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Objective: Post-stroke cognitive impairment (PSCI) is resistant to treatment. Recent

studies have widely applied repetitive transcranial magnetic stimulation (rTMS) to treat

various brain dysfunctions, such as post-stroke syndromes. Nonetheless, a protocol for

PSCI has not been established. Therefore, this study is aimed to evaluate the therapeutic

effect of our high-frequency rTMS protocol for PSCI during the chronic phase of stroke.

Methods: In this prospective study, ten patients with PSCI were enrolled and received

high-frequency rTMS on the ipsilesional dorsolateral prefrontal cortex (DLPFC) for 10

sessions (5 days per week for 2 weeks). Cognitive and affective abilities were assessed

at baseline and 2 and 14 weeks after rTMS initiation. To investigate the therapeutic

mechanism of rTMS, the mRNA levels of pro-inflammatory cytokines (interleukin (IL)-6,

IL-1β, transforming growth factor beta [TGF-β], and tumor necrosis factor alpha [TNF-α])

in peripheral blood samples were quantified using reverse transcription polymerase chain

reaction, and cognitive functional magnetic resonance imaging (fMRI) was conducted at

baseline and 14 weeks in two randomly selected patients after rTMS treatment.

Results: The scores of several cognitive evaluations, i.e., the Intelligence Quotient (IQ) of

Wechsler Adult Intelligence Scale, auditory verbal learning test (AVLT), and complex figure

copy test (CFT), were increased after completion of the rTMS session. After 3 months,

these improvements were sustained, and scores on the Mini-Mental Status Examination

and Montreal Cognitive Assessment (MoCA) were also increased (p < 0.05). While

the Geriatric Depression Scale (GeDS) did not show change among all patients, those

with moderate-to-severe depression showed amelioration of the score, with marginal

significance. Expression of pro-inflammatory cytokines was decreased immediately after

the ten treatment sessions, among which, IL-1β remained at a lower level after 3 months.

Furthermore, strong correlations between the decrease in IL-6 and increments in AVLT

(r = 0.928) and CFT (r = 0.886) were found immediately after the rTMS treatment
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(p < 0.05). Follow-up fMRI revealed significant activation in several brain regions, such

as the medial frontal lobe, hippocampus, and angular area.

Conclusions: High-frequency rTMS on the ipsilesional DLPFC may exert immediate

efficacy on cognition with the anti-inflammatory response and changes in brain network

in PSCI, lasting at least 3 months.

Keywords: chronic stroke, post-stroke vascular cognitive impairment, depression, repetitive transcranial

magnetic stimulation, ipsilesional dorsolateral prefrontal cortex

INTRODUCTION

The global lifetime risk of stroke is increasing (1). Despite
treatment, stroke patients often remain disabled due to
neurological damage. It has been reported that 30–40%
of stroke survivors suffer cognitive decline, and these
impairments cause disabilities in performing daily living
activities and lower quality of life (2). Rehabilitation for
stroke patients includes cognitive training based on their
implicated domains and severity. Depression after stroke is
also known to hinder rehabilitation and worsen outcomes
(3). The efficacy of therapeutic interventions for cognition
and depression during the acute and subacute phases has
been reported (4, 5). However, during the chronic stage,
post-stroke cognitive impairment (PSCI) is unlikely to be
ameliorated by conventional therapy (6–8). Therefore, new
therapeutic measures have been developed for patients with
chronic disabilities.

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive technology that exerts neuromodulating effects and
has been applied to treat the cerebral dysfunction caused by

various diseases (9, 10). Clinical trials of rTMS for stroke patients

have been conducted, reporting therapeutic effects that include
recovery from motor weakness, aphasia, and dysphagia (11–
13). However, most of these patients were in the acute or

subacute phases. Moreover, rTMS has been used to enhance the
cognitive function in patients with Alzheimer’s dementia and

Parkinson’s disease (14, 15). However, research on the effect of
rTMS treatment on established cognitive impairment after stroke
during the chronic phase is insufficient (16).

Above all, rTMS is used worldwide for its apparent

effect in major depression. The effect of a protocol applying
high-frequency stimulation to the left dorsolateral prefrontal
cortex (DLPFC) region is gaining popularity (17), and rTMS’

therapeutic effect on post-stroke depression is becoming an
established fact. Most of the protocols used involved the
administration of a high frequency of 5Hz or more to the
left DLPFC region (18, 19). Nevertheless, there is no definitive

protocol for the use of rTMS to enhance cognition in post-stroke
patients (20). Our clinical research team established a treatment
protocol with high-frequency rTMS over the ipsilesional DLPFC
according to our clinical experiences with positive results by
retrospective analyses (21). In this study, we aimed to determine
whether high-frequency rTMS on the ipsilesional DLPFC had
a therapeutic effect in patients with PSCI during the chronic
phase of stroke who also exhibited depressive symptoms. As a

prospective study, the therapeutic effects were determined via
psychological and neurobehavioral evaluations.

