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Abstract

Background: The efficacy of intermittent theta-burst stimulation (iTBS) and transcranial direct current stimulation (tDCS) combined
with cognitive training in the treatment of post-stroke cognitive impairment (PSCI) requires further investigation. Methods: We randomly
assigned 60 patients with PSCI to receive iTBS (n = 21), tDCS (n = 19), or cognitive training alone (» = 20). Cognitive function was
evaluated by the Loewenstein Occupational Therapy Cognitive Assessment (LOTCA), and the performance of activities of daily living
(ADL) was assessed with the modified Barthel Index (MBI). Of these patients, 14 participated in the functional near-infrared spectroscopy
(fNIRS) measurement. Results: After six weeks of treatment, cognitive function improved in all three groups of PSCI patients. Compared
with patients receiving only cognitive training, the cognitive function of patients in the iTBS combined with cognitive training (p = 0.003)
and tDCS combined with cognitive training groups (p = 0.006) showed greater improvement. The cognitive improvement from tDCS
was related to the activation of the frontopolar cortex (FPC), while the improvement of cognition by iTBS was based on the activation
of the stimulation site (the dorsolateral prefrontal cortex) and some distant regions. Conclusions: Both iTBS and tDCS in addition to
cognitive training appear to improve cognitive function and quality of life of patients with PSCI, compared to cognitive training alone.
tDCS improved cognitive function by improving the patient’s valuation, motivation, and decision-making substructures, while iTBS
improved patients’ assessment and decision-making abilities, improving cognitive control and, ultimately, overall cognitive function.

Keywords: post-stroke cognitive impairment; intermittent theta-burst stimulation; transcranial direct current stimulation; functional
near-infrared spectroscopy

1. Introduction Theoretically, drug treatments such as acetyl-
cholinesterase inhibitors may improve PSCI. However,

Stroke, also known as cerebrovascular accident, is the  studies have shown that these drugs have only short-term

leading cause of death and disability in the world, affect-
ing 15 million people every year [1]. Post-stroke cogni-
tive impairment (PSCI) refers to a common complication
after stroke, a series of syndromes that appear within three
months of the clinical event of stroke and must last for at
least six months to meet the diagnostic criteria. More than
half of stroke patients will have impairment in one or more
cognitive domains, while the core clinical symptom is im-
paired executive function [2]. This can lead to serious in-
sufficiency in or loss of patients’ self-care, social participa-
tion, and work skills, which brings heavy life and economic
burdens to their family and society [3].

benefits, and all have side effects of varying degrees
[4,5]. Cognitive training is a commonly used method
to treat cognitive impairment in clinic that can delay
or improve cognitive decline through repeated training.
However, its efficacy varies from person to person, and to
a certain extent depends on the patient’s self-investment
and cooperation [6]. Therefore, in recent years, it has
often been combined with other, more technological
treatments to ensure better clinical effects. Non-invasive
brain stimulation (NIBS) is a non-invasive and effective
treatment method for PSCI that can be used to gradually
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improve cognition.

Repetitive transcranial magnetic stimulation (rTMS)
refers to the generation of a high-intensity instantaneous
magnetic field that acts on brain tissue and induces elec-
trical currents to stimulate the corresponding neurons and
change the cortical excitability [7]. Theta-burst stimula-
tion (TBS) is a special stimulation mode of rTMS that can
more effectively improve cortical excitability by matching
the theta rhythm of natural discharge in the brain [8,9]. In-
termittent TBS (iTBS) is a stimulation mode that contains
a 2-second TBS sequence (10 TBS bursts) that is transmit-
ted every 10 seconds (the burst interval between columns
is 8 seconds) and lasts a total of 200 seconds (600 pulses).
In clinical applications, it has the advantages of short time
requirement, low intensity, and strong effect.

Studies have shown that, compared with high-
frequency rTMS, iTBS can produce greater and longer-
lasting excitability of the motor cortex [10], lasting for
up to 60 minutes after stimulation [9]. Use of iTBS over
the left dorsolateral prefrontal cortex (DLPFC) is a novel
stimulation mode. In recent years, studies have confirmed
the clinical efficacy of this stimulus program in the treat-
ment of mental diseases such as depression and autism [ 11—
13]. One study showed that three-day iTBS stimulation im-
proved overall cognition, attention, and visuospatial ability
in patients with Parkinson’s disease [14]. Although stud-
ies have confirmed the effectiveness of iTBS in improving
Parkinson’s cognitive impairment, the efficacy of iTBS in
patients with PSCI has not been determined.

