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Objectives: To reveal the effects of repetitive transcranial magnetic stimulation (rTMS)

on the improvement of cognitive function in patients with stress-related depression, and

to enrich the neural mechanism(s) underlying rTMS so as to improve cognitive function

in patients with stress-related depression.

Methods: We conducted a randomized, double-blind, placebo-controlled study of

rTMS in patients with stress-related depression who were 18–40 years of age. Patients

were randomly allocated to either a sham or experimental group in a 1:1 ratio. A

10-session rTMS protocol was used with 10-Hz stimulation over the left dorsolateral

prefrontal cortex (DLPFC). Clinical assessments (HAMD, HAMA, DASS, MoCA),

neuropsychologic (Stroop, WCST), and resting state fMRI and 1H-MRS assessments

were executed at two time points—baseline and after the 10th rTMS session.

Results: rTMS relieved the mental symptoms of patients in both groups. The MoCA

score of patients in the experimental group increased; the number of correct answers

increased significantly in Stroop testing, and the number of errors and omissions

decreased significantly; the number of persistent errors decreased significantly; and

the time used to complete the test decreased to an even greater extent in the WCST

experimental group. The ReHo value in the lingual gyrus of the right hemisphere and

the cuneus of the left and right hemispheres in the experimental group decreased after

treatment. The DC value in the left and right hemispheric cuneus and postcentral gyrus of

the left hemisphere in the experimental group diminished after treatment. The functional

connections of these brain regions also changed as the Cho and NAA/Cr of the left
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DLPFC changed, with alterations related to the improvement in cognitive function. The

level of choline (Cho) in the left DLPFC of the experimental group was significantly lower

than that of the control group, and the level of N-acetylaspartate/creatine (NAA/Cr) in

the left DLPFC of the control group was significantly higher than that of the experimental

group. These changes were related to the overall improvement in cognitive function.

Conclusions: Ten-Hz rTMS over the left DLPFC improved the cognitive function of

patients with stress-related depression. The governing mechanism for this phenomenon

may be via rTMS effects on multiple visual-related brain regions and their functional

connections, and on the somatosensory cortex and its functional connection with visual

and auditory cortex, reducing the level of Cho and stabilizing the level of NAA/Cr in the

left DLPFC.

Keywords: stress, cognitive function, rTMS, fMRI, neurotransmitter

INTRODUCTION

Depression is one of the most common mental disorders,
and its estimated global prevalence is 4.4% (1), and
because of its high prevalence and social cost, it is a major
focus of psychiatric research. Current research suggests
that depression is caused by a combination of genetic,
biological, environmental, and psychological factors. However,
its underlying pathophysiologic mechanisms are still not
fully understood.

Stress is a state of physical and mental tension where the
body responds to a variety of adverse factors in the living
environment, and studies have confirmed that stress is an
important biologic cause of a variety of mental disorders.
When prolonged emotional stress becomes severe, it can
cause depression. When a person encounters a stressful event
or situation, it could trigger a depression. The feelings of
depression make it very difficult to manage and deal with
stress (2, 3). Intense or long-term stress may induce depression,
and many patients with stress-related depression suffer from
cognitive impairment.

Repetitive transcranial magnetic stimulation (rTMS)
is being used increasingly in the treatment of psychiatric
disorders. High frequency rTMS applied over the left
dorsolateral prefrontal cortex (DLPFC) has been shown
to effectively treat depression and to potentially lead to
cognitive improvement as a consequence of mood amelioration.
However, whether rTMS can improve the cognitive function
of patients with depression remains controversial, and its
underlying regulatory mechanism(s) is arcane (4–6). Some
authors have demonstrated that patients with depression
in an active rTMS group improved significantly on a test
of cognitive flexibility, conceptual tracking, and speed
performance (4, 7). However, others have uncovered no
change in neuropsychologic functioning after receiving rTMS
treatment for major depression (8).

In the present study, we used 10-Hz rTMS over the
left DLPFC to treat patients with stress-related depression
in order to explore the effects of rTMS on their cognitive
function. Furthermore, we executed fMRI and 1H-MRS to

explore the possible mechanism(s) by which rTMS improved
cognitive function.

