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Abstract: COVID-19’s long-term effects, known as Long-COVID, present psychiatric and physical
challenges in recovered patients. Similarly, rare long-term post-vaccination side effects, resembling
Long-COVID, are emerging (called Post-Vaccine). However, effective treatments for both conditions
are scarce. Our clinical experience suggests that transcranial magnetic stimulation (TMS) often aids
recovery in Long-COVID and Post-Vaccine patients. However, its effectiveness is reduced in patients
with severe fatigue. Therefore, we retrospectively analysed Tokyo TMS Clinic’s outpatient records
(60 in total; mean age, 38 years) to compare Long-COVID and post-vaccine patients’ characteristics
and symptoms, assess the impact of TMS on their symptoms, and investigate the role of fatigue in
depression recovery with TMS. The primary outcome was the regression coefficient of the initial
fatigue score on depression score improvement using TMS. Secondary outcomes included psychi-
atric/physical scores before and after TMS and their improvement rates. We found no differences
in the initial symptoms and background factors between Long-COVID and Post-Vaccine patients.
After ten TMS sessions, all psychiatric and physical symptom scores improved significantly. TMS
improves depression, insomnia, anxiety, and related neuropsychiatric symptoms, which were the
primary complaints in this study. Thus, we conclude that TMS improves depression and anxiety. The
effectiveness of TMS in treating depression in Long-COVID and Post-Vaccine patients decreased as
fatigue severity increased. In conclusion, TMS relieved depressive symptoms following COVID-19
and vaccination; however, fatigue may hinder its effectiveness.

Keywords: transcranial magnetic stimulation; long-COVID; fatigue

1. Introduction

The coronavirus disease (COVID-19) pandemic is raging and remains the most sig-
nificant public health problem worldwide. The number of people with COVID-19 has
increased along with the reporting of long-term symptoms (Long-COVID) in patients
recovering from COVID-19. The symptoms of Long-COVID are diverse, with psychiatric
and physical symptoms such as depression, poor concentration, anxiety, sleep disturbances,
and fatigue, making daily life difficult for patients after recovery [1–5]. Nevertheless,
effective treatments for Long-COVID have not yet been identified, and physicians treating
Long-COVID patients are exploring various options.

Vaccination is essential to prevent the COVID-19 pandemic and has been carried out
on a large scale worldwide. Recently, the long-term side effects of COVID-19 vaccination
with a very low incidence have been reported [6,7]. These include many chronic conditions
that occur later than neurological complications and thromboembolic/thrombocytopenic
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events that sometimes happen within one month of vaccination [8,9]. Therefore, diagnosis
is difficult [7,10]. Only recently have the long-term side effects of the COVID-19 vaccine
been reported, with an increasing number of reports suggesting that they may resemble
the symptoms of Long-COVID [11,12]. However, there are very few reports on effective
treatments for Long-COVID and the COVID-19 vaccine’s long-term adverse reactions.

Transcranial magnetic stimulation (TMS) is widely used to treat depression [13–15],
bipolar disorder [16], obsessive compulsive disorder [17,18], anxiety [19,20], insomnia [21],
and neurological rehabilitation [22,23]. To date, TMS has been performed in patients
with psychiatric symptoms. Since January 2021, we saw a gradual increase in outpatients
complaining of psychiatric and physical symptoms lasting more than a week, including
depression, poor concentration, anxiety, sleep disturbances, and fatigue, after at least
one week of SARS-CoV-2 infection (defined as Long-COVID patients). Similarly, since
the summer of 2021, more outpatients have complained of these psychiatric/physical
symptoms lasting more than approximately one week after at least one week of COVID-19
vaccination. Although diagnosing whether the COVID-19 vaccine caused these symptoms
is difficult, it is true that the number of patients who complained that the COVID-19
vaccination caused their psychiatric/physical symptoms (defined as post-vaccine patients)
has increased. In our TMS treatments of Long-COVID and Post-Vaccine patients since
January 2021, we have observed recovery of such patients to the same degree as patients
with typical depression, anxiety, and insomnia. Patients appear to recover better from
depression if they are less fatigued. Indeed, an association between chronic fatigue and
Long-COVID has been suggested regarding pathogenic mechanisms [24–29].

To scrutinise these clinical empiricisms, we conducted a detailed retrospective analysis
of the medical records of Long-COVID and Post-Vaccine patients to verify the following:

1. Are the symptoms of Long-COVID different from those of COVID-19-vaccine long-
term adverse reactions?

2. The effectiveness of TMS in the clinical presentation of these patients.
3. Is fatigue involved in the TMS-induced recovery from depression in Long-COVID

and Post-Vaccine patients?

Again, it remains unclear whether the long-term side effects of Long-COVID and
COVID-19 vaccines are different and what effective treatments are available for them.
We hope that the present study will further validate the efficacy of TMS in patients with
symptoms of Long-COVID and COVID-19-vaccine long-term adverse reactions.

2. Methods
2.1. Study Design

This retrospective study used the medical records of patients who visited the Tokyo
TMS Clinic. We compared the four psychiatric/physical symptom test scores before
and after TMS treatment (before-and-after study). The involvement of a chronic fatigue
indicator at the initial visit in the recovery rate on the depression scale was analysed using
multivariate covariance analysis (MANCOVA).

2.2. Informed Consent for Patients

As part of the standard procedure, written informed consent was obtained from
all patients before starting treatment in our clinic; the potential use of their anonymised
medical records for research purposes, such as in this study, was thoroughly explained. This
was in addition to explaining the expected benefits, costs, treatment duration, anticipated
side effects, and measures to address the side effects of the treatment. Patient agreement
to the use of their data was recorded as part of their written consent. We ensured that all
patients were fully aware that their data could be used in this manner and had the right to
withdraw their consent at any time without affecting their treatment.
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2.3. Ethics Committee Approval

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the BESLI CLINIC Ethics Committee (date of approval: 23 October 2022).

2.4. Transcranial Magnetic Stimulation Device and Coils

We performed transcranial magnetic stimulation using a Mag Pro R30 (Magventure,
Denmark) connected to a circular coil (Magventure cool-125).

2.5. TMS Treatment
2.5.1. Confirmation of Indications for Treatment

We asked the patients to complete a pre-interview form to ensure that the following
absolute contraindications did not apply:

·Age below 18 years

·History of head injury

·Hearing impairment

·Pregnancy or possible pregnancy

·Presence of metal (except titanium) near the stimulation site

·Cochlear implant or implantable neurostimulator

·Cardiac pacemaker

·Spinal cord or ventricle with a spinal fluid shunt

·Drug-infusion device

·Organic brain abnormalities found on MRI or CT

Further examination, as presented below, confirmed that the patient was ineligible for TMS
treatment:

·History of psychiatric hospitalisation

·Strong feelings of hopelessness

·Strong verbal abuse, violence, and irritability

·Difficulties in communication

·Recommendations for inpatient treatment

·Schizophrenia

·Obsessive compulsive disorder

·Personality disorders

·Somatoform disorders

·Flashbacks

·Post-traumatic stress disorder

·Attachment disorders

·Physical and mental conditions for which treatment at a specialized medical institution is
recommended

·Seizure disorders such as epilepsy and severe physical illnesses.

Patients who presented the above characteristics or whose doctors considered that
they could not be safely treated were excluded.

