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INTRODUCTION

The coronavirus 2019 (COVID-19) pandemic continues 
to have a huge negative impact on the world. To date, more 
than 8.3 million people have been infected in Japan, and the 
cumulative number of deaths has exceeded 30,000 (as of 
May 18, 2022). Although COVID-19 is considered to be a 
causative virus of severe pneumonia, the virus also harms 
other areas of the body in addition to the lungs because it 
enters through the ACE2 membrane protein. This means that 

the virus can be widely distributed in other parts of the body, 
allowing it to cause inflammation and necrosis of the heart, 
kidneys, intestines, and vascular endothelium.1) Furthermore, 
inflammation of the vascular endothelium induces vascular 
events in the brain and heart.2) Moreover, sequelae that con-
tinue for a long time occur at a high rate after the patient has 
been cured of the initial viral infection. Long COVID3) is a 
post-COVID-19 condition that is characterized by persistent 
sequelae, which can include chronic fatigue, cognitive dys-
function (e.g., decreased memory/spontaneity) collectively 
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Objectives: There is no established treatment for chronic fatigue and various cognitive dysfunc-
tions (brain fog) caused by long coronavirus disease 2019 (COVID-19). We aimed to clarify the 
effectiveness of repetitive transcranial magnetic stimulation (rTMS) for treating these symptoms. 
Methods: High-frequency rTMS was applied to occipital and frontal lobes in 12 patients with 
chronic fatigue and cognitive dysfunction 3 months after severe acute respiratory syndrome coro-
navirus 2 infection. Before and after ten sessions of rTMS, Brief Fatigue Inventory (BFI), Apathy 
Scale (AS), and Wechsler Adult Intelligence Scale-fourth edition (WAIS4) were determined and 
N-isopropyl-p-[123I]iodoamphetamine single photon emission computed tomography (SPECT) 
was performed. Results: Twelve subjects completed ten sessions of rTMS without adverse events. 
The mean age of the subjects was 44.3 ± 10.7 years, and the mean duration of illness was 202.4 ± 
114.5 days. BFI, which was 5.7 ± 2.3 before the intervention, decreased significantly to 1.9 ± 1.8 
after the intervention. The AS was significantly decreased after the intervention from 19.2 ± 8.7 
to 10.3 ± 7.2. All WAIS4 sub-items were significantly improved after rTMS intervention, and the 
full-scale intelligence quotient increased from 94.6 ± 10.9 to 104.4 ± 13.0. Hypoperfusion in the 
bilateral occipital and frontal lobes observed on SPECT improved in extent and severity after ten 
sessions of rTMS. Conclusions: Although we are still in the early stages of exploring the effects of 
rTMS, the procedure has the potential for use as a new non-invasive treatment for the symptoms 
of long COVID.
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referred to as brain fog, chest symptoms (e.g., shortness of 
breath and chest pain), gastrointestinal symptoms, muscle 
and joint pain, psychiatric symptoms (e.g., depression), 
otolaryngological symptoms (e.g., impaired sense of taste 
and smell), and dermatological symptoms.4) Similarly, in 
the 1918 Spanish flu, 40% of survivors were found to have 
chronic fatigue, lethargy, and poor concentration. Similar 
symptoms were observed in approximately 30% of Severe 
Acute Respiratory Syndrome (SARS) survivors in 2002 
and 20% of Middle East Respiratory Syndrome (MERS) 
survivors in 2012.5) Because these sequelae last for a long 
period, the number of patients will continue to increase even 
if the pandemic wave ends, affecting social and economic 
activities.

Although no effective treatment exists for these sequelae, 
we have started therapeutic intervention using repetitive 
transcranial magnetic stimulation (rTMS) for chronic fatigue 
associated with long COVID and cognitive dysfunction 
(brain fog) since September 2021. rTMS is a non-invasive 
brain stimulation that changes local neural activity in the 
brain using a magnetic field from a coil placed on the surface 
of the head. In addition to being covered by insurance for 
depression, this treatment is effective against various brain-
derived symptoms such as post-stroke paralysis and higher 
brain dysfunction.6) To the best of our knowledge, this is the 
first report to describe the effect of rTMS on chronic fatigue 
and cognitive dysfunction in long COVID.

