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ABSTRACT

Introduction: Repeat transcranial magnetic
stimulation (rTMS) demonstrates beneficial
effects for stroke patients, though its efficacy
varies due to the complexity of patient condi-
tions and disease progression. Unsupervised
machine learning could be the optimal solution
for identifying target patients for transcranial
magnetic stimulation treatment.
Methods: We collected data from ischaemic
stroke patients treated with rTMS. Unsupervised
machine learning methods, including K-means
and Hierarchical Clustering, were used to
explore the clinical characteristics of patients
suitable for rTMS. We then utilized a prospec-
tive observational cohort to validate the effect
of selected characteristics. For the validated

cohort, outcomes included the presence of
motor evoked potentials (MEP), favorable
functional outcomes (FFO), and changes in the
Fugl-Meyer Assessment (FMA) at 3 and
6 months.
Results: Hierarchical clustering methods
revealed that patients in the better prognosis
group were more likely to take statins. The val-
idated cohort was grouped based on statin
intake. Patients taking statins exhibited a higher
rate of MEP (p = 0.006), a higher rate of FFO at
3 months (p = 0.003) and 6 months (p = 0.021),
and a more significant change in FMA
(p\ 0.001) at both 3 and 6 months. Statin
intake was associated with FFO and changes in
FMA at 3 and 6 months. This relationship per-
sisted across all subgroups for FMA changes and
some FFO subgroups.
Conclusion: Stroke patients undergoing rTMS
treatment taking statins exhibited greater MEP,
FFO, and changes in FMA. Statin intake was
associated with a better prognosis in these
patients.
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Key Summary Points

1. Repeat transcranial magnetic
stimulation’s efficacy varies due to the
complexity of patient conditions and
disease progression

2. Unsupervised machine learning was
employed to investigate the clinical
characteristics of stroke patients
suitable for repeat Transcranial Magnetic
Stimulation (rTMS) treatment

3. Hierarchical clustering methods
indicated that stroke patients with a better
prognosis under rTMS treatment were
more likely to be taking statins

4. The cohort study validated that among
stroke patients undergoing rTMS
treatment, those using statins were found
to have a better prognosis

INTRODUCTION

Repetitive transcranial magnetic stimulation
(rTMS) represents a principal non-invasive
approach to post-stroke rehabilitation. rTMS
has been shown to improve motor impair-
ments, swallowing difficulties, cognitive
impairments, and other neurological symptoms
in stroke patients [1]. Low-frequency stimula-
tion of the transcranial magnetic field inhibits
excitability in the healthy hemisphere’s corre-
sponding area, whereas high-frequency stimu-
lation activates excitability in the affected
hemisphere’s corresponding area. This modu-
lation of hemispheric excitability restores the
balance between the hemispheres in stroke
patients [2]. The effects of transcranial magnetic
stimulation, while time-limited, can be practi-
cal throughout the entire course of a stroke [3].

Despite its beneficial effects on neuro recov-
ery throughout the stroke course, transcranial
magnetic stimulation lacks standardized treat-
ment parameters due to the complexity of its

effects [4]. The complexity of determining an
optimal transcranial magnetic stimulation
treatment plan increases at different stroke
stages, compounded by the absence of guideli-
nes for a unified approach [4]. Further research
is essential to elucidate how to maximize tran-
scranial magnetic stimulation’s therapeutic
effects and optimize treatment outcomes for
target patients.

The complex spatiotemporal characteristics
of patients’ clinical conditions and transcranial
magnetic stimulation treatment processes
challenge traditional statistical methods of
analyzing data with intricate interactions.
Consequently, machine learning methods have
emerged as effective tools for addressing this
issue [5, 6]. Machine learning methods can
manage data with complex interactions and
precisely analyze their impact on outcomes.
Unsupervised machine learning enables the
classification of complex disease features in
patients and the individualized adjustment of
treatment plans to optimize outcomes [5, 6].

This study employed unsupervised machine
learning methods to identify clinical character-
istics of patients suitable for transcranial mag-
netic stimulation and to validate the correlation
between these characteristics and the thera-
peutic effects in a prospective cohort. This study
aimed to optimize transcranial magnetic stim-
ulation treatment plans for stroke rehabilitation
through unsupervised machine learning
methods.