Transcranial direct current stimulation (tDCS) refers
to the regulation of specific areas of the brain by the place-
ment of electrodes on the scalp to affect the resting mem-
brane potential and change the excitability of the cortex
[15]. Anode tDCS stimulation can depolarize the mem-
brane potential in the affected area and increase the firing
frequency of neurons to produce a lasting after-effect [16].
This procedure has been widely used in stroke patients to
treat motor dysfunction, aphasia, and dysphagia [17-19].
Although the use of tDCS in the treatment of cognitive dis-
orders such as Alzheimer’s disease and Parkinson’s disease
has attracted some attention [20,21], only a few small-scale
studies have investigated the efficacy of tDCS in the treat-
ment of PSCI. Therefore, the ameliorative effect of tDCS
on PSCI remains unclear. Considering the two neuromod-
ulation technologies, iTBS and tDCS, there are few studies
on the application of iTBS in cognitive function, and the
two intervention methods seem to have different effects on
cognitive function [22,23]. The advantages and disadvan-
tages of the two intervention methods on overall cognition
and its various sub-domains (attention, thinking operation,
orientation, etc.) are not yet known, showing the need for
further research.

Few studies have explored the role of neuroplastic-
ity in the use of iTBS and tDCS to improve cognitive
function, and the mechanism remains unclear [24]. Func-

tional near-infrared spectroscopy (fNIRS) is a non-invasive
optical imaging technology that relies on the principle of
neurovascular coupling. It uses the attenuation of near-
infrared light to quantify changes in the concentration of
cerebral cortex oxygenation (HbO) and deoxyhemoglobin
(HHD), thus measuring activation of the cerebral cortex
[25]. Compared with more mature imaging methods, such
as functional magnetic resonance and electroencephalog-
raphy, fNIRS has the advantages of portability, low cost,
and lack of interference from motion artifacts, imposing
fewer constraints on subjects during the measurement pro-
cess [26]. Patients with cognitive impairment showed lower
levels of activation in specific brain regions than healthy
people [27-29]. The literature has substantiated that, for
both healthy people and patients with cognitive impair-
ment, fNIRS can be used to detect the hemodynamics of the
frontal lobe to assess their cognitive status [30]. However,
it has rarely been used to investigate the effects of iTBS
and tDCS on the neuroplasticity of PSCI. Herein, this study
aimed to observe the effects of iTBS and tDCS combined
with cognitive training on PSCIL.

2. Methods
2.1 Study Design

This was a prospective, randomized, single-blind and
controlled study. Ethical approval was granted by the Third
Affiliated Hospital of Zhejiang Chinese Medical University
Ethics Committee, and written consent was obtained from
all participants and their families.

2.2 Participants

Patients diagnosed with PSCI in the Third Affili-
ated Hospital of Zhejiang Chinese Medical University from
March 2021 to October 2021 were recruited. Sixty-six
patients were enrolled and divided equally to the iTBS,
tDCS, and control group according to random number ta-
ble. Among them, two patients dropped out the study for
unwillingness to continue treatment and evaluation and an-
other four patients were excluded out the analysis for trans-
ferring or returning home. Finally, 21 cases in the iTBS
group, 19 cases in the tDCS group, and 20 cases in the con-
trol group were included into the statistical analysis (Fig. 1).
The inclusion criteria were as follows: patients diagnosed
with stroke based on the diagnostic criteria of the Guide-
lines for Diagnosis and Treatment of Cerebral Hemorrhage
in China (2019) or the Guidelines for Diagnosis and Treat-
ment of Acute Ischemic Stroke in China (2018), cerebral
hemorrhage or cerebral ischemia accompanied by cogni-
tive impairment within six months as defined by a Mini—
Mental State Examination (MMSE) score below 26, no se-
rious visual or hearing impairment, and stable vital signs
with no progression of neurological symptoms. The exclu-
sion criteria were as follows: patients with metallic devices,
pacemakers or skull defects; history of epilepsy or risk of
seizures; intracranial occupying lesion, including arteriove-
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nous malformation or brain tumor, according to imaging re-
sults; cognitive dysfunction caused by other reasons (such
as Alzheimer’s disease); and depression and other mental
disorders. Prior to inclusion in the study, all patients under-
went a neuropsychological evaluation to screen for the in-
clusion/exclusion criteria. For each participant in the corre-
sponding group, stimulation or no stimulation was applied
over the left DLPFC in 30 sessions over 30 consecutive
weekdays.
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Fig. 1. Patient Inclusion Flowchart.

