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High-frequency magnetic paired associated <=

stimulation promotes motor function recovery
in ischemic stroke patients: a study protocol

for single-center, sham stimulation randomized
controlled trials (H2MPAS)

Guangyue Zhu?', Shuping Wang'?*', Guodong Zhang®, Yu Zhang*, Zhexue Huang®*, Xiaoshun Tan?,
Yuhui Chen*, Hui Sun* and Dongsheng Xu'#*"

Abstract

Background Numerous studies have validated the clinical effectiveness of electromagnetic pairing-associated
stimulation. Building upon this foundation, we have developed a novel approach involving high-frequency magnetic
paired-associated stimulation, aiming to enhance clinical applicability and potentially improve efficacy. However,

the clinical effectiveness of this approach remains unclear. Our objective is to demonstrate the therapeutic efficacy
of this novel approach by employing high-frequency pairing to intervene in patients experiencing motor dysfunction
following a stroke.

Methods This is a single-center, single-blind, sham stimulation controlled clinical trial involving patients with upper
limb motor dysfunction post-stroke. The intervention utilizes paired magnetic stimulation, combining peripheral
and central magnetic stimulation, in patients with Brunnstrom stage IlI-V stroke lasting from 3 months to 1 year.
Evaluation of patients’upper limb motor function occurred before the intervention and after 3 weeks of interven-
tion. Follow-up visits will be conducted after 5 weeks and 3 months of intervention. The primary outcome measure
is the Action Research Arm Test, with secondary measures including the Fugl-Meyer Assessment-upper, Modified
Barthel Index, modified Tardieu scale, functional near-infrared spectroscopy, and neuroelectrophysiology.

Discussion The high-frequency magnetic paired associative stimulation used in this study combined high-frequency
magnetic stimulation with paired stimulation, potentially facilitating both cortical excitation through high-frequency
stimulation and specific circuit enhancement through paired stimulation. As dual-coil magnetic stimulation equip-
ment becomes increasingly popular, magnetic-magnetic paired associated stimulation may offer patients improved
clinical outcomes at reduced costs.
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Introduction

Background and rationale {6a}

Stroke is currently one of the most prevalent major dis-
eases in clinical practice. With the aging of society, the
incidence of stroke in China has been steadily increasing
over the years. According to national surveys, the age-
standardized prevalence, incidence rate, and mortality
of stroke among Chinese individuals aged 18 years and
above are 1.1%, 246.8/10 thousand person-years, and
114.8/10 thousand person-years, respectively [1]. This
high incidence and disability rate not only significantly

reduces the quality of life for patients but also imposes
a substantial economic burden on society. More than
80% of stroke patients experience contralateral upper
limb hemiplegia, with over 40% facing residual motor
dysfunction [2]. Common manifestations of upper limb
movement disorders include muscle weakness or spas-
ticity, changes in muscle tone, joint laxity, and impaired
motor control. These challenges profoundly affect the
fine motor function of the patient’s upper limbs, hinder-
ing tasks such as reaching, picking up objects, and grasp-
ing objects to complete basic daily activities [3].

Neurological damage caused by stroke leads to the
impairment of sensorimotor integration networks. Stud-
ies have shown that 62% of acute stroke patients exhibit
deficits in hand and arm positioning in space [4]. Sensory
information affects the initiation, modification, and con-
trol of motor tasks through various mechanisms. Senso-
rimotor integration orchestrates voluntary movements
through complex neural activities to complete specific
tasks. It represents a dynamic interplay between sensory
input and intentional motor responses [5]. Precise con-
trol of fine and targeted contractions of the small hand
muscles necessitates incoming sensory information. Fine
voluntary movement control comprises three main com-
ponents: brainstem, subcortical, and cortical control.
Among these, the cerebral cortex serves as the third layer
of sensorimotor integration and diverse sensory stimuli
and integrate and process different sensations to form
comprehensive task-related information, which is then
transmitted to motor-related cortex regions to guide vol-
untary movement. The severity of motor function deficits
in stroke patients correlates with impairments in the sen-
sorimotor integration process: reduced integration ability
in damaged areas and enhanced function through func-
tional remodeling in undamaged areas [5, 6]. This aligns
closely with the adverse compensation theory in rehabili-
tation. The direct projection from S1 to M1 is crucial for
somatosensory and motor information integration [7].
S$1-M1 connections establish the foundation for complex
information integration and may play an important role
in motor control and learning [8]. In summary, closed-
loop rehabilitation of sensory-motor circuits holds
significant clinical value and scientific importance in
studying fine motor recovery and its underlying mecha-
nisms post-stroke.

