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Differential Functional Network Remodeling
Induced by Low- and High-Frequency rTMS:
Evidence From Concurrent fNIRS Monitoring

Hui Xie, Xin Li, Yan Wang™, Gongcheng Xu, Yinghu Peng*, Zhengsheng Hu, Zulin Dou, Zengyong Li,
Qitao Tan*, and Ming Zhang

Abstract— Repetitive transcranial magnetic stimulation
(rTMS) at low-frequency (LF) and high-frequency (HF) has
been shown to facilitate motor recovery after stroke, how-
ever the underlying neural network mechanism remains
unclear. This study employed functional near-infrared spec-
troscopy (fNIRS) to monitor hemodynamic changes in real-
time during rTMS, aiming to evaluate the immediate effects
of LF- and HF-rTMS on functional network remodeling, and
to explore the long-term impact of rTMS-induced neural
changes on motor function recovery. A total of 108 stroke
patients were randomly assigned to LF-rTMS, HF-rTMS
or Sham groups and received 15-days of rTMS interven-
tion. fNIRS was employed to detect hemodynamic changes
during the intervention. The laterality index (LI) and the
wavelet phase coherence (WPCO), based on wavelet trans-
form, were used to describe functional network remodeling.
Clinical scales were used to evaluate patients’ behavioral
outcomes. LF-rTMS significantly increased LI during the
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first intervention and induced WPCO changes between
motor regions. In contrast, HF-rTMS produced delayed yet
significant alterations in WPCO, with long-term intervention
modulating both motor and cognitive networks. After 15
days, both LF- and HF-rTMS showed significant behavioral
improvements correlated with WPCO changes. The rTMS-
fNIRS approach provided neural mechanistic evidence for
the role of rTMS in promoting functional recovery. LF-
rTMS mitigates abnormal interhemispheric inhibition and
induces behavioral improvements during the short-term
treatment process. In contrast, HF-rTMS requires sustained
stimulation to achieve remodeling effects but may offer
broader rehabilitative benefits. These behavioral changes
result from acute neural modulation induced by rTMS,
which may consolidate transient plasticity into long-term
motor recovery through repeated interventions.

Index Terms— Transcranial magnetic stimulation (TMS),
functional near-infrared spectroscopy (fNIRS), motor dys-
function after stroke, functional network remodeling.

|. INTRODUCTION

TROKE is a major cause of mortality and long-term

disability worldwide [1], often resulting in extensive neu-
ronal loss in localized brain regions and subsequent motor
control deficits. Following a stroke, functional connectivity in
the brain becomes disrupted, with more than 80% of survivors
experiencing varying degrees of motor impairment. Among
these, one-third suffer from permanent functional deficits [2],
[3], severely limiting their ability to reintegrate into society
and return to work, thus underscoring the urgent need for
precision rehabilitation.

Modern rehabilitation research suggests that upper-limb
motor function recovery after stroke largely depends on neuro-
plasticity [4], which may occur spontaneously or be augmented
through neuromodulatory interventions such as repetitive tran-
scranial magnetic stimulation (rTMS) [5], [6]. rTTMS induced
cortical currents via low-frequency (LF) or high-frequency
(HF) magnetic pulses, which respectively inhibit or excite neu-
ronal activity, achieving a rebalancing of local neural activity
[7]. Although the clinical efficacy of rTMS in improving motor
function post-stroke has been demonstrated [8], the neural
mechanisms underlying LF- and HF-r'TMS remain unclear,
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creating uncertainty in clinical application. Neuroplasticity-
driven remodeling of brain networks is considered pivotal for
motor function recovery [9], [10], as it allows examination of
coordinated interactions among multiple brain regions and pro-
vides a holistic perspective on brain activity [5]. This approach
elucidates the integration and processing of information across
the whole brain, thereby offering insights into global brain
dynamics beyond isolated regional activity [11]. Therefore,
further investigation is required to determine how LF- and
HF-rTMS influence these processes.

In recent years, combining rTMS with neuroimaging has
become an important research focus [12], [13]. Neuroimaging
enables the direct visualization of cortical activity changes,
providing new insights into how rTMS facilitates motor net-
work remodeling [14], [15]. A major challenge in this area is
achieving effective dynamic monitoring of the rTMS interven-
tion process. Functional near-infrared spectroscopy (fNIRS) is
particularly well-suited for this purpose [16]. By continuously
monitoring cortical hemodynamic changes and neurovascular
coupling during rehabilitation, fNIRS provides insights into
neural activity dynamics [17], [18]. As a result, fNIRS has
attracted growing interest in clinical research.