2.3 Intervention Protocols
2.3.1 The iTBS Group

2.3.1.1 iTBS Protocol. The iTBS procedure used a CCY-
I-type stimulator with an “8”-shaped coil (Wuhan Yiruide
Medical Equipment New Technology Co., Ltd., China).
The left DLPFC was selected as the stimulation site, and
the cranial landmarks were located by the international 10—
20 EEG method. The body surface was positioned at F3,
and the center point of the coil was tangent to the surface of
the patient’s scalp. Meta-analysis indicated that the DLPFC
is the best stimulation site for improving cognitive function
[31,32]. Stimulation intensity was set to 70% of the relaxed
motor threshold, triplet 50 Hz bursts, repeated at 5 Hz, 2 s
on and 8 s off; this was repeated 20 times, with 600 pulses
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per session, for a total duration of 3 min 20 s. The course of
treatment was comprised of 30 sessions in total: once-daily
sessions on weekdays, with five sessions per week over six
weeks.

2.3.1.2 Cognitive Training. After each iTBS treatment, the
therapist conducted computer-assisted cognitive rehabilita-
tion with the patient, including attention training, executive
function, memory, calculation, and reasoning ability train-
ing. The total number of cognitive training sessions was
30, each for 30 min, occurring five times a week over six
weeks.

2.3.2 The tDCS Group

2.3.2.1 tDCS Protocol. The tDCS procedure adopted a
transcranial direct current rehabilitation therapy device
(TES-02, Harbin Aobo Medical Equipment Co., Ltd., Hei-
longjiang, China). The stimulating electrode was a circu-
lar conductive rubber electrode with a diameter of 25 mm;
the anode was placed on the patient’s left DLPFC using the
international 10-20 EEG method to locate the head mark,
and the body surface was positioned at F3. The cathode
was placed on the opposite shoulder. The stimulation in-
tensity was 2.0 mA, and it lasted for 20 min. The course of
treatment was comprised of 30 sessions in total: once-daily
sessions on weekdays, with five sessions per week for six
weeks.

2.3.2.2 Cognitive Training. The protocol for cognitive
training was the same as that of the iTBS group.

2.3.3 The Control Group

The protocol for cognitive training was the same as
that of the iTBS group.

2.4 Outcome Measures

At baseline and the day after the end of six weeks of
treatment, patients were assessed for cognitive function and
activities of daily living using the following scales.

The primary outcome measure was the Loewenstein
Occupational Therapy Cognitive Assessment (LOTCA):
research shows that, compared with the MMSE and the
Montreal Cognitive Assessment (MoCA), the LOTCA can
comprehensively assess the executive function of patients
and predict the degree of overall functional improvement
after stroke [33]. This study used the first version of the
LOTCA (the Chinese version). The total possible LOTCA
score is 91, including orientation (from 2 to 8 points), vi-
sual perception and spatial perception (from 6 to 24 points),
visuo-motor organization (from 7 to 28 points), thinking
operation (from 6 to 27 points), and attention (from 1 to
4 points).

The secondary outcome measure, the modified
Barthel Index (MBI), is a scale commonly used to clinically
to assess patients’ activities of daily living (ADL), includ-
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ing 10 points for eating, 5 points for bathing, 5 points for
grooming, 10 points for dressing, 20 points for controlling
urine and bowel, 10 points for toileting, 15 points for trans-
ferring between bed and chair, 15 points for walking on flat
ground, 10 points for going up and down stairs, and 5 points
for using a wheelchair, a total of 100 points. The higher the
score, the better the independence of the patient.

2.5 fNIRS Measurements

We used the verbal fluency test (VFT) during data col-
lection, as it has been reported that the brain activity of pa-
tients with cognitive impairment decreases during adminis-
tration of the VFT [34]. The VFT has been widely used to
investigate prefrontal brain function and is also a valid mea-
sure of executive function [35-37]. We performed fNIRS
measurements on a subset of patients (7 in the iTBS group
and 7 in the tDCS group, 14 in total). The fNIRS mea-
surements were conducted using an ETG-4000 Optical To-
pography System (Hitachi Medical Co., Tokyo, Japan) to
measure the concentration changes of HbO and HHb. We
used the “3 x 11” measurement patches provided by Hi-
tachi. According to the international 10-20 system, the
lowest probe was located on the T3-Fpz-T4 line, which was
sufficient to measure the entire prefrontal cortex (PFC) and
part of the temporal cortex [38].