MATERIALS AND METHODS

Study Design
Our patients first went through one week of health screening
and tests—including clinical assessments, neuropsychologic
testing, resting-state fMRI, and 1H-MRS. This was followed
by two weeks of therapy that included daily treatment with
active rTMS or sham stimulation (patients were required to
remain on their original medication regimen throughout the
study). Our protocol was a sham-controlled, randomized (1:1),
double-blinded study. Patients were assigned to treatment arm
using dynamic randomization (9) and stratified by sex, age,
education, duration of illness, duration of hospitalization, first
test score on the Hamilton depression rating scale (HAMD),
Hamilton Anxiety Scale (HAMA), and Montreal Cognitive
Assessment (MoCA). During treatment, one rTMS session was
scheduled daily for five consecutive days, with a total of 10
sessions delivered over the two-week treatment period. After
10 sessions of therapy, all patients completed their second
clinical assessment, neuropsychologic tests, resting-state fMRI,
and 1H-MRS over one week. All of the participants were on
antidepressant medications at stable doses for at least two
weeks prior to, during, and one week after rTMS treatment.

Characteristics of Participants
Participants
The following participants were included:

1. who were between the ages of 18 and 40 years;
2. who experienced stress prior to being diagnosed

with depression;
3. who were stable after a dose of antipsychotic drugs, with a

MoCA test score < 26; and
4. who were right-handed.

Patients with the following were excluded:
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1. psychosis, stroke, history of seizure, head injury, or having
undergone brain surgery;

2. an implanted metallic or electronic device carrier such as a
cardiac pacemaker, stents, epidural or deep brain electrodes,
cochlear implants, drug-infusion systems, or intracranial clips;

3. active suicidal ideation or recent suicide attempts;
4. previous substance abuse or dependence;
5. antisocial behavior or borderline personality disorder;
6. inability to complete the assessment—such as manifesting

aphasia, hemiplegia, deafness, parachromatoblepsia,
or hypochromatopsia;

7. current pregnancy.

Thirty-two right-handed patients participated in the study. All of
the participantsmet criteria for unipolar (MDD,major depressive
disorder) or bipolar (BD) illness and a current major depressive
episode (MDE), as determined in a semi-structured clinical
interview according to the Structured Clinical Interview for ICD-
10. Two patients were withdrawn from the study after the rTMS
series because they refused to participate. For an overview of the
clinical trial, see Figure 1.

The study was performed in accordance with the Declaration
of Helsinki and was approved by the Local Ethics Review
Committee (Ethics Committee of the Hospital 984 of PLA). All
of the participants provided written informed consent after the
nature of the procedures had been satisfactorily explained.

rTMS Parameters and Session Procedures
For rTMS, we used a Magstim Super Rapid Magnetic Stimulator
(Magstim Company Limited, Dyfed, Wales, UK) and a high-
powered, figure-8-shaped magnetic coil 7 cm in mean diameter.
The rTMS intervention was then conducted over a period of
two weeks (10 total sessions, one session/weekday) at 10Hz,
with 80% of the individual RMT, and in four-second trains with
a 56-second inter-train interval (800 pulses per session; 8,000
total pulses per patient). Single-pulse TMS was used to measure
the resting motor threshold (RMT) for the Abductor Pollicis
Brevis (APB) muscle using electromyographic recording. The
RMT was defined as the minimum stimulator intensity that
evoked a peak–peak amplitude Motor Evoked Potential (MEP)
of >50 u Vin at least five out of ten consecutive trials (10, 11).
Coil position over the left DLPFC was assured in the active and
sham groups by a coil-positioning method using the 10–20-EEG
system. In brief, the standard 10–20 EEG electrode positions
were individually measured and marked, and the position of
the coil center was then located at the electrode position F3
(left posterior middle frontal gyrus, BA 46) (12, 13). For active
stimulation, the coil was placed at the same point tangentially
to the skull, and oriented in a posterior to anterior direction.
Sham treatment was delivered in the same manner as actual
TMS, but with the coil angled at 90◦ away from the surface
of the scalp. In order to minimize the side effects to patients,
rTMS risk assessment was carried out for each patient prior to
treatment by a 13 items questionnaire. If the patient exhibited
uncomfortable symptoms during rTMS, including headache,
hearing impairment, tinnitus, etc.,we withdrew them from the
study in accordance with departmental procedures.

Neuropsychologic and Clinical
Assessments
Clinical Assessments
To evaluate the clinical symptoms such as depression and
anxiety and cognitive function, the Hamilton Rating Scale for
Depression (14) and the Hamilton Anxiety Scale were conducted
(15). Additional measures of symptom severity included the 21-
item Depression Anxiety Stress Scale (DASS-21) (16), and all
subjects completed the Montreal Cognitive Assessment (MoCA)
(17). Patients were assessed at baseline (one week before rTMS
treatment) and at the end of the treatment period (one week after
the last session of the rTMS treatment).

