors of response to cerebellar
TMS in stroke rehabilitation

However, not all patients respond equally to cerebellar TMS, and
identifying predictors of response is essential for optimizing treatment
outcomes. These predictors can help guide clinicians in tailoring
cerebellar TMS protocols, such as stimulation intensity, frequency, and
target sites, according to individual patient characteristics.

Predictors of response to cerebellar TMS encompass a range of
biological, neurophysiological, neuroimaging, genetic, and clinical
markers that can influence how effectively cerebellar stimulation
facilitates motor and cognitive recovery. Unlike TMS targeting the
M1, cerebellar TMS engages distinct neural circuits and mechanisms,
such as CBI and cerebello-cortical connectivity, which may necessitate
unique predictors to accurately forecast treatment success. For
instance, neurophysiological markers like cerebellar-specific MEPs
and neuroimaging indicators of cerebello-cortical connectivity
provide insights into the integrity and plasticity of cerebellar pathways,
directly influencing the responsiveness to cerebellar TMS (Koch et al.,
2019; Tan et al., 2021).

4.1 Motor evoked potentials in cerebellar
stimulation

The cerebellum’s influence on motor cortex excitability has
garnered significant interest in neurophysiology and rehabilitation,
particularly in understanding how cerebellar stimulation can enhance
Motor Evoked Potentials (MEPs), which are critical indicators of
corticospinal tract functionality and neuroplasticity. Studies utilizing
cerebellar TBS have revealed its significant effects on M1 excitability
and intracortical dynamics, which can serve as potential predictors of
motor recovery.

Koch et al. (2008) demonstrated that cTBS applied to the lateral
cerebellum leads to a decrease in short-interval cortical inhibition
(SICI) and an increase in long-interval cortical inhibition (LICI),
while iTBS demonstrates the opposite effect, increasing M1
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excitability. These changes in MEPs indicate how different patterns of
cerebellar stimulation can modulate motor cortex activity, offering
insights into which stimulation protocols may yield better recovery
outcomes for specific patients. Spampinato D. et al. (2020) further
investigated how cerebellar-M1 networks are activated by different
TMS pulse orientations, suggesting that distinct neural networks are
engaged based on stimulation parameters, contributing uniquely to
motor recovery.

Additionally, Pauly et al. (2021) examined the effects of rTMS and
PAS on cerebellar plasticity in healthy individuals, showing that rTMS
at 1Hz facilitates cerebellar-M1 interactions, as evidenced by
increased MEP amplitudes and higher motor thresholds. Conversely,
PAS produced inhibitory effects, characterized by decreased MEP
amplitudes, suggesting that the type of stimulation directly impacts
how motor circuits are modulated. Bonni et al. (2014) observed that
iTBS applied to the cerebellum induced changes in CBI and
intracortical facilitation (ICF), which were paralleled by clinical
improvements in motor function.

These findings collectively highlight the dynamic role of
cerebellar stimulation in modulating MEPs and their potential as
predictors of response to TMS in stroke rehabilitation. By
monitoring changes in MEPs following cerebellar TMS, clinicians
can better assess the likelihood of motor recovery and adjust
treatment protocols accordingly.

4.2 Neuroimaging predictors: brain activity
and connectivity in cerebellar TMS
response

In stroke rehabilitation, the activity of specific brain regions and
the connectivity between them have emerged as promising predictors
of response to cerebellar TMS. Neuroimaging tools such as Functional
Magnetic Resonance Imaging (fMRI) and Functional Near-Infrared
Spectroscopy (fNIRS) are critical in assessing these neural patterns,
helping to identify patients who are more likely to benefit from
cerebellar stimulation.

The activation of motor-related brain regions, particularly the M1,
can serve as a key indicator of how well a patient may respond to
cerebellar TMS. Studies using fMRI have shown that increased activity
in the ipsilesional M1 following cerebellar stimulation correlates with
improved motor function. For example, Rosso et al. (2022)
demonstrated that patients with greater post-stimulation activation in
M1 exhibited better hand dexterity recovery. This suggests that the
level of motor cortex activation could act as a biomarker for predicting
motor improvements in response to cerebellar TMS.

Additionally, changes in activity within other motor-related areas,
such as the premotor cortex and supplementary motor area (SMA),
could also provide predictive value. These regions are involved in
motor planning and coordination, and their engagement during
rehabilitation may indicate how well a patient can adapt to and benefit
from stimulation therapies.