The VFT is divided into four parts. During the early
stage of the task, the subject sits quietly and looks at the
“cross” icon 1 m in front of them for 10 s. Then there is a
waiting period of 30 s, and the patient is required to count
from 1 to 5 and look at the cross icon. During the stimula-
tion time, every 20 s the patient is given a Chinese charac-
ter, a total of 3 Chinese characters every 60 s, and told to
group as many words as possible. During the last task, the
patient is asked to continue counting from 1 to 5 and to look
at the cross icon for 70 s. The test is carried out in a quiet
and dark environment. During the entire detection process,
efforts are made to keep the patient quiet and relaxed, not
engaged in active thinking activities, and free from outside
interference.

2.6 fNIRS Data Analysis

Many studies have confirmed that HbO is positively
correlated with local cerebral blood flow [39]. Compared
with individual changes in HHb [40], HbO can better reflect
changes in local cerebral blood flow [41]. Therefore, in this
study, we chose to analyze only the HbO concentration.

The NIRS KIT software package, implemented in
Matlab2020b (Mathworks Inc., Natick, MA, USA), was
used to preprocess the original light intensity data. First,
a polynomial regression model was used to estimate and
remove any linear or non-linear trend in the signal for drift
removal. Next, time derivative distribution repair was used
to eliminate the head motion artifacts [42]. A 0.01-0.8
Hz band-pass filter was used to remove common noises,
including physiological noises caused by heartbeat, respi-

ration, and Mayer waves. Finally, based on the modified
Beers—Lambert law, the filtered optical density data was
converted into HbO concentration changes.

After removing the artifacts, the 30 s waiting period
was used as the pre-task baseline. The baseline HbO was
subtracted from the HbO during the task and divided by the
standard deviation of the baseline period. Then a single-
sample #-test and paired z-test were used to investigate the
brain activation of each channel under each condition and
generate a t-value heat map. Finally, the xjview toolbox
(http://www.alivelearn.net/xjview8/) and BrainNet Viewer
toolbox (http://www.nitrc.org/projects/bnv/) were used to
project the heat map onto the 3D brain model [43].

2.7 Statistical Analyses

Statistical analyses were performed with the Statisti-
cal Packages for Social Sciences (SPSS) (SPSS-25.0, IBM,
Chicago, IL, USA). The Shapiro—Wilk tests were used to
examine the normal distribution. One-way ANOVA anal-
ysis (for the LOTCA test and the MBI scale) and the
Kruskal-Wallis rank sum test (for LOTCA sub-items) were
used to evaluate the clinical efficacy of the treatments in
the three groups. Two-sample z-tests and non-parametric
Mann—Whitney tests were used to compare two groups of
continuous variables. Spearman correlation was used to
measure the association between primary and secondary
outcomes. Normally distributed data were expressed as the
mean (SD), and non-normal data were expressed as the me-
dian (interquartile range). The level of significance was set
atp < 0.05.

3. Results
3.1 Demographic and Clinical Characteristics

This is a prospective, randomized, single-blind and
controlled study. A total of 60 PSCI patients were recruited
and divided into the iTBS group (n =21), tDCS group (n =
19) and control group (n = 20). Of these, 7 patients in each
of the iTBS and tDCS groups completed fNIRS measure-
ments. Demographic and clinical characteristics are pre-
sented in Tables 1,2,3; there was no difference between the
groups. As there were no obvious adverse reactions during
the experiment, the safety and tolerance are assumed to be
good.

3.2 Clinical Data
3.2.1 Primary Outcome Changes

Inter-group results: after treatment, the total scores of
the LOTCA test were analyzed by one-way ANOVA (F' =
5.804, df =2, p = 0.005). Pairwise comparisons showed
that, compared with the control group, the iTBS group (p =
0.003) and the tDCS group (p =0.006) both had a significant
increase in the total LOTCA score after stimulation (Fig. 2).

Intra-group results: after the 30 stimulation treatment
sessions, paired comparison showed that the total scores of
the LOTCA test in the iTBS group (p < 0.001), and tDCS
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Table 1. Baseline characteristics of all the patients with PSCI enrolled.