Compared with other functional imaging techniques, the
integration of rTMS and fNIRS (rTMS-fNIRS) provides a
higher signal-to-noise ratio, moderate spatiotemporal reso-
Iution, and non-radiative properties than rTMS combined
with functional magnetic resonance imaging (fMRI) [19]
or electroencephalography (EEG) [20], while also demon-
strating strong resistance to motion artifacts [21]. More
importantly, the hemodynamic responses driven by neural
metabolic demand, as measured by rTMS-fNIRS, exhibit a
high degree of consistency with fMRI results [22], while
remaining unaffected by electromagnetic interference. Given
these advantages, rTMS-fNIRS provides an ideal approach for
investigating the dynamic effects of excitatory and inhibitory
stimulation on functional network remodeling.

Despite these methodological strengths, clinical evidence
for rTMS-fNIRS in stroke populations remains limited [21].
Existing studies are predominantly small-sample feasibility or
exploratory investigations [23], indicating that this technique
can capture cortical hemodynamic responses to excitatory and
inhibitory stimulation at the bedside in real time [24], [25].
However, large-scale, longitudinal, multicenter trials remain
scarce, partly due to challenges such as hardware compatibil-
ity, artifact suppression, and the lack of standardized protocol
[5]. In our preliminary work, we established a robust con-
current rTMS-fNIRS acquisition and processing framework
capable of continuously tracking time-varying changes in brain
networks and validating rapid neuroplastic signatures during
stimulation, thereby providing a solid technical and theoretical
foundation for the present study.

In summary, this study conducts a longitudinal clinical trial
using rTMS-fNIRS to investigate both the immediate effects of
LF- and HF-rTMS on functional network remodeling and the
long-term impact of rTMS-induced neural changes on motor
recovery in stroke patients. Based on previous studies, we
hypothesize that LF- and HF-rTMS induce distinct remodeling
patterns that may have differential effects on behavioral out-

comes. This study will expand our understanding of the neural
mechanisms underlying rTMS-induced improvements in motor
function. The findings will provide theoretical guidance for
the clinical selection of rTMS protocols and offer scientific
evidence to support individualized and precision rehabilitation
strategies.

Il. METHODS
A. Participants

This study is a double-anonymous, randomized, three-arm
follow-up trial. A total of 108 right-handed adults with stroke
(aged 40-80 years) in the subacute stage and in stable condition
were recruited for the rTMS-fNIRS program. The inclusion
criteria were: (1) first-ever stroke confirmed by fMRI or cranial
computed tomography; (2) subacute stage was defined as 7
days to 6 months post-onset; (3) presence of mild to severe
unilateral motor dysfunction; and (4) with Mini-Mental State
Examination scores >24, indicating no significant cognitive
impairment. Participants were excluded from the study if they
had: (1) prior history of stroke, traumatic brain injury, or
brain tumor; (2) severe cardiac, pulmonary, hepatic, or renal
disease; (3) history or family history of epilepsy; (4) presence
of metallic implants such as pacemakers, cranial metal; (5)
new infarcts or secondary hemorrhages; and (6) severe cervical
spine pathology. All participants were informed of the study’s
purpose, procedures, schedule, and relevant precautions. Each
enrolled participant signed a written informed consent. The
experimental procedures were approved by the Human Ethics
Committee of the Third Affiliated Hospital, Sun Yat-sen
University ([2021]02-333-01). It has been registered with the
Chinese Clinical Trials Registry website under the trial number
ChiCTR2100054527.

B. Study Design and Randomization

Participants were randomly assigned to one of three groups:
LF-rTMS, HF-r'TMS, or Sham group, and received 15-days
continuous rTMS intervention. The LF-rTMS group received
1 Hz, 600 s, total of 600 pulses of intervention on the primary
motor area (M1) of the contralesional hemisphere. The HF-
rTMS group received 5 Hz, 2 s, intertrain interval 4 s, 100
trains, total of 1000 pulses intervention on ipsilesional hemi-
sphere M1. The Sham group followed the HF-rTMS protocol,
but the coil was oriented 90° away from the target site and
positioned 5 cm from the scalp, producing only auditory and
somatosensory cues without effective stimulation. This setup
mimicked somatosensory sensations without exerting substan-
tial neural effects [26], [27]. The above protocol complies with
the rTMS guidelines for clinical and research applications [28].
All patients received conventional stroke treatment, including
common physical therapy and occupational therapy.

