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Objective: The aim of this study was to evaluate the therapeutic effect of low-
frequency repetitive transcranial magnetic stimulation (rTMS) on post-stroke
cognitive impairment (PSCI).

Methods: Thirty-six PSCI patients were randomly divided into treatment and
control groups of equal size. Both groups were pre-treated with conventional
cognitive rehabilitation training. Subsequently, the treatment group was
exposed to 1 Hz low-frequency repetitive transcranial magnetic stimulations
for 8 weeks, with 5 days per week. Meanwhile, the control group was
treated with placebo stimulations. Patients were evaluated via the LOTCA scale
assessments and changes in P300 latencies and amplitudes before and after 8
weeks of treatment.

Results: Before treatment, there were no significant differences between the
two groups in LOTCA scores, P300 latencies, and amplitudes (P > 0.05). After
treatment, LOTCA scores for both groups improved (P < 0.05), and those of
the treatment group were higher than those of the control (P < 0.05). For
both groups, P300 latencies were not only shortened but also had greater
amplitudes (P < 0.05), and those for the treatment group were significantly
shorter and larger than those of the control (P < 0.05).

Conclusion: As a therapy, rTMS improved cognitive function in PSCI patients,
possibly via regulation of neural electrical activity of the cerebral cortex.

stroke, cognitive impairment, repetitive transcranial magnetic stimulation (rTMS),
LOTCA, P300
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Introduction

Post-stroke cognitive impairment (PSCI) refers to a series
of syndromes in which impairment of one cognitive area of
executive function, attention, memory, language ability, and
visual-spatial ability occurs within 6 months after a stroke (1).
PSCI has a high incidence that can be as high as 80% (2) and
greatly reduces a patient’s quality of life and social participation
(3), imposing a great burden on their families and society.

At present, research focus on the treatment of PSCI
is increasing because active and effective treatment can
improve cognitive function. Besides drug therapy, the other
conventional treatment method involves non-drug therapy such
as cognitive function training, but the effects are limited. A new
research-based intervention is repetitive transcranial magnetic
stimulation (rTMS); it is gradually being applied in clinics, which
can directly stimulate the cerebral cortex to treat dyskinesia
(4), aphasia, dysphagia (5, 6), and other dysfunctions after a
stroke. As the therapeutic effects of such PSCI treatments and
their mechanisms of action remain unclear, this study evaluated
the effect of 8-week exposure to low-frequency rTMS, 5 days
per week, on the cognitive function of patients with PSCI.
The therapeutic effect of the treatment was evaluated via a
cognitive assessment scale and neurophysiological P300 index.
Moreover, this study investigated its possible mechanisms of
action, providing a basis for the clinical use of low-frequency
r'TMS therapies.

Materials and methods

Participants

A total of 36 patients with PSCI aged 38-75 years were
selected from both Xuzhou Rehabilitation Hospital and the
Rehabilitation Department of Xuzhou Central Hospital from
September 2018 to June 2020. The inclusion criteria were
as follows: a PSCI diagnosis as per the expert consensus
on the management of post-stroke cognitive impairment of
2017 (1); a previous history of stroke that was confirmed by
either brain CT or MRI examinations; cognitive impairment
of MMSE grade < 24 (junior high school and above)/20
(primary school)/17 (illiteracy); a stroke within the past 6
months; a signed informed consent form, which had been
approved by the ethics committee of Xuzhou Central Hospital,
by either the participant or their guardian. The exclusion criteria
were as follows: occurrence of other cerebral diseases such
as traumatic brain injury, intracranial tumors and infections,
and hypoxic-ischemic encephalopathy; occurrence of other
conditions that affect cognitive function, such as mental illness,
high alcohol consumption, and drug abuse; severe complications
that possibly result in patients with unstable conditions; serious
hearing or visual impairments; the presence of foreign metal
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objects either in the cranium such as aneurysm clips, or the body
such as pacemakers; a history of epilepsy and malignant tumors;
pregnant women and other patients who were unsuitable for the
planned treatments.

Study intervention

Group allocation

The patients were divided into either LF-rTMS treatment
(n =18) or control (n = 18) groups using the random number
table method. The baseline data, loewenstein occupational
therapy cognitive assessment (LOTCA) scales, and P300 waves
for patients were obtained prior to the first treatment. In terms
of treatments, all patients received routine cognitive training,
whereas patients in the LF-rTMS group additionally received
1Hz rTMS stimulations. After 8 weeks, all patients received
a second assessment of LOTCA scales and their P300 waves
(Figure 1).