MATERIALS AND METHODS

At our hospital, we conduct therapeutic interventions with 
rTMS for various cognitive dysfunctions derived from the 
brain, with the approval of the Committee on Unapproved 
Medical Devices and Therapies (approval number 5389). 
We retrospectively analyzed changes in chronic fatigue, 
cognitive function, and single-photon emission computed 
tomography (SPECT) in long COVID patients who under-
went rTMS.

Subjects
The subjects were patients who visited our outpatient de-

partment from September 8, 2021, to April 11, 2022, and met 
the following criteria: 1) age of 16 to 60 years; 2) diagnosed 
with COVID-19 for at least 3 months; 3) had chronic fatigue 
(beyond the need to rest at home and unable to socialize or 
work for several days a month), decreased spontaneity, and 
cognitive dysfunction (e.g., memory disorder, brain fog); 4) 
consented to undergo regular outpatient rTMS; and 5) com-

pleted a total of ten sessions of rTMS every 1–2 weeks without 
adverse events. Given that rTMS stimulates the brain using 
electromagnetic waves, those with metal implants or tattoos 
on the head and neck, those with a cardiac pacemaker, and 
those with a history of epileptic seizures were excluded from 
the study. Additionally, those with a history of cognitive 
dysfunction or psychiatric disorders before COVID-19 and 
those with significant lesions on brain magnetic resonance 
imaging (MRI) or head computed tomography (CT) were 
excluded from the analysis.

Application of RTMS
An 80-mm double-cone coil and a MagPro R30 stimula-

tor (MagVenture, Denmark) were used for rTMS. The two 
stimulation sites were located on the midline of the forehead 
45° above the external auditory meatus and the midline of 
the occipital region 135° above the orbitomeatal line (Fig. 1). 
A double-cone coil was installed at each site to be orthogonal 
to the midsagittal plane. First, 1200 10-Hz rTMS (10-s stimu-
lation at 10 Hz and 10-s inter-train intervals were repeated 
alternately) were applied to the occipital region, followed by 
another 1200 10-Hz rTMS to the forehead in one session. 
This was done consecutively 10 times once every 1–2 weeks 
(24,000 stimuli in total). The stimulus intensity was set to 
80% of the minimum resting motor threshold (RMT) at 
which contralateral index finger movement was induced by 
stimulation of the hand motor cortex.

Assessments
The Brief Fatigue Inventory (BFI) and Apathy Scale (AS) 

were evaluated for all cases immediately before the start of 
the first rTMS, immediately after the end of the first rTMS, 
and immediately after the end of the tenth rTMS. BFI is used 
for assessing patient fatigue, such as in cancer; a higher 
score on a 10-point scale indicates higher fatigue.7) AS is 
an evaluation of spontaneity; a higher score indicates lower 
spontaneity.8) Both are simple questionnaire tests that can be 
performed in a few minutes.

Detailed cognitive function was evaluated using the 
Wechsler Adult Intelligence Scale-fourth edition (WAIS4) 
immediately before the start of the first rTMS session and 
immediately after the end of the tenth rTMS session. WAIS4 
calculates the overall full-scale intelligence quotient (FSIQ) 
for cognitive function between the ages of 16 and 90 years 
based on the evaluation of the verbal comprehension index 
(VCI), perceptual reasoning index (PRI), working memory 
index (WMI), and processing speed index (PSI).9) Because 
testing took approximately 1–2 h to conduct and the cogni-
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tive load was high, subjects who wished to discontinue the 
testing were not forced to continue.