Despite the widespread application of rTMS in many clinical
trials, the mechanisms underlying its therapeutic effects are
poorly understood. Recent experimental studies have revealed
that rTMS treatment inhibits inflammation and apoptotic cell
death while improving the functional recovery in a rat model
of focal cerebral ischemia. Among the different mechanisms
involved, inflammation is one of the possible targets of rTMS
effects, but detailed experimental studies are lacking. To
investigate the mechanism of the therapeutic effect of rTMS, the
inflammatory status was assessed using peripheral blood samples
according to previous findings of augmented inflammatory
status in stroke patients (22, 23). Moreover, cognitive functional
magnetic resonance imaging (fMRI) findings were obtained from
two randomly selected patients to visualize the changes after
rTMS treatment in the brain network.

Additionally, to enable comparisons with control stroke
patients, a historical control group that had not received rTMS
and with available results of follow-up psychological tests was
enrolled for retrospective comparative analyses.

MATERIALS AND METHODS

Participants
This prospective clinical trial was approved by the Institutional
Review Board (IRB file no: 2018-07-001-015) of the study
hospital. The inclusion criteria were as follows: 1) age ≥ 20
years, 2) cognitive impairment developed with stroke despite
adequate rehabilitation, and duration of PSCI ≥6 months.
In this study, adequate rehabilitation was defined as at least
3 months of intensive rehabilitation consisting of twice of
30min duration occupational therapy, which essentially includes
tailored cognitive and perceptual training. To screen for cognitive
impairment, an Mini-Mental State Examination (MMSE) score
of 26 (sensitivity, 71%) was selected as the cutoff (24). PSCI
was determined based on Diagnostic and Statistical Manual
of Mental Disorders, fourth edition (DSM-IV) and Erkinjuntti
imaging criteria (see Supplementary Material 1), 3) depression
developed after stroke, as determined by a Geriatric Depression
Scale (GeDS) score ≥ of 10 or clinical symptoms judged by
a medical doctor. Additionally, the complaints of patients and
their families regarding disturbances in their quality of life
due to PSCI were considered for inclusion. Exclusion criteria
were 1) those suspected of other causes of cognitive decline,
such as Alzheimer’s dementia, 2) those who had previously
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TABLE 1 | Demographic characteristics of the patients.

Characteristic Values

Treatment group (N = 10)

Age, years 53.8 ± 8.2 (41–73)*

Gender (Male/Female) (n)

Education. years

8/2

10.4 ± 3.8 (6–16)*

Etiology (n) 10

Cerebral infarction/intracerebral hemorrhage 6/4

Lesion (n)a

Right hemisphere

- MCA territory, parietal lobeb

- Basal ganglia and paramedian pons

- Internal capsule, posterior limb

3

1

1

1

Left hemisphere

- Basal ganglia

- Basal ganglia, frontal lobe and thalamus

- Basal ganglia, posterior limb of internal capsule

and thalamus

- Frontal lobe extending to lateral ventricle

- ACA territory, corpus callosum genu and

parietooccipital lobes

- MCA territory, parietofrontotemporal lobes

7

2

1

1

1

1

1

Post-stroke duration, months 29.5 ± 49.5 (6–169)*

Geriatric depression scale (0–30) 16.9 ± 7.1 (7–29)*

Mini-mental state examination (0–30) 22.2 ± 4.7 (12–26)*

Montreal cognitive assessment (0–30) 16.1 ± 5.6 (8–24)*

Intelligence quotient (40–160) 77.6 ± 14.2 (65–100)*

Auditory verbal learning test 60.6 ± 25.3 (31–100)*

Complex figure test 28.7 ± 9.0 (15–41)*

Memory quotient 88.9 ± 19.8 (68–118)*

Global deterioration scale (1–7) 3.9 ± 0.8 (3–5)*

Clinical dementia rating (0–5) 1.0 ± 0.7 (0.5–2)*

Seoul-instrumental activities of daily living (0–45)

Functional ambulation categories (0–5)

25.3 ± 9.1 (15–42)*

3.8 ± 1.6 (1–5)*

Control group (N = 11)

Age, years 61.8 ± 9.7 (52–80)*

Gender (Male/Female) (n)