METHODS

Cohort 1: Explored Cohort

Patients
The cohort under study was a retrospective
observational cohort. The cohort comprised
consecutive patients with ischemic stroke who
underwent rTMS treatment. Patients were
recruited from the Rehabilitation Department
of the Affiliated Hospital of Youjiang Medical
University for Nationalities between June 1,
2020, and May 30, 2021.

Inclusion criteria included patients aged
18 years or older, undergoing rTMS within
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1 month of stroke onset, and receipt of con-
ventional medicine and rehabilitation therapy
post-admission.

Exclusion criteria encompassed mortality
within 1 month of stroke onset, contraindica-
tions for rTMS, presence of other neurological
diseases, such as Parkinson’s disease, dementia,
or epilepsy, and withdrawal from the study or
inability to provide outcome data.

The study was conducted in accordance with
the Declaration of Helsinki and adhered to the
ethical standards of institutional and national
research committees. The study was approved
by the Ethics Committee of the Affiliated
Hospital of Youjiang Medical University for
Nationalities (KY-2018-03). Informed consent
was secured from all participants included in
the study.

Data Collected
Data on demographic characteristics (age, gen-
der, etc.), medical history (history of stroke,
hypertension, smoking, etc.), clinical charac-
teristics (treatment methods, etc.), and labora-
tory findings (platelet count, blood glucose
levels, serum lipid profiles, etc.) were collected
from electronic clinical records. The patients’
National Institutes of Health Stroke Scale
(NIHSS) and Modified Rankin Scale (mRS) scores
were collected at admission and after rTMS
treatment.

All patients underwent rTMS therapy for
2 weeks, with five sessions each week, totaling
ten sessions of rTMS therapy. TMS was admin-
istered to the motor cortex of the healthy
hemisphere at a frequency of 1 Hz for 15 min.
The presence of motor-evoked potentials
(MEPs) in response to transcranial magnetic
stimulation (TMS) in the affected hemisphere
was recorded.

Classify Data by Unsupervised Machine
Learning
We used Python 3.8. For cluster analysis, after
standardizing all data using the StandardScaler
module from the sklearn library, we classified
the data using two types of cluster analysis
models: the K-means method (K-Means mod-
ule, sklearn library) and Hierarchical Clustering

methods (AgglomerativeClustering module,
sklearn library). The Silhouette score could
suggest the optimal number of groups for the
K-means method, while the heatmap could
suggest the optimal number for Hierarchical
Clustering methods.

We compared outcome events across the
different groups identified above. Grouping can
yield clinical significance if it clarifies differ-
ences in outcomes or prognoses among the
patient groups. We then applied chi-square
tests, t-tests, or variance analysis to the different
groups to analyze the characteristics of factors
by the selected groups further. We found sig-
nificant differences in statin use and MEPs
across the prognosis groups. We then validated
the impact of statin use on the relationship
between rTMS and prognosis.

Cohort 2: Validated Cohort

Patients
The validated cohort was a prospective obser-
vational study. The validated cohort included
consecutive patients with ischemic stroke
undergoing rTMS. Patients were recruited from
the Rehabilitation Department of the Affiliated
Hospital of Youjiang Medical University for
Nationalities between August 1, 2021, and June
30, 2023, with follow-up extending to Decem-
ber 31, 2023. Patients taking statins after onset
were assigned to the statin group, while those
not were assigned to the control group. Patients
in the statin group continued to use statins
throughout the follow-up period. The dosage
and type of statins used are determined by the
clinical doctors based on the patient’s condition
and guidelines. Patients are regularly monitored
for liver function and other potential side
effects after using statins. If serious side effects
occur, patients discontinue statin use and exit
the study. Anticipating a 10% loss to follow-up,
we initially recruited over 140 patients, guided
by a previous study [7].

The inclusion criteria were the same as those
for the exploratory cohort. The exclusion crite-
ria were the same as the exploratory cohort and
included patients who withdrew from the study
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or could not provide detailed information on
statin use or outcome events.

Data Collected and Outcome
We collected clinical and electrophysiological
data identical to those of the exploratory
cohort. Outcome events encompassed the
presence of MEP, favorable functional outcomes
(FFO), and changes in the Fugl-Meyer Assess-
ment (FMA) at 3- and 6-months post-onset.
A FFO was defined as a Modified Rankin Scale
(mRS) score of 2 or less. Scores for clinical scales
and outcome events were assessed by experi-
enced rehabilitation physicians blinded to the
patients’ group assignments.