The rTMS treatment group had 13 men and 5 women.
Its average age, course of the disease, and duration of formal
education were 60.39 £ 10.87 years, 58.11 + 28.89 days, and 8.67
=+ 3.55 years, respectively. All members in this group were right-
handed, there were 10 and eight cases of cerebral infarction and
hemorrhage, and there were 17 and one cases with lesion of the
left hemisphere and right hemisphere, respectively. The control
group had 12 men and six women. Its average age, course of the
disease, and duration of formal education were 59.50 £ 11.25
years, 58.39 4= 24.70 days, and 8.50 & 3.45 years, respectively.
All members in this group were right-handed, there were 11 and
seven cases of cerebral infarction and hemorrhage, and there
were 16 and two cases with lesion of the left hemisphere and
right hemisphere, respectively.

The two groups did not significantly differ in gender, age,
duration of formal education, course of the disease, type of
stroke, lateralization of the lesion, and other general conditions
(P > 0.05; Table 1).

Routine cognitive functional training

The appropriate drugs were administered in both groups to
control chronic conditions, such as hypertension and diabetes.
All patients were also treated with routine cognitive functional
training. For PSCI patients, cognitive training plans were
designed as per their evaluation results and then delivered as
personalized cognitive training as follows.

Training for orientational dysfunction

For patients with difficulties in movement due to directional
inabilities, they were trained, through repeated practices, to
remember their right hands and that on the outside of their
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FIGURE 1
Schematic representation of the treatment design.

TABLE 1 Comparison of baseline data of two groups.

N Gender (n) Age Duration
(years,x+s) (days,x=*s)
M F
rTMS 18 13 5 60.39 == 10.87 58.11 + 28.89
Control 18 12 6 59.50 + 11.25 58.39 + 24.70

There was no significant difference between the two groups (P > 0.05).
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Education Types(n) Lateralization of the lesion
(years, x £ s)
Cerebral Cerebral  Left(n) Right(n)
infarction hemorrhage
8.67 £ 3.55 10 8 17 1
8.50 + 3.45 11 7 16 2
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right hand is the right side. Moreover, they were similarly trained
to remember the common lines from the ward to the physical
therapy room.

Training for perceptual impairment
Training for unilateral space neglect

For this, therapists stood on the neglected side of the patients
while talking with them and providing various sensory stimuli
to their neglected limbs, such as touch, percussion, massages,
and cold objects. Patients were trained to cross the midline with
their other hand to retrieve objects they needed, which were on
their neglected side. The therapist then randomly drew 40 line
segments and a red line on a sheet of A4 paper, ignoring the
lateral apex, and encouraged the patient to follow the outline
from the apex. This was repeatedly practiced.

Training for agnosia

Patients were instructed to remember the names of
important relatives by repeatedly looking at photographs.
Moreover, patients with visual agnosia were repeatedly trained
to not only discriminate items, shapes, and colors but also make
full use of other sensory stimuli, such as touch and sound. This
training was repeatedly practiced. The variety of colors gradually

increased as the patient’s cognitive ability improved.

Training for attentional impairment
Guess assignment

Two transparent cups and a pinball were selected, and
while the patient watched, one glass was placed upside
down over the pinball. The patient was then requested to
point out which glass had the pinball. This was practiced
repeatedly. After correct guesses, the training was done with
opaque rather than transparent cups. After correct guesses, the
training was expanded to use more opaque cups. This was
repeatedly practiced.

Delete job

Several capitalized Chinese Pinyin letters such as K, B, E H,
G, B, S, G, V, B, M, and | were written in the middle of a paper.
The patient was then instructed to delete the letters specified by
the therapist, such as “B.” After correct deletions, the order of
letters was changed. This was practiced repeatedly.

Training for disturbance of thought
Extraction of information

The patient was asked to find different kinds of information,
such as advertisements and news, from the day’s newspaper.

Sorting order
The patient was asked to arrange numbers according to
value, month, and year. Relatedly, they were asked to arrange
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pictures of the story in order and subsequently narrate the plot.
When successful, the number of pictures gradually increased.

Item classification

Patients were given cards that had items in five categories—
food, furniture, clothing, household appliances, and grooming
products—and each category had five items. Patients were then
asked to classify the items and state the reasons behind their
classifications. This was practiced repeatedly.

Problem-solving ability

Patients were requested to solve hypothetical problems of
different levels of complexity, such as what to do if they forgot
their keys when going out or what to do if they got lost.
The patient was requested to solve other hypothetical problems
related to daily life, such as cake sharing and making a schedule.