Non-invasive brain stimulation (NIBS) represents
a significant breakthrough in stroke motor function
rehabilitation in recent years. Transcranial magnetic
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stimulation (TMS), a prominent example of NIBS, is rec-
ommended as level A in the latest authoritative interna-
tional guidelines for treating stroke motor dysfunction
[9]. However, TMS primarily enhances patient function
by increasing the excitability of motor pathways, ignor-
ing the importance of sensory regulation. In the 2019
international guidelines, all treatment options involve
single-target stimulation, neglecting circuit-based multi-
target regulation technology. Previous studies using
magnetic stimulation for stroke motor rehabilitation
have predominantly focused on improving upper limb
motor functions, with limited exploration of its impact
on fine hand functions. Paired associative stimulation
(PAS) emerges as an innovative technique combining
peripheral and central magnetic stimulation. It involves
time-locked paired stimulation of peripheral electrical
stimulation and central magnetic stimulation, which can
selectively enhance specific targets and circuits [10]. PAS
induces synaptic strengthening of specific targets within
the target circuit through Hebbian theory. According to
Hebbian theory, the connection between co-excited neu-
rons is strengthened, whereby presynaptic membrane
excitation preceding postsynaptic membrane excitation
leads to enhanced functional connectivity between the
neurons across the synapse [11]. The classic PAS tech-
nology is based on this principle. Following peripheral
electrical stimulation transmission to the motor cortex
through sensory pathways (time is about 25 ms), mag-
netic stimulation is applied to the central region, creating
a sequential excitation pattern of the motor cortex and its
upstream neurons. This, in turn, enhances sensorimotor
circuit function via Hebbian plasticity [12]. Unlike clas-
sic magnetic stimulation mode, PAS fully considers the
importance of sensory-motor loop functional regula-
tion by mimicking natural nerve conduction pathways. It
activates the entire sensory upstream and motor down-
stream through combined peripheral electrical stimu-
lation and central magnetic stimulation, aligning more
closely with biological processes. More importantly, PAS
is site-selective. Current research demonstrates that PAS
significantly enhances neuromuscular function corre-
sponding to peripheral electrical stimulation while mini-
mally affecting adjacent neuromuscular functions [13].
This specific enhancement may have important implica-
tions for fine motor rehabilitation. In isolated movement
training, it is essential to suppress the activity of muscles
unrelated to the movement, consistent with the clas-
sic mechanism of forced exercise therapy. As mentioned
previously, increased sensorimotor integration in non-
lesioned brain areas may inhibit integration in the injured
area [14, 15]. PAS technology can selectively improve
the circuit excitability of target nerves corresponding
to specific muscles. Leveraging this, isolated function
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training may prove effective in enhancing the recovery of
fine motor functions after stroke [16]. While PAS offers
numerous benefits, its clinical application remains lim-
ited, primarily due to challenges in accessing equipment
for magnetoelectric correlation stimulation. Currently,
magnetoelectric correlation stimulation equipment used
in scientific research requires the serial connection of
electromyography and magnetic stimulation equipment
through wires to achieve paired stimulation [17, 18].
However, this requires both electromyography and mag-
netic stimulation equipment, which is not suitable for
clinical use. To address this limitation, we proposed mag-
netic paired associated stimulation, wherein peripheral
magnetic stimulation replaces peripheral electrical stim-
ulation in classic PAS. By integrating this approach with
the dual-beat magnetic stimulation equipment widely
used in China, we aim to overcome barriers to technol-
ogy adoption. Furthermore, we have upgraded traditional
low-frequency paired stimulation to high-frequency
paired stimulation. Research has demonstrated that high-
frequency paired stimulation has better efficacy and may
incorporate the benefits of high-frequency magnetic
stimulation lacking in traditional magnetic stimulation,
potentially improving the efficacy of paired stimulation.