Neurophysiological and behavioral assessments were per-
formed on days 1 and 15 of the intervention. All evaluations
were conducted in a quiet treatment room. Before mea-
surement began, all participants were asked to sit still for
10-20 min to reduce hemodynamic variability due to prior
activity. fNIRS was then used to continuously monitor
dynamic hemodynamic signals during 10 min resting and
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Fig. 1.
field intensity attenuation. (d) Magnetic field effect check.

rTMS intervention state. Participants remained seated, relaxed,
and were instructed to avoid movement or speech. Upper-
limb motor function was assessed using standardized clinical
scales, including the Fugl-Meyer Assessment (FMA), National
Institutes of Health Stroke Scale (NIHSS), Modified Barthel
Index (MBI), Modified Rankin Scale (mRS), and Action
Research Arm Test (ARAT).

One day before the experiment, a rehabilitation thera-
pist collected participants’ demographic data and completed
the initial clinical assessments. Using MATLAB, participants
were randomly assigned numbers 1 to 108 and allocated to
LF-rTMS, HF-rTMS, or Sham groups based on enrollment
sequence. Blinding was maintained throughout the study. The
therapist administering rTMS was aware of the stimulation
parameters but was not involved in assessment or data analysis.
Statistical analysts were also blinded to group assignments and
not involved in the randomization process.

C. Integration of rTMS-fNIRS

The rTMS device (NS1000, Yiruide, Wuhan, China)
was positioned above a dual-wavelength (740 nm and
850 nm) multi-channel continuous-wave near-infrared tis-
sue oxygenation monitoring system (NirSmart, Danyang
Huichuang Medical Equipment Co., Beijing, China) [29]
(Fig. 1 a). A 120° figure-eight coil was used to ensure adequate
stimulation depth while allowing simultaneous signal acquisi-
tion. fNIRS optodes were symmetrically arranged over both
hemispheres according to the international 10-20 EEG system.
The calibration function of the instrument and corresponding
template were used to fit the channels according to different
head sizes of the participants. To ensure the placement of the

time (s) time (s)

Experimental design and preparation. (a) rTMS-fNIRS integration and clinical application. (b) fNIRS probe set. (c) Simulation of magnetic

probes as accurate as possible, we utilized an elastic cap and
fixed hard rubber to maintain consistent electrode spacing for
each participant. The source-detector distance was maintained
at 30 mm. The clasps and springs were used to secure the
optode template to the scalp, ensuring firm and direct contact
between the light sources, detectors, and the participant’s skin.

A total of 18 light sources and 16 detectors were arranged
to form 38 channels covering both the ipsilesional and
contralesional hemispheres. The targeted cortical regions
included the prefrontal cortex (iPFC/cPFC), dorsolateral pre-
frontal cortex (iDLPFC/cDLPFC), superior frontal cortex
(iSFC/cSFC), premotor and primary motor cortex (iMC/cMC),
primary somatosensory cortex (iS1/cS1), and occipital cortex
(i0C/cOC) (Fig. 1 b). Direct physical contact between the
rTMS and fNIRS devices was avoided. We initially set all
differential path-length factors to 7.0, and the sampling fre-
quency was set at 10 Hz.

To ensure effective magnetic field intensity of rTMS, the
degree of magnetic field attenuation was simulated using
ANSYS based on the actual position information of the coil
(Fig. 1 c). In addition, by comparing the fNIRS signals under
the real 1 Hz, 10 Hz, and Sham stimulation conditions, no
significant differences were observed; therefore, the influence
of the rTMS magnetic field on fNIRS measurements was
excluded (Fig. 1 d). At the beginning of the experiment,
the resting motor threshold (rfMT) was determined to cal-
ibrate stimulation intensity. The initial stimulation intensity
was set at 30% of the maximum output of the device. The
rMT was defined as the minimum intensity required to elicit
motor-evoked potentials greater than 50 ¢V in at least 10 of
20 consecutive trials in the abductor pollicis brevis muscle
[30]. For all participants, the stimulation intensity during the
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intervention was then adjusted to 100% of the rMT. In cases
where rMT could not be elicited from the iM1, the homol-
ogous cortical region in the contralesional hemisphere was
designated as the target measurement site.