2.5.2. The Setting of the Stimulation Position

The physician selected the stimulation protocol during the first visit, based on the
patient’s symptoms. The patients were asked to sit comfortably and fit matching-sized



Vaccines 2023, 11, 1151 4 of 17

treatment caps. We aligned the centre of the hat with the midsagittal section and measured
the distance from the nasal root (nasion) to the median anterior margin of the lid. This
measurement ensured the reproducibility of the position of the head and cap after the
second treatment by placing the cap such that the distance between the anterior outer
edge of the lid and the nasal root matched that of the first time. Next, the international
10/20 method, which is standardised for the positioning of electroencephalography (EEG)
electrodes, was used to measure the longitudinal (nasion to inion), transverse (tragus to
tragus), and circumferential distances (circumference). Based on these values, the distance
along the circumference from the midline (X) to the vertex (Y) was calculated using the
BeanF3 method. Thus, we selected the dorsolateral prefrontal cortex (DLPFC) as the target
of treatment [30,31].

2.5.3. The Setting of Motor Threshold (MT Value)

The primary motor cortex of the abductor pollicis brevis muscle (APB) ipsilateral to
the stimulation position was used as a reference. We defined the MT value as the minimum
stimulus intensity at which the APB muscle contraction could be visually confirmed at least
5 out of 10 times by single-shot stimulation (5 Hz).

2.5.4. Stimulus Intensity

After setting the stimulation position and motor threshold, the dorsolateral prefrontal
cortex (DLPFC), the target of the treatment, was determined by gradually increasing the
output from 50% of the motor threshold while confirming the patient’s pain (e.g., when the
MT was 50, the stimulation intensity of 40 was 80% of the MT). If the patient experienced
intense pain, the initial stimulation intensity was set to 60–80% of the MT value. The output
increased as the number of treatments increased to 120% of the MT value indicated in the
Guidelines for the Appropriate Use of Repetitive Transcranial Magnetic Stimulation (The
Japanese Society of Psychiatry and Neurology).

2.5.5. Treatment Initiation

At the initial visit, the patients were asked to sit in a comfortable position and align
the centre of the cap used for measurement with the midsagittal section. We measured the
distance from the nasal root (nasion) to the median anterior margin of the cap and matched
it to the cap position at the initial visit. The patient was asked to wear earplugs to reduce
stimulation sounds. The coil was set at the stimulus position and the treatment parameters
were set.

2.5.6. Assessment of Safety and Treatment Efficacy

The Quick Inventory of Depressive Symptomatology (QIDS) [32], Patient Health
Questionnaire-9 (PHQ9) [33], Generalised anxiety disorder-7 (GAD7) [34], Performance
Status (PS) [35,36], and other standardised scales were used to determine treatment efficacy,
side effects, and future treatment strategies.

2.6. Data Collection

We selected the medical records of patients with post-COVID-19 sequelae and long-
term COVID-19 vaccine side effects as the main complaints from approximately 2000 out-
patients between 15 January 2021 and 29 September 2022 (Long-COVID group: 100 cases,
Post-Vaccine group: 29 cases, total: 129 cases; Figure 1). We excluded patients who were
judged to be off-label for treatment according to the Guidelines for the Appropriate Use of
rTMS (Japanese Society of Psychiatry and Neurology) or who refused to accept treatment
after an explanation of the TMS procedure ((Long-COVID group: 11 patients, Post-Vaccine
group: 5 patients, total: 16 patients). We excluded patients who received TMS only for the
first time because they only wanted to undergo the TMS procedure ((Long-COVID group:
11 patients, Post-Vaccine group: 5 patients, total: 27 patients). We excluded patients who
discontinued treatment before the end of the 10 TMS sessions (between the 2nd and 10th
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sessions: Long-COVID group: 21 patients, Post-Vaccine group: 5 patients, total: 26 patients).
Consequently, we included 46 patients with post-COVID-19 sequelae as the main complaint
and 14 patients with long-term COVID-19 vaccine side effects as the main complaint, with
medical records at the initial visit and after 10 TMS treatments.
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Figure 1. List of target data and exclusions.

We defined the Long-COVID group as patients who, at the first visit, claimed to
have psychiatric/physical symptoms applicable to the QIDS, PHQ9, GAD7, and PS lasting
approximately one week or more after at least one week of COVID-19 and who thought
that the disease had caused them. We defined the post-vaccine group as patients who
claimed psychiatric/physical symptoms applicable to the QIDS, PHQ9, GAD7, and PS
lasting approximately one week or more after at least one week of COVID-19 vaccination
and who thought that the disease had caused them. Therefore, the present study did
not conduct rigorous causal scrutiny of whether SARS-CoV-2 infection or the vaccination
elicited symptoms.

Items extracted from the medical records included chief complaint, sex, magnetic
stimulation intensity (% of motor threshold [MT]), rTMS protocol, medication use, duration
from the first visit to 10 TMS treatments, and psychiatric/physical test scores (QIDS, PHQ9,
GAD7, and PS) at the initial visit and after the tenth TMS treatment. Here, the chief
complaint was the basis for determining whether the patient fell into the Long-COVID or
Post-Vaccine group. The rTMS protocol included high-(left DLPFC) and low-frequency
rTMS (right DLPFC).

2.7. Outcomes

The primary outcome was the partial regression coefficient of PS at the first visit in
the MANCOVA, with the improvement rate of QIDS with TMS (∆QIDS) as the dependent
variable. The secondary outcomes were QIDS, PHQ9, GAD7, and PS scores at the initial
visit and after 10 TMS procedures and their improvement rates.

2.8. Statistical Analysis

Among items extracted from the medical records, we defined patient background
factors as follows: sex, age, TMS intensity, TMS protocol, the presence or absence of medica-
tion, and the number of days from the first visit to the 10 treatments. The Wilcoxon test was
used to verify the difference in each background factor between the Long-COVID and Post-
Vaccine groups. The QIDS scores ranged from 0 to 27, the PHQ9 from 0 to 27, the GAD7
from 0 to 21, and the PS from 0 to 9, with higher scores indicating more severe symptoms.
We calculated the QIDS (%), PHQ9 (%), GAD7 (%), and PS (%) using Equations (1)–(4).
We calculated the ∆QIDS, ∆PHQ9, ∆GAD7, and ∆PS through Equation (5). Note that X
represents QIDS, PHQ9, GAD7, and PS. We excluded data with a psychiatric/physical
symptom test score of zero at the first visit when calculating ∆X.

QIDS(%) =
QIDS score

27
× 100 (1)
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PHQ9(%) =
PHQ9 score

27
× 100 (2)

GAD7(%) =
GAD7 score

21
× 100 (3)

PS(%) =
PS score

9
× 100 (4)

∆X(%) =
X(After 10 treatments)

X(Initial vist)
× 100 (5)

We performed univariate analyses (Table 1 and Table 4) using the Wilcoxon test for
significance. We performed univariate analyses (Tables 2 and 3) and used the Wilcoxon
signed-rank test to check for significance. When examining the multivariate correlations
for each psychiatric/physical-symptom test score (Figures 2 and 3), we determined the
correlation coefficient, p-value of the correlation, and scatterplot matrix. We set the number
of significant digits for each dataset to two decimal places and the p-value to one significant
digit. The Restricted Maximum Likelihood (REML) estimation was used to handle missing
data in multivariate correlation analysis.

We conducted single regression analyses and a MANCOVA to identify the initial
visit score’s correlation with the primary outcome, ∆QIDS, secondary outcome, and the
percentage improvement in PHQ9, GAD7, and PS. When carrying out the MANCOVA
with ∆QIDS as the dependent variable, we used the four initial QIDS, PHQ9, GAD7, and
PS as independent variables, along with information on whether the patient belonged to
the Long-COVID or Post-Vaccine group, which was made into a dummy variable, with
Long-COVID = 1, Post-Vaccine = −1.

To undertake a MANCOVA using propensity scores, we obtained a propensity score
by logistic regression analysis with the independent variables of age, sex, medication status,
TMS intensity, TMS protocol, and duration of treatment and the dependent variable of Long-
COVID/Post-Vaccine. We then performed a MANCOVA on the independent variables
of this propensity score plus the initial visit QIDS, PHQ9, GAD7, PS, and the dummy
variable of Long-COVID/Post-Vaccine as the dependent variable of ∆QIDS (%). To avoid
overfitting, we set the maximum number of independent variables for the MANCOVA to
six [37].