Objectives {7}

We aim to demonstrate the clinical efficacy of high-
frequency magnetic paired associative stimulation
compared to traditional high-frequency magnetic stimu-
lation, particularly in hand function recovery. Addition-
ally, we seek to explore the effects of high-frequency
magnetic paired stimulation on sensorimotor cortex
excitability and network connectivity using functional
near-infrared spectroscopy (fNIRS).

Trial design {8}

H2MPAS is designed as a single-center, blinded patient,
parallel-arm design, sham stimulation controlled clinical
trial. The randomized trials is the two arm, exploratory
trial with 1:1 allocation ratio.

Methods: participants, interventions and outcomes
Study setting {9}

Participant recruitment will take place at the outpatient
clinics and wards of Tongji Hospital, Tongji University,
located in Shanghai, China.

Eligibility criteria {10}

The inclusion criteria are as follows: (a) patients diag-
nosed with stroke through clinical assessment and com-
prehensive imaging examination [19]; (b) first cerebral
infarction with a disease duration of 3 to 12 months; (c)
aged between 45 and 80 years, both male and female; (d)
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Brunnstrom stage III-V [20]; (e) normal cognitive func-
tion (simple mental status examination is normal) [21].

The exclusion criteria are as follows: (a) severe sys-
temic diseases such as cardiopulmonary conditions that
preclude rehabilitation treatment; (b) confirmed mental
illness, severe depression, epilepsy, or related family his-
tory; (c) severe systemic diseases including diabetes and
uremia; (d) contraindications to magnetic stimulation
and functional magnetic resonance examination, accord-
ing to safety guidelines, such as metal foreign bodies or
implanted electronic devices, etc.; (€) use of medication
altering cortical excitability within 1 month (e.g., anti-
epileptic, anti-anxiety, and depression drugs, etc.); (f)
during drug or alcohol withdrawal [22].

Who will take informed consent? {26a}

Informed consent will be obtained by the recruiting phy-
sician, who will provide detailed information regard-
ing the trial’s intervention methods, patients’ post-trial
requirements, and potential risks and benefits associated
with participation. Subsequently, the physician will pre-
sent the informed consent form to the patient and their
authorized representative, addressing any queries they
may have. The patient or their authorized representative
will sign the written informed consent form if both par-
ties agree to participate in the trial.

Additional consent provisions for collection and use

of participant data and biological specimens {26b}

N/A. This study does not involve the collection of human
samples.

Interventions

Explanation for the choice of comparators {6b}

This study used a positive control: high-frequency stimu-
lation intervention targeting the affected side’s M1. This

ISI:25ms
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method has been validated by numerous studies for its
efficacy in promoting motor function recovery during the
subacute stage of stroke. Stimulation parameters align
with commonly used clinical high-frequency magnetic
stimulation protocols, with peripheral magnetic stimu-
lation added to ensure effective intervention in both
groups.

Intervention description {11a}

Patients will be randomly assigned to either a single-
target group or a paired stimulation group (PAS group).
All patients will undergo resting motor threshold testing
before treatment. In cases where motor-evoked poten-
tials cannot be measured on the affected side, thresholds
from the unaffected side will be used as replacements.

Magnetic stimulation intervention program

This study used a dual-coil magnetic stimulation device
(NS3000, Wuhan Yiruide Medical Equipment New Tech-
nology Co., Ltd., China). This device is equipped with
two “8”-shaped coils, allowing for flexible adjustment of
the stimulation interval with millisecond accuracy. The
intervention plan for the PAS group is as follows: pair-
ing frequency: 10 Hz, stimulation duration: 2 s, rest dura-
tion: 5 s; co-stimulation pulses: 1200; pairing interval:
25 ms; peripheral stimulation target: median nerve of the
affected limb; stimulation intensity: the minimum inten-
sity inducing wrist movement; central stimulation target:
affected side brain M1; stimulation intensity: 100% rMT.
The intervention plan for the single-target group is iden-
tical to the PAS group, except the peripheral stimulation
intensity is set to 0 (Fig. 1).

Regular rehabilitation program
To ensure all patients receive basic rehabilitation training
tailored to their functional status, we designed a targeted

Fig. 1 Magnetic-magnetic paired associative stimulation intervention model diagram
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rehabilitation program based on the Brunnstrom stage of
each patient (see attachment). Each patient will undergo
approximately 2 h of daily rehabilitation training, includ-
ing anti-spasticity exercises, muscle strength training,
activities of daily living training, and programmed upper
limb and hand function rehabilitation robot training
guided by rehabilitation therapists.