Statistical Analysis

Statistical analyses were conducted using SPSS
23.0 for Windows. For baseline data compar-
ison, continuous variables with normal distri-
bution were analyzed using a t-test, while those
with abnormal distribution were assessed using
non-parametric tests. Categorical and ranked
data were analyzed using chi-square tests.

Chi-square tests were employed to compare
MEP and FFO across different groups, while
t-tests were used to assess changes in FMA.
Subsequently, multifactor logistic regression
was applied for FFO, and multifactor linear
regression for changes in FMA. Forward and
backward stepwise methods were utilized in the
regression analyses. Data were stratified into
subgroups based on gender (male, female),
severity of illness (mild, severe), statin dosage
(low, moderate, high), statin type (lipophilic,
hydrophilic), and statin continuity (continu-
ous, non-continuous). Mild severity of illness
was defined as an mRS score of 0–2 at admission
and severe as 3–5. Continuity of statin use was
defined as consistent statin intake for 6 months
post-discharge. The relationship between statin
uses and prognosis was further analyzed in
these subgroups. A p-value of \ 0.05 was con-
sidered statistically significant.

RESULTS

Cohort 1: Explored Cohort

The explored cohort included 115 patients.
Forty-two were female (36.5%), and the mean
age was 62.57 ± 14.001 years. Among the vari-
ous stroke subtypes, there were 76 patients with
large artery atherosclerosis stroke, 28 patients
with cardioembolic stroke, and 11 patients with
lacunar stroke and other subtypes.

The Silhouette score line for K-means meth-
ods suggested that three groups were recom-
mended for grouping (Supplementary Material-
Supplementary-Figure 1). The scatter plots of
the three K-means groups showed that the data
for each group did not have a clear distinction
in the plot (Supplementary Material-Supple-
mentary-Figure 2). The analysis of the three
groups also showed no significant difference in
prognosis. Therefore, the K-means method was
not a better choice for the explored cohort.

The heatmap suggested that two groups
(HCgroup1, HCgroup2) were better for hierar-
chical clustering methods (Fig. 1). The heatmap
also indicated significant distinctions between
MEP and statins in the figure (Fig. 1). Compar-
ing the FFO after rTMS therapy between the two
groups, HCgroup1 (77.8%) had a higher rate of
FFO (p\ 0.001) than HCgroup2 (44.2%). Thus,
Hierarchical Clustering was a better choice for
the explored cohort.

When comparing data between HCgroup1
and HCgroup2, it was found that HCgroup1
had more patients with MEP (90.5% vs. 25.5%,
p\0.001), more patients taking statins (96.9%
vs. 39.2%, p\ 0.001), fewer patients experi-
enced hemorrhage events (3.2% vs. 17.6%,
p = 0.012), and lower NIHSS scores at admission
(6.06 vs. 13.29, p\0.001). The results were
similar to another study in those patients with
lower NIHSS scores at admission, fewer hemor-
rhage events, and the presence of MEP had a
better prognosis [8]. However, the relationship
between a higher rate of taking statins and a
better prognosis for stroke patients undergoing
rTMS therapy needs further validation.
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Cohort 2: Validated Cohort

Patients
The cohort initially recruited 412 participants.
Twenty-three patients withdrew from the study
or were lost to follow-up, 13 were excluded
according to the exclusion criteria, and 15 died
within 1 month after onset. Ultimately, the
validated cohort consisted of 361 eligible
patients. The statin group included 290
patients, while the control group comprised 71.
Among the various stroke subtypes, there were
291 patients with large artery atherosclerosis
stroke, 87 patients with cardioembolic stroke,
and 34 patients with lacunar stroke and other
subtypes.

The mean age of the validated cohort was
64.76 ± 13.746 years. The cohort included 126
female patients (34.9%). To compare baseline
data between the two groups, the statin group
had higher diastolic blood pressure values at
admission and more patients with infectious
diseases. Other data between the two groups
showed no significant difference (Table 1).