Calculation training

By using either digital games or homework to train
computing power, calculations—with content related to daily
life—such as shopping in the supermarket, were designed and
given to the patient to solve.

Memory training

Using the picture memory method, the patients were
given a certain number of pictures and then requested
to name them before they were repossessed. After a
few minutes, the patients were requested to recall the
pictures. For memory training on daily activities, a
routine for regular daily activities for a patient was
established, and the patient was requested to keep to it.
Therapists actively participated in completing this training
through the use of visual, audio, tactile, and olfactory
sensory inputs.

These 30 min pieces of training were done daily, five times a
week, for 8 weeks. The difficulty of each training increased as per

the patient’s ability.

RTMS procedures

Based on the cognitive functional training, the rTMS
group was treated with low-frequency repetitive transcranial
magnetic stimulations. This was conducted with a rapid2
transcranial magnetic stimulator (The Magstim Company, UK)
and a standard figure-eight coil. The coil was positioned over
the dorsolateral prefrontal cortex (DLPFC) of the unaffected
hemisphere—it was positioned in the F3 or F4 region using
the international EEG 10-20 system. The active stimulation
session was set to a frequency of 1 Hz and 80% of the individual
MT with a total of 30 sequences, each of 20 pulses. For the
control group, the same stimulation parameters were used,
except that the coil was perpendicular to the patient’s skull
surface resulting in no magnetic stimulation of the brain.
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All patients received this treatment daily, 5 days a week for
8 weeks.

Cognitive assessment

The simplified Chinese version of the LOTCA

This scale was selected as it is simple, comprehensive,
and easy to use. It includes six assessment areas (orientation,
visual perception, spatial perception, action application, visual
movement organization, and thinking operation), with a total
of 26 test items and a maximum score of 115. The better the
cognitive function, the higher the score. The scale is reliable
and was validated for guiding treatments for impaired cognitive
functions (7).

Detection of P300 waves

Electromyographs (EMGs) were recorded for all patients
using an evoked potential instrument (Shanghai Nuocheng,
China). The electrodes were placed according to the
10-20
recording electrodes were placed at the FZ point, whereas

international  electroencephalogram system. The
the reference electrodes were placed either at the Al or A2
points, and the ground wire was placed on the forehead.
The auditory oddball sequence was composed of target and
non-target stimuli. The frequency of the target stimulus was
2000 Hz, with a 15% probability of occurrence. The frequency
of the non-target stimulus was 500 Hz, and the probability of
occurrence was 85%. The impedance between the electrode and
skin was less than 5 K§2. The sound intensity was 100 dB, and
the target signal was superimposed 50 times. Detected P300
waves were recorded.

LOTCA scale and P300 wave assessments of all patients were
performed before treatments and also after 8 weeks of treatment
by the same physiatrist to minimize error. The physiatrists who
performed the assessments were not only excluded from the
rehabilitation treatment but also blinded from the grouping
of patients.

Statistical analysis

All statistical analyses were done in SPSS version 16.0
statistical software. For count data, chi-square tests were
used to determine the statistical significance of differences
between expected and observed results. Measurement data were
expressed as mean =+ standard deviation (¥ £ s) and that of
both groups were first tested for normality and homogeneity
of variance. Paired f-tests were used to assess the statistical
significance of differences due to treatment within the group,
and t-tests were used to compare the statistical significance of
differences between the groups. An alpha level of 0.05 was used.

Frontiersin Neurology

05

10.3389/fneur.2022.951209

Results

Effect of cognition therapies

Before treatment, there were no significant differences in
LOTCA scores between the two groups (P > 0.05). After
treatment, the LOTCA scores of both groups were significantly
higher than those before treatment (P < 0.05), and those of the
rTMS treatment group were significantly higher than those of
the control group (P < 0.05; Figure 2).

Effects of RTMS therapy on P300 waves

Before treatment, P300 wave latencies and amplitudes did
not significantly differ between groups (P > 0.05). After
treatment, P300 latencies and amplitudes were shorter and
greater than before treatment (P < 0.05), and those of the rTMS
group were significantly shorter and greater than those of the
control (P < 0.05; Figures 3, 4).