We performed all statistics using JMP pro-version 15.0.0 (SAS Institute Inc., Cary, NC,
USA), and statistical significance was set at p < 0.05 (two-tailed).

3. Results

In this study, we defined “Long-COVID patients” as outpatients who had complained
of psychiatric/physical symptoms lasting more than about a week, such as depression,
poor concentration, anxiety, sleep disturbances, and fatigue after at least one week of
COVID-19. Similarly, outpatients who had complained of psychiatric/physical symptoms
lasting more than about a week after at least one week of COVID-19 vaccination, such as
depression, poor concentration, anxiety, sleep disorders, and fatigue, were defined as “Post-
Vaccine patients”. Therefore, we did not conduct rigorous causal scrutiny of whether these
symptoms were evoked by SARS-CoV-2 infection or vaccination. The psychiatric/physical
symptom tests used in this study were the QIDS, PHQ9, GAD7, and PS. The QIDS and
PHQ9 are indicators of depression [32,33] and GAD7 of anxiety disorder [34]. We used
PS as an indicator of fatigue symptoms. PS is one of the reference indicators used in the
criteria created by the Japanese Ministry of Health, Labour and Welfare (MHLW) based on
the Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) diagnostic criteria,
which were developed based on the requirements set by the Institute of Medicine (IOM),
now the National Academy of Medicine (NAM) in the USA, in 2015.
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First, we examined the background of Long-COVID and Post-Vaccine patients to
determine which characteristics patients presented to the clinic and if there were any
significant differences between the two groups. Table 1 shows no significant differences
between the two groups regarding sex, age, TMS stimulation intensity, protocol, medication,
or the number of days taken from the first visit to the 10th treatment.

Table 1. Characteristics of the patients.

Long-COVID (N = 46) Post-Vaccine (N = 14) p Value

Male (%) 31 (67.39) 6 (42.86) -

Age (years old) 39.5 (29–47.25) 34 (25.25–42) -

Stimulus intensity of TMS (% of MT) 91 (80–100) 84.5 (69.75–97.75) -

Stimulation Protocol

High frequency rTMS
(left DLPFC) (%) 41 (89.13) 13 (92.86) -

Low frequency rTMS
(right DLPFC) (%) 4 (8.70) 0 (0.00) -

Other (%) 1 (2.17) 1 (7.14) -

Medication (%) 28 (60.87) 12 (85.71) -

Duration of treatment (days) 12 (7.75–19.5) 5.5 (3.75–22.75) -

Data are presented as median (IQR) for continuous measures and n (%) for categorical measures.

We examined which items tended to be higher in each psychiatric/physical symptom
test at the first visit in the Long-COVID and Post-Vaccine patients (Table 2). Because
the highest score for each test differed, we normalised each test according to Equations
(1)–(4); we then examined the significant differences between each psychiatric and physical-
symptom test. We found that both Long-COVID and Post-Vaccine patients showed the
same trend (Table 2), that is, both group patients showed significantly higher values for
PHQ9 > GAD7 and PS > QIDS, in that order.

Table 2. Differences in each psychiatric/physical symptom test score at the first visit.

PHQ9 (%) −
QIDS (%)

GAD7 (%) −
QIDS (%)

GAD7 (%) −
PHQ9 (%)

PS (%) −
QIDS (%)

PS (%) −
PHQ9 (%)

PS (%) −
GAD7 (%)

N 46 46 46 39 39 39

Difference (%) 18.52 (7.41, 26.85) 5.29 (−1.98, 17.59) −11.11 (−24.07, 2.91) 3.70 (−7.41, 25.93) −14.81 (−22.22, 3.70) 3.17 (−9.52, 20.63)

p value <0.0001 * 0.005 * <0.0001 * 0.04 * 0.02 * 0.5

Post-Vaccine

PHQ9 (%) −
QIDS (%)

GAD7 (%) −
QIDS (%)

GAD7 (%) −
PHQ9 (%)

PS (%) −
QIDS (%)

PS (%) −
PHQ9 (%)

PS (%) −
GAD7 (%)

N 14 14 14 12 12 12

Difference (%) 22.22 (2.78, 34.25) 2.91 (−6.61, 23.94) −8.99 (−23.81, 3.57) 25.93 (8.33, 50.93) 11.11 (−9.26, 28.70) 11.90 (−3.57, 49.60)

p value 0.002 * 0.2 <0.05 * 0.005 * 0.3 0.06

Data are presented as median (IQR). * Significant (p < 0.05).

Using the Wilcoxon signed-rank test, we examined how each psychiatric/physical
symptom test score changed after ten sessions of TMS. The results showed that QIDS, PHQ9,
GAD7, and PS scores improved significantly in both the Long-COVID and Post-Vaccine
groups (Table 3). This was a retrospective before-and-after comparative study. However,
numerous reports have shown that TMS effectively improves depression, insomnia, anxiety,
and associated neuropsychiatric symptoms [13–15,19–21]. We also observed improvements
in patients who underwent TMS. In the present study, Long-COVID and Post-Vaccine
patients had varying degrees of these symptoms as primary complaints. Therefore, it is
likely that the QIDS, PHQ9, and GAD7 scores improved with TMS. However, although
positive results have been reported, the level of evidence concerning TMS in chronic fatigue
is low [38]. Therefore, we cannot conclude from these results alone that the improvement
in PS was due to TMS.
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Table 3. Changes in each psychiatric/physical symptom test score between the first.

Psychiatric Symptom Number Scores p Value

QIDS (range 0–27)
Initial visit 46 6 (3–8)

<0.0001 *
After 10 treatments 46 3 (1–5)

PHQ9 (range 0–27)
Initial visit 46 10 (7–14)

<0.0001 *
After 10 treatments 46 5 (3–9)

GAD7 (range 0–21)
Initial visit 46 5 (3–10)

<0.0001 *
After 10 treatments 46 3 (1–6)

Physical Symptom

PS (range 0–9)
Initial visit 39 2 (1–4)

0.01 *
After 10 treatments 39 1 (1–3)

Post-Vaccine

Psychiatric Symptom Number Scores p Value

QIDS (range 0–27)
Initial visit 14 7 (2.75–9)

0.04 *
After 10 treatments 14 5.5 (1–7.5)

PHQ9 (range 0–27)
Initial visit 14 14 (3.75–17.25)

0.0002 *
After 10 treatments 14 9 (2.75–11.75)

GAD7 (range 0–21)
Initial visit 14 5.5 (1–12.25)

0.001 *
After 10 treatments 14 3.5 (0–7.25)

Physical Symptom

PS (range 0–9)
Initial visit 12 5.5 (2–6.75)

0.02 *
After 10 treatments 12 4.5 (1.25–5.75)

Scores are presented as median (IQR). * Significant (p < 0.05).

We conducted a univariate analysis of the initial psychiatric/physical-symptom test
scores and the improvement rate for each score between Long-COVID and Post-Vaccine
patients. To calculate the improvement rate, we divided the score after 10 TMS procedures
by the score at the first visit, as shown in Equation (5) ∆X (%), where lower values indicated
a better improvement rate. As shown in the “Initial Visit” row of each psychiatric/physical
symptom test in Table 4, there were no significant differences in the scores between Long-
COVID and Post-Vaccine patients at the initial visit. This result is similar to the conclusions
presented in Table 2. Regarding the rate of improvement, only ∆QIDS differed between
the two groups (row “∆QIDS (%)” in Table 4). At first glance, Long-COVID patients seem
to have a significantly better improvement rate in the QIDS than Post-Vaccine patients.
However, the MANCOVA described below (Figure 3A–C) did not detect this difference.
Thus, we found no significant differences in symptoms and improvement rates between
Long-COVID and Post-Vaccine patients at the first visit (Tables 2 and 4). These results
are in agreement with our clinical hypothesis that the symptoms of Long-COVID and
Post-Vaccine patients are very similar. Therefore, we assumed that the initial signs and
their courses were the same in Long-COVID and Post-Vaccine patients.
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Table 4. Comparison of Long-COVID and Post-Vaccine patients on the initial value of each psychi-
atric/physical symptom test and the improvement rate with TMS treatment.