Outcome
(1) The MEP and FFO

The outcomes showed that the statin group
had a higher MEP rate (57.1% vs. 38.9%,
p = 0.006) than the control group (Table 1).
Similarly, the statin group exhibited a higher
FFO rate (70.9% vs. 52.8%, p = 0.003) at
3 months post-onset and (74.7% vs. 61.1%,

Fig. 1 The heatmap of hierarchical clustering methods
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Table 1 Baseline characteristic and outcome data by univariate analysis

Risk factor statin group (N = 290) Control group (N = 71) p*

Baseline characteristic

Age, years 65.25 (13.425) 62.73 (14.915) 0.167

Female, % 99 (34.1) 27 (38.0) 0.579

Admission NIHSS score 8.30 (7.773) 8.69 (8.021) 0.709

Admission mRS score 3 (2–4) 3 (2–4) 0.460

SBP at admission, mmHg 145.92 (25.204) 141.79 (24.004) 0.213

DBP at admission, mmHg 85.78 (15.540) 81.77 (13.886) 0.048

Heart rate at admission 79.19 (15.913) 81.31 (17.508) 0.325

History of smoke, % 129 (37.5) 19 (26.8) 0.232

History of hypertension, % 142 (49.0) 34 (47.9) 0.871

History of diabetes mellitus, % 63 (21.7) 11 (15.5) 0.462

History of CHD, % 70 (24.1) 23 (32.4) 0.298

History of stroke, % 51 (17.6) 13 (18.3) 0.886

Infectious disease, % 75 (25.9) 20 (28.2) 0.360

Left cerebral stroke, % 119 (41.0) 33 (46.5) 0.791

Platelet, mmol/l 176.92 (69.979) 173.76 (75.022) 0.737

INR 1.01 (0.169) 1.03 (0.133) 0.517

ALT, mmol/l 23.28 (18.158) 25.13 (17.011) 0.438

AST, mmol/l 25.74 (18.289) 29.46 (19.164) 0.128

Creatinine, mmol/l 79.53 (27.659) 89.66 (84.813) 0.089

Glucose, mmol/l 7.47 (3.324) 7.34 (3.874) 0.769

Triglyceride, mmol/l 1.52 (1.036) 1.85 (1.869) 0.154

Total cholesterol, mmol/l 4.24 (1.199) 4.16 (1.123) 0.630

HDL-C, mmol/l 1.27 (0.500) 1.29 (0.405) 0.765

LDL-C, mmol/l 2.55 (0.984) 2.38 (0.912) 0.180

Outcome

The MEP 165 (57.1%) 28 (38.9%) 0.006

FFO at 3 months 205 (70.9%) 38 (52.8%) 0.003

FFO at 6 months 216 (74.7%) 44 (61.1%) 0.021

FMA change at 3 months 8.05 (3.318) 1.85 (2.866) < 0.001
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p = 0.021) at 6 months post-onset compared to
the control group (Table 1).

In multivariable logistic regression analysis,
for FFO at 3 months, statin use (OR = 3.952,
p = 0.001) and the presence of MEP (OR =
3.221, p = 0.004) were significantly associated
with the outcomes. In contrast, a higher mRS
score (OR = 0.312, p\ 0.001) and complica-
tions from infectious diseases (OR = 0.264,
p\0.001) at admission were negatively associ-
ated with the outcomes (Table 2). For FFO at
6 months, statin use (OR = 2.740, p = 0.022),
the presence of MEP (OR = 2.513, p\0.001), a
higher mRS score at admission (OR = 0.521,
p = 0.004), and complications from infectious
diseases (OR = 0.293, p = 0.001) at admission
were all significant predictors of the outcomes
(Table 2).

(2) The change in FMA
The statin group demonstrated a more sig-

nificant change in FMA (p\0.001) than the
control group at 3 months post-onset (Table 1).
Similarly, the statin group showed a more sig-
nificant change in FMA (p\0.001) at 6 months
post-onset compared to the control group
(Table 1).

In multivariable linear regression analysis,
for the change in FMA at 3 months, statin use
(B = 2.217, p\0.001) was significantly associ-
ated with the outcomes, as was the presence of
MEP (B = 1.105, p = 0.001), a higher INR (in-
ternational normalized ratio) value (B = 2.835,
p = 0.006), and a higher statin dosage
(B = 0.864, p = 0.026). Conversely, a higher
heart rate (B = - 0.021, p = 0.038) was nega-
tively associated with the outcomes (Table 3).
For the change in FMA at 6 months, statin use

(B = 2.539, p\0.001), the presence of MEP
(B = 1.559, p\0.001), and a higher INR value
(B = 2.900, p = 0.007) were related to the out-
comes (Table 3).