Criteria for discontinuing or modifying allocated
interventions {11b}

N/A. This study did not encountered any circumstances
that would require modification of the intervention.

Strategies to improve adherence to interventions {11c}
Patients need to come to the hospital for each treatment
and evaluation throughout the study with the help of
doctors and therapists. Compliance with the treatment
plan can be guaranteed, and the therapist will record it
after each patient treatment.
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Relevant concomitant care permitted or prohibited

during the trial {11d}

Subjects must not have been treated with other neuro-
modulation techniques within 1 month before the start
of the trial. In order to ensure the stability of the patient’s
functional status, patients must not modify their rou-
tine care and drug therapy plans after the start of the
experiment. If modifications are necessary, they need to
inform the physician and record them in the CRF form.
The routine rehabilitation programs of the two groups
will be formulated by the same therapist under the same
guidelines and assigned to different therapists for imple-
mentation. This can ensure that the routine treatment
programs obtained by the two groups of patients are
highly consistent.

Provisions for post-trial care {30}
Provisions for post-trial care is shown in Fig. 2.

| Interested subjects ‘

| Eligibility assessment }7

Excluded:Does not
meet the standard

Excluded:No
informed consent

Informing patients about the study
and obtaining informed consent

ARAT. FMA-UL.

Baseline assessment:
MBI, MTS. {NIRS.
neuroelectrophysiology

Randomisation
(t=0)

!

single-target group
(n=20)

|

t=1-3weeks

l

PAS group
(n=20)

Endpoint assessment(t=3
week):Same as baseline assessment

|

I Unblinding and analysis ‘

Follow-up assessment(t=5 week):Same

A

as baseline assessment

l

Follow-up assessment(t=13 week):Same

as baseline assessment

Fig. 2 Flow of participants. The study end-point will be set at the third week post-intervention, with all subsequent assessments conducted

during follow-up
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Outcomes {12}

Primary outcome

The primary outcome measure in this study is the
Action Research Arm Test (ARAT) which will be used
to assess upper limb function before the start of the
trial and at 3, 5, and 13 weeks after the start of the trial.
ARAT is an internationally recognized assessment tool
for upper limb function, including fine function tests
such as grasping, holding, and pinching. It is currently
a commonly used hand-function assessment tool in
post-stroke clinical trials [23].

Secondary outcome

The rehabilitation scale, electrophysiology, and fNIRS,
like the primary indicators, will be assessed before the
start of the trial and once at 3, 5, and 13 weeks after
the start of the trial. Secondary outcomes include the
following: functional scales (Fugl-Meyer assessment-
upper limbs (FMA-UL), modified Barthel Index (MBI),
modified Tardieu scale (MTS)), functional near-infra-
red spectroscopy (fNIRS), neuro electrophysiology
(motor evoked potential (MEP), somatosensory evoked
potential (SEP), cortical resting period (CSP) [24, 25].
FMA_UL evaluates overall upper limb function, MTS
assesses spasticity of the affected limb, MBI measures
activities of daily living ability, fNIRS examines cortical
functional remodeling, and electrophysiology assesses
sensorimotor circuit conduction function [23, 26—28].

fNIRS data acquisition

The fNIRS equipment used in this study is the Brain-
Scope-5000 (Wuhan Zilian Hongkang Technology Co.,
Ltd., China). fNIRS data collection comprised both
resting and task state measurements. Patients will be
instructed to recline on the treatment bed, focus their
eyes straight ahead, and maintain a stable body posi-
tion. A skilled therapist fitted the fNIRS headgear on
the patient, ensuring that the Cz point on the head-
gear aligned with the root of the nose and 1/2 of the
posterior occipital protuberance. Signal quality is
adjusted to ensure optimal signal quality in the region
of interest. Initially, resting state data will be collected,
with patients informed of a 10-mi collection time and
instructed to keep their eyes looking straight ahead.
Data collection commenced once the patient achieved
a suitable posture. Subsequently, task state data collec-
tion occurred, during which patients will be informed
of an 8-min collection period and instructed to perform
a finger-tapping task in response to sound prompts (20
s tapping, 40 s resting, repeated 8 times). Upon com-
pletion of data collection, the patient removed the
headgear and rose slowly before departing. Data will
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be promptly saved with appropriate naming to avoid
confusion.