Psychiatric Symptom Long-COVID (N = 46) Post-Vaccine (N = 14) p Value

QIDS (range 0–27)
Initial visit 6 (3–8) 7 (2.75–9) -

∆QIDS (%) 50 (13.84–80.83) 83.77 (43.75–100) <0.05 *

PHQ9 (range 0–27)
Initial visit 10 (7–14) 14 (3.75–17.25) -

∆PHQ9 (%) 65.69 (41.25–100) 70.18 (48.61–88.90) -

GAD7 (range 0–21)
Initial visit 5 (3–10) 5.5 (1–12.25) -

∆GAD7 (%) 60 (33.33–100) 63.39 (25–85) -

Physical Symptom

PS (range 0–9)

Long-COVID (N = 39) Post-Vaccine (N = 12) p value

Initial visit 2 (1–4) 5.5 (2–6.75) -

Long-COVID (N = 34) Post-Vaccine (N = 11) p value

∆PS (%) 93.75 (50–100) 83.33 (62.5–100) -

Data are presented as median (IQR). * Significant (p < 0.05).

We investigated the degree of correlation between psychiatric/physical test scores
at the initial visit and after TMS (Figure 2A,B). Unsurprisingly, the correlations between
psychological scores (QIDS, PHQ9, and GAD7) were high at both the initial visit and after
TMS. Interestingly, QIDS vs. PS correlated both at the first visit and after TMS, and PHQ9
vs. PS correlated after TMS. These results suggest that, in line with our hypothesis, fatigue
may affect the recovery rate from Long-COVID and Post-Vaccine depression (hereafter
referred to as “COVID-related depression”).
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plot matrix for each normalised psychiatric/physical test score. Values on the vertical and horizontal
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axes are expressed as percentages. Each figure shows the regression line and 95% confidence
interval. Lower tables: The upper rows show the correlation coefficients between each normalised
psychiatric/physical test score, and the lower rows show the p-value of the correlation coefficient;
p < 0.05 is considered significant. Where the correlation coefficients were significant, we coloured
them in three colours according to their magnitude.

We explored the impact of initial fatigue symptoms on the improvement rate of
COVID-related depression using a single regression analysis and MANCOVA. In both
studies, we found that ∆QIDS (%), the rate of improvement in the QIDS, was significantly
positively correlated with PS (%) at the initial consultation (Figure 3A). No significant
correlations were observed, except for this combination. We conducted a MANCOVA with
∆QIDS (%) as the dependent variable, each of the four initial visiting psychiatric/physical
test scores as independent variables, and information about the group to which the patient
belonged (Long-COVID/Post-Vaccine) as a dummy variable (Figure 3A: Model 1). PS (%)
at the first visit showed a significant positive partial regression coefficient (Figure 3A). To
further investigate the influence of PS (%) at the initial visit on ∆QIDS (%), we performed a
MANCOVA with as many confounders as possible, recast as a single variable (propensity
score). We obtained propensity scores using a logistic regression analysis with age, sex, med-
ication status, the magnetic stimulation intensity, the magnetic stimulation protocol, and the
duration of treatment (Table 1) as independent variables, and Long-COVID/Post-Vaccine
as a dependent variable (Figure 3B). We conducted a MANCOVA with this propensity
score as well as Long-COVID/Post-Vaccine, QIDS, PHQ9, GAD7, and PS at the first visit
as independent variables, and ∆QIDS (%) as a dependent variable (Figure 3B: Model 2).
Note that we considered it reasonable to include six independent variables in the present
MANCOVA in reference to previous studies [37]. Similar to Figure 3A, PS (%) at the first
visit showed a significantly positive partial regression coefficient, even after considering
many confounding factors (Figure 3B). Finally, we adjusted for multicollinearity between
independent variables and performed a MANCOVA. Models 1 and 2 show that the variance
inflation factor (VIF) between the QIDS, PHQ9, and GAD7 at the first visit was approxi-
mately 2–3, as high correlation coefficients between these psychological test scores are also
indicated in Figure 2. Thus, we conducted a MANCOVA of ∆QIDS (%) by selecting only
QIDS scores from the psychological test scores as the independent variable and adding PS
at initial diagnosis, Long-COVID/Post-Vaccine, and propensity scores from Model 2 as
independent variables (Figure 3C: Model 3). The results also showed a significant positive
partial regression coefficient for PS (%) at the initial consultation. As mentioned earlier in
the explanation of Table 4, Long-COVID/Post-Vaccine did not significantly affect ∆QIDS
(%). These results suggest that COVID-related depression is less likely to improve with
TMS in patients with more pronounced fatigue symptoms.
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Figure 3. Multivariate analysis of covariance between ∆QIDS (%) and each psychiatric/physical-
symptom test score at the first visit. (A–C) MANCOVA results for each of the three patterns. The
partial regression coefficients of PS_Initial visit (%) are significantly positive in all models. In Model 3
(C), the VIF is below 2. In each right-hand diagram, the horizontal axis shows the predicted value of
∆QIDS (%) obtained by adding the intercept and all values obtained by multiplying each independent
variable by its partial regression coefficient. The vertical axis represents the measured value of the
∆QIDS (%). * Significant (p < 0.05).

4. Discussion

The present study is the first to elucidate the validity of TMS and the factors underly-
ing its use for treating psychiatric symptoms after COVID-19 and vaccination. We found no
difference in the characteristics or initial symptoms between patients who presented with
psychiatric/physical symptoms after COVID-19 (Long-COVID patients) and those who
presented with psychiatric/physical symptoms after COVID-19 vaccination (Post-Vaccine
patients). Comparing the QIDS, PHQ9, GAD7, and PS scores before and after TMS treat-
ment in both groups, all items significantly improved. There were no significant differences
between the groups in the rates of improvement of QIDS, PHQ9, GAD7, and PS with
TMS. We, therefore, assumed that the initial symptoms and course of Long-COVID and
Post-Vaccine patients had been the same and defined their depression as “COVID-related
depression”. In addition, although this was a retrospective before-and-after study, numer-
ous reports have suggested that TMS improves QIDS, PHQ9, and GAD7. Stimulating the
DLPFC with TMS has been shown to induce neuroplasticity in this underactive region,
improving depression and anxiety [39–42]. Many studies in patients with depression have
shown significant rTMS-induced changes in functional connectivity between areas impor-
tant for emotion regulation, including the DLPFC and the subgenual anterior cingulate
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cortex, and among the default mode, salience, and central executive networks [43]. Thus,
we attributed the improvements in the QIDS, PHQ9, and GAD7 scores to TMS. Meanwhile,
our results alone made it difficult to conclude that TMS improved PS. We then explored
the influence of fatigue on the improvement rate of COVID-related depression by conduct-
ing a single regression analysis and MANCOVA. We found that the higher the PS at the
initial visit (i.e., the stronger the chronic fatigue symptoms), the worse the COVID-related
depression recovery rate.