D. Data Preprocessing

Detailed methods for preprocessing fNIRS data have been
described in our previous studies [31], [32], [33], [34]. The
modified Beer-Lambert law was applied to convert optical
density signals into changes in oxyhemoglobin concentration
(A[HbO,]), which has been shown to be highly sensitive
for characterizing information processing in cortical regions
[35]. A sliding average method and a zero-phase fifth-
order Butterworth band-pass filter were applied to extract
signals within 0.005-2 Hz, eliminating ultra-low-frequency
components (below 0.005 Hz) from the raw data. Given
that participants may inevitably exhibit movements or pro-
duce unconscious speech during the experiment, the temporal
derivative distribution repair algorithm [36], [37] was applied
to the A[HbO;] signals to correct motion artifacts. Resid-
ual spike-like artifacts were further reduced using a sliding
average method and cubic spline interpolation. To address
shallow-layer hemodynamic interference, a common average
reference (CAR) spatial filtering approach [38], [39] was
applied by calculating the mean signal across all channels
and subtracting it from each channel at each time point
[40]. Subsequently, independent component analysis (ICA)
and principal component analysis (PCA) were utilized to
separate scalp blood pressure fluctuations, skin blood flow
interference, and non-evoked hemodynamic components [41],
[42]. All derived components were subjected to visual inspec-
tion to identify those associated with noise and artifacts,
including cardiac pulsation and respiratory signals, thereby
reducing interference in fNIRS signal analysis and improving
the signal-to-noise ratio. Finally, wavelet transform using
complex Morlet wavelets was applied to identify and retain
oscillatory signals in the 0.01-0.08 Hz, corresponding to the
hemodynamic response of neural activity [43].

E. Functional Network Remodeling Index

The wavelet transform results were averaged in the time
domain to obtain the wavelet amplitude of the fNIRS signal at
each time and frequency. This amplitude reflects the magnitude
of regional cerebral blood flow fluctuations induced by cortical
activity at a given frequency and is calculated over the entire
rTMS intervention period rather than from isolated epochs.
This parameter provides a quantitative measure of task-related
hemodynamic activation in the cerebral cortex. The amplitude
is further used to calculate the laterality index (LI) for a given
pair of ipsilesional and contralesional homologous regions,
according to the following formula:

_ Z‘EAconlralesional - Z‘ZEAipsilesional
Z IZEAcontralesional + Z ’ZEAipsilesional

where Aconrratesionat and Ajpsitesional TEpresent the activation in
the contralesional and ipsilesional hemispheres, respectively.
LI values range from 1 (exclusive contralesional activation)

LI

6]

to —1 (exclusive ipsilesional activation), with values near zero
indicating hemispheric balance. Physiologically, LI reflects the
degree of interhemispheric asymmetry in activation.

In addition to the LI, functional connectivity serves as
another key indicator in this study for evaluating brain net-
work remodeling. Some researchers have already applied
this approach in medical studies to analyze relationships
betweenvarious physiological signals [44], [45]. In this study,
functional connectivity is quantified using wavelet phase
coherence (WPCO), which evaluates the correlation between
two signals based on the consistency of their instantaneous
phases [46]. WPCO is likewise computed from the time series
over the entire rTMS intervention period, enabling continuous
tracking of connectivity changes throughout stimulation. Using
wavelet transform, the instantaneous phases of the wavelet
signals from two regions at frequency f are extracted, and
the phase difference A¢, (f,t,) is obtained by subtracting one
phase from the other at each time point #,. This measure
quantifies the instantaneous phase consistency between two
signals over a continuous time series, enabling the analysis of
potential functional connectivity across different time series
within a specific frequency [47], [48]. WPCO is defined as:

WPCO (f) = v/{(cosAd(f))? + (sinAd(f))2,
f€0.01 -0.08 2)

WPCO values range from O (no phase consistency) to
1 (perfect phase locking), with higher values indicating
stronger functional connectivity between the two regions at the
given frequency. Physiologically, higher WPCO reflects more
stable temporal coordination between cortical areas, suggest-
ing enhanced network integration. To eliminate confounding
effects of spurious significance in WPCO, the amplitude-
adaptive Fourier transform method was employed to enhance
the identification of functional connectivity strength.

F. Statistical Analysis

The Kolmogorov-Smirnov test and Levene’s test were used
at the group level to assess the normality of variance and the
homogeneity of data outcomes.