Participant timeline {13}
The participant timeline is shown in Fig. 3.

Sample size {14}

The primary efficacy evaluation index for the trial is the
change in upper limb ARAT motor function score. Based
on previous research and preliminary experimental data,
patients in the M1 stimulation group will be expected to
show an 8-point improvement in ARAT, while those in
the PAS stimulation group will be expected to improve
by 12 points, with a common standard deviation of 3.5
points. Assuming an 80% test efficiency and a bilateral
type I error probability of 5%, with a 1:1 distribution
ratio between the two groups, the required sample size is
determined to be 34 cases. Considering a dropout rate of
less than 20%, the trial will enroll 40 cases (20 per group).
The calculation formula used is as follows:

_ 2(zay2 + 28/2) * o2
(11 + p2)?

ny = ny

Recruitment {15}

Recruitment will primarily occur through physician rec-
ommendations and recruitment advertisements. Adver-
tisements will be placed in outpatient clinics and wards
of the Department of Rehabilitation Medicine and Neu-
rology as well as on social media and online platforms.
Preliminary screening via online communication will
precede patient arrivals to improve recruitment quality.
Additionally, recruitment advertisements will be circu-
lated among previous co-researchers, to identify suitable
patients in nearby hospitals. Patients meeting the criteria
after preliminary screening will be directed to Shanghai
Tongji Hospital to participate in the study.

Assignment of interventions: allocation

Sequence generation {16a}, concealment mechanism {16b}
and implementation {16c}

Patients meeting the inclusion criteria and baseline
assessment will be randomly assigned to either the sin-
gle-target group or the PAS group at a 1:1 ratio. Simple
randomization will be used, with random numbers gen-
erated using SAS by an uninvolved individual. The ran-
dom assignment outcomes will be concealed within
40 opaque envelopes. Only the third party responsible
for randomization will be aware of the randomization
results, with involvement in the trial. Randomization
outcomes will be archived and provided to data analysts
upon trial completion.
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STUDY PERIOD
Enrolment | Allocation Post-allocation Close-out
TIMEPOINT |  -Day 1 0 we e |de | le| weekss
ENROLMENT:
Eligibility screen X
Informed consent X
MMSE X
Allocation X
INTERVENTIONS:
single-target Group ¢ —
PAS Group o ’
ASSESSMENTS:
ARAT X X X X
FMA-UL X X X X
MTS X X X X
MBI X X X X
fNIRS X X X X
Neuroelectrophysiol X X X X
ogy
Adverse X X X X

Fig. 3 The schedule of enrolment, interventions and assessments

Assignment of interventions: blinding

Who will be blinded {17a}

Physicians responsible for patient recruitment, thera-
pists conducting assessments, therapists administering
routine rehabilitation, and patients will be unaware of
the group assignment of the patient they are dealing
with. The randomizer and the therapist administering
the intervention will know the group assignment but
will remain independent of the aforementioned phy-
sicians and therapists. They are required to maintain
strict confidentiality and refrain from disclosing the
group status to blinded individuals. The data analysis
team will be independent of both the assessment and
intervention teams and will only access blinded data
after the study is completed.

Procedure for unblinding if needed {17b}

In the event of a patient emergency requiring disclosure
of their group assignment, the recruiting physician will
request permission from the principal investigator. Upon
approval, the treating therapist will reveal the blinded
status to the principal investigator, who will then inform
the recruiting physician. Additionally, recruiting physi-
cians must provide written justification for the unblind-
ing within 24 h.

Data collection and management

Plans for assessment and collection of outcomes {18a}

In addition to the standardized CRF form, we have devel-
oped an additional assessment rubric. This detailed guide
provides clear instructions and scoring criteria for all
assessment items. Moreover, a seasoned occupational



Zhu et al. Trials (2024) 25:618

therapist with extensive clinical experience will system-
atically train the study’s evaluators. The assessment pro-
cesses will be recorded via camera for subsequent review.