Characteristics iTBS group (n=21)  ¢tDCS group (n=19)  Control group (n=20) p value
Age (years) 57.24 4+ 14.03 61.58 + 14.18 66.75 + 12.23 0.087
Education (years) 9.00 + 6.00 9.00 + 7.00 9.00 £ 7.50 0.073
Onset time (months) 4.00 + 5.00 2.00 + 3.00 6.00 & 4.00 0.073
Male/Female 18/3 14/5 13/7 0.306
Injury site (left/right) 12/9 12/7 13/7 0.863
Hemorrhage/Infarction 8/13 5/14 8/12 0.626
MMSE 13.81 +4.33 13.89 +4.29 12.40 +4.33 0.502
Severity (mild/moderate/severe) 3/12/6 1/15/3 1/13/6 0.549
LOTCA 50.48 £+ 14.74 51.79 + 14.74 45.00 + 14.13 0.305
orientation 4.00 + 4.00 4.74 + 1.69 4.50 +4.50 0.789
visual perception and spatial perception 20.00 £+ 6.50 20.00 £ 7.00 19.00 + 10.00 0.361
visuo-motor organization 13.86 + 5.69 14.63 £+ 6.22 12.25 +£4.38 0.386
thinking operation 11.43 +4.01 11.74 + 4.81 9.50 + 6.50 0.351
attention 3.00 +2.00 2.00 £+ 2.00 1.50 +2.00 0.355
MBI 58.33 +24.36 42.00 £ 30.00 45.10 £ 25.06 0.181

Table 2. Baseline characteristics of PSCI patients with fNIRS.

Characteristics iTBS group (n=7)  tDCS group (n=7) p value
Age (years) 56.14 +19.21 53.86 + 15.91 0.813
Education (years) 9.14 +4.49 15.00 + 7.00 0.159
Onset time (months) 2.86 + 1.95 2.57 + 1.81 0.781
Male/Female 6/1 7/0 0.299
Injury site (left/right) 6/1 3/4 0.266
Hemorrhage/Infarction 2/5 1/6 1.000
MMSE 15.14 +4.53 13.71 + 1.80 0.453
Severity (mild/moderate/severe) 1/5/1 0/7/0 0.311
LOTCA 53.00 + 13.01 55.14 4+ 10.45 0.740
orientation 4.14 + 1.68 443 +1.27 0.726
visual perception and spatial perception 18.71 £5.22 20.14 +£3.34 0.553
visuo-motor organization 15.29 +£5.02 15.43 +£5.06 0.959
thinking operation 12.00 £+ 2.83 12.57 £5.26 0.804
attention 2.71 £0.95 2.57 £0.98 0.786
MBI 53.14 £ 27.56 52.86 +26.30 0.984

Values denote means + SD unless specified otherwise. The skewed distributed variables (Education,

onset time and RI) were presented as median + interquartile range (IQR). Based on MMSE scores,

patients were divided into mild, moderate, and severe cognitive impairment, with mild 21 < MMSE
< 26, moderate 11 < MMSE < 20, and severe 0 < MMSE < 10.

Abbreviations: iTBS, intermittent Theta Burst Stimulation; tDCS, transcranial direct current stimula-

tion; MMSE, Mini-mental State Examination; LOTCA, Loewenstein Occupational Therapy Cogni-
tive Assessment; MBI (Activity of Daily Living), Modified Barthel index; F, female; M, male.

group (p = 0.007) were noticeably higher than the baseline
(Fig. 2); the control group (p = 0.044) also improved.

The value obtained by subtracting the LOTCA before
treatment from LOTCA after treatment was compared with
0, and if it was greater than 0, it was recorded as improve-
ment; if it was less than or equal to 0, it was recorded as
no improvement. The number of patients who finally im-
proved was 18, 15, and 15 in the iTBS group, tDCS group,
and control group, respectively. Using the chi-square test
analysis, we can get: p = 0.686, that is, the three groups
of intervention methods have the same amount of cognitive
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improvement in PSCI patients.

3.2.2 Changes in the LOTCA Test for Sub-Items

One-way ANOVA analysis and the Kruskal-Wallis
rank sum test were used to analyze the five sub-items of
the LOTCA test. For the visual-motor organization (y? =
13.307, df =2, p = 0.001), thinking operation (y2 = 8.644,
df =2, p=0.013) and attention (x> = 6.761, df =2, p =
0.034) sub-items, the effects of the three intervention meth-
ods were not identical. Compared with the control group,
the visual-motor organization (p = 0.010), thinking oper-
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Table 3. Baseline comparison of patients with fNIRS and patients without fNIRS.