One-way ANOVA was conducted for inter-group analysis,
primarily examining significant differences in demographic
characteristics baseline, as well as region-wise LI, WPCO and
behavioral changes among the Sham, LF-rTMS, and HF-rTMS
groups. For multiple comparisons between groups, Bonferroni
correction was applied, setting the significance threshold at
p < 0.0167 (0.05/3). Independent-sample t-tests and Pearson
correlation analysis were used for intra-group analysis, pri-
marily to assess significant pre-to-post intervention changes in
behavioral and functional network remodeling index, as well
as to identify potential correlations between these changes.

[1l. RESULTS
A. Demographic Characteristic

During the study period, a total of 192 stroke patients
were hospitalized for rehabilitation treatment. Among them,
36 did not meet the inclusion criteria, 22 were excluded, and



XIE et al.: DIFFERENTIAL FUNCTIONAL NETWORK REMODELING INDUCED BY LOW- AND HIGH-FREQUENCY rTMS

3831

TABLE |
DEMOGRAPHIC AND CLINICAL EVALUATION BASELINE: MEAN + SD

Characteristics Sham LF-rTMS HF-rTMS p-value
Sample size (n) 34 26 34 /
Age (years) 58.57+7.63 59.22+£9.76 60.01 £12.12 0.674
Gender (n)

Male / Female 25/9 14/12 20/ 14 0.247
Type of stroke (n)

Infarction / Hemorrhage 22/12 21/5 22/12 0.192
Ipsilesional hemisphere (n)

Right / Left 16/18 16/10 15/19 0.373
Post-onset duration (days) 54.86 +40.10 65.92 + 46.69 52.66 + 35.68 0.390
Behavioral measures

MMSE 24.61+4.73 2433 +£5.94 24.12+5.47 0.925

FMA 22.00+17.24 21.62+16.27 23.01 +£19.79 0.952

NIHSS 5.67+2.39 6.22 +1.96 5.56 +2.81 0.638

MBI 55.70 +24.67 61.44 +20.73 54.91 +£25.92 0.626

ARAT 8.97+15.32 6.22 +13.29 9.95+15.98 0.686

mRS 3.61+0.71 3.50+0.62 3.56 +0.88 0.895

Inpatients with upper-limb motor
dysfunction after stroke (n=192)

Informed consent

Inclusion and exclusion criteria

* Not meet inclusion criteria
(n=36)

e Excluded (n=22)

* Refused to involve in (n=16)

Screening First clinical scale assessment
e Fugl-Meyer Assessment

* National Institutes of Health
Stroke Scale

Modified Barthel Index
Modified Rankin Scale

Demographic Baseline

Randomization (n=108)

Sham Group (n=36) | LF-rTMS Group (n=36) | | HF-rTMS Group (n:36)|

1 Hz stimulation, 600 s, total
of 600 pulses intervention on
the M1 region of the
contralesional hemisphere.

5 Hz stimulation, 2 s, intertrain

interval 4 5,100 trains, total of

1000 pulses interventionon M1
region of ipsilesional hemisphere

intervention on M1 region of
ipsilesional hemisphere. Coil keep
at 90 degrees from the stimulus
target and separated by 5 cm.

[ )| I
—.| First intervention
rTMS-fN}RS de‘“,"““ N ¢ Follow clinical scale assessment
* Real-time detection of

e Fugl-Meyer Assessment

* National Institutes of Health
Stroke Scale

Modified Barthel Index
Modified Rankin Scale

| Finally included participants (n=94) }1—‘

)

hemodynamic changes [——
during the rTMS
intervention

| 15-days rTMS follow-up trial

Last intervention

0

* Loosening of probe (n=4)

Active withdrawal (n=10)

v v ¥
Sham Group (n=34) I | LF-rTMS Group (n=26) | HF-rTMS Group (n=34) |
[ ) ]
v

Brain network remodeling
e Laterality index

e Wavelet phase coherence
Behavioral changes

o Clinical scale score

Fig. 2. Study flow chart. LF: Low-frequency, HF: High-frequency, rTMS:
repetitive transcranial magnetic stimulation.

16 refused to involve. The remaining 108 participants were
randomly assigned to three groups and completed the initial
rTMS intervention and assessment. The detailed enrollment
process is shown in Fig. 2.

During the experiment, 4 participants were excluded from
the final analysis due to probe loosening, and 10 participants
due to active withdrawal were excluded from the final analysis.

The remaining 94 participants completed the 15-days follow-
up trial and were included in the statistical analysis, including
Sham (n = 34), LF-rTMS (n = 26), and HF-rTMS (n = 34). No
significant differences were observed among the three groups
in terms of demographic characteristics or baseline clinical
evaluations, as shown in Table 1.