For the primary indicator, this study used the Chinese
version of ARAT, which is one of the commonly used
hand function assessment tools in clinical practice and
has been proven to be able to well reflect the status of the
participants’ upper limb function and hand function [27].
The scales in the secondary indicators include FMA-UL,
MBI, and MTS, of which FMA-UL and MBI are the most
commonly used assessment scales in clinical practice and
can be used proficiently by every therapist. The MTS is
also frequently used in clinical practice, and its Chinese
version has been shown to have high reliability and valid-
ity [29]. Even though therapists have clinical experience
in both, we still developed a set of standard assessment
rules and provided centralized training to those responsi-
ble for assessment to ensure that their assessment results
are highly consistent.

Plans to promote participant retention and complete
follow-up {18b}

Patients who complete the standard 3-week treatment
and assessment protocol will be considered to have
completed the trial, and subsequent assessments will be
conducted during follow-up. To minimize patient drop-
out, we aim to accommodate inpatient treatment needs
and cover travel expenses for outpatient participants.
Throughout the trial, the recruiting physician will main-
tain communication with patients via WeChat to address
any problems they may encounter.

Data management {19}

Data collection includes paper CRF forms and an
ACCESS-based database. The assessing therapist will
evaluate and videotape the patient’s function as required,
with evaluation forms securely stored in a designated
cabinet. Two data entry clerks will perform double data
entry weekly, followed by joint consistency checks of the
two data sets. Data backups will be conducted after each
entry, with backup dates noted for reference.

Confidentiality {27}

Patient personal information is strictly confidential and
accessible only to those essential for study participa-
tion. CRF forms will separate personal information from
evaluations. Apart from the recruiting physician who fills
in personal information, other study personnel can only
access patient identification numbers. The database is
installed on a specific computer and password protec-
tion, limiting access to the principal investigator and data
entry personnel.
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Plans for collection, laboratory evaluation and storage

of biological specimens for genetic or molecular analysis

in this trial/future use {33}

N/A. This study does not involve the collection of human
samples.

Statistical methods

Statistical methods for primary and secondary outcomes
{20a}

The main indicator in this study is ARAT, with secondary
indicators including FMA-UL, MBI, and MST. Previous
studies have shown that these indicators follow a normal
distribution; thus, they are expressed as mean + standard
deviation, and the independent sample -test is used to
compare their differences.

The case distribution analysis is as follows: describe
drop-out and excluded cases. Compare the differences in
dropout rate and rejection rate between the two groups
to see if there is any statistical significance. All scales
will be tested for normality first to determine whether
they conform to the normal distribution; for data that
conforms to the normal distribution, it is expressed as
the mean + standard deviation; for binary data that does
not conform to the normal distribution, it is expressed
as a percentage; for multi-categorical data and other
data that do not conform to the normal distribution,
use the median (quartile) representation. The compara-
bility analysis is as follows: first compare the initial situ-
ations of the two groups to ensure that the two groups
are comparable. For data that conforms to normal dis-
tribution and homogeneity of variances, two independ-
ent samples ¢-test will be used to compare whether there
are differences between the two groups. For data that do
not conform to the normal distribution or homogene-
ity of variances, such as gender and other two-category
data, the chi-square test or the exact probability method
is used; for multi-category data and other data, the Wil-
coxon rank sum test is used to compare the differences
between the two groups. If a comparison of a variable at
baseline between the two groups was statistically signifi-
cant and clinically significant, that variable was included
in the analysis as a covariate. The efficacy analysis is as
follows: for data that conform to normal distribution and
homogeneity of variances in the primary and secondary
indicators, f-test is used to compare whether the differ-
ence between the two groups before and after treatment
is statistically significant. For hierarchical data with non-
normal distribution or uneven variance, the Wilcoxon
rank sum test was used for analysis. The safety analysis
is as follows: chi-square test or exact probability method
was used to compare the incidence of adverse events and
adverse reactions between the two groups.
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fNIRS data preprocessing and analysis

After data collection, the FC-NIRS software is used
for data quality control. Data exhibiting unprocessable
abnormal fluctuations or with a signal-to-noise ratio
lower than 20 dB will be removed [30]. For resting state
data, FC-NIRS is used for data preprocessing (includ-
ing data conversion, head motion correction, and band-
pass filtering) and correlation analysis. For task state
data, the NIRS_SPM toolbox based on Matlab is used
for activation analysis, the Homer2 toolbox is used for
data preprocessing and block averaging, and then the
self-written code is used to calculate the eigenvalues
[31]. Statistical analysis is performed using self-written
code and SPSS, and data visualization is performed
using the Origin software and the Matlab-based Brain-
Net toolbox [32, 33].