Education. yearsc
8/3

12.2 ± 2.3 (9–16)*

Etiology (n) 11

Cerebral infarction/intracerebral hemorrhage 3/8

Lesion (n)a

Right hemisphere

- MCA territory, frontoparietoocipital and insula lobe

and basal ganglia

- Superior frontal lobe

- Insula - frontotemporal lobe

- Temporal lobe

4

1

1

1

1

Left hemisphere

- External capsule

- MCA territory

- Basal ganglia

- Thalamus

6

1

2

2

1

Subarachnoid hemorrhage 1

Post-stroke duration, months 18.3 ± 24.6 (6–91)*

Mini-mental state examination (0–30) 21.8 ± 7.7 (4–30)*

Values are given as mean ± SD (range)* except for numbers of patients in etiology

and lesion. ACA, anterior cerebral artery; MCA, middle cerebral artery; aBrain MRI axial

view was attached to the Supplementary Material S5 for each patient. bThis patient

had infarction, which progressed to multifocal hemorrhagic transformations. cThere is no

information on the educational level of one patient in the chart review, so the results are

for 10 patients.

received rTMS treatment within the preceding 6 months, 3)
those suspected of having systemic infections at the time of
screening, and 4) contraindications for rTMS (e.g., pacemaker,
pregnant, metallic implants such as deep brain stimulation
electrode, and cerebral aneurysm clip). Ten patients were
recruited from November 2018 to January 2019, and their
baseline characteristics are shown in Table 1. Four of these
patients had received continuous rehabilitation therapy before
the start of treatment, whereas six had not received hospital-
based rehabilitation. The treatment settings did not change
throughout the study period. All patients were educated on
how to perform the cognitive training on their own during the
study period.

rTMS Procedure
Each patient received a total of 10 days of rTMS, on 5 weekdays
per week, for 2 consecutive weeks, using a 70mm figure-8 coil
stimulation device (ALTMS R©, Remed Co., Korea). The coil was
placed over the ipsilesional DLPFC. The intensity of stimuli was
100% of the patient’s resting motor threshold (20Hz, 5-s train
duration, and 55-s intertrain interval) for 20min (2,000 pulses
per session). The resting motor threshold was determined as the
minimal intensity required to elicit a potential of > 50 µV peak-
to-peak amplitude in the contralateral abductor pollicis brevis
muscle at least five out of 10 times. Before the intervention,
the resting motor threshold was measured for each patient
(see Supplementary Material S2). The protocol was established
based on studies of rTMS treatment for depression or cognitive
decline, which involved stimulating the DLPFC that transduces
an excitatory stimulus with high-frequency (≥5Hz) stimulation
of the cerebral cortex (18, 25). rTMS was administered by trained
medical doctors.

Assessment of Outcomes
The participants underwent baseline psychological tests within
4 weeks before initiation of the rTMS treatment and follow-up
tests with the same items 2 and 14 weeks after rTMS initiation.
Psychological tests, such as the MMSE (26), Montreal Cognitive
Assessment (MoCA) (27), Intelligence Quotient (IQ) from the
Wechsler Adult Intelligence Scale Fourth Edition (28), auditory
verbal learning test (AVLT), complex figure test (CFT), and
memory quotient (MQ), which were derived from the AVLT
and CFT performances (29), Global Deterioration Scale (30)
and Clinical Dementia Rating – Sum of Boxes (CDR-SB) (31)
were used to evaluate cognitive status. The GeDS (32) was also
used to assess patients’ depressive mood. Two expert clinical
psychologists performed cognition and mood evaluations using
the authorized nationality-specific versions of the tests.

Several tests for evaluating the motor function, such as the
Berg Balance Scale (BBS) (33), trunk impairment scale (34),
manual function test (MFT) (35), and Fugl-Meyer Assessment
(36), were also conducted by each rehabilitation professional.
Additionally, the Stroke Specific Quality of Life Scale (37) was
assessed to evaluate satisfaction with the quality of life. The Seoul-
Instrumental Activities of Daily Living (38), Modified Barthel
Index (39), and Functional Ambulation Categories (40) were
used as scales to evaluate daily activities.
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Clinical improvement was determined by the significance of
the score change as the enrolled patients were diagnosed with
chronic PSCI status, where expecting meaningful recovery was
difficult (41, 42).

Although the present study was prospectively designed
without a control, a retrospective analysis comparing the
outcomes in the historical control group was additionally
performed using serial MMSE records in the study clinic. All the
available data of chronic stroke patients who had received either
inpatient or outpatient rehabilitation therapy, from January 2015
to December 2020 with the same criteria as this study enrollment,
were collected. A total of 22 patients underwent anMMSE follow-
up evaluation with >3 months of interval. Among them, five
patients received rTMS treatment around the MMSE evaluation
dates, five had participated in another study, and one was
in a minimally conscious state. Therefore, these patients were
excluded from the additional analyses, and data from 11 patients
were used.