Long-COVID and Post-Vaccine patients presented with significantly higher psychi-
atric/physical symptom values at their first visit in the order of PHQ9 > GAD7 and
PS > QIDS, and similar trends were observed (Table 2). Depression, poor concentration,
sleep disturbances, anxiety, and fatigue were common to both groups of patients who
visited the Tokyo TMS Clinic. The recovery rate for each symptom did not differ between
the two groups (Table 4). COVID-19 has been reported to cause severe inflammatory
symptoms, and even minor infections are associated with cytokine elevation and brain
microglial activation that persists for a long time [27]. In contrast, the COVID-19 vaccine,
including mRNA vaccines distributed in Japan (mRNA-1273 SARS-CoV-2 vaccine and
BNT162b2 mRNA COVID-19 vaccine [44,45]), is known to cause Long-COVID-like symp-
toms, albeit at a low rate [11]. Reports indicated that COVID-19 vaccines caused severe
inflammatory symptoms by disrupting innate immunity, suppressing IFN-α signalling,
failing to prevent and detect intracellular malignant transformation, and generating large
numbers of exosomes carrying spiked glycoproteins [12]. Consequently, it can be inferred
that widespread inflammation is involved in the onset mechanisms of both Long-COVID
and the post-vaccination long-term side effects of COVID-19. Furthermore, the involve-
ment of anti-idiotype antibodies (Ab2) is a common mechanism in both conditions [46].
Ab2 reacts with a specific antibody (Ab1) against an antigen, and Ab2’s antigen-binding
region mimics the original antigen. This allows Ab2 to bind to the same receptor targeted
by the original antigen, potentially affecting the cell and causing pathological changes, even
after the original antigen disappears. This mechanism could explain why the symptoms
of Long-COVID and the post-vaccination long-term side effects of COVID-19 are similar.
Suppose that Ab1 generated by the COVID-19 vaccination is an antibody against the spike
protein of SARS-CoV-2. In this case, it is possible that Ab2, which can bind to the widely
expressed ACE2 receptors on the spike protein, is produced. Meanwhile, Ab1 is also
produced after SARS-CoV-2 infection; therefore, Ab2, which is capable of binding to ACE2,
can be produced similarly. Therefore, in post-SARS-CoV-2 infection and post-COVID-19
vaccination, specific Ab2 can regulate the function of ACE2, leading to widespread inflam-
mation. It can lead to various neurological symptoms, as inflammatory cytokines cause
psychiatric and physical symptoms, such as depression, insomnia, anxiety, and chronic
fatigue [47–52]. Thus, it can be inferred that the onset mechanisms of Long-COVID and
Post-Vaccine patients in this study have many commonalities.

Even though the QIDS and PHQ9 are highly sensitive and specific diagnostic criteria
for depression, both Long-COVID and Post-Vaccine patients tended to score significantly
higher on the PHQ9 than on the QIDS at the first visit [32,33]. It is necessary to conduct
further research on whether this difference depended on how the QIDS and PHQ9 questions
were asked or on the symptoms of the Long-COVID/Post-Vaccine patients.

After 10 TMS treatments for patients presenting with psychiatric/physical symptoms,
including depression, triggered by COVID-19 and COVID-19 vaccination, there was a
significant improvement in all test scores compared to the pre-treatment scores (Table 3).
From this before-and-after study alone, it is difficult to conclude whether TMS ameliorates
the psychiatric and physical symptoms. However, several reports have demonstrated the
therapeutic effects of TMS on depression, insomnia, anxiety, and the associated neuropsy-
chiatric symptoms [13–15,19–21]. The patients in this study who claimed that COVID-19
or COVID-19 vaccination were the cause also had chief complaints of psychiatric symp-
toms, including depression, poor concentration, insomnia, and anxiety. The depression
scales QIDS and PHQ9 used in this study included questions about depression, poor
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concentration, and insomnia. GAD7 is a diagnostic indicator of the degree of generalised
anxiety disorder. Therefore, it is natural to consider that TMS improves QIDS, PHQ9, and
GAD7 [32–34]. However, there is limited medical evidence regarding the effectiveness of
TMS in treating chronic fatigue [38]. In this study, although TMS significantly improved PS
compared to pre-treatment, we cannot rule out the possibility that PS could have improved
spontaneously, even without TMS. Whether TMS improves fatigue symptoms remains to
be further explored in a double-blind, randomised controlled trial.

We found using MANCOVA that the higher the PS (used as a reference measure for
ME/CFS diagnosis) at initial diagnosis, the worse the improvement rate of the QIDS. While
we may not be able to conclude that ME/CFS is based solely on high PS, our findings align
with our clinical observations, indicating that chronic fatigue could potentially impact
recovery from COVID-related depression. The association between chronic fatigue and
COVID-related depression has also been indicated in terms of both the pathogenic mecha-
nisms. Patients with ME/CFS had higher levels of oxidative stress and more widespread
microglial activation in the brain than healthy subjects [24,25]. Interestingly, the level of
microglial activation in patients with ME/CFS positively correlated with cognitive impair-
ment and the severity of depression and pain. In contrast, autopsy reports of patients who
died from COVID-19 reported the activation of microglia in the brain when SARS-CoV-2
infection in the brain was not confirmed [26]. Experimental studies in mice with SARS-
CoV-2 infection confined to the lungs have also revealed microglial activation in the white
matter [27]. A recent study found that Long-COVID patients are subjected to higher oxida-
tive stress than healthy subjects [28]. These findings suggest that activation of microglia
in the brain and an increase in oxidative stress evoke ME/CFS and Long-COVID. Brain
inflammation and high oxidative stress in patients with high PS levels may be associated
with resistance to TMS treatment. Controlling inflammation and oxidative stress with TMS
in such patients is necessary for recovery from COVID-related depression with TMS [29].

The clinical and theoretical implications derived from this research are as follows:

1. Effectiveness of TMS: This study provides empirical evidence supporting the ef-
fectiveness of TMS in treating psychiatric symptoms following COVID-19 and its
vaccination. It expands our understanding of the potential applications of TMS in the
context of pandemics.

2. Similarity of Long-COVID and Post-Vaccine Symptoms: The study suggests that
the psychiatric symptoms and their progression in Long-COVID and Post-Vaccine
patients are similar, leading to the concept of “COVID-related depression”. It could
prompt further research into the common underlying mechanisms of these conditions.

3. Role of Chronic Fatigue: The finding that stronger chronic fatigue symptoms were
associated with a worse recovery rate from COVID-related depression suggests
that chronic fatigue may be an independent exacerbating factor for COVID-related
depression. This could stimulate further research on the interplay between fa-
tigue, depression, and other psychiatric symptoms in the context of COVID-19 and
its vaccination.

4. Limitations of TMS: This study suggests that while TMS may improve depressive
and anxiety symptoms, it may not necessarily improve fatigue symptoms. This could
prompt further investigations into the limitations of TMS and the need for additional
or alternative treatments for fatigue in these patients.

These implications could guide future research in this area by informing the develop-
ment of more effective treatment strategies for patients with psychiatric symptoms after
COVID-19 and vaccination. They also highlight the need for a more nuanced understanding
of the role of chronic fatigue in the progression and treatment of COVID-related depression,
potentially leading to the exploration of additional or alternative treatments for fatigue.
Ultimately, these insights could improve patient outcomes and quality of life after the
COVID-19 pandemic.

The limitations of this study were as follows. A before-and-after comparative study
showed improvements in psychiatric and physical symptoms with TMS. We could not test
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which TMS stimulation protocols resulted in recovery from COVID-related depression, as
the physician selected the stimulation protocols at the first visit according to the patient’s
symptoms. Most stimulation protocols involved high-frequency stimulation of the left
DLPFC. We could not rule out the possibility that uncorrected and unknown confounding
factors may have influenced the MANCOVA results.