Characteristics patients with fNIRS (n=14)  patients without fNIRS (n = 46) p value
Age (years) 55.00 & 16.99 63.85 +12.23 0.035*
Education (years) 10.86 + 4.47 9.00 + 6.00 0.420
Onset time (months) 2.00 + 3.00 4.00 £+ 5.00 0.138
Male/Female 13/1 32/14 0.155
Injury site (left/right) 9/5 27/19 0.765
Hemorrhage/Infarction 3/11 18/28 0.340
MMSE 14.43 +3.39 13.00 + 5.25 0.271
Severity(mild/moderate/severe) 1/12/1 4/28/14 0.187
LOTCA 54.07 £ 11.39 47.54 +15.22 0.144
orientation 4.50 + 1.75 5.00 + 3.25 0.619
visual perception and spatial perception 20.50 +7.25 19.00 + 8.00 0.171
visuo-motor organization 15.36 + 4.85 11.00 +9.00 0.091
thinking operation 12.29 + 4.07 10.00 £ 8.00 0.172
attention 3.00 £+ 1.00 1.00 + 2.00 0.008**
MBI 53.00 4 25.88 51.33 +£23.79 0.822

Values denote means + SD unless specified otherwise. The skewed distributed variables (Education, onset time and RI)
were presented as median + interquartile range (IQR). Based on MMSE scores, patients were divided into mild, moderate,
and severe cognitive impairment, with mild 21 < MMSE < 26, moderate 11 < MMSE < 20, and severe 0 < MMSE < 10.

p < 0.05; **p < 0.01.

Abbreviations: iTBS, intermittent Theta Burst Stimulation; tDCS, transcranial direct current stimulation, MMSE, Mini-

mental State Examination; LOTCA, Loewenstein Occupational Therapy Cognitive Assessment; MBI (Activity of Daily

Living), Modified Barthel index; F, female; M, male.
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Fig. 2. Comparison of the improvement in the neuropsycho-
logical test between the control group, iTBS group, and tDCS
group. The baseline is colored in purple and that at 6 weeks is
colored in red. *p < 0.05: intra-group comparison (baseline vs.
6-weeks). *p < 0.05: inter-group comparison (control vs. iTBS).
2p < 0.05: inter-group comparison (control vs. tDCS).

ation (p = 0.039), and attention (p = 0.030) scores showed
more improvement in the iTBS group. However, compared
with the control group, the tDCS group showed superior
conditioning efficacy in the areas of visual-motor organiza-
tion (p = 0.003) and thinking operation (p = 0.027) (Fig. 3).

3.2.3 Secondary Outcome Changes

Inter-group: the total MBI score after treatment was
analyzed by one-way ANOVA (F = 4.617, df =2, p =
0.014). Pairwise comparison showed that, compared with
the control group, the iTBS group (p =0.010) and the tDCS
group (p =0.012) both had a significant increase in the total
MBI score after treatment (Fig. 4).

Intra-group: after 30 stimulation sessions, compared
with the baseline, the paired comparison showed that the
total MBI score of the iTBS group (p = 0.009) and the tDCS
group (p = 0.002) increased significantly, while there was
no statistical difference in the control group (p = 0.367)

(Fig. 4).

3.2.4 Constructing a Multivariate Linear Regression
Equation

A multivariate linear regression equation was con-
structed by including age, (years), education (years), on-
set time (months), gender, injury site, type and MMSE
score. The results showed that the influence of different
ages (years) on cognitive function was statistically differ-
ent (b = 2.57, t = 2.150, p = 0.036), and the influence of
different MMSE scores on cognitive function was statisti-
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Fig. 3. Details of the sub-items of the LOTCA test. The data were analyzed by the Mann—Whitney U test and the Kruskal-Wallis rank
sum test. *p < 0.05: intra-group comparison (baseline vs. 6-weeks). *p < 0.05: Comparison between groups (control and iTBS). ©p <

0.05: Comparison between groups (control and tDCS).

Table 4. Results of multiple li

near regression analysis.

Variable bvalue Standard Error of the b value  Standardized Coefficients Beta  t value p value
Intercept 32.822 12.435 - 2.640 0.011*
Age (years) -2.57 0.120 -0.237 -2.150 0.036
Education (years) 0.639 0.430 0.168 1.485 0.144
Onset time (months) -1.013 0.802 —0.143 -1.263 0.212
Male/Female -1.373 3.715 —0.040 —-0.370 0.713
Injury site (left/right) 4.964 3.432 0.161 1.447 0.154
Hemorrhage/Infarction ~ 4.669 3.540 0.150 1.319 0.193
MMSE 1.828 0.386 0.544 4736  <0.001**

Abbreviations: MMSE, Mini-mental State Examination. *p < 0.05; **p < 0.01.