Neuropsychologic Testing
To assess the patient’s executive function, two neuropsychologic
tests (the WCST and Stroop test), lasting ∼30min, were
administered to each patient one week before and one week
after treatment. We employed the computer-based Wisconsin
Card Sorting Test (WCST), which is commonly used to assess
cognitive flexibility and abstract reasoning (18, 19), and the
Stroop Test was implemented to assess selective attention, set
shifting, and response inhibition (20, 21).

MRI Data Acquisition
Image Data Acquisition
In order to analyze the regulatory mechanism of rTMS on
the spontaneous activity of brain neurons, we used an fMRI
scanning procedure for functional MRI, and axial gradient-echo
echo-planar imaging (EPI) to acquire images on a 3.0 Tesla
Philips whole-body imaging system. Images were obtained using
a standard 32-channel-head coil, where the head was stabilized
with small cushions to minimize movement. During scanning,
all patients were asked to keep their eyes shut but not fall
asleep, remain composed, and attempt to produce no systematic
cognitive or motor activity.

An EPI sequence was applied to collect resting-state functional
images using the following parameters: slices= 36; slice thickness
= 4mm, slice gap= 0mm; TE= 25ms, TR= 2,000ms, flip angle
(FA) = 90, field of view (FOV) = 240 × 240 mm2, matrix = 64
× 64, and voxel size = 2 × 2 × 4 mm3. We collected 180 time
points from each subject. A set of high-resolution T1-weighted
structural images was collected by applying a three-dimensional
fast spoiled gradient-echo (3DSPGR) sequence with the following
parameters: slices = 124; slice thickness = 1.6mm, slice gap =

0mm; TE = 2.8ms, TR = 450ms, FA = 15, FOV = 240 × 240
mm2, matrix= 256× 256 and isotropic voxel size= 1.6× 1.6×
1.6 mm3.

Image Data Preprocessing
MRI data were preprocessed using the Data Processing Assistant
for Resting-State fMRI Advanced Edition (DPARSF) (22), which
is based on MATLAB (2013b) and SPM8. Because of the
time required for magnetization equilibrium and participant
adjustment to a new and noisy environment, the first 10
volumes of each functional image were deleted. The remaining
170 functional images were slice-time corrected to reduce the
differences in images from different times and realigned for

Frontiers in Neurology | www.frontiersin.org 3 April 2022 | Volume 13 | Article 844606

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chen et al. rTMS Mitigated Cognitive Dysfunction

FIGURE 1 | Participant flowchart.

head motion. Subjects whose maximal head motion was beyond
2.0mm in any direction or whose maximal head rotation was
beyond 2.0◦ in any angular dimension were excluded. The high-
resolution T1-weighted structural images were then co-registered
with the functional images. Next, the entire brain was segmented
into gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF). Subsequently, we implemented a regression of
nuisance covariates, including Friston 24-parameter correction
and head-motion scrubbing with thresholds of ∼0.5mm; noisy

signals from the CSF and WM were also regressed. Retaining or
removing global brain signals is controversial; we herein chose to

retain the global signals. All the data were then normalized into

the standard Montreal Neurological Institute (MNI) template,
and each voxel size was resampled at 3 × 3 × 3mm and filtered

at the 0.01–0.08-Hz band. Finally, we set a Gaussian kernel of
6-mm full-width at half-maximum (FWHM) to conduct spatial
smoothing. In addition, detrending was used to remove the
linear trends. The whole-brain ALFF was calculated for each
subject using the preprocessed images with temporal band-pass
filtering (0.01 < f < 0.08Hz), which reduced low-frequency
drift and high-frequency respiratory and cardiac noise. The
subject-level voxel-wise ALFF map was converted into a z-score
map by subtracting the mean ALFF of the whole brain and
dividing by the standard deviation. The fractional low-frequency
amplitude (fALFF) was obtained by dividing the ALFF signal-
power spectrum by the signal-power spectrum of the entire
frequency band. The fALFF value was then stronger relative
to noise, with higher sensitivity and specificity (23). Regional
homogeneity (ReHo) (24), degree centrality (DC) (25), and

functional connectivity (FC) were also used to investigate the
mechanism(s) driving rTMS effects in patients with depression.