Discussion

RTMS is a non-invasive brain stimulation technique
where short, high-intensity magnetic field pulses and changes
in the cortical nerve electrical activity are applied to the
central nervous system to stimulate nerve cells to produce
physiological changes. Historically, rTMS was used to study the
potential areas of cognitive processes in the brain (8). Today,
the therapeutic effect of rTMS on cognitive impairment is
hypothesized to be related to factors, such as stimulation site
and rTMS parameters (9). Therefore, the choice of appropriate
treatment mode and parameters is crucial for successful
therapeutic applications of rTMS. After a stroke, there exists

100.007

W before treatment
[ after treatment

50.00
60.00

40.00

LOTCA scale

20.007

0.00=
Cortrol

FIGURE 2

Changes in loewenstein occupational therapy cognitive
assessment scores in treatment and control groups of
post-stroke cognitive impairment patients, before and after
repetitive transcranial magnetic stimulation therapy. *P < 0.05.
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FIGURE 3

Event-related potential P300 waves of a 56-year-old patient, before and after repetitive transcranial magnetic stimulation treatment. (A) Before
treatment, P300 latency 403.50 ms, P300 amplitude 5.97 nV, Loewenstein Occupational Therapy Cognitive Assessment (LOTCA) total score, 75
points. (B) After treatment, P300 latency 346.50 ms, P300 amplitude 11.30 wV, LOTCA total score, 102 points.

imbalanced excitability between the cerebral hemispheres (10).
The excitability of the contralateral brain increases, whereas
that of the cortex in the affected side decreases, which causes
the cortex of the contralateral side to excessively suppress the
affected side, resulting in post-stroke dysfunctions. Varying
(11) rTMS frequencies result in different regulatory effects on
the excitability of the cerebral cortex. Low-frequency rTMS
(stimulation frequency < 1Hz) inhibits cortical function and
reduces the excitability of the cerebral cortex. On the contrary,
high-frequency rTMS (stimulation frequency > 1Hz) excites
cortical function. Currently, DLPFC is the main stimulation
target of rTMS for the treatment of neuropsychiatric diseases
(12). Tt is likely that the stimulation of DLPFC restored the
rich cholinergic innervation from the basal forebrain that is
typically impaired in MCI patients (13) and is important for
memory tasks in healthy people (14). Presently, the consistent
view is that DLPFC is the most important node in brain
networks, such as working memory and executive control
(15, 16). The excitation of this site may promote recovery
of the patient’s cognitive function by regulating the function
of this brain network. High-frequency rTMS stimulation of
the left DLPFC improved post-stroke cognitive functions (17,
18), and this is possibly related to the shortened activation
duration and increased excitability of the cerebral cortex.
However, high-frequency stimulation of the affected side of
the brain may not only increase the risk of epilepsy but
also lack a good effect on patients with a right side injury.
The use of low-frequency rTMS to stimulate the contralateral
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brain for treating the patient with PSCI is under-investigated.
Thus, we investigated the therapeutic effect of low-frequency
r'TMS for stimulation of DLPFC in the contralateral brain
for improvement of cognitive function in stroke patients.
Previously, we observed that low-frequency rTMS had a
therapeutic effect on cognitive dysfunction after stroke via
an unclear mechanism. Here, by applying principles of rTMS
technology, we further investigated this effect on brain neural
electrical activity through nerve potential P300 detection and
evaluated its curative effect.

Information processing in human cognitive activities
involves the dynamic interaction of multiple neural networks.
Brain networks usually coordinate the processing of relevant
information. Improper information processing in stroke
patients is the basis of most cognitive impairments. Event-
related potential P300, also known as “cognitive potential,” is the
most commonly used neurophysiological method for detecting
cognitive function and reflecting the process of cognitive
information processing. It mainly records the brain potential
on the surface of the head through average superposition in
cognitive processing. P300 latency reflects the speed of external
stimulus processing, whereas P300 amplitude reflects the degree
of effective resource mobilization during cognitive processing
(19). P300 is an objective and sensitive electrophysiological
index that can reflect changes in cognitive function (20).
Moreover, patients with cognitive impairment after a stroke had
P300 waves of prolonged latencies and decreased amplitudes
(21). Relatedly, we confirmed that P300 effectively assessed
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FIGURE 4
Differences in p300 wave latencies and amplitudes before and after treatment with repetitive transcranial magnetic stimulation (rTMS) therapy in
patients from both the rTMS treatment and control groups. (A) P300 amplitude. (B) P300 latency. *P < 0.05.

both the presence of and changes in cognitive impairments in with conventional cognitive rehabilitation training was better
stroke patients. than that of conventional cognitive rehabilitation training only.