B. rTMS Induced Brain Functional Network Remodeling
Changes During Intervention

The lateralization results obtained from rTMS-fNIRS
assessments are shown in Fig. 3. During the first intervention,
compared to the Sham group, LF-r'TMS significantly increased
LI values between bilateral SFC (p = 0.034), MC (p =
0.017), and S1 (p = 0.012) (Fig. 3 a-c), while there was no
significant difference between Sham and HF-rTMS. After 15
days intervention, HF-rTMS significantly decreased LI values
between bilateral SFC (p = 0.028) (Fig. 3 d). There was no
significant difference between Sham and LF-rTMS.

The functional connectivity results are shown in Fig. 4.
The visualization highlights the distribution of brain network
remodeling changes. During the first intervention, LF-rTMS
stimulation led to a significant decrease in WPCO val-
ues compared to the sham group in the following regions:
cDLPFC-iMC (p = 0.045), cSFC-cOC (p = 0.042), cSFC-
iSFC (p = 0.034), cSFC-iMC (p = 0.038), cMC-cS1 (p =
0.007), cMC-i0OC (p = 0.046), cMC-iMC (p = 0.006), cMC-
iS1 (p = 0.018), cMC-iOC (p = 0.029), cS1-iS1 (p = 0.029),
iSFC-cMC (p = 0.013), iMC-cS1 (p = 0.025) (Fig. 4a).
After 15-days of intervention, compared to the Sham group,
LF-rTMS showed a significant decrease in WPCO values
between cPFC-cSFC (p = 0.042), cDLPFC-cSFC (p = 0.038),
cDLPFC-cMC (p = 0.031), and cSFC-iSFC (p = 0.037)
(Fig. 4 b). In addition, HF-rTMS showed a significant decrease
decrease of WPCO values between the following regions:
cPFC-cSFC (p = 0.004), cDLPFC-cSFC (p = 0.032), cPFC-
iSFC (p = 0.004), cPFC-iMC (p = 0.035), cPFC-iS1 (p =
0.016), cDLPFC-iSFC (p = 0.05), cDLPFC-cMC (p = 0.031),
c¢SFC-iSFC (p < 0.001), iDLPFC-cSFC (p = 0.047), iSFC-
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Fig. 3. The significant changes in laterality indices of each brain region between the Sham and rTMS group.

TABLE Il

COMPARISON RESULTS OF BEHAVIORAL CHANGES IN RTMS PERIOD: MEAN + SD
Behavioral Group p-value
change Sham LF-rTMS HF-rTMS (a/b)
FMA 2.71+3.79 6.81+8.22 4.65+4.45 0.006* /0.154
NIHSS -0.64 =0.99 -1.27+0.87 -1.29+0.76 0.007* / 0.003*
MBI 491 +793 8.06 = 7.63 8.73 £ 8.44 0.195/0.058
ARAT 2.27+7.68 3.38 +5.37 227+3.70 0.547/0.997
mRS -0.27£0.45 -0.47+£0.51 -0.36 £0.55 0.193/0.467

Abbreviations: “a” represents the statistical difference of Sham vs. LF-rTMS, and “b” represents the statistical difference of Sham vs. HF-rTMS. “*”

indicate p-value < 0.05.

¢MC (p = 0.021), iSFC-cS1 (p = 0.024) and iSFC-iM1 (p =
0.021) (Fig. 4 c).

C. rTMS Induced Behavioral Changes After Long-Term
Intervention

The behavioral changes after 15 consecutive days of inter-
vention in the three groups are shown in Table II. Both LF-
and HF-rTMS showed significant changes in the behavioral
assessment compared with the Sham group. Specifically, the
significant changes in patients of the LF-rTMS group orig-
inated from FMA (p = 0.006) and NIHSS (p = 0.007),
while patients of the HF-r'TMS group only showed significant
improvement in NIHSS (p = 0.003).

The correlation analysis results of behavioral and brain
functional network remodeling indicators changes are shown
in Fig. 5. The results of FMA indicated that behavioral
changes were significantly negatively correlated with WPCO

values changes of iMC-cOC (r = -0.383, p = 0.027)
and iS1-cOC (r = —0.371, p = 0.009) in LF-rTMS group
(Fig. 5 a). However, there was no significant correlation with
HF-rTMS.