5. Conclusions

This study provides critical insights into the psychiatric symptoms following COVID-
19 and its vaccination, collectively termed “COVID-related depression”. Our findings
suggest that Long-COVID and Post-Vaccine patients exhibit similar psychiatric symptoms
and progression and that both groups significantly benefit from TMS treatment. However,
chronic fatigue appears to negatively influence the recovery rate from COVID-related
depression, indicating the need for further investigation into the role of fatigue under these
conditions. Although TMS shows promise in treating depressive and anxiety symptoms,
its effectiveness in alleviating fatigue remains unclear. These findings underscore the need
for continued research on the underlying mechanisms of Long-COVID and Post-Vaccine
symptoms, the role of fatigue in these conditions, and the exploration of additional or alter-
native treatments for fatigue. Ultimately, these insights could lead to more effective treatment
strategies, improving patient outcomes and quality of life after the COVID-19 pandemic.

Author Contributions: K.H. conceived the idea and compiled this study; A.K., K.K., H.S. and K.T.
operated the TMS equipment; A.K., Y.T., M.T., K.K., H.S., K.T. and K.H. collected medical records;
A.K. extracted the data for analysis from the medical records and summarised the TMS practice; K.H.
statistically analysed the data; A.K., Y.T., K.T. and K.H. discussed the statistical results from a medical
perspective; and K.H. prepared the manuscript. All the authors reviewed the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant Numbers 18K10858 and 21H03327,
and The Watanabe Foundation.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the BESLI CLINIC Ethics Committee (date of approval: 23 October 2022).

Informed Consent Statement: As part of the standard procedure, written informed consent was
obtained from all patients before starting treatment in our clinic; the potential use of their anonymised
medical records for research purposes, such as in this study, was thoroughly explained. This was in
addition to explaining the expected benefits, costs, treatment duration, anticipated side effects, and
measures to address the side effects of the treatment. Patient agreement to the use of their data was
recorded as part of their written consent. We ensured that all patients were fully aware that their
data could be used in this manner and had the right to withdraw their consent at any time without
affecting their treatment.

Data Availability Statement: All data generated in this study are available if the BESLI CLINIC
Ethics Committee considers it a reasonable request.

Acknowledgments: We thank the BESLI Medical Corporation, all the staff at the Tokyo TMS Clinic,
and all the patients who participated in the study. We gratefully acknowledge the support of the JSPS
Grants-in-Aid for Scientific Research Nos. 18K10858 and 21H03327 and the Watanabe Foundation for
supporting this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Efstathiou, V.; Stefanou, M.I.; Demetriou, M.; Siafakas, N.; Makris, M.; Tsivgoulis, G.; Zoumpourlis, V.; Kympouropoulos, S.P.;

Tsoporis, J.N.; Spandidos, D.A.; et al. Long COVID and neuropsychiatric manifestations (Review). Exp. Ther. Med. 2022, 23, 363.
[CrossRef] [PubMed]

2. Schou, T.M.; Joca, S.; Wegener, G.; Bay-Richter, C. Psychiatric and neuropsychiatric sequelae of COVID-19—A systematic review.
Brain Behav. Immun. 2021, 97, 328–348. [CrossRef] [PubMed]

3. Bourmistrova, N.W.; Solomon, T.; Braude, P.; Strawbridge, R.; Carter, B. Long-term effects of COVID-19 on mental health: A
systematic review. J. Affect. Disord. 2022, 299, 118–125. [CrossRef]

https://doi.org/10.3892/etm.2022.11290
https://www.ncbi.nlm.nih.gov/pubmed/35493431
https://doi.org/10.1016/j.bbi.2021.07.018
https://www.ncbi.nlm.nih.gov/pubmed/34339806
https://doi.org/10.1016/j.jad.2021.11.031


Vaccines 2023, 11, 1151 15 of 17

4. Thompson, E.J.; Stafford, J.; Moltrecht, B.; Huggins, C.F.; Kwong, A.S.; Shaw, R.J.; Zaninotto, P.; Patel, K.; Silverwood, R.J.;
McElroy, E. Psychological distress, depression, anxiety, and life satisfaction following COVID-19 infection: Evidence from 11 UK
longitudinal population studies. Lancet Psychiatry 2022, 9, 894–906. [CrossRef] [PubMed]

5. Mazza, M.G.; Palladini, M.; Poletti, S.; Benedetti, F. Post-COVID-19 Depressive Symptoms: Epidemiology, Pathophysiology, and
Pharmacological Treatment. CNS Drugs 2022, 36, 681–702. [CrossRef] [PubMed]

6. Sharifian-Dorche, M.; Bahmanyar, M.; Sharifian-Dorche, A.; Mohammadi, P.; Nomovi, M.; Mowla, A. Vaccine-induced immune
thrombotic thrombocytopenia and cerebral venous sinus thrombosis post COVID-19 vaccination; a systematic review. J. Neurol.
Sci. 2021, 428, 117607. [CrossRef]

7. Finsterer, J. Neurological side effects of SARS-CoV-2 vaccinations. Acta Neurol. Scand. 2022, 145, 5–9. [CrossRef] [PubMed]
8. Patone, M.; Handunnetthi, L.; Saatci, D.; Pan, J.; Katikireddi, S.V.; Razvi, S.; Hunt, D.; Mei, X.W.; Dixon, S.; Zaccardi, F.; et al.

Neurological complications after first dose of COVID-19 vaccines and SARS-CoV-2 infection. Nat. Med. 2021, 27, 2144–2153.
[CrossRef]

9. Dag Berild, J.; Bergstad Larsen, V.; Myrup Thiesson, E.; Lehtonen, T.; Grosland, M.; Helgeland, J.; Wolhlfahrt, J.; Vinslov Hansen,
J.; Palmu, A.A.; Hviid, A. Analysis of Thromboembolic and Thrombocytopenic Events After the AZD1222, BNT162b2, and
MRNA-1273 COVID-19 Vaccines in 3 Nordic Countries. JAMA Netw. Open 2022, 5, e2217375. [CrossRef]

10. Assiri, S.A.; Althaqafi, R.M.M.; Alswat, K.; Alghamdi, A.A.; Alomairi, N.E.; Nemenqani, D.M.; Ibrahim, Z.S.; Elkady, A. Post
COVID-19 Vaccination-Associated Neurological Complications. Neuropsychiatr. Dis. Treat. 2022, 18, 137–154. [CrossRef]

11. Couzin-Frankel, J.; Vogel, G. Vaccines may cause rare, Long Covid-like symptoms. Science 2022, 375, 364–366. [CrossRef]
[PubMed]

12. Seneff, S.; Nigh, G.; Kyriakopoulos, A.M.; McCullough, P.A. Innate immune suppression by SARS-CoV-2 mRNA vaccinations:
The role of G-quadruplexes, exosomes, and MicroRNAs. Food Chem. Toxicol. 2022, 164, 113008. [CrossRef] [PubMed]

13. Brunoni, A.R.; Chaimani, A.; Moffa, A.H.; Razza, L.B.; Gattaz, W.F.; Daskalakis, Z.J.; Carvalho, A.F. Repetitive Transcranial
Magnetic Stimulation for the Acute Treatment of Major Depressive Episodes: A Systematic Review with Network Meta-analysis.
JAMA Psychiatry 2017, 74, 143–152. [CrossRef] [PubMed]

14. O’Reardon, J.P.; Solvason, H.B.; Janicak, P.G.; Sampson, S.; Isenberg, K.E.; Nahas, Z.; McDonald, W.M.; Avery, D.; Fitzgerald, P.B.;
Loo, C.; et al. Efficacy and safety of transcranial magnetic stimulation in the acute treatment of major depression: A multisite
randomized controlled trial. Biol. Psychiatry 2007, 62, 1208–1216. [CrossRef]