As a therapy, rTMS was used in this study based on Moreover, after treatment, the P300 latencies and amplitudes
conventional rehabilitation treatments. LOTCA scores for both were, respectively, shorter and greater than before treatment—
groups improved after treatment, and those of the treatment this change was significantly greater in the treatment than in
group were better than those for the control. Low-frequency the control group. This demonstrated that low-frequency rTMS
rTMS improved the cognitive function of patients with PSCI, improved the cognitive function of patients with PSCI from the
and the therapeutic effect of low-frequency rTMS combined perspective of neurophysiology.
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In line with the principles of rTMS and the changes
in cognitive-related potential P300, we hypothesize that low-
frequency rTMS regulates the excitability of the cerebral cortex
and stimulates more brain cells to participate in cognitive
information processing. These changes may improve the
cerebral cortex by promoting long-term potentiation (LTP)—
like changes, and this may be one of the main mechanisms
by which rTMS aids the treatment of PSCIL. It is well known
that cognitive function is closely related to the plasticity
of synapses in the central nervous system. LTP of the
central nervous synapse is a key manifestation of synaptic
functional plasticity that reflects the memory process at the
synapse level and is the main index for measuring synaptic
functional plasticity in brain science research (22). A study (23)
has demonstrated that patients develop cognitive impairment
after LTP-like cortical plasticity damage. Another study (24)
reported that the excitability of brain injury areas and their
surrounding areas continued to decrease after stroke, and the
induction amplitude of LTP also decreased significantly. There
is evidence that rTMS can improve the LTP effect in patients
with cognitive impairment (25), thereby improving cognitive
function. However, it is not known whether low-frequency
r'TMS treatment on the DLPFC of the unaffected hemisphere
would produce LTP in PSCI patients. It may achieve this
biological effect by regulating the functional status of brain
networks related to cognitive activities. Similarly, another study
reported that repetitive transcranial magnetic stimulation does
not only cause long-term enhancement in local neurons but
also activates the neural network as a whole (26). The cortical
hippocampal circuit is the brain area closely related to learning
and memory. It has been found (27) that rTMS may not directly
stimulate the hippocampus but indirectly promote the LTP
of hippocampal synapses by triggering the release of brain-
derived neural growth factor (BDNF), which is crucial for LTP
induction related to synaptic plasticity and is closely related to
learning and memory processes (28). This role suggests that
long-term rTMS treatment may enhance LTP by promoting
the release of neurotransmitters and regulating the functional
status of interneurons in neural circuits, thereby changing the
neural excitability of associated regions in the brain network and
reducing the LTP induction threshold. These findings provide a
theoretical basis for low-frequency rTMS treatment to promote
LTP changes in synaptic plasticity. However, there are also other
brain network circuits closely related to cognitive activities.
For instance, Alzheimer’s disease (29) destroys the integrity of
the frontal-parietal network, resulting in severe impairment of
cognitive function. Whether low-frequency rTMS treatment in
the DLPEC region of stroke patients will have an LTP effect on
other cognitive circuits such as frontal-parietal network needs
further research.

The other mechanism for this therapeutic effect possibly
involves inhibition of the excitability of the contralateral cortex
by low-frequency rTMS, thus reducing the inhibitory effect
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of the contralateral hemisphere on the excitability of the
affected hemisphere, thereby regulating the balance of mutual
inhibition between cerebral hemispheres. Moreover, the change
in excitability is not limited to the stimulation site but can
also be transmitted to other related yet remote functional
areas via complex brain neurophysiological mechanisms (30),
hence regulating functional links of cognitive-related neural
circuits and actualizing the reorganization of cognitive function
(31, 32). Ultimately, this improves cognitive function. In view
of the complexity of cognitive activities and brain network
connections, neurophysiological methods such as TMS or TMS-
EEG could be used to study some neurophysiological properties
of the brain such as spike-time-dependent plasticity (33) to
further study the impact of low-frequency rTMS on the cortical
plasticity of different cognitive brain networks. In addition,
neurophysiological methods could be applied to observe the
effects of different rTMS stimulation sites (e.g., precuneus and
parietal lobe) on cognitive function.

Conclusion

Low-frequency rTMS improved cognitive function when

based on conventional cognitive rehabilitation therapy.
It had a defined curative effect and was well tolerated
by patients, making it feasible for clinical application.
Moreover, no adverse reactions occurred during low-frequency
rTMS treatments indicating that the technology is safe

and reliable.

Limitations of the study

The sample size was small, which impeded observations
of the impact of rTMS on individual cognitive function.
Functional imaging was not used to further investigate the
possible therapeutic mechanisms of action.
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