cally different (b = 1.828, t = 4.736, p < 0.001), the ef-
fects of different Education (years) (p = 0.144), onset time
(months) (p = 0.212), gender (p = 0.713), injury site (p =
0.154) and type (p = 0.193) on cognitive function were not
statistically different (Table 4).
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3.2.5 Correlation of Changes in Primary Results and
Secondary Results

The correlation result showed that the total LOTCA
score after treatment was positively correlated with the MBI
score (r =0.492, p < 0.001).
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Fig. 4. Comparison of the improvement in activities of daily
living in the control group, iTBS group, and tDCS group.
The panels (baseline-tDCS) are non-normally distributed data and
were therefore analyzed by the non-parametric Mann—Whitney U
test. The remaining panels are normally distributed data and were
analyzed by the two-sample t-test. The baseline is purple and 6
weeks is red. *p < 0.05: intra-group comparison (baseline vs. 6-
weeks). “p < 0.05: inter-group comparison (control vs. iTBS).

2p < 0.05: inter-group comparison (control vs. tDCS).

3.2.6 fNIRS Data

The activation of the brain was compared before and
after treatment in each channel. There was no channel ac-
tivation in the iTBS group before treatment; channels 29
(t = 2.655, p = 0.038), 37 (¢t = 2.603, p = 0.040), and
41 (¢t = 2.865, p = 0.029) were significantly affected af-
ter iTBS treatment (Figs. 5,6). In the tDCS group, it was
found that channels 36 (¢ = 2.994, p = 0.024) and 38 (¢t =
2.654, p = 0.038) were significantly activated after treat-
ment (Figs. 5,7).

4. Discussion

This study reports the effects of two treatment pro-
tocols, iTBS combined with cognitive training and tDCS
combined with cognitive training, on the cognitive func-
tion and activities of daily living in patients with PSCI,
compared to cognitive training alone. The effectiveness of
the two stimulation schemes was found to be accompanied
by changes in the activation of different areas of the pre-
frontal lobe. Results indicated that left DLPFC iTBS or
tDCS, combined with cognitive training, are both effective

and safe modulation procedures for the treatment of PSCI
that can effectively improve cognitive function and quality
of life.

Both iTBS and tDCS have a significant impact on
executive function (specifically visuo-motor organization
and thinking operation, see Figs. 2,3). The results of this
study are consistent with previous studies. Yin ef al. [44]
showed that rTMS on the DLPFC can improve the visu-
ospatial and executive functioning of patients with PSCI.
This change was related to the increased connectivity be-
tween the DLPFC and other brain regions. Dubreuil-Vall
et al. [45] found that, compared with stimulation of the
right DLPFC or false stimulation, tDCS stimulation of the
left DLPFC can reduce reaction time and improve accuracy,
improving the patient’s executive function.

While we found that iTBS combined with cognitive
training was more effective than only cognitive training in
improving attention, there was no such finding for tDCS.
This may be related to the increased connectivity in the
PFC after iTBS stimulation [46]. This result is consistent
with previous studies. Gan [23] claimed that, compared to
tDCS, iTBS has more potential for regulating maintenance
and distraction of attention. Simultaneously, MBI scores
were significantly improved; cognitive function will affect
ADL to a certain extent [47]. Our results showed that higher
LOTCA scores after treatment were associated with better
MBI scores. The improvement in ADL may be a result
of the recovery of executive function, which includes the
three core cognitions of response inhibition, working mem-
ory, and cognitive flexibility. It also plays a decisive role in
constructing high-level cognitive functions such as reason-
ing, problem solving, and planning [48], which are closely
related to quality of life. In addition, this study showed that
the age of the patients and the MMSE score at the time of
enrollment can have an impact on the cognitive recovery
of the patients. The older the patient, the smaller the cog-
nitive function recovery degree within 6 weeks; the higher
the MMSE score, the greater the cognitive function recov-
ery degree of the patient within 6 weeks.