Blood Sampling and Assay for
Inflammatory Gene Expression
Morning fasting venous blood for inflammatory cytokine analysis
was collected within 4 weeks before (baseline), 2 weeks, and
14 weeks after initiation of the rTMS treatment (immediately
after and 12 weeks after completion of the rTMS treatment).
The gene expression of inflammatory cytokines, tumor necrosis
factor alpha (TNF-α), interleukin (IL)-1β, transforming growth
factor beta (TGF-β), and IL-6, was further assessed. Procedures
to quantify the mRNA levels of inflammatory cytokines are
described in Supplementary Material S3.

Furthermore, to determine whether the patient’s basic
hematologic status was affected by rTMS treatment, blood
samples at baseline and 14 weeks after treatment were compared
using the Wilcoxon signed-rank test. Comparisons of nine
complete blood count indices (white and red blood cell
counts, hemoglobin and hematocrit levels, mean corpuscular
volume, mean corpuscular hemoglobin level, red blood cell
distribution width, platelet count, and mean platelet volume)
and eight chemical analysis indices (sodium, potassium, glucose,
chloride, and aspartate transaminase, alanine transaminase,
total cholesterol, and triglyceride) were performed (see
Supplementary Material S4).

Acquisition, Processing, and Analysis of
fMRI
Data Acquisition
Twice fMRI was performed within 4 weeks before the initiation
of rTMS and 12 weeks after completion of the treatment. Two
randomly selected patients out of the 10 underwent fMRI. For
cognition fMRI, the “language sentence completion” task was
given, which involves finding appropriate words by showing a
sentence with a blank space (for example, “If you go to the
mountain, there are ___.” Participants had to generate a word
such as “trees” to complete the sentence in mind and not out of
mouth). A total of 24 sentences were presented at 5-s intervals,
and a 40-s interval was provided for every four sentences.

Scans were obtained using a GE SIGMA 3.0T (General
Electric, Milwaukee, Wisconsin). The fMRI sequence parameters
were as follows: slice thickness, 4mm; repetition time [TR],
2,000ms; echo time [TE], 30ms; flip angle = 90, matrix = 64
(frequency)× 64 (phase); number of excitations [NEX]= 1, Freq.
field of view [FOV]= 24 cm; and phase FOV= 1.0.

Data Preprocessing
We corrected the differences in timing across the slices,
followed by realigned head movements. We subsequently used
images from echo planar imaging for normalization instead
of the damaged T1-weighted images (43). The images were
smoothed with an isotropic Gaussian kernel (8mm full width
at half maximum). fMRI analysis for significant changes from
baseline to 12 weeks after completion of rTMS was conducted
using SPM12.

General Linear Model
We constructed a general linear model in a task fMRI language
sentence completion test. In the patient-level analysis, we
used “active condition > rest” as the contrast of interest.
Multiple comparison correction was performed using a
cluster-extent method with a cluster-forming (uncorrected)
p threshold of < 0.005.

Safety Assessment
The patients were monitored from the time of enrollment until
completion of the study for any adverse events defined in the
Common Terms Criteria for Adverse Events (CTCAE) version
5.0. Reports of adverse events that might be related to the
intervention were also available after the study.

Statistical Analysis
SPSS (IBM, version 21) was used for the data analysis. Using
the Wilcoxon signed-rank test, the score from each functional
evaluation immediately after rTMS session completion and at 12
weeks after session completion was compared with the baseline
score. Statistical significance was set at p < 0.05. The changes
in MMSE scores of the rTMS treatment group and the historical
control group were compared using the Mann-Whitney test.

Changes in cytokine levels after treatment were analyzed
using the Wilcoxon signed-rank test, and Spearman correlation
analysis was performed to assess the relationship between
decrements in the gene expression of each inflammatory
cytokine and gains in the score representing cognitive outcome
immediately after and after 14 weeks of treatment from the
baseline values.

RESULTS

Demographic and Clinical Characteristics
The demographic characteristics of the 10 patients (8 men
and 2 women) are summarized in Table 1. The mean post-
stroke period until enrollment in the study was 29.5 months
(ranging from 6 and 169 months), which corresponds to the
state where the recovery of function has reached a plateau
after stroke. There were 6 cases of cerebral infarction and
4 cases of intracerebral hemorrhage. Lesions were located in
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the right cerebral hemisphere in three patients and in the left
hemisphere in seven. Nine of them received 6 months and
one received 3 months of intensive rehabilitation that include
cognitive training after acute care of stroke. After the stage, all of
them received 10min duration guidelines for cognitive training
at home on every 2–3 months interval outpatient visit. Three
patients had diabetes and were taking medication, and one was
diagnosed with diabetes at the baseline. Further, three patients
with hypertriglyceridemia were reported in the initial evaluation,
and all were taking medications to reduce the risk of recurrent
stroke before rTMS treatment.