Interim analyses {21b}
No interim analyses are planned for this study.

Methods for additional analyses (e.g., subgroup analyses)
{20b}
No subgroup analyses are planned for this study.

Methods in analysis to handle protocol non-adherence

and any statistical methods to handle missing data {20c}
Missing values for the scale assessment at 3 weeks of
treatment will be filled using the mean of the before
and after values. Missing values for scale assessments
after 3 weeks will not be included in the data analysis
directly. The missing values of the channels in fNIRS will
be filled using the mean value of the surrounding chan-
nels, and the missing data of a single time will be directly
eliminated.

Plans to give access to the full protocol, participant-level
data and statistical code {31c}

All data will be shared on the Chinese clinical trial regis-
tration website within 3 years after the trial ends.

Oversight and monitoring

Composition of the coordinating center and trial steering
committee {5d}

The qualified chief physician and deputy chief physician
will coordinate the entire trial, including the patient’s
routine treatment and clinical trial procedures, and
address any arising issues. The principal investigator is
responsible for overseeing the overall conduct of the trial.
Tongji Hospital Affiliated with Tongji University has a
professional clinical trial data analysis team independent
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of the research team. They will provide and execute a sta-
tistical analysis plan before the end of the study.

Composition of the data monitoring committee, its role
and reporting structure {21a}

Due to the study’s simplicity, a data monitoring com-
mittee is not required. The data analysis team and ethics
committee of Tongji Hospital Affiliated with Tongji Uni-
versity will evaluate the data collection status of the trial
every year.

Adverse event reporting and harms {22}

Adverse events will be monitored throughout the trial.
Recruiting physicians are primarily responsible for
adverse events. When evaluators, therapists, or other
personnel discover an adverse event in a patient, they will
first perform necessary emergency treatment and notify
the recruiting physician. Physicians will then report
adverse events to the principal investigator and the eth-
ics committee. The principal investigator needs to report
specific adverse events and circumstances to the ethics
committee, and recruiting physicians must accurately
record adverse events in the CRF form.

Frequency and plans for auditing trial conduct {23}

The Clinical Research Center of Tongji Hospital Affiliated
with Tongji University will require the research team to
submit a research progress report at the end of each year.
The report needs to describe in detail the progress of the
current research (excluding specific data), adherence to
the research plan, and any necessary plan adjustments.

Plans for communicating important protocol amendments
to relevant parties (e.g., trial participants, ethical
committees) {25}

The principal investigator will evaluate the trial’s progress
and submit protocol revision applications, if necessary,
to the ethics committee. The revised plan can only be
implemented after review by the ethics committee. When
there are major changes to the protocol, all researchers
need to re-verify the details.

Dissemination plans {31a}

The protocol of this study will be registered with the
China Clinical Trial Registry and will be accessible to
everyone. The main results will be published in peer-
reviewed academic journals and shared with the aca-
demic community through conferences and seminars.
Each subsequent paper will need to be reviewed by the
researchers before publication to determine its authen-
ticity and scientificity. In addition, we plan to write an
easy-to-understand summary and share it with all par-
ticipants so that they can better understand the findings
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and significance of the study. We will organize seminars
to invite patients and relevant interest groups to partici-
pate in discussing the significance and application of the
research results. All data will be uploaded to the National
Medical Research Registration and Filing Information
System (www.medicalresearch.org.cn) in accordance
with the policy, and other researchers can apply for data
sharing by email to the project leader. The fNIRS data
collected in this study will be released in a public data set
for everyone to use after removing private information.