When comparing patients with and without fNIRS
testing at baseline, those with fNIRS were younger than
untested patients and performed better in attention subsec-
tion. This is related to the VFT paradigm of fNIRS. The
VFT test requires patients to concentrate during the test
to avoid the interference of motion and inattention on the
results. Therefore, the attention sub-item performance of
patients undergoing fNIRS is better. Based on the Mon-
treal Neurology Institute (MNI) template and the Broad-
mann partition, and with reference to previous studies, the
cortex where the activated channels reside was confirmed
[49-52]. Our study showed that, after tDCS stimulation, the
patient’s frontopolar cortex (FPC) (channels 36 and 38) was
activated. In recent years, the PFC has no longer been de-
fined as the site of simple “central execution”. Studies have
found that the execution process is divided into different
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cognitive functions related to motivational behavior (eval-
uation and decision-making) and control behavior (cogni-
tive control) [52]. Among these, cognitive control requires
working memory, response inhibition, and cognitive flexi-
bility, which was mentioned above [53]. Cognitive control
was related to the DLPFC and the lateral parietal cortex.
The evaluation, motivation, reward learning, and decision-
making functions in the cognitive process were mainly re-
lated to the FPC, orbitofrontal lobe, and intra-abdominal
PFC [52,54,55]. Specifically, the FPC participates in deter-
mining when to transfer “external” information (for exam-
ple, sports stimulation) to “internal” information (for exam-
ple, preservation of episodic memory), and plays a role in
supervision, integration, and decision-making [56]. Minati
et al. [57] showed that stimulating the DLPFC can increase
the confidence of subjects in risk decision-making and can
lead them to execute better strategic decision-making [58].

Considering this, it seems that tDCS may improve the
executive function and overall cognition of patients with
PSCI by activating the FPC to improve their evaluation and
decision-making abilities. Activation of the DLPFC (chan-
nel 29), FPC (channel 37), and Broca area (channel 41) on
the left side of the patient was observed after iTBS stimula-
tion. In other words, the improvement of PSCI by iTBS was
accompanied by activation of the left DLPFC stimulation
site and part of the distal area. The DLPFC has extensive
connections with almost all cortical and subcortical brain
structures, allowing it to coordinate and integrate the func-
tions of all other brain regions [59]. Studies have shown that
patients with cognitive impairment not only have decreased
local activation of the DLPFC but also have decreased con-
nectivity with other brain regions (the disconnection effect
[60]). After iTBS stimulation, the DLPFC at the stimula-
tion site was possibly activated and then returned to normal
[51], and its connectivity with other brain networks was en-
hanced. Our research had shown not only that iTBS stimu-
lation can activate the DLPFC at the stimulation site but also
that the iTBS effect can gradually change from local punc-
tate activation at the stimulated site to flake activation with
enhanced connection between the DLPFC and the edge net-
work [61]. As mentioned above, the DLPFC and the FPC,
respectively, participate in cognitive control and evaluation,
and decision-making in the execution process. Therefore,
iTBS stimulation can improve executive function and over-
all cognitive status by improving patients’ evaluation and
decision-making abilities while enhancing cognitive con-
trol via elements such as working memory and response in-
hibition. We also observed activation of the Broca area after
iTBS stimulation. It is believed that Broca’s area plays a vi-
tal role in the VFT [62]. The improvement of patients’ cog-
nitive function will affect the expression of speech and se-
mantics to a certain extent, causing activation of the Broca
area.

In this study, we did not observe obvious activation
of the tDCS stimulation site (the left DLPFC), which may
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be related to the pathophysiological mechanism of tDCS.
Generally, the spatial focus of iTBS is more accurate than
that of tDCS: iTBS can directly affect the discharge of neu-
rons under the stimulation coil [63], while tDCS influences
the resting membrane potential and participating neural os-
cillations [64], resulting in less focus and impacting more
scattered brain regions. Therefore, the neurophysiological
effects of the tDCS stimulation may be slightly smaller than
those of the iTBS [23]. However, tDCS has the advantages
of small size, easy operation, and portability, making tDCS
more attractive for scenarios such as home remote treatment
[65].

This study has some limitations. First, the sample size
was relatively small, especially that of the fNIRS measure-
ments. It is possible that observations with larger sample
sizes will identify more regional activation. In future stud-
ies, we will expand the sample size to more comprehen-
sively observe the brain activation state and functional con-
nectivity after iTBS or tDCS stimulation. Second, LOCTA,
which we used as our evaluation tool, cannot analyze other
cognitive domains of PSCI patients such as memory and
language function. Third, due to the lack of follow-up eval-
uation, we were unable to determine the long-term efficacy
and continuous changes of the two stimulations.

5. Conclusions

This study provided therapeutic potential of adding
two stimulation protocols (iTBS and tDCS) to cognitive
rehabilitation for PSCI. We confirmed that both iTBS and
tDCS of the left DLPFC can improve executive and cogni-
tive function in patients with PSCI, which was ultimately
projected to improve the patient’s quality of life. Ap-
proaches appeared to be associated with changes in acti-
vation patterns. The clinical efficacy of the two stimulation
schemes was accompanied by activation changes in differ-
ent areas of the PFC.
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