NIHSS had a broader correlation with the neural remodeling
induced by rTMS. NIHSS scores changes were significantly
positively correlated with WPCO changes of LF-rTMS in the
following connectivity (Fig. 5 b): cMC-iOC (r = 0453, p =
0.017), iPFC-cMC (r = 0.409, p = 0.029), iPFC-iIMC (r =
0.459, p = 0.016), iMC-cOC (r = 0.368, p = 0.046), iMC-
i0C (r = 0.384, p = 0.039), and iS1-cOC (r = 0.392, p =
0.036). Moreover, the NIHSS scores change were significantly
positively correlated with WPCO changes of HF-rTMS in the
following connectivity (Fig. 5 c¢): cPFC-cSFC (r = 0.336, p =
0.043), cPFC-iSFC (r = 0.531, p = 0.002), cPFC-iMC (r =
0.362, p = 0.032), cDLPFC-cSFC (r = 0.349, p = 0.037),
c¢DLPFC-iSFC (r = 0.393, p = 0.021), and iPFC-cSFC (r =
0.463, p = 0.008).
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Fig. 4. The intergroup significant differences in functional connectivity
and visual map. The connectivity line indicates significant differences
in WPCO values between the two regions. Line thickness indicates the
significance degree. Cool colors represent LF-rTMS, and warm colors
represent HF-rTMS. “C”, Contralesional hemisphere. “I”, ipsilesional
hemisphere.

IV. DISCUSSION

This study investigated the immediate effects of LF- and
HF-TMS on brain functional network remodeling and the
long-term behavioral benefits associated with these neuroplas-
tic changes. The results indicated that LF-rTMS induced more
favorable early-stage functional network remodeling, while the
effects of HF-rTMS became progressively evident over the
course of the intervention. In terms of behavioral outcomes,
15-days LF-rTMS intervention led to greater improvements
in motor function among patients with motor deficits. These
findings provide insights into the mechanisms by which rTMS
facilitates functional recovery through modulation of brain
networks.

A. Immediate Effects of LF- and HF-rTMS

In this study, we employed an integrated rTMS-fNIRS
approach to monitor real-time changes in functional network
remodeling on the first and fifteenth days of intervention,
providing insights into immediate neuroregulatory effects.
The lateralization results showed that LF-rTMS significantly
shifted cerebral blood flow toward the contralesional hemi-
sphere in the SFC, MC, and S1 regions. This phenomenon
may be attributed to LF-rTMS activating inhibitory neurons
[24], which increases the demand for blood and nutrients
supply in the stimulated region [49]. The 1 Hz stimulation
frequency of LF-rTMS corresponds to the firing rate of

inhibitory interneurons; sustained stimulation enhances their
activity, thereby reducing cortical excitability and stabilizing
the stimulated region [50]. As a result, LF-rTMS may suppress
excessive interhemispheric inhibition from the contralesional
to the ipsilesional hemisphere, thereby restoring interhemi-
spheric balance and promoting motor recovery.

Furthermore, we found that LF-rTMS rapidly induced
changes in functional connectivity within the affected cortical
regions and related networks during the early phase of the
intervention, demonstrating a clear remodeling effect. This
finding is consistent with previous research [51], [52]. In
contrast, HF-r'TMS showed less significant functional network
remodeling at the early stage; however, its effects became more
pronounced by day 15, suggesting a cumulative mechanism
underlying its neuromodulatory action. These observations
imply that HF-rTMS may require repeated stimulation to
produce substantial functional network changes and enhance.

Our analysis of functional networks revealed that both
LF- and HF-rTMS modulate key motor-related nodes, includ-
ing bilateral SFC and MC. Such dynamic remodeling of
motor regions supports the brain’s adaptive and compensatory
mechanisms for functional recovery [53], [54]. Additionally,
HF-rTMS was observed to influence networks involving cPFC
and cDLPFC. While these regions are not classically consid-
ered motor-related, they may enhance cognitive control over
motor execution [55], [56]. Indeed, the capacity of stroke
patients to learn and retain motor patterns may depend on
the engagement of these regions [57].Taken together, these
findings suggest that LF- and HF-rTMS engage different
mechanisms of network remodeling, which play an important
role in the rehabilitation of motor function after stroke [58],
[59]. Specifically, LF-r'TMS primarily exerts an inhibitory
effect, which can alleviate abnormal interhemispheric inhi-
bition and lead to direct behavioral improvements during
short-term treatment. In contrast, HF-rTMS requires a longer
duration of cumulative stimulation to achieve remodeling,
but it may provide broader rehabilitative benefits, such as
improving motor planning abilities in patients.