1H-MRS Data Acquisition and
Quantification Protocol
Brain neurotransmitter abnormality is an important cause
of mental diseases. 1H-MRS is a non-invasive technique to
determine the chemical composition of specific tissue areas in
vivo. Magnetic resonance spectrum imaging (MRSI) data were
examined using a 3.0 Tesla Philips whole-body imaging system
for all patients. The MRI protocol included T1-weighted, 3D
spoiled-gradient echo acquisitions in transaxial and coronal
orientations, and T2- and a fluid-attenuated inversion recovery
sequence in sagittal orientation. A water-suppressed, chemical
shift-imaging spine echo sequence was executed using multiple
voxel proton MRS. Parameters were described as follows: echo
time= 135ms, repetition time= 2,000ms, NSA= 128, and voxel
size= 1.5× 1.5× 1.5 cm3. Acquisition was repeated three times,
with the voxel sitting in region to reduce the errors resulting from
partial volume effects and to improve the signal-to-noise ratio.
MRSI scans that covered the primary ROIs (left posterior middle
frontal gyrus, in the BA 46) were referred to readily identifiable
locations on each subject’s matching high-resolution MR images
(Figure 1). Headmotion wasminimized by comfortably securing
subjects’ heads with padding within the quadrature head coil.

A representative spectrum of a patient from the left posterior
middle frontal gyrus MRSI voxel is shown in Figure 1.
Concentrations in proton MRS studies are expressed relative
to creatine, which acts as an internal reference standard in the
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voxel. We evaluated each spectrum for the peak area of NAA,
Cho, and Cr, and also calculated the ratios of NAA/Cr and
Cho/Cr. The post-processing and quantification were performed
automatically with the Philips brain imaging software package.
Spectral post-processing comprised line broadening, reducing
the residual water resonance, linear baseline correction, and peak
integration (Figure 2).

Data Analysis
Neuropsychologic and Clinical Assessments, and

Metabolite Data Analysis
We employed SPSS v. 24.0 statistical software to analyze the
data. The balance of the two groups of patients was tested
as follows: for continuous variables such as scale scores, we
used an independent-sample t test; for naming variables such
as medication and sex, we used a Chi-squared test. Treatment
effects data were entered into a 2 (time of measurement, pre-
treatment vs. post-treatment) × 2 (stimulation condition, active
vs. sham) factorial design, with time of measurement as the
within-subjects factor. Thus, for each test variable, we performed
an ANOVA for repeated measures with additional post-hoc
analyses using paired, two-tailed t tests in the case of significant
results indicated by interactions in the ANOVA, with all p-
values corrected for multiple comparisons. The scale scores
and statistical significance were assigned at P < 0.05. Pearson’s
correlation analysis was applied to investigate relationships
among clinical ratings (HAMD, HAMA, DASS-21, MoCA),
cognitive performance (Stroop, WCST), and metabolites.

Neuroimaging Analyses
Resting fMRI index reflects the level of spontaneous activity
of brain neurons in resting state, which is more suitable for
the study of patients with stress disorder without clear organic
lesions. The change of synchronization or difference of brain
activity (network function connection characteristics, etc.) may
be the main reason for the abnormality of cognitive function
and emotional state. Increases in BOLD activity correlated with
increases in neuronal activity, making it possible to estimate the
amount and anatomic location of brain activity that occurred
during a particular pathological state. Regional Homogeneity
(ReHo) reaction the activity of voxel is consistent with that of its
surrounding voxel neurons. Degree centrality (DC) indicates the
strength of the connection between this region and other voxels
in the whole brain. Fractional Amplitude of Low Frequency
Fluctuations (fALFF) can reflect the strength of brain neuron
activity from the perspective of energy. We analyzed the ReHo,
DC, ALFF, and FCmaps with DPARSF. Age, sex, and educational
level were used as covariates in two-sample t test calculations.We
used the Gaussian random field (GRF) to correct for multiple
comparisons. For all of the aforementioned analyses, we set a
voxel-level threshold of p = 0.001 and a cluster-level threshold
of p = 0.05, and GRF correction was applied to multiple
comparisons in the whole brain. In addition, a GM group mask
was employed in ReHo, DC, fALFF, and FC calculations.

A seed-based, functional-connection analysis method selects
significant differences in areas of ReHo, DC, and fALFF as seed
points. The peak points of the ReHo, DC, and fALFF analyses

were then selected as the coordinates of those regions of interest
(ROIs), and the radius was set at 6mm. We calculated seed-
based FC maps between the time-courses of seed regions and
the time-series for all voxels in the global brain with Pearson’s
correlation analyses. Finally, Fisher’s r-to-z transformation was
applied to all maps prior to statistical analysis. Pearson’s
correlation coefficients were calculated to assess relationships
among clinical measures, neuropsychological results, ReHo, DC,
ALFF, and FC maps in patients. Calculations were performed
using SPSS software after eliminating the influences of age, sex,
and education, and statistical significance was set to p < 0.05.