Unfortunately, the clinical psychologist performing the
MMSE, MoCA, IQ, MQ, and CDR-SB screening and efficacy
evaluations suddenly died due to an emergent disease. For this
reason, some data were omitted that include three patients’
baseline efficacy evaluations. To compensate for the lost data,
the medical records were reviewed, and the evaluation results
acquired during routine medical care within the assessment
window period were filled with the values. The evaluations
were conducted by doctors who passed evaluation training
courses, and through this, it was possible to supplement
some of the MMSE, GeDS, MoCA, CDR-SB, and Global
Deterioration Scale data.

The baseline cognitive score of the patients evaluated through
the MMSE was 22.2, and the average ambulatory ability, as seen
through the Functional Ambulation Categories score, was 3.8.
Among them, 8 patients were evaluated as having the ability to
walk on flat ground without aid from other people, with a score of
3 or higher, and the other two patients were evaluated as 1 point.

All patients were diagnosed with depression either by
psychological assessments or clinical judgment prior to rTMS
intervention, and seven were taking antidepressants. Of the 10
patients with depression, seven were evaluated as mild and
three as severe.

In the assessment immediately after completion of the rTMS
treatment session, IQ, MQ, AVLT, CFT, SSQoL, and MFT scores
were significantly higher than those at baseline (p < 0.05). In the
assessment conducted 14 weeks after baseline, improvement in
cognition seemed obvious, showing sustained increased scores
of AVLT, CFT, and MQ, which were increased immediately
after completing rTMS treatment (p < 0.05). Moreover, MMSE
and MoCA scores, which were not increased at 2 weeks after
initiation of rTMS, were increased at 14 weeks (p < 0.05). CDR-
SB showed a significant decrease at the last evaluation (p < 0.05).
Moreover, MFT scores that were increased immediately after the
treatment from baseline also showed a sustained improvement
in hand function at the last evaluation along with other motor
ability scores, BBS, and trunk impairment scale, which were not
increased immediately after treatment (p < 0.05; Table 2).

While the GeDS scores did not show significant change
among all patients, those with moderate-to-severe depression
(GeDS ≥ 20) showed amelioration of the score with marginal
significance after the treatment (p = 0.057). Analyses regarding
antidepressant medication status and brain lesion side did not
reveal any significance in the affective outcomes of the patients.

A comparison analysis with the historical control group and
11 patients with PSCI (eight men and three women) were

conducted. Their mean age was 53.8 ± 8.2 (between 41 and
73), and the mean post-stroke duration was 18.3 ± 24.6 months
(between 6 and 91 months) at the time of baseline MMSE
assessment (Table 1). The average follow-up evaluation of the
control group was 13.7± 9.8 months (between 5 and 35months).
The mean baseline MMSE score was 21.8 ± 7.70, which was not
different from the patients enrolled in this study. The follow-up
score of the historical control group was 22.5 ± 7.57, which did
not change during the interval (p = 0.356). Although there was
no difference in comparison of the changed scores between the
control group (0.73 ± 3.90 SD) and the treatment group in this
study (2.20 ± 2.04 SD), the patients in the present study showed
a significant increment only in the MMSE score 3 months after
treatment (p < 0.05).

Changes in fMRI
We found brain areas showing greater task-evoked activation
after rTMS. More specifically, the right angular gyrus of
both participants was activated during the language sentence
completion task. Additionally, other brain areas showed greater
activation: the right medial frontal gyrus for patient no. 6 (p =

0.039); the left supplementary motor area, right hippocampus,
right postcentral, left medial frontal, and left postcentral showed
greater activation after rTMS for patient no. 3 (p = 0.063;
Figure 1 and Supplementary Material S6).

Downregulation of Inflammatory Cytokines
and Correlation With Cognitive
Improvement
Reverse transcription polymerase chain reaction (PCR) results
from the blood drawn just after the rTMS treatment session
indicated downregulated expression of IL-1β, IL-6, TNF-α, and
TGF-β mRNA when compared to those before the treatment
(p < 0.05). Peripheral blood samples drawn 12 weeks after
completion of the treatment revealed a sustained reduction in
gene expression of IL-1β (p < 0.05; Figure 2), while there was
no change in C-reactive protein (CRP) level (p= 0.838).