Subgroup
In subgroup analysis, statin use remained sig-
nificantly associated with changes in FMA at
3 months and 6 months across various sub-
groups: both male and female (p\0.001), mild
and severe (p\0.001), across low, moderate,
and high dosage groups (p\0.001), and in both
lipophilic and hydrophilic subgroups
(p\ 0.001), as well as the continuous and non-
continuous subgroups (p\0.001). Statin use
continued to be significantly associated with
FFO at 3 months (Fig. 2) in the male (p = 0.040)
and female subgroups (p = 0.047), the low dose
(p = 0.003), lipophilic (p = 0.047), hydrophilic
(p = 0.040), continuous (p = 0.003), and non-
continuous subgroups (p = 0.031). Statin use
was also significantly associated with FFO at
6 months (Fig. 3) in the low dose (p = 0.021),
lipophilic (p = 0.035), and continuous sub-
groups (p = 0.015).

DISCUSSION

Unsupervised machine learning methods indi-
cated that the group with a better prognosis for
stroke under rTMS therapy had a higher number
of patients taking statins. The validated cohort
analysis revealed that the statins group exhib-
ited a higher prevalence of MEP and FFO at 3-
and 6-months post-onset, along with more sig-
nificant improvements in FMA at these time

Table 1 continued

Risk factor statin group (N = 290) Control group (N = 71) p*

FMA change at 6 months 8.91 (3.476) 2.07 (3.132) < 0.001

NIHSS National Institute of Health stroke scale, mRS Modified Rankin Scale, SBP systolic blood pressure, DBP diastolic
blood pressure, CHD coronary heart disease, INR international normalized ratio, ALT glutamic-pyruvic transaminase, AST
glutamic oxalacetic transaminase, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein,MEP motor
evoked potentials, FFO favorable functional outcome, FMA Fugl-Meyer Assessment
p* was calculated by ANOVA, Chi-square test, or Mann–Whitney U test as appropriate, p\0.05 was statistically
significant
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points. Across different genders, illness severi-
ties, statin dosages, types of statins, and statin
usage continuity, statin use continued to be
associated with more significant improvements
in FMA. Furthermore, statin use remained
associated with FFO at 3 months for different
genders, types of statins, statin usage continu-
ity, and the low-dose statins subgroup. Statin

use was also associated with FFO in the low-
dose, lipophilic, and continuous subgroups at
6 months.

Stroke is characterized by complex patho-
logical processes, with the neuroinflammatory
response playing a crucial role in post-stroke
damage and repair processes, considered a
potentially effective target for stroke treatment

Table 3 Multivariate linear regression for change in FMA

Risk factor B (95% CI) p*

Change in FMA at 3 months

Taking statin 2.217 (1.176 to 3.257) < 0.001

Presence of MEP 1.105 (0.441 to 1.769) 0.001

The higher dose of statin 0.864 (0.102 to 1.626) 0.026

Higher INR value at admission 2.835 (0.825 to 4.845) 0.006

Higher heart rate value at admission - 0.021 (- 0.041 to - 0.001) 0.038

Change in FMA at 6 months

Taking statin 2.539 (1.681 to 3.398) < 0.001

Presence of MEP 1.559 (0.864 to 2.255) < 0.001

Higher INR value at admission 2.900 (0.789 to 5.011) 0.007

FMA Fugl-Meyer Assessment, MEP motor evoked potentials, INR international normalized ratio
p* was calculated by multivariate logistic regression, p\0.05 was statistically significant

Table 2 Multivariate logistic regression for FFO

Risk factor OR (95% CI) p*

FFO at 3 months

Taking statin 3.952 (1.787–8.765) 0.001

Presence of MEP 3.221 (1.457–7.119) 0.004

Higher mRS score at admission 0.312 (0.216–0.450) < 0.001

Infectious diseases 0.264 (0.131–0.533) < 0.001

FFO at 6 months

Taking statin 2.740 (1.154–6.507) 0.022

Presence of MEP 2.513 (1.256–6.547) < 0.001

Higher mRS score at admission 0.521 (0.335–0.810) 0.004

Infectious diseases 0.293 (0.138–0.624) 0.001

FFO favorable functional outcome, MEP motor evoked potentials, mRS Modified Rankin Scale
p* was calculated by multivariate logistic regression, p\0.05 was statistically significant
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Fig. 2 The forest plot for subgroup analysis of statins and favorable functional outcome at 3 months