15. Blumberger, D.M.; Vila-Rodriguez, F.; Thorpe, K.E.; Feffer, K.; Noda, Y.; Giacobbe, P.; Knyahnytska, Y.; Kennedy, S.H.; Lam, R.W.;
Daskalakis, Z.J.; et al. Effectiveness of theta burst versus high-frequency repetitive transcranial magnetic stimulation in patients
with depression (THREE-D): A randomised non-inferiority trial. Lancet 2018, 391, 1683–1692. [CrossRef]

16. Nguyen, T.D.; Hieronymus, F.; Lorentzen, R.; McGirr, A.; Ostergaard, S.D. The efficacy of repetitive transcranial magnetic
stimulation (rTMS) for bipolar depression: A systematic review and meta-analysis. J. Affect. Disord. 2021, 279, 250–255. [CrossRef]

17. Liang, K.; Li, H.; Bu, X.; Li, X.; Cao, L.; Liu, J.; Gao, Y.; Li, B.; Qiu, C.; Bao, W.; et al. Efficacy and tolerability of repetitive
transcranial magnetic stimulation for the treatment of obsessive-compulsive disorder in adults: A systematic review and network
meta-analysis. Transl. Psychiatry 2021, 11, 332. [CrossRef]

18. Rehn, S.; Eslick, G.D.; Brakoulias, V. A Meta-Analysis of the Effectiveness of Different Cortical Targets Used in Repetitive
Transcranial Magnetic Stimulation (rTMS) for the Treatment of Obsessive-Compulsive Disorder (OCD). Psychiatr. Q. 2018, 89,
645–665. [CrossRef]

19. Parikh, T.K.; Strawn, J.R.; Walkup, J.T.; Croarkin, P.E. Repetitive Transcranial Magnetic Stimulation for Generalized Anxiety
Disorder: A Systematic Literature Review and Meta-Analysis. Int. J. Neuropsychopharmacol. 2022, 25, 144–146. [CrossRef]

20. Vicario, C.M.; Salehinejad, M.A.; Felmingham, K.; Martino, G.; Nitsche, M.A. A systematic review on the therapeutic effectiveness
of non-invasive brain stimulation for the treatment of anxiety disorders. Neurosci. Biobehav. Rev. 2019, 96, 219–231. [CrossRef]

21. Sun, N.; He, Y.; Wang, Z.; Zou, W.; Liu, X. The effect of repetitive transcranial magnetic stimulation for insomnia: A systematic
review and meta-analysis. Sleep Med. 2021, 77, 226–237. [CrossRef] [PubMed]

22. Fisicaro, F.; Lanza, G.; Grasso, A.A.; Pennisi, G.; Bella, R.; Paulus, W.; Pennisi, M. Repetitive transcranial magnetic stimulation
in stroke rehabilitation: Review of the current evidence and pitfalls. Ther. Adv. Neurol. Disord. 2019, 12, 1756286419878317.
[CrossRef] [PubMed]

23. Dionisio, A.; Duarte, I.C.; Patricio, M.; Castelo-Branco, M. The Use of Repetitive Transcranial Magnetic Stimulation for Stroke
Rehabilitation: A Systematic Review. J. Stroke Cerebrovasc. Dis. 2018, 27, 1–31. [CrossRef]

24. Nakatomi, Y.; Mizuno, K.; Ishii, A.; Wada, Y.; Tanaka, M.; Tazawa, S.; Onoe, K.; Fukuda, S.; Kawabe, J.; Takahashi, K.; et al.
Neuroinflammation in Patients with Chronic Fatigue Syndrome/Myalgic Encephalomyelitis: An (1)(1)C-(R)-PK11195 PET Study.
J. Nucl. Med. 2014, 55, 945–950. [CrossRef] [PubMed]

25. Jammes, Y.; Steinberg, J.G.; Delliaux, S. Chronic fatigue syndrome: Acute infection and history of physical activity affect resting
levels and response to exercise of plasma oxidant/antioxidant status and heat shock proteins. J. Intern. Med. 2012, 272, 74–84.
[CrossRef] [PubMed]

26. Matschke, J.; Lutgehetmann, M.; Hagel, C.; Sperhake, J.P.; Schroder, A.S.; Edler, C.; Mushumba, H.; Fitzek, A.; Allweiss, L.;
Dandri, M.; et al. Neuropathology of patients with COVID-19 in Germany: A post-mortem case series. Lancet Neurol. 2020, 19,
919–929. [CrossRef]

https://doi.org/10.1016/S2215-0366(22)00307-8
https://www.ncbi.nlm.nih.gov/pubmed/36244359
https://doi.org/10.1007/s40263-022-00931-3
https://www.ncbi.nlm.nih.gov/pubmed/35727534
https://doi.org/10.1016/j.jns.2021.117607
https://doi.org/10.1111/ane.13550
https://www.ncbi.nlm.nih.gov/pubmed/34750810
https://doi.org/10.1038/s41591-021-01556-7
https://doi.org/10.1001/jamanetworkopen.2022.17375
https://doi.org/10.2147/NDT.S343438
https://doi.org/10.1126/science.ada0536
https://www.ncbi.nlm.nih.gov/pubmed/35084966
https://doi.org/10.1016/j.fct.2022.113008
https://www.ncbi.nlm.nih.gov/pubmed/35436552
https://doi.org/10.1001/jamapsychiatry.2016.3644
https://www.ncbi.nlm.nih.gov/pubmed/28030740
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1016/S0140-6736(18)30295-2
https://doi.org/10.1016/j.jad.2020.10.013
https://doi.org/10.1038/s41398-021-01453-0
https://doi.org/10.1007/s11126-018-9566-7
https://doi.org/10.1093/ijnp/pyab077
https://doi.org/10.1016/j.neubiorev.2018.12.012
https://doi.org/10.1016/j.sleep.2020.05.020
https://www.ncbi.nlm.nih.gov/pubmed/32830052
https://doi.org/10.1177/1756286419878317
https://www.ncbi.nlm.nih.gov/pubmed/31598137
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.09.008
https://doi.org/10.2967/jnumed.113.131045
https://www.ncbi.nlm.nih.gov/pubmed/24665088
https://doi.org/10.1111/j.1365-2796.2011.02488.x
https://www.ncbi.nlm.nih.gov/pubmed/22112145
https://doi.org/10.1016/S1474-4422(20)30308-2


Vaccines 2023, 11, 1151 16 of 17

27. Fernandez-Castaneda, A.; Lu, P.; Geraghty, A.C.; Song, E.; Lee, M.H.; Wood, J.; O’Dea, M.R.; Dutton, S.; Shamardani, K.;
Nwangwu, K.; et al. Mild respiratory COVID can cause multi-lineage neural cell and myelin dysregulation. Cell 2022, 185,
2452–2468.e16. [CrossRef]

28. Al-Hakeim, H.K.; Al-Rubaye, H.T.; Al-Hadrawi, D.S.; Almulla, A.F.; Maes, M. Long-COVID post-viral chronic fatigue and
affective symptoms are associated with oxidative damage, lowered antioxidant defenses and inflammation: A proof of concept
and mechanism study. Mol. Psychiatry 2022. [CrossRef]

29. Wood, E.; Hall, K.H.; Tate, W. Role of mitochondria, oxidative stress and the response to antioxidants in myalgic encephalomyeli-
tis/chronic fatigue syndrome: A possible approach to SARS-CoV-2 ‘long-haulers’? Chronic. Dis. Transl. Med. 2021, 7, 14–26.
[CrossRef]

30. Mir-Moghtadaei, A.; Caballero, R.; Fried, P.; Fox, M.D.; Lee, K.; Giacobbe, P.; Daskalakis, Z.J.; Blumberger, D.M.; Downar, J.
Concordance Between BeamF3 and MRI-neuronavigated Target Sites for Repetitive Transcranial Magnetic Stimulation of the Left
Dorsolateral Prefrontal Cortex. Brain Stimul. 2015, 8, 965–973. [CrossRef]