For consenting patients, cerebral blood flow was measured 
using N-isopropyl-p-[123I]iodoamphetamine (123I-IMP) 
SPECT within 1 month before the start of a series of rTMS 
interventions and within 1 month after the end of the in-
tervention. For cerebral blood flow data of patients able to 
receive SPECT twice (before and after intervention), the 
blood flow deviation value (Z-score) with respect to the 
normal database of the same age group was calculated pixel 
by pixel based on the cerebellum using three-dimensional 
stereotactic surface projection (3D-SSP).10) A decreased im-
age was constructed as a group by averaging between groups 
before and after rTMS.

Data Analysis
To confirm the bias between all long COVID patients who 

visited our outpatient department for the purpose of treat-
ment and the subjects of this analysis, the data for each were 
compared. The categorical data, such as the male/female 
ratio, the presence or absence of hospitalization in the acute 
phase of SARS-CoV-2 infection, and the presence or absence 
of intensive care unit management, were analyzed using the 
chi-square test. The continuous data such as age and duration 
of illness were analyzed using the unpaired t-test.

Bonferroni multiple comparisons were conducted after 
performing the Friedman test to see if there was a differ-
ence in the transition of the evaluation points of BFI and AS 
between the three phases [immediately before the start of the 
first rTMS (Pre), immediately after the end of the first rTMS 

(immediately after: IA), and immediately after the end of the 
tenth rTMS (Post)]. For each IQ component of WAIS4, the 
Wilcoxon signed-rank test verified whether there was a dif-
ference between the two phases (Pre and Post). JMP-16 (SAS 
Institute, Cary, NC, USA) was used for statistical analysis, 
and P < 0.05 was considered statistically significant.

Ethical Approval
This study was approved by the ethics committee of St. 

Marianna University School of Medicine (approval number 
5590). Patients were briefed on this intervention and in-
formed that they could withdraw from the study at any time. 
The subjects provided written consent before participating 
in the study.

RESULTS

Fourteen patients completed ten rTMS sessions within the 
study period with no adverse event; 2 of them were excluded 
from the analysis because of a history of mental illness. All 
12 subjects were right-handed, and no organic abnormalities 
were observed on head CT or brain MRI. Table 1 shows 
the characteristics of the 12 subjects who were included in 
the analysis. The average age was 44.3 ± 11.4 years, and the 
average duration of illness was 202.4 ± 114.5 days. Only 2 
patients had a history of acute hospitalization, and neither 
required treatment in the intensive care unit. The average 
time to to complete ten rTMS sessions was 78.6 ± 16.3 days, 
and many patients received the treatment once a week.

All 12 subjects that were analyzed were evaluated for BFI 
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Fig. 1.  Stimulation site of rTMS. Double-cone coils were installed at two locations on the midline of the forehead 45° above 
the external auditory meatus and on the midline of the occipital region 135° above the orbitomeatal line to straddle the left 
and right cerebrums. This allowed the simultaneous stimulation of the dlPFC and the occipital cortex on both sides.
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and AS in the three phases (Pre, IA, and Post rTMS). During 
WAIS4 assessment, 4 patients requested discontinuation, 
and 8 patients were evaluated for Pre/Post. SPECT before 
and after the intervention was performed in 9 patients. In the 
multiple comparison analysis, the Post rTMS BFI was 1.9 ± 
1.8, which was significantly lower than the BFI values for 
Pre rTMS (5.7 ± 2.3) and IA (5.1 ± 2.2) (P < 0.01) (Fig. 2A). 
Similarly, the Post rTMS AS of 10.3 ± 7.2 was significantly 
lower than the AS values for Pre rTMS (19.2 ± 8.7) and IA 
rTMS (16.3 ± 7.0) (P < 0.05). Furthermore, IA rTMS AS was 
significantly lower than Pre rTMS AS (P < 0.05) (Fig. 2B).