Fig. 3 The forest plot for subgroup analysis of statins and favorable functional outcome at 6 months
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[9, 10]. By modulating immune cells and
inflammatory cytokines, transcranial magnetic
stimulation can enhance damage repair and
facilitate recovery in patients at various stages of
stroke [11]. Statins and repetitive transcranial
magnetic stimulation enhance stroke recovery
through modulation of neuroimmune inflam-
matory responses [12, 13]. However, these
interventions modulate neuroimmune inflam-
matory responses through distinct mechanisms.

For instance, statins inhibit lymphocyte
migration and proliferation, while transcranial
magnetic stimulation encourages the conver-
sion of immune cells into an anti-inflammatory
phenotype [11, 14–16]. Hence, statins and rTMS
can collaboratively exert anti-neuroimmune
inflammatory effects through distinct path-
ways. In the acute and subacute phases of
stroke, when the damaging impact of neuroin-
flammation is more pronounced, hospitalized
patients may receive combined rTMS and statin
therapy to enhance neuroimmune inflamma-
tory regulation, thereby mitigating stroke
damage [14–18]. In the chronic phase, the
convenience of statin use enables long-term
inflammatory response regulation for stroke
damage repair [14–18]. Consequently, this
combination therapy can more accurately and
effectively modulate neuroinflammatory
responses at various stages of stroke, reducing
neural damage and facilitating damage repair.

Unsupervised machine learning is a statisti-
cal approach to discovering some underlying
structures in unlabeled data [19]. It is increas-
ingly utilized in medical research to identify
new potential classification methods or risk
factors [20]. When the optimal number of
clusters is uncertain, hierarchical clustering is
better, generating a nested, tree-like classifica-
tion structure [19]. An advantage includes its
flexibility for clusters of varying shapes and
sizes without predetermining cluster numbers.
Additionally, this algorithm generates a hierar-
chical cluster structure, facilitating analysis and
visualization [17]. This study’s hierarchical
clustering outperformed K-means clustering in
classification results.

Subgroup analysis results confirm that gen-
der, disease severity, and statin characteristics
do not influence the significant FMA changes in

patients using statins after receiving repeated
transcranial magnetic stimulation therapy, with
these benefits observed at both 3 and 6 months.
This indicates benefits across the subacute and
chronic phases when using statins [21]. Never-
theless, statin benefits were not apparent in
FFO. The lipophilic statins subgroup showed
benefits at 3 and 6 months, whereas the
hydrophilic statins subgroup only showed ben-
efits at 3 months. This suggests that statin
action duration and benefits may vary by type
[22]. Dosage influence stems from a lower pro-
portion of patients on medium to high doses of
statins, leading to inadequate statistical power
but sufficiently indicating low-dose statin ben-
efits. For less lacunar stroke patients in cohort,
we did not analysis the lacunar stroke patient’s
subgroup. The further study about effect of
combination therapy for lacunar stroke was
necessary for these patients could had a better
prognosis with rTMS [23].

Our study had several limitations. First, the
number of patients in the medium to high-dose
statins subgroup was smaller because low-dose
statins are commonly used in Asian patients.
However, the observed benefits from low-dose
statin use suggest that patients might benefit
more from medium to high doses of statins,
given the properties of statins. Second, with the
study’s population primarily consisting of Chi-
nese patients, further validation in other
regions is necessitated. Finally, the combination
effects of rTMS at different frequencies and
locations vary [4]. rTMS treatment requires
various stimulation frequencies and locations,
complicating the treatment plan and hindering
standardization [4]. Therefore, further research
is needed to explore whether the benefits of
statin use during rTMS treatment are influenced
by different treatment protocols.

CONCLUSION

In summary, the findings from unsupervised
machine learning indicated that rTMS treat-
ment had a more favorable outcome for
ischemic stroke patients using statins. Analysis
of the validated cohort revealed that stroke
patients receiving rTMS treatment experienced
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enhanced FMA scores at 3 and 6 months when
using statins. Individuals taking statins
demonstrated a higher incidence of MEP.