Beyond the activity of individual brain regions, the functional
connectivity between brain regions can also serve as a powerful
predictor of TMS response. fMRI and fNIRS can measure the strength
of connections between the cerebellum and cortical motor areas, such
as M1 and the SMA, providing insights into the brain’s network-level
adaptations. For instance, Xia et al. (2022) used fNIRS to explore how
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different iTBS protocols affected connectivity between the cerebellum
and motor networks. They found that specific protocols, such as
cerebellum-SMA stimulation, produced significant connectivity
changes that correlated with improvements in balance and motor
control. This suggests that enhanced connectivity between motor
regions may serve as a predictor of positive outcomes in response to
cerebellar TMS.

By using the activity of specific brain regions and the connectivity
between them as predictors, clinicians can tailor cerebellar TMS
protocols to target the most responsive areas of the brain. This
approach can help optimize rehabilitation strategies for stroke patients
by focusing on regions and networks that are most likely to contribute
to motor and balance recovery. Neuroimaging techniques such as
fMRI and fNIRS offer valuable tools for monitoring these neural
markers, enabling personalized and effective treatment plans.

4.3 Cognitive predictors in cerebellar TMS
response

When investigating the effects of cerebellar TMS in noninvasive
studies, it is essential to consider potential cognitive confounders, as
cognitive processes are intricately linked with motor learning and
recovery (Hardwick et al., 2021). While much of the existing research
on cerebellar TMS and cognition has been conducted in healthy
individuals, we believe that these findings can still be relevant to stroke
rehabilitation. Cognitive processes, such as working memory,
attention, and error monitoring, are critical to motor learning and the
reacquisition of motor skills post-stroke (Liu et al., 2022). These
cognitive functions, although less frequently studied in stroke patients,
may serve as important predictors of a patients response to
cerebellar TMS.

The cerebellum’s role extends beyond motor coordination; specific
regions, such as Crus I and II, are implicated in cognitive functions
like the perception of emotional states and interaction with prefrontal
cognitive areas (Ramnani, 2006; Strick et al., 2009). Neuroimaging
studies have revealed that cerebellar activation patterns correlate with
enhanced cognitive processing and improved motor learning
outcomes (Riedel et al., 2015). Casula et al. (2016) demonstrated that
cerebellar TMS can modulate neural activity in motor-cognitive
networks, with cTBS reducing alpha activity and intermittent iTBS
enhancing beta activity in the M1. This bidirectional modulation
highlights the potential for cerebellar TMS to influence cognitive
processes. Although these studies have largely focused on healthy
populations, the cognitive-motor interactions identified may also
apply to stroke recovery, where cognitive impairments can impact the
success of motor rehabilitation.

Cognitive functions, closely intertwined with motor abilities, may
serve as predictors of response to cerebellar TMS. Evidence from
healthy individuals suggests that enhancing cognitive processes
through cerebellar TMS can improve task performance and decrease
error rates in motor learning tasks (Matsugi et al., 2022). Although
data specific to stroke patients are limited, it is plausible that those
with stronger baseline cognitive function may respond better to
cerebellar TMS interventions aimed at improving motor skills.
Moreover, cerebellar TMS has been shown to expedite learning in
tasks such as force field and locomotor adaptation (Celnik, 2015).
These enhancements are likely mediated by cognitive processes
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essential to motor adaptation, further underscoring the role of
cognition in rehabilitation. Given the cerebellum’s involvement in
both motor and cognitive networks, it is feasible to speculate that
cognitive abilities may predict how well a patient responds to TMS in
stroke rehabilitation.

Future studies should investigate the role of cognition in
cerebellar TMS response more directly in stroke patients, given the
potential for cognitive functions to serve as predictors of motor
rehabilitation outcomes.

5 Challenges and future directions

Despite the potential of cerebellar TMS in stroke rehabilitation, its
application is met with several challenges and limitations, which
necessitate future exploration and refinement.