Discussion

The construction of circuits and networks in the injured
brain is an important way to promote functional recov-
ery. With the development of non-invasive neuromodu-
lation technology, especially TMS technology, targeted
stimulation of focused targets in circuits and networks
has attracted increasing attention [34]. Use neuroimag-
ing and electrophysiological techniques to calculate the
conduction time from the upstream and downstream
targets to the target. On this basis, we sequentially inter-
vene in the upstream and downstream targets to form
paired stimulation of electrical activity in the target
area, thereby improving circuit function. It is a frontier
method of non-invasive neuromodulation. The increase
and reorganization of sensorimotor circuit function is a
potential method to promote the rehabilitation of upper
limb motor function after stroke [35]. Combining mag-
netic stimulation at both central and peripheral areas is
being explored as an exploratory treatment, showing
promising results. Yan Jingjing et al. conducted a con-
trolled clinical trial on peripheral sham stimulation and
compared the clinical efficacy of central magnetic stimu-
lation alone (20 Hz) and peripheral magnetic stimulation
(8 Hz) combined with central magnetic stimulation [36].
It was observed that central repetitive magnetic stimu-
lation and central combined with peripheral repetitive
magnetic stimulation improved the motor function of
stroke patients’ limbs and their ability to perform activi-
ties of daily living. In another study, the treatment model
of central combined with peripheral repetitive magnetic
stimulation was more effective in treating post-stroke
motor dysfunction. Similar results have been identified
in multiple studies [37-39]. For instance, Xu et al. dem-
onstrated that unpaired peripheral combined central
magnetic stimulation can better promote neurological
recovery. In terms of animal research, multiple studies
have confirmed that magnetic stimulation of non-injured
areas can inhibit inflammation in the injured area, pro-
mote synaptic functional remodeling in the injured area,
and thereby improve motor function [40—43]. While this
finding is based on an animal model of spinal cord injury,
it suggests that peripheral nerve stimulation may also

Page 10 of 12

benefit stroke recovery. This stimulation, applied through
nerve pathways, could potentially improve the dam-
aged tissue environment in the stroke area by promoting
regeneration and remodeling. Provide evidence support
for touch remodeling. On this basis, the high-frequency
magnetic-magnetic paired associated stimulation mode
formed by combining unpaired peripheral combined
central magnetic stimulation and the classic PAS mode
may have the advantages of both.

As described in the classic rehabilitation treatment
technique “forced movement therapy,” the rehabilitation
of a specific motor function must suppress the excit-
ability of other muscles that may affect the execution of
this movement. Fine motor rehabilitation related to hand
function follows the same principle. Traditional central
magnetic stimulation aimed at improving motor function
broadly activates the entire primary motor cortex. While
this can help, it lacks the precision to specifically target
the smaller muscles crucial for hand function. The mag-
neto-magnetic PAS mode stimulates the wrist nerve and
forms a Hebbian connection with the primary motor cor-
tex corresponding to the nerve, which can only enhance
the circuit function of controlling the small muscles
of the hand without enhancing the circuit function of
other muscles of the upper limb. This may be an effective
approach of fine motor rehabilitation. On this basis, task-
oriented hand function training is utilized to strengthen
task-related circuit functions thereby obtain high selec-
tive circuit enhancement.

In summary, the recovery of fine hand movements in
stroke motor rehabilitation is currently a clinical focus
and challenge. Although TMS can promote the recov-
ery of motor functions, it does not sufficiently recover
fine functions. This may be because the TMS technology
currently used in clinical applications mainly focuses on
improving the down-transmission function of movement,
while ignoring the importance of sensory up-loading.
The integrated function of the sensorimotor circuit is an
important basis for fine motor recovery. High-frequency
magnetic-magnetic PAS technology shows potential for
enhancing fine motor rehabilitation in stroke patients. By
merging sensory and motor stimulation, it facilitates the
recovery of the sensorimotor loop while harnessing the
excitability-enhancing effects of high-frequency TMS.
Nonetheless, further research is warranted to compre-
hensively elucidate its efficacy and the underlying mecha-
nisms involved.

Trial status

Protocol version number and date: February 20,
2024, Version 1.0.This study will begin recruiting subjects
on May 1, 2024, and is expected to complete recruitment
on May 1, 2025.
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Abbreviations

PAS Paired associated stimulation

FMA-UL  Fugl-Meyer assessment-upper limbs
MBI Modified Barthel Index

MTS Modified Tardieu scale

fNIRS Functional near-infrared spectroscopy
MEP Motor evoked potential

SEP Somatosensory evoked potential
Ccsp Cortical resting period
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