Statin users, particularly in the low-dose and
different types of statins subgroups, showed
increased FFO at 3 months. In the low-dose,
lipophilic, and continuous subgroups, statin
users also demonstrated increased FFO at
6 months. Statin use was associated with a bet-
ter prognosis in stroke patients undergoing
rTMS treatment.

ACKNOWLEDGEMENTS

We are grateful to MD Jiaona Lan for providing
valuable suggestions and guidance for the
manuscript.

Authors’ Contributions. Dr. Chaohua Cui
and MD Changhong Li conceptualized and
designed the study. MD Tonghua Long, MD
Zhenxian Lao and MD Tianyu Xia collected and
screened data. Dr. Chaohua Cui drafted the
manuscript. Dr. Chaohua Cui and MD Chan-
ghong Li analyzed the data. All authors criti-
cally reviewed and revised the manuscript.

Funding. This work was supported by the
Specific Research Project of Guangxi for
Research Bases and Talents (AD23026241),
Guangxi Zhuang Autonomous Region Health
and Family Planning Commission (Z-
B20221499) and Liuzhou Scientific Research
Technological Development Programs
(2022CAC0118). The study, the Rapid Service
Fee, and/or the Open Access fee were funded by
these sponsors.

Data Availability. The datasets generated
during and/or analyzed during the current
study are available from the corresponding
author on reasonable request.

Declarations

Conflict of Interest. Chaohua Cui, Chan-
ghong Li, Tonghua Long, Zhenxian Lao and
Tianyu Xia declare no conflicts of interest rele-
vant to this manuscript’s contents.

Ethics Approval. The study was conducted
in accordance with the Declaration of Helsinki
and adhered to the ethical standards of insti-
tutional and national research committees. The
study was approved by the Ethics Committee of
the Affiliated Hospital of Youjiang Medical
University for Nationalities (KY-2018-03).
Informed consent was secured from all partici-
pants included in the study.

Open Access. This article is licensed under
a Creative Commons Attribution-NonCom-
mercial 4.0 International License, which per-
mits any non-commercial use, sharing,
adaptation, distribution and reproduction in
any medium or format, as long as you give
appropriate credit to the original author(s) and
the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material
in this article are included in the article’s
Creative Commons licence, unless indicated
otherwise in a credit line to the material. If
material is not included in the article’s Creative
Commons licence and your intended use is not
permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view
a copy of this licence, visit http://
creativecommons.org/licenses/by-nc/4.0/.

REFERENCES

1. Hebert D, Lindsay MP, McIntyre A, et al. Canadian
stroke best practice recommendations: stroke reha-
bilitation practice guidelines, update 2015. Int J
Stroke. 2016;11:459–84. https://doi.org/10.1177/
1747493016643553.

2. Boddington LJ, Reynolds JNJ. Targeting interhemi-
spheric inhibition with neuromodulation to
enhance stroke rehabilitation. Brain Stimul.
2017;10:214–22. https://doi.org/10.1016/j.brs.
2017.01.006.

3. Zhang L, Xing GQ, Fan YL, et al. Short- and long-
term effects of repetitive transcranial magnetic
stimulation on upper limb motor function after
stroke: a systematic review and meta-analysis. Clin
Rehabil. 2017;31:1137–53. https://doi.org/10.1177/
0269215517692386.

Neurol Ther

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1177/1747493016643553
https://doi.org/10.1177/1747493016643553
https://doi.org/10.1016/j.brs.2017.01.006
https://doi.org/10.1016/j.brs.2017.01.006
https://doi.org/10.1177/0269215517692386
https://doi.org/10.1177/0269215517692386


4. Starosta M, Cichon N, Saluk-Bijak J, et al. Benefits
from repetitive transcranial magnetic stimulation
in post-stroke rehabilitation. J Clin Med. 2022.
https://doi.org/10.3390/jcm11082149.

5. Cui CH, Li YC, Liu SH, et al. The unsupervised
machine learning to analyze the use strategy of
statins for ischaemic stroke patients with elevated
transaminase. Clin Neurol Neurosurg. 2023.
https://doi.org/10.1016/j.clineuro.2023.107900.