B. Long-Term Effects of LF- and HF-rTMS

After 15 days of intervention, behavioral assessments
showed significant improvements in motor function in both
the LF- and HF-rTMS groups, consistent with findings from
other clinical studies [60]. However, in the present study, LF-
rTMS produced superior behavioral outcomes compared to
HF-rTMS. While this finding is supported by certain studies
[61], other meta-analyses have reported contradictory results
[62]. The non-significant behavioral outcomes observed in the
HF-rTMS group may be due to its underlying mechanism of
action; as previously noted, the effects of HF-rTMS require
time to accumulate. Therefore, a longer-term follow-up study
is warranted to confirm these findings.

Previous studies have demonstrated that rTMS intervention
can upregulate the expression of brain-derived neurotrophic
factor, thereby promoting neurogenesis and synaptic plasticity
and providing a biological foundation for long-term functional
recovery [63], [64]. Our correlation analyses revealed that
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Fig. 5. Results of correlation between behavioral and neural remodeling changes. (a) The significant correlation results between FMA and LF-rTMS.
(b-c) More detailed correlation results between NIHSS and LF-rTMS, as well as HF-rTMS.

behavioral changes in the LF-rTMS group were primarily
associated with remodeling in bilateral MC-related networks,
whereas improvements in the HF-rTMS group were mainly
linked to changes in the cPFC, cDLPFC, and bilateral SFC
networks. These remodeling effects originated from immediate
neural stimulation induced by rTMS, suggesting that repeated
sessions can accumulate and translate short-term remodeling
into sustained behavioral improvements.

Such long-term improvements may involve multilayered
neuroadaptive processes, with hemodynamic changes observed
via fNIRS providing supporting evidence. By modulating
local cerebral blood flow and neural activity, rTMS directly
promotes functional recovery in damaged regions. These local
changes may further enhance or restore functional connectiv-
ity, ultimately improving coordination within the entire motor
network. With repeated interventions, short-term neuroplastic
effects can be consolidated and maintained, leading to stable
improvements in motor function.

This study has several limitations. First, due to the current
immaturity of short-separation channel techniques and the
challenges associated with their widespread implementation
in large-scale clinical data collection, short-channel measure-
ments were not employed in this study. To address scalp
hemodynamic oscillations during rTMS, we employed a pre-
processing strategy combining CAR spatial filtering, PCA, and
ICA to remove artifacts related to scalp blood pressure, skin
blood flow, and non-task-related hemodynamic components
[65]. This approach allowed for a more accurate isolation
of cortical hemodynamic responses [66]. In future studies,
we aim to gradually refine and standardize short-channel
methodologies, incorporating them as a routine component of
the experimental protocol. Second, the observation window in
this study was limited to 15 days, which may not fully capture
the cumulative effects of rTMS. This constraint is particularly
relevant for HF-rTMS, as its neuromodulatory impact on brain

network remodeling may evolve more gradually and manifest
beyond the two-week period. Consequently, the present find-
ings may underestimate the full therapeutic potential of HF
stimulation. Future studies will incorporate extended follow-
up periods and additional intermediate assessments to better
delineate the temporal trajectory and cumulative impact of
rTMS-induced network changes. Third, to minimize partic-
ipant burden during concurrent rTMS—NIRS sessions and
reduce motion-related artifacts, we limited behavioral end-
points to validated clinical scales. Future work will integrate
low-burden quantitative measures to further enrich behavioral
assessment. Finally, this study focused on patients in the
subacute phase of stroke without stratification by lesion side,
which may influence the neuromodulatory effects of rTMS and
narrow the generalizability of the findings. Future work will
incorporate these variables to better elucidate individualized
stimulation responses.

V. CONCLUSION

This study indicates that although both LF- and HF-rTMS
improve upper-limb motor function in stroke patients, they
involve different mechanisms of brain functional network
remodeling. LF-rTMS can alleviate abnormal interhemispheric
inhibition and promote the recovery of motor function within a
short period. However, HF-rTMS requires continuous stimula-
tion to produce a remodeling effect, which may bring broader
rehabilitation benefits, such as the improvement of motor
planning ability. Further analysis indicates that behavioral
improvements are closely associated with long-term alterations
in functional brain networks induced by rTMS, and these
neuroplastic changes result from the cumulative effects of
repeated stimulation.
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