5.1 TMS coil type

Whether differences in the type of TMS coil used significantly
affects treatment outcomes is uncertain. Most cerebellar TMS studies
(Bonni et al., 2014; Kim et al., 2014; Koch et al., 2019; Chen et al.,
2021; Li et al,, 2021; Liao et al., 2021; Xie et al., 2021; Im et al., 2022;
Einstein et al., 2023; Liao et al., 2024) have utilized flatter coils, such
as figure-eight or circular coils, offering a spatial resolution of about
1 cm and a penetration depth of approximately 2 cm (Li et al., 2019).
While the figure-eight coil provides more focused stimulation than
the circular coil, its depth and intensity are inferior to that of angled
coils (Deng et al., 2013; Drakaki et al., 2022). The cerebellum,
situated in the posterior cranial fossa and covered by the tentorium
cerebelli, is deeper from the skull, necessitating coils that can
accommodate this depth. Previous research has indicated that while
flat coils improve stimulation tolerance, they are limited in depth
range, and smaller coils are less effective for cerebellar stimulation
(Spampinato D. et al., 2020). Therefore, angled coils with superior
depth properties are essential for reliable CBI excitation (Fernandez
etal., 2018). Innovations in coil design, such as the use of a biconical
coil, have shown promise. Rosso et al. (2022) demonstrated
significant improvements in hand dexterity in stroke patients using
cerebellar motor paired associative stimulation with a 110 mm
biconical coil combined with physical therapy. This coil type can
stimulate a depth of 3-4 cm, activating specific GABA-dependent
interneurons in the cerebellum and enhancing LTP effects (Lu and
Ueno, 2017). Currently, the MEP amplitude produced by biconical
coils is believed to be higher than that of figure-eight coils under the
same stimulation intensity, making it more effective for cerebellar
stimulation at tolerable intensities (Liao et al., 2021; Xue et al., 2021).
However, there is a risk of stimulating non-target functional areas,
which may reduce patient tolerance (Fernandez et al., 2018; Xie
etal., 2021).

In summary, the challenges in cerebellar TMS primarily revolve
around the optimization of coil types and stimulation parameters.
Future research should focus on developing and testing coils that offer
the right balance between depth of penetration, focus of stimulation,
patient tolerance, and therapeutic efficacy. Such advancements could
significantly enhance the effectiveness of cerebellar TMS in stroke
rehabilitation and potentially in other neurological disorders.
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5.2 Safety and tolerability

The 2020 TMS Use Guidelines emphasize seizures as the primary
risk in TMS across different stimulation methods. Regarding
cerebellar TMS specifically, side effects have been infrequently
reported in the literature (Table 1). In 11 studies using flat coils, one
noted a mild headache in the treatment group and reflex syncope in
an individual in the sham group (Liao et al., 2021), while another
recorded a case of vertigo in the treatment group (Im et al., 2022). A
singular study employing a conical coil reported transient cephalalgia
in one participant each in the intervention and non-intervention
groups (Rosso et al., 2022). Notably, five patients in the active group
and two in the sham group reported discomfort post-intervention. In
a recent study by Dai et al. (2023), a biconical coil was used to assess
the efficacy of 10-Hz cerebellar rTMS in patients with poststroke
dysphagia who had suffered infratentorial strokes. The study
demonstrated that all 42 participants successfully tolerated the
treatment. However, this transient twitching was reported by patients
undergoing both bilateral (14 patients) and unilateral (8 patients)
cerebellar rTMS, as well as one patient receiving sham rTMS, which
resolved quickly after each session. Notably, one individual noted a
gradual increase in the intensity of the twitching sensation over the
course of the treatment. Additionally, a thorough meta-analysis on
the safety of cTBS included 45 studies (Hurtado-Puerto et al., 2020),
none of which reported severe adverse events. The withdrawal rate
due to adverse events was only 0.72%. However, the maximum safe
dosage for cerebellar TMS remains undefined. Consequently, more
research to determine the maximum safe dose of cerebellar TMS is
crucial for safeguarding patient well-being and enhancing
therapeutic effectiveness.

5.3 Optimal timing for stimulation

To date, research has yet to establish the ideal time frame for
commencing treatment of cerebellar TMS following a stroke. Eline’s
meta-analysis (van Lieshout et al., 2019) suggests that rTMS may offer
greater benefits when initiated within the first month after a stroke.
Although many clinical practice guidelines recommend the early start
of rehabilitation post-stroke, these studies focus on patients in the
subacute and chronic phases of stroke recovery (Bonni et al., 2014;
Koch et al., 2019; Chen et al., 2021; Li et al., 2021; Liao et al., 2021;
Rosso et al., 2022; Xia et al., 2022). However, there are exceptions, as
three RCTs (Kim et al., 2014; Xie et al., 2021; Liao et al., 2024) have
reported on patients in the acute stage of stroke, indicating the
potential applicability of cerebellar TMS across various stages
post-stroke.