RESULTS

Thirty-two subjects completed the first MRI and 30 completed
both scans. Subjects tolerated the rTMS treatments well, and
there were no serious adverse events.

Demographic and Clinical Characteristics
There was no significant difference in demographic information,
scale baseline, antipsychotic drug use, risk factors, or biochemical
indices in blood between the two groups (Table 1).

Clinical Characteristics and
Neuropsychologic Results
In this study, we uncovered a significant interaction between the
total score for the MoCA and time (p = 0.006). After rTMS, the
total score for the MoCA in the experimental group increased
significantly, but there was no significant change in the control
group. The scores for short-termmemory and orientation to time
and place (MoCA sub-factors) in the experimental group were
significantly improved after rTMS (p< 0.05), while the scores for
other sub-factors experienced no significant change. The scores
for all sub-factors also underwent no significant change in the
control group.

The interaction between group and time for all indices in the
Stroop test was not significant. The correct numbers in the Stroop
test in the experimental group increased significantly, while the
numbers of errors and omissions decreased significantly (p <

0.05) after rTMS, and other indices did not change.
The interaction between group and time in the numbers

of perseverative errors and time to complete the WCST
was significant (p = 0.048, p = 0.050), and the number
of perseverative errors in the experimental group decreased
significantly after rTMS with no significant change in the control
group. The time to complete the test by patients in both groups
diminished significantly (p < 0.01), although the experimental
group declined to a greater degree (p= 0.001). The total response
numbers for patients in the experimental group and the number
of responses needed to complete the first classification decreased
significantly after rTMS (p< 0.05), while there was no significant
change in the control group.

The interaction between group and duration of depression,
anxiety, and stress subscale of the DASS, HAMD, and HAMA
was not significant, but the main effect of time was significant.
After treatment, the scores for depression, anxiety, and the stress
subscale of the DASS, HAMD, and HAMA in the experimental
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FIGURE 2 | A single voxel was placed in the left DLPFC (in BA 46, shown at right). A typical spectrum from this voxel is shown on the left and demonstrates

metabolite peaks for N-acetyl-aspartate (NAA), choline (Cho), and creatine (Cr), which have been implicated in the pathophysiology of depression.

group decreased significantly, while in the control group, except
for depression subscale of the DASS, the scores for the other
scales also decreased significantly. We suggest that the symptoms
of depression and anxiety in both groups were relieved after
treatment (Table 2).

Cognitive Function and Mental-Symptom
Outcomes
In this study, we discovered that the interaction between the total
score for the MoCA and time was significant (p = 0.006). After
rTMS, the total score for the MoCA and the scores of short-term
memory and orientation to time and place (MoCA sub-factors) in
the experimental group increased significantly (p < 0.05), while
there was no significant change in the control group.

The interaction between group and time for all indices in the
Stroop test was not significant. The correct numbers in the Stroop
test in the experimental group increased significantly, while the
numbers of errors and omissions decreased significantly (p <

0.05) after rTMS, and other indices did not change.
The interaction between group and time in the number

of perseverative errors and time to complete the WCST
was significant (p = 0.048, p = 0.050), and the number
of perseverative errors in the experimental group decreased
significantly after rTMS. However, there was no significant
change in the control group. Moreover, the time to complete
the test by patients in both groups decreased significantly (p <

0.01), although the improvement was more pronounced in the
experimental group (p = 0.001). The total response numbers by
patients in the experimental group and the number of responses
needed to complete the first classification decreased significantly

after rTMS (p < 0.05), while there was no significant change in
the control group.

The interaction between group and the duration of
depression, anxiety, and the stress subscale of the DASS,
HAMD, or HAMA was not significant; however, the main effect
of time was significant. After treatment, the scores for depression,
anxiety, and the stress subscale of the DASS, HAMD, and HAMA
in the experimental group decreased significantly, and in the
control group—except for the depression subscale of DASS—the
scores of the other scales were also reduced significantly. We
posit that the symptoms of depression and anxiety in the two
groups were relieved after treatment (Table 2).

ReHo, DC, and fALFF Analyses
fMRI is a useful technology that measures changes in regional
CNS blood oxygenation in parallel with regional metabolic
activity. Elevations in blood-oxygenation-level-dependent
(BOLD) activity correlated with increases in neuronal activity,
making it possible to estimate the amount and anatomic
location of brain activity that occurred during a particular
pathologic state.