6. Cui CH, Li CH, Hou M, et al. The machine learning
methods to analyze the using strategy of anti-
platelet drugs in ischaemic stroke patients with
gastrointestinal haemorrhage. BMC Neurol. 2023.
https://doi.org/10.1186/s12883-023-03422-0.

7. Tozlu C, Edwards D, Boes A, et al. Machine learning
methods predict individual upper-limb motor
impairment following therapy in chronic stroke.
Neurorehabil Neural Repair. 2020;34:428–39.
https://doi.org/10.1177/1545968320909796.

8. Chang MC, Do KH, Chun MH. Prediction of lower
limb motor outcomes based on transcranial mag-
netic stimulation findings in patients with an
infarct of the anterior cerebral artery. Somatosens
Mot Res. 2015;32:249–53. https://doi.org/10.3109/
08990220.2015.1091769.

9. Jin R, Yang GJ, Li GH. Inflammatory mechanisms in
ischemic stroke: role of inflammatory cells. J Leukoc
Biol. 2010;87:779–89. https://doi.org/10.1189/jlb.
1109766.

10. Wimmer I, Zrzavy T, Lassmann H. Neuroinflam-
matory responses in experimental and human
stroke lesions. J Neuroimmunol. 2018;323:10–8.
https://doi.org/10.1016/j.jneuroim.2018.07.003.

11. Pan LJ, Zhu HQ, Zhang XA, et al. The mechanism
and effect of repetitive transcranial magnetic stim-
ulation for post-stroke pain. Front Mol Neurosci.
2023. https://doi.org/10.3389/fnmol.2022.
1091402.

12. Pahan K, Sheikh FG, Namboodiri AMS, et al.
Lovastatin and phenylacetate inhibit the induction
of nitric oxide synthase and cytokines in rat pri-
mary astrocytes, microglia, and macrophages. J Clin
Investig. 1997;100:2671–9. https://doi.org/10.
1172/jci119812.

13. Luo L, Liu MX, Fan YH, et al. Intermittent theta-
burst stimulation improves motor function by
inhibiting neuronal pyroptosis and regulating
microglial polarization via TLR4/NFjB/NLRP3 sig-
naling pathway in cerebral ischemic mice. J Neu-
roinflamm. 2022. https://doi.org/10.1186/s12974-
022-02501-2.

14. Stanislaus R, Singh AK, Singh I. Lovastatin treat-
ment decreases mononuclear cell infiltration into
the CNS of Lewis rats with experimental allergic
encephalomyelitis. J Neurosci Res. 2001;66:155–62.
https://doi.org/10.1002/jnr.1207.

15. Walters CE, Pryce G, Hankey DJR, et al. Inhibition
of Rho GTPases with protein prenyltransferase
inhibitors prevents leukocyte recruitment to the
central nervous system and attenuates clinical signs
of disease in an animal model of multiple sclerosis.
J Immunol. 2002;168:4087–94. https://doi.org/10.
4049/jimmunol.168.8.4087.

16. Ruohonen J, Karhu J. tDCS possibly stimulates glial
cells. Clin Neurophysiol. 2012;123:2006–9. https://
doi.org/10.1016/j.clinph.2012.02.082.

17. Arboix A, Garcı́a-Eroles L, Oliveres M, et al. Pre-
treatment with statins improves early outcome in
patients with first-ever ischaemic stroke: a pleio-
tropic effect of statins or a beneficial effect of
hypercholesterolemia? BMC Neurol. 2010. https://
doi.org/10.1186/1471-2377-10-47.

18. Biffi A, Devan WJ, Anderson CD, et al. Statin
treatment and functional outcome after ischemic
stroke case-control and meta-analysis. Stroke.
2011;42:1314–9. https://doi.org/10.1161/strokeaha.
110.605923.

19. Wu JJ, Xiong H, Chen J. Towards understanding
hierarchical clustering: a data distribution perspec-
tive. Neurocomputing. 2009;72:2319–30. https://
doi.org/10.1016/j.neucom.2008.12.011.

20. Ntaios G, Weng SF, Perlepe K, et al. Data-driven
machine-learning analysis of potential embolic
sources in embolic stroke of undetermined source.
Eur J Neurol. 2021;28:192–201. https://doi.org/10.
1111/ene.14524.
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