31. Beam, W.; Borckardt, J.J.; Reeves, S.T.; George, M.S. An efficient and accurate new method for locating the F3 position for
prefrontal TMS applications. Brain Stimul. 2009, 2, 50–54. [CrossRef] [PubMed]

32. Rush, A.J.; Trivedi, M.H.; Ibrahim, H.M.; Carmody, T.J.; Arnow, B.; Klein, D.N.; Markowitz, J.C.; Ninan, P.T.; Kornstein, S.;
Manber, R.; et al. The 16-Item Quick Inventory of Depressive Symptomatology (QIDS), clinician rating (QIDS-C), and self-report
(QIDS-SR): A psychometric evaluation in patients with chronic major depression. Biol. Psychiatry 2003, 54, 573–583. [CrossRef]
[PubMed]

33. Kroenke, K.; Spitzer, R.L.; Williams, J.B. The PHQ-9: Validity of a brief depression severity measure. J. Gen. Intern. Med. 2001, 16,
606–613. [CrossRef] [PubMed]

34. Spitzer, R.L.; Kroenke, K.; Williams, J.B.; Lowe, B. A brief measure for assessing generalized anxiety disorder: The GAD-7. Arch.
Intern. Med. 2006, 166, 1092–1097. [CrossRef] [PubMed]

35. Beyond Myalgic Encephalomyelitis/Chronic Fatigue Syndrome: Redefining an Illness; The National Academies Collection; National
Institutes of Health: Washington, DC, USA, 2015.

36. Kuratsune, H. Diagnosis and Treatment of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome. Brain Nerve 2018, 70, 11–18.
[CrossRef]

37. Austin, P.C.; Steyerberg, E.W. The number of subjects per variable required in linear regression analyses. J. Clin. Epidemiol. 2015,
68, 627–636. [CrossRef]

38. Lefaucheur, J.P.; Chalah, M.A.; Mhalla, A.; Palm, U.; Ayache, S.S.; Mylius, V. The treatment of fatigue by non-invasive brain
stimulation. Neurophysiol. Clin. 2017, 47, 173–184. [CrossRef]

39. Baeken, C.; De Raedt, R. Neurobiological mechanisms of repetitive transcranial magnetic stimulation on the underlying neurocir-
cuitry in unipolar depression. Dialogues Clin. Neurosci. 2011, 13, 139–145. [CrossRef]

40. Kim, E.J.; Kim, W.R.; Chi, S.E.; Lee, K.H.; Park, E.H.; Chae, J.H.; Park, S.K.; Kim, H.T.; Choi, J.S. Repetitive transcranial magnetic
stimulation protects hippocampal plasticity in an animal model of depression. Neurosci. Lett. 2006, 405, 79–83. [CrossRef]

41. Ressler, K.J.; Mayberg, H.S. Targeting abnormal neural circuits in mood and anxiety disorders: From the laboratory to the clinic.
Nat. Neurosci. 2007, 10, 1116–1124. [CrossRef]

42. George, M.S.; Taylor, J.J. Theoretical basis for transcranial magnetic stimulation. In A Clinical Guide to Transcranial Magnetic
Stimulation; Oxford University: Oxford, UK, 2014; pp. 1–7.

43. Schiena, G.; Franco, G.; Boscutti, A.; Delvecchio, G.; Maggioni, E.; Brambilla, P. Connectivity changes in major depressive disorder
after rTMS: A review of functional and structural connectivity data. Epidemiol. Psychiatr. Sci. 2021, 30, e59. [CrossRef]

44. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef] [PubMed]

45. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

46. Murphy, W.J.; Longo, D.L. A Possible Role for Anti-idiotype Antibodies in SARS-CoV-2 Infection and Vaccination. N. Engl. J. Med.
2022, 386, 394–396. [CrossRef]

47. Renna, M.E.; O’Toole, M.S.; Spaeth, P.E.; Lekander, M.; Mennin, D.S. The association between anxiety, traumatic stress, and
obsessive-compulsive disorders and chronic inflammation: A systematic review and meta-analysis. Depress. Anxiety 2018, 35,
1081–1094. [CrossRef]

48. Capuron, L.; Miller, A.H. Immune system to brain signaling: Neuropsychopharmacological implications. Pharmacol. Ther. 2011,
130, 226–238. [CrossRef] [PubMed]

49. Raison, C.L.; Capuron, L.; Miller, A.H. Cytokines sing the blues: Inflammation and the pathogenesis of depression. Trends
Immunol. 2006, 27, 24–31. [CrossRef]

50. Montoya, J.G.; Holmes, T.H.; Anderson, J.N.; Maecker, H.T.; Rosenberg-Hasson, Y.; Valencia, I.J.; Chu, L.; Younger, J.W.; Tato,
C.M.; Davis, M.M. Cytokine signature associated with disease severity in chronic fatigue syndrome patients. Proc. Natl. Acad. Sci.
USA 2017, 114, E7150–E7158. [CrossRef]

https://doi.org/10.1016/j.cell.2022.06.008
https://doi.org/10.1038/s41380-022-01836-9
https://doi.org/10.1016/j.cdtm.2020.11.002
https://doi.org/10.1016/j.brs.2015.05.008
https://doi.org/10.1016/j.brs.2008.09.006
https://www.ncbi.nlm.nih.gov/pubmed/20539835
https://doi.org/10.1016/S0006-3223(02)01866-8
https://www.ncbi.nlm.nih.gov/pubmed/12946886
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
https://www.ncbi.nlm.nih.gov/pubmed/11556941
https://doi.org/10.1001/archinte.166.10.1092
https://www.ncbi.nlm.nih.gov/pubmed/16717171
https://doi.org/10.11477/mf.1416200944
https://doi.org/10.1016/j.jclinepi.2014.12.014
https://doi.org/10.1016/j.neucli.2017.03.003
https://doi.org/10.31887/DCNS.2011.13.1/cbaeken
https://doi.org/10.1016/j.neulet.2006.06.023
https://doi.org/10.1038/nn1944
https://doi.org/10.1017/S2045796021000482
https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMcibr2113694
https://doi.org/10.1002/da.22790
https://doi.org/10.1016/j.pharmthera.2011.01.014
https://www.ncbi.nlm.nih.gov/pubmed/21334376
https://doi.org/10.1016/j.it.2005.11.006
https://doi.org/10.1073/pnas.1710519114


Vaccines 2023, 11, 1151 17 of 17

51. Fernandez-Mendoza, J.; Baker, J.H.; Vgontzas, A.N.; Gaines, J.; Liao, D.; Bixler, E.O. Insomnia symptoms with objective short
sleep duration are associated with systemic inflammation in adolescents. Brain Behav. Immun. 2017, 61, 110–116. [CrossRef]

52. Thye, A.Y.; Law, J.W.; Tan, L.T.; Pusparajah, P.; Ser, H.L.; Thurairajasingam, S.; Letchumanan, V.; Lee, L.H. Psychological
Symptoms in COVID-19 Patients: Insights into Pathophysiology and Risk Factors of Long COVID-19. Biology 2022, 11, 61.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bbi.2016.12.026
https://doi.org/10.3390/biology11010061

	Introduction 
	Methods 
	Study Design 
	Informed Consent for Patients 
	Ethics Committee Approval 
	Transcranial Magnetic Stimulation Device and Coils 
	TMS Treatment 
	Confirmation of Indications for Treatment 
	The Setting of the Stimulation Position 
	The Setting of Motor Threshold (MT Value) 
	Stimulus Intensity 
	Treatment Initiation 
	Assessment of Safety and Treatment Efficacy 

	Data Collection 
	Outcomes 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