Table 2 shows the changes in WAIS4 components between 
the Pre and Post rTMS assessments. All IQ components of 

WAIS4 (VCI, PRI, WMI, PSI, and FSIQ) were significantly 
improved at the Post assessment (all P < 0.05). In the average 
image of SPECT obtained from nine subjects before rTMS 
was performed (Pre), a wide range of decreased blood flow 
was shown mainly in the occipital cortices, the dorsolateral 
prefrontal cortices (dlPFC), and the superior longitudinal 
fasciculus (SLF) (slightly right dominant) that connects 
them. In contrast, after rTMS was performed (Post), there 
was a marked decrease in the range of decreased blood flow. 
Although the tendency of decreased blood flow remained in 
both the occipital lobe and the frontal lobe, the level of blood 
flow clearly improved (Fig. 3).

DISCUSSION

This is the first report to show the effect of rTMS on 
chronic fatigue and cognitive dysfunction (brain fog) in 
long COVID. Our rTMS intervention significantly improved 
chronic fatigue and spontaneity and significantly improved 
all IQ components of WAIS4. Furthermore, the range and 
degree of decreased cerebral blood flow may be improved.

rTMS Setup
By passing an electric current through the coil, rTMS 

generates a magnetic field that is orientated orthogonally 
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Table 1.  Characteristics of studied subjects

Characteristic
Sex, male/female 8/4
Age, years 44.3 (10.7)
Duration of illness, days 202.4 (114.5)
History of hospitalization in acute phase, yes/no 2/10
History of ICU management, yes/no 0/12
Study period, days 78.6 (16.3)
Data given as number or mean (standard deviation).
ICU, Intensive care unit.

Fig. 2.  Changes in BFI (A) and AS (B) during the intervention. Compared with before the start of rTMS (Pre), both BFI 
and AS tended to decrease immediately after the first administration (IA), and the change in AS was statistically significant. 
After ten rTMS sessions (Post), both BFI and AS were significantly decreased compared with Pre. **, P < 0.01; *, P < 0.05.
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to the coil. With the coil positioned on the surface of the 
head, the local magnetic field stimulates the local cerebral 
cortex by inducing an eddy current in the opposite direction 
to that in the coil.11) When the stimulus is applied at a high 
frequency of 5 Hz or higher, the stimulated cerebral cortex is 
activated. Conversely, when the stimulus is applied at a low 
frequency of 1 Hz or lower, cerebral cortex activity is sup-
pressed.12) In the current study, we believed that activating  
stimulation was required at the selected sites, so 10-Hz rTMS 
was applied. The coil used for stimulation was a double-cone 
coil in which the lines of magnetic force were crossed by tilt-
ing the two coils while in contact with each other to increase 
the focal point and depth of stimulation.13) Originally, rTMS 
was developed for deep stimulation of the lower limb motor 
cortex.14) However, a wide magnetic field is also generated 
directly under each coil, and the range of the magnetic field 
was considered to involve the bilateral dlPFC or bilateral 
occipital cortices under each coil installation. In addition, 

we expected that a stronger stimulus would be exerted on 
the medial cortex where the lines of magnetic force overlap. 
However, the visual cortex extends to the medial occipital 
cortex, and the medial frontal cortex is a site involved in 
spontaneity. We have previously reported that 10-Hz rTMS 
to the medial frontal cortex using a double-cone coil ef-
fectively improves apathy.15) Similarly, the AS, which was 
high before the rTMS intervention, improved after the in-
tervention. In addition, because the outer part of the dlPFC 
(Brodmann area 46) is near the magnetic field boundary, we 
considered that dual installation of the coil to stimulate each 
dlPFC separately may be worthwhile. However, from the 
viewpoint of feasibility and to improve apathy, we selected 
the stimulation sites as used in this study. The intensity of 
rTMS applied in this study was 80% of the RMT, which is 
the same setting for apathy we have reported previously.15) In 
depressive disorders, the standard stimulus intensity to the 
left dlPFC is about 100%–120% of the RMT, usually with 
a figure-of-eight coil.16) However, in many cases, that inten-
sity is too painful for the patient when a double-cone coil is 
installed. Preceding occipital stimulation was used to allow 
patients to experience the treatment discomfort, and many 
patients tolerated our rTMS. rTMS is generally performed on 
consecutive days. However, our patients had difficulty mak-
ing consecutive outpatient visits and may have experienced 
post-exertional malaise had they been forced to do so.17) We 
also believe that treatment frequency is an important matter 
to consider; therefore, there is a need for comparative studies 
to assess whether the treatment should be given once a week 
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Table 2.  Changes in IQs of WAIS4 before rTMS and after 
ten sessions of rTMS