5.4 Stimulation modes and targets

In the field of cerebellar research, the majority of cerebellar TMS
parameters are adapted from those used for cerebral cortex stimulation.
Presently, there is an absence of standardized protocols specifically
tailored for effective cerebellar stimulation. Common targets for
cerebellar stimulation for patients, a typical approach involves
positioning the stimulation site 3 cm lateral to the occipital tuberosity
and then moving it 1 cm downward. This is particularly challenging
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given the higher complexity and deeper distribution of the cerebellar
cortex compared to other brain regions (Hardwick et al., 2014). Because
it is difficult to stimulate motor regions of the cerebellum without also
stimulating the cognitive cerebellum. These anatomical variances
among individuals can significantly influence the response to cerebellar
stimulation, potentially leading to less effective outcomes compared to
stimulation of cerebral targets (Chung et al., 2016). Excessively low
stimulation intensities may be less efficacious, while overly high
intensities could diminish patient compliance and elevate the risk of
adverse effects (Fernandez et al.,, 2018). Moreover, the individual
preservation of neural network structure and the integrity of efferent
pathways are crucial factors in customizing stimulation patterns
(Hardwick et al., 2021). This highlights the ongoing need to explore and
identify more appropriate cerebellar stimulation sites for future research.

The mechanisms through which cerebellar TMS enhances
function in stroke patients vary according to the injury’s location.
Nevertheless, the existing literature on this topic remains limited,
highlighting the need for a more detailed examination of the specific
disease locations (Dai et al., 2023). In supratentorial strokes, cerebellar
TMS primarily enhances motor recovery by leveraging the
cerebellum’s role in modulating cortical activity. The cerebellum
communicates with both the motor and premotor areas of the cortex
(Wessel and Hummel, 2018), and TMS applied to the cerebellum can
increase the excitability of motor pathways, improving motor control
and coordination. This can help in restoring motor function by
compensating for cortical damage. In contrast, for cerebellar or
brainstem injuries, TMS likely works by promoting neuroplasticity
within the cerebellum and its connections to the rest of the brain. The
cerebellum’s extensive connections with the brainstem, spinal cord,
and thalamus can facilitate compensatory reorganization in these
areas (Lietal, 2018; Tan et al., 2021). There are numerous methods to
stimulate the cerebellum; however, accurately locating it and
understanding the heterogeneity caused by the disease’s location still
require further investigation.

6 Limitations of this review

Reviews based on high-quality RCTs are essential for clinical
decision-making in evidence-based medicine. However, the limited
number of included studies and considerable clinical heterogeneity—
such as varying TMS treatment regimens and combination
approaches—pose challenges for this review. The study primarily
employed qualitative analysis through narrative reviews instead of
quantitative methods like meta-analysis. Additionally, it is important
to acknowledge that quality assessment remains a subjective process.
The article underwent review by three independent reviewers, who
may have made differing judgments on each factor, potentially leading
to variations in the results. Lastly, due to resource constraints, only
studies published in English were included, which may introduce a
language bias and exclude relevant literature published in
other languages.

7 Conclusion

In conclusion, cerebellar TMS emerges as a promising
therapeutic modality in the rehabilitation of post-stroke limb
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dysfunction. The research reviewed underscores its potential to
target deeper motor areas, manage lower limb and balance
dysfunctions, and improve motor and cognitive aspects of stroke
recovery. While challenges related to coil design, safety, and
stimulation parameters remain, ongoing research and technological
advancements hold promise for more refined, effective treatments.
The future of cerebellar TMS in stroke rehabilitation is poised for
significant growth, particularly as our understanding of cerebellar
functions in motor control and learning deepens. To fully harness the
potential of cerebellar TMS, further research should focus on
optimizing stimulation protocols, understanding individual
variability in responses, and integrating TMS with other
rehabilitation strategies. This holistic approach could revolutionize
stroke rehabilitation, enhancing the quality of life for countless
individuals affected by this debilitating condition.
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