We examined whether the decrease in the expression of
each cytokine correlated with changes in cognitive function,
depression index, or motor function. The amount of reduction
in the mRNA level of IL-6 immediately after the rTMS treatment
session from the baseline was highly correlated with increments
in AVLT (r = 0.928) and CFT (r = 0.886), respectively
(p < 0.05; Figure 3).

Safety
In the blood test, total cholesterol was slightly higher than
the normal range in one patient initially but decreased to the
normal range after rTMS treatment. There were no reports
of serious adverse events, but some mild (grades 1 and 2)
adverse events were observed. Hyperglycemia was reported in
two patients without prior diabetes at 14 weeks after initiation
of treatment, but they showed improvement at clinical follow-
up and did not meet the diagnostic criteria for diabetes. There
was an increment of aspartate and alanine aminotransferase
in one patient corresponding to CTCAE grade 1 before rTMS
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TABLE 2 | Changes in scores of functional evaluation after rTMS.

Baseline 2 weeks 14 weeks P-value (n)

0–2 week 0–14 week

MMSE 23.0 (17–26) 24.7 (18–28) 25.3 (19–30) 0.062 (7) 0.041* (7)

MoCA 18.3 (11–24) 19.8 (11–24) 20.3 (11–25) 0.059 (6) 0.042* (6)

IQ 79.7 (66–100) 88.2 (72–109) 83.7 (74–99) 0.046* (6) 0.058 (6)

AVLT 65.5 (34–100) 81.5 (49–117) 87.2 (62–112) 0.042* (6) 0.028* (6)

CFT 29.2 (15–41) 35.5 (16–47) 35.2 (18–50) 0.028* (6) 0.028* (6)

MQ 92.3 (69–118) 104.7 (71–137) 110.7 (87–137) 0.028* (6) 0.028* (6)

GlDS 3.5 (3–4) 3.0 (2–4) 0.083 (6)

CDR-SB 5.5 (1–12) 3.75 (0.5–9) 0.018* (8)

BBS 47.4 (20–56) 49.4 (22–56) 49.5 (22–56) 0.066 (10) 0.042* (10)

TIS 16.5 (7–21) 17.1 (8–21) 17.7 (9–23) 0.109 (10) 0.026* (10)

MFT 63.8 (0–96.88) 67.5 (0–96.88) 67.8 (0–96.88) 0.027* (10) 0.027* (10)

FMA 48.4 (4–66) 50.4 (4–66) 49.9 (4–66) 0.068 (10) 0.066 (10)

MBI 74.1 (21–98) 76.5 (33–100) 76.4 (33–100) 0.068 (10) 0.168 (10)

FAC 3.8 (1–5) 3.9 (1–5) 3.9 (1–5) 0.317 (10) 0.317 (10)

S-IADL 25.3 (15–42) 23 (15–42) 25 (15–42) 0.285 (10) 0.440 (10)

SS-QoL 137.1 (61–210) 150.7 (62–245) 149 (62–209) 0.043* (10) 0.182 (10)

GeDS 18.7 (12–29) 16.7 (3–30) 14.2 (6–29) 0.399 (6) 0.136 (6)

All values are presented a mean (range). *p < 0.05, Wilcoxon signed-rank test was performed at each follow-up time point compared to the baseline, except for patients who missed

even one outcome. GeDS, Geriatric Depression Scale; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; IQ, Intelligence Quotient; AVLT, auditory verbal

learning test; CFT, complex figure test; GlDS, Global Deterioration Scale; CDR-SB, Clinical Dementia Rating – Sum of Boxes; S-IADL, Seoul Instrumental Activities of Daily Living; MMT,

Manual Muscle Test; BBS, Berg Balance Scale; TIS, trunk impairment scale; MBI, Modified Barthel Index; SS-QoL, Stroke Specific Quality of Life Scale; MFT, manual function test; FMA,

Fugl-Meyer Assessment; FAC, Functional Ambulation Categories. Two weeks indicate immediately after 2-week treatment and 14 weeks indicate 12 weeks after completion of 2-week

treatment. (n) means the patient number that was analyzed for change of score from baseline evaluation at each time point.

FIGURE 1 | Changes in fMRI during language sentence completion task. (A) Change in patient no. 3. (B) Change in patient no. 6.

treatment, but this was normalized after approximately 1 week
of medication.