Pre Post P value
FSIQ 94.6 (10.9) 104.4 (13.0) < 0.05
VCI 93.5 (9.0) 100.5 (10.0) < 0.05
PRI 95.4 (11.5) 106.4 (10.3) < 0.05
WMI 97.9 (17.5) 105.5 (19.5) < 0.05
PSI 95.4 (11.5) 106.4 (10.3) < 0.05
Data are expressed as mean (standard deviation).

Fig. 3.  Changes in decreased cerebral blood flow before and after rTMS. Before the start of rTMS (Pre), a wide range of de-
creased blood flow was observed in the superior longitudinal fasciculus (right dominant) that connects the bilateral occipital 
cortices and the lateral cortices of the bilateral frontal lobes. After ten rTMS sessions (Post), the site of decreased blood flow 
was considerably reduced in size, and its degree (Z-score) improved even in the occipital cortices where the decreased blood 
flow remained. RT.LAT, right lateral aspect; LT.LAT, left lateral aspect; SUP, superior aspect; INF, inferior aspect; ANT, an-
terior aspect; POST, posterior aspect; RT.MED, right medial aspect; LT.MED, left medial aspect; L, left; R, right; Z, Z-score.
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(as in this study) or every day during short-term hospitaliza-
tion.

Activation Sites
First, both occipital cortices and then both dlPFCs were 

the most prominent sites of decreased cerebral blood flow as 
observed by SPECT (Fig. 3). Before starting this rTMS inter-
vention, we performed SPECT to assess cognitive function 
in several other patients with long COVID. In all of them, 
decreased blood flow was conspicuous in these regions. We 
selected 123I-IMP as a tracer because of its high linearity18) 
and the pathological change of the blood–brain barrier (BBB) 
from SARS-CoV-2 infection.19) 99mTc-ethyl cysteinate dimer 
leads to inaccurate assessment when there is a breach in the 
BBB.20) Strong fatigue was previously reported to be the 
most common sequelae observed in approximately 40% of 
patients,21) and, similarly, fatigue was a common complaint 
among our subjects. However, as a clinical impression, 
symptoms related to visual input and analysis (e.g., inabil-
ity to remember a person’s face, being unable to instantly 
identify an object by looking at it) are relatively common 
in the background of fatigue. Even with verbal cognitive 
dysfunction, complaints of symptoms related to letters were 
particularly common. Some patients were unable to classify 
characters and patterns on signboards.

The occipital cortex and dlPFC are strongly linked regions 
of the brain. Information that is visually input to the occipital 
cortex is transferred via the SLF to the visual sketchbook 
(one of the components of working memory) in the dlPFC 
where it is temporarily stored and then analyzed for various 
cognitive activities.22,23) That process also applies to textual 
information handled in the linguistic area. If a person is 
right-handed, the left cerebrum is mainly involved in lin-
guistic cognition, and the right cerebrum is mainly involved 
in visual cognition. The fact that SLF showed a slightly 
right-dominant decrease in blood flow in SPECT before 
intervention may indicate that this visual cognition is more 
involved. Even for linguistic symptoms, many complaints 
involved reading characters regarding visual perception, 
such as being unable to recognize characters instantly, being 
unable to understand short sentences even after re-reading 
them, and being extremely tired.