Moreover, two patients reported constipation symptoms, and
one patient each reported vitreal floaters and headaches during
the study period. All patients were classified as CTCAE grade
1, which was not directly related to rTMS treatment. Another

patient who reported headache had complained of intermittent
headache before enrollment in the study. Additionally, one
patient reported the appearance of a spider web in her left vision
after rTMS. The corresponding ophthalmologist diagnosed a
vitreal floater that seemed to have existed before rTMS treatment,
without any sign of retinal problems (44, 45), indicating that the
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FIGURE 2 | mRNA expression results. Reverse transcription polymerase chain reaction (PCR) products of target mRNAs (IL-1β, IL-6, TNF-α, and TGF-β). (A)

Representative agarose gel electrophoresis of PCR products on cDNA from human peripheral blood mononuclear cells. (B) The relative levels of target mRNA

expression. The amount of mRNA expression was quantified by densitometry of bands in comparison to 18s. Densitometry of mRNA band was quantified by three

independent scans presented as mean ± standard error (SE) of the mean for ten patients. *p < 0.05; Wilcoxon signed-rank test was used for each follow-up point

compared to the baseline.

FIGURE 3 | Correlation analysis between changes of interleukin-6 and cognitive function test. (A) The change of the IL-6 negatively correlated with the change of the

score of AVLT test after 2 weeks of rTMS treatments. The empty circle indicates an overlapped value from two different patients. (B) The change of the IL-6 negatively

correlated with the change of the score of CFT test after 2 weeks of rTMS treatments. These figures depict results of 6 patients. IL-6, interleukin-6; AVLT, auditory

verbal learning test; CFT, complex figure test.
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patient was able to sense a vitreal floater that was not perceived
before treatment.

DISCUSSION

This study was conducted to determine the possibility of inducing
cognitive recovery by using rTMS treatment for patients with
PSCI that persisted for more than 6 months, despite intensive
rehabilitation treatment for cognition. The results indicated a
cognition-enhancing effect in the patients via increments in the
IQ, AVLT, CFT, and MQ scores just after 2 weeks of rTMS
completion. After 3 months, the increments in the AVLT, CFT,
and MQ scores were sustained (p < 0.05), and the IQ was
increased with marginal significance (p = 0.058). Moreover,
the MMSE and MoCA scores, which did not show changes
2 weeks after the rTMS, were also increased at this time.
Furthermore, considering the prevalent knowledge of resistance
to treatments in patients with PSCI and that the result also
did not show a positive change in the MMSE score in the
historical control group, the outcomes in the treatment group
seem to be meaningful. According to the changed CDR-SB
scores at 3 months after treatment completion, the dementia-
ameliorating effect of rTMS seems remarkable. CDR-SB has been
acknowledged as a sensitive method for detecting the progression
of cognitive impairment (46). The Global Deterioration Scale
scores showed only a trend toward ameliorated cognitive
dysfunction, and this weak result might have been caused by the
sparse rating score system.

With regard to depression, the overall mean scores of the
GeDS did not show a significant change in all patients. However,
the score decreased in those with severe depression, although
with marginal significance. As the efficacy of rTMS treatment
has been previously revealed in patients with major depression
who do not respond to conventional treatment due to their severe
degree of depression, the Food and Drug Administration (FDA)
has approved this intervention for such patients (47). Previous
studies have also revealed that rTMS monotherapy has a greater
antidepressant effect than rTMS add-on therapy (48). Because
the total number of participants and non-medicated depressed
patients (n = 3) was small, the effect on depression could not
be fully addressed in this study. Further, the characteristics
of patients with substantial cerebral injury could have affected
the results.

The BBS, trunk impairment scale, and MFT scores indicating
motor function also showed significant improvements after 3
months of treatment completion. Preparation for movement
involves the complex and extensive regulation of multiple brain
centers (49). The DLPFC plays a crucial role in linking cognition
and motor function, and its connections can reportedly reach
the primary motor cortex and transfer important information
for motor execution (50). Therefore, it can be inferred that the
application of rTMS to the DLPFC affected the motor cortex and
led to improved motor function.

Regarding the cognition-recovering effect of rTMS in patients
with PSCI, the stimulation protocol could be of importance. In
the present trial, rTMS was administered to stimulate the DLPFC

in the ipsilesional hemisphere at 20Hz for 10 days. The DLPFC
plays an important role in various cognitive processes, such as
working memory, planning, banning, and abstract reasoning
(11, 51, 52). To date, rTMS studies on cognition have mostly
been applied to the left DLPFC, and recent clinical research
has reported improvements in the immediate and delayed recall
by high-frequency rTMS over the left DLPFC in patients with
left hemispheric stroke (53). Although reports on the cognition-
enhancing effects of rTMS on the left DLPFC outnumber those
of the right side stimulation, as there has been a report of
cognitive improvement by rTMS in the right inferior frontal
gyrus of patients with Alzheimer’s disease or mild cognitive
impairment, the application site of rTMS remains controversial
(54). Moreover, animal experiments using the ischemic stroke
model revealed the efficacy of rTMS at reducing ipsilesional
apoptosis, which involves post-stroke neuronal deterioration (55,
56). Along with the abovementioned results, considering that
positive effects appeared with increased scores in the cognitive
assessments of MMSE, MoCA, IQ, AVLT, CFT, and MQ in this
study, high-frequency rTMS on the ipsilesional DLPFC could be
a usable protocol for PSCI patients.

Although our sample size was small, the present study
provided an understanding of the therapeutic mechanism of
rTMS for PSCI. First, an anti-inflammatory effect that spread to
the systemic circulation was observed with the decreased gene
expression of pro-inflammatory cytokines. Immediately after the
rTMS session, the IL-1β, IL-6, TNF-α, and TGF-β levels were
decreased, and the depletion of IL-1β was retained 3 months
after rTMS. These findings conform with those of previous
studies. In a clinical study on elderly patients with refractory
depression, serum levels of IL-1β and TNF-αwere decreased after
rTMS treatment (57). Another study on cerebral infarction also
revealed lowered serum levels of IL-6 and TNF-α following rTMS
treatment (58). In animal experiments using a brain injurymouse
model, rTMS exerted a neurological deficit-ameliorating effect by
inhibiting the activity of the TGF-β pathway (59). In the present
study, the reduction in the IL-6 gene expression showed a strong
correlation with the increments in AVLT (r = 0.928) and CFT
(r = 0.886) scores immediately after the rTMS treatment. This
result might be significant in understanding the impact of rTMS
on inflammation and the role of rTMS in cognitive impairment
in a clinical study that revealed greater cognitive decline at
higher IL-6 levels (60). Besides the cytokines we investigated,
a previous study showed the possibility of ischemia-induced
amyloid beta and tau pathology involvement in the pathogenesis
of PSCI (61).Moreover, the impact of inflammatory change in the
brain of Alzheimer’s dementia has been reported vice versa (62).
Therefore, investigation of the therapeutic mechanism of rTMS
targeting PSCI may adopt biomarkers of Alzheimer’s disease in
the following research.

Second, according to the fMRI findings, both patients
showed increased activity of the right angular gyrus, which
is a brain region involved in high-level cognitive functions,
such as visuospatial attention, decision-making, solving familiar
problems, and reorienting attention to important stimuli
(63, 64). Additionally, some activation areas differed between
the two patients, which may be due to the differences
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in the ratio of the functional networks preserved in both
hemispheres and the left and right positions of the lesion
(65). A previous study reported a decrease in the functional
connectivity of the medial prefrontal cortex, left temporal lobe,
and hippocampus in patients with PSCI (66, 67). The result
suggests that the activation of the right hippocampus and
left medial frontal lobe of patient 3 and the right medial
frontal area of patient 6 was due to the rTMS treatment.
However, this study did not include electroencephalography or
other neurophysiological assessment, understanding of baseline
mechanism regard to the neural network, such as spike-time
dependent plasticity, has not fully been achieved (68). By
enlightening the role of neural network in each cognitive
function, stimulation of different sites could exert more effect in
future research.

In terms of safety, blood chemistry indices reported as
abnormal were temporary and could not be regarded as
a side effect of rTMS. Instead, the decreasing pattern of
total cholesterol was consistent with previous studies showing
that rTMS lowers the total cholesterol by altering the lipid
metabolism (69). Therefore, chemical confirmation through a
large population study is required to confirm these adverse
reactions. Consequently, considering the present study along
with previous reports, rTMS treatment can be considered a safe
treatment technique.

This study had some limitations. First, the sample size
was small, with only 10 participants, and the study was
conducted without a randomized control group. Furthermore,
a learning effect through repeated measurements could not be
ruled out. However, other studies have also used MMSE as a
short-term cognitive function follow-up assessment tool (70).
Repeatable Battery for the Assessment of Neuropsychological
Status is known as a tool to exclude content practice effect
(71), but since this test is difficult to apply to patients with
low cognitive function, other appropriate psychological tests
need to be developed and used for short-term evaluation
studies. Nevertheless, differential results at 2 and 14 weeks
after the initiation of rTMS, such as the significantly
increased MMSE and MoCA scores at the last examination
and not immediately after the treatment, suggest a real
improvement in cognition.

Studies with larger sample sizes with matched control groups
and using cognitive evaluation tools to avoid learning effects
should be conducted.

CONCLUSIONS

In summary, we have obtained significant results that suggest
that high-frequency rTMS treatment for ipsilateral DLPFC
may exert beneficial effects on the short- and long-term
improvement of cognitive function in chronic PSCI patients by
reducing inflammation in the brain and altering the functional
connectivity of several brain regions.
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