Although there are no reports of rTMS applied to the occip-
ital region as a therapeutic intervention, it has been reported 
that inhibitory low-frequency rTMS to the occipital cortex 
reduces working memory in the dlPFC.24) Therefore, it may 
be reasonable to consider that activating the occipital cortex 
with facilitatory high-frequency rTMS enhances various 

functions in the dlPFC. The cognitive dysfunction caused by 
long COVID is known to include a variety of symptoms,25) 
and it may be classified into several categories in the future, 
for example, through cluster analysis. The site of decreased 
cerebral blood flow and specific symptoms vary from case to 
case. Ideally, the causative brain site should be determined 
individually, and tailored rTMS should be applied. However, 
this study is still in the earliest stage of verifying the ef-
fectiveness of rTMS. Therefore, considering the feasibility 
of therapeutic intervention for the group, the most relevant 
occipital cortex and both dlPFCs were selected as activation 
sites. Given that improvement was observed in BFI, AS, and 
WAIS4, and an improving trend was also observed in cere-
bral blood flow, we considered that this judgment was valid.

Relationship with Myalgic Encephalomyelitis/
chronic Fatigue Syndrome

Questions remain over whether long COVID is the same as 
myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS). Both conditions have very similar characteristics, 
such as chronic, strong fatigue and various other symptoms, 
including cognitive dysfunction,26) and both are triggered by 
prior viral infection.27) Although ME/CFS is a pathological 
condition for which details are unclear, long COVID can be 
considered a type of ME/CFS.

Cerebral blood flow decreases in ME/CFS,28) and it is spec-
ulated that the dlPFC and SLF, especially on the right side, 
are deeply involved in the presentation of symptoms.29,30) 
However, the occipital lobe was clearly the most prominent 
site of decreased cerebral blood flow in the subjects of this 
study. Therefore, future studies should clarify whether this 
is a characteristic peculiar to long COVID and whether 
there are differences depending on the COVID-19 variant. 
However, even in ME/CFS, viral infection is only a trigger, 
and the causes of symptoms that appear, such as autoim-
mune responses, changes in stress, and genetic effects, are 
complex.27) Increases in pro-inflammatory cytokines have 
also been observed in long COVID.27) Furthermore, the psy-
chological burden of a global pandemic, such as changes in 
social conditions, changes in one’s life, and confusion caused 
by the flood of information, may differ from that of ME/CFS. 
Few studies have applied rTMS to treat ME/CFS, but all of 
them have yielded positive results.31,32)

There are some limitations to this study. First, this was 
an observational study with a small sample size and without 
a control group; the psychological bias of receiving special 
treatment may have influenced the results. Additionally, 
because rTMS was consecutively performed ten times (once/
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week) in this study protocol, an average of 78.6 days was 
required for a relatively long-term intervention. Therefore, 
the possibility of spontaneous recovery cannot be ruled out, 
even though the symptoms persisted for months. Random-
ized controlled trials are necessary to resolve these uncer-
tainties; however, it is ethically difficult to set up a control 
group given that long COVID, which occurs simultaneously 
and frequently, has evolved into a social problem. Therefore, 
we are considering a crossover trial with other treatments. 
Lastly, the present protocol was an experimental one consid-
ered from the feasibility perspective, and we do not consider 
it optimal. In modifying the protocol, there are several as-
pects to consider, such as the stimulation site, the number of 
stimulations, and the frequency.

CONCLUSION

The rTMS conducted in this study improved long COVID 
fatigue and cognitive symptoms as observed with SPECT 
findings. Because long COVID lasts for a long period, the 
number of patients developing long COVID will continue 
to increase with each wave. Furthermore, considering that 
the COVID-19 pandemic has occurred simultaneously 
worldwide, a huge wave of long COVID can be expected to 
develop on a global scale. Although this study is only in the 
early stages of exploring the effects of rTMS, the procedure 
has the potential to be a new treatment that can improve the 
symptoms of long COVID in a relatively simple and non-
invasive manner.
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