We noted attenuated ReHo values under a resting state in
the lingual gyrus of the right hemisphere and the cuneus of
the left and right hemispheres in the experimental group after
rTMS, there was no significant change in the ReHo value in the
control group. The DC values that showed diminutions in the
experimental group after rTMS were the postcentral gyrus of the
left hemisphere, and the cuneus of the left and right hemispheres,
but there was no significant change in the DC of the control
group (Figure 3), nor in fALFF. We observed no significant
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TABLE 1 | Clinical and socio-demographic information of study participants.

Experimental rTMS (n = 15) Sham rTMS (n = 15) Statistic p

Demographic characteristic

Sex (male/female) 15/0 14/1 1.034 0.309

Age (years) 26.47 (6.96) 28.80 (4.94) −1.059 0.299

Education (years) 12.07 (1.79) 13.67 (2.74) −1.891 0.069

Duration of illness (months) 22.93 (22.27) 28.33 (22.75) −0.657 0.517

Duration of hospitalization 2.53 (3.79) 2.77 (3.02) −0.107 0.916

Baseline psychopathology

HAMD 12.07 (9.06) 13.20 (9.37) −0.337 0.739

HAMA 7.80 (7.15) 11.00 (8.98) −1.080 0.289

DASS 66.14 (28.72) 64.80 (29.84) 0.125 0.902

MOCA 20.93 (3.51) 21.93 (2.87) −0.854 0.400

Concomitant medication (taken/not taken)

Sodium valproate 3/12 4/11 0.186 0.666

Olanzapine 3/12 2/13 0.240 0.624

Sertraline 3/12 0/15 3.333 0.068

Tandospirone 5/10 6/9 0.144 0.705

Dutoxetine 7/8 6/9 0.136 0.713

Mitrazapine 9/6 7/8 0.536 0.464

Oxazepam 3/12 1/14 1.154 0.283

Lithium carbonate 0/15 2/13 2.143 0.143

Escitalopram oxalate 2/13 1/14 0.370 0.543

Sulpiride 0/15 1/14 1.034 0.309

Trazodone 2/13 2/13 0.000 1.000

Quetiapine fumarate 0/15 3/12 3.333 0.068

Lorazepam 1/14 2/13 0.370 0.543

Zilacetone hydrochloride 0/15 1/14 1.034 0.309

Venlafaxine 1/14 0/15 1.034 0.309

Risk factors

Hcy (µmol/L) 13.84 (6.84) 13.96 (6.31) −0.050 0.961

Family history of mental illness 2/13 1/14 0.370 0.543

Student’s t test for continuous data and χ
2 for categorical data.

Values in brackets reflect standard deviation of the mean.

difference using an independent-sample t test between the two
groups at the same time (pre- or post-rTMS). Neither the main
effects of group and time nor the interaction group × time was
significant (Table 3, Figure 3).

FC Analysis
Four brain regions with significant differences in ReHo and
DC values were used as seed points to analyze the functional
connection with other voxels of the whole brain. We found that
in the experimental group, the functional connection strength
of the right cuneus and left cuneus, and the right cuneus and
left and right middle occipital gyrus changed significantly after
rTMS. After rTMS, there was also a significant difference in the
functional connection strength of the left postcentral gyrus to
the inferior temporal gyrus and supramarginal gyrus between
the experimental group and the control group. Using the lingual
gyrus as the seed point, we did not find any significant change in
functional connectivity with other voxels (Table 4; Figures 4, 5).

Correlations Among Clinical Data,
Neuropsychologic Data and ReHo, DC, FC
Values
After controlling for age, sex, and educational level, we
performed a partial correlation analysis of the two group. We
executed a correlation analysis of the two group of patients
between ReHo, DC, and FC values and the scores on cognitive
tests and psychiatric symptom scales. The ReHo value of the
lingual gyrus was positively correlated with perseverative error
on the WCST (r = 0.428, p = 0.001). The DC value of the
postcentral gyrus was positively correlated with the time taken
for the WCST and perseverative error of the WCST(r = 0.258,
p = 0.047; r = 0.342, p = 0.07). The ReHo value of the cuneus
was positively correlated with the time taken for the WCST(r
= 0.292, p = 0.023), the DC value of the cuneus was positively
correlated with perseverative error of the WCST and time of the
WCST (r = 0.526, p < 0.001; r = 0.277, p = 0.032), and the
ReHo value of the cuneus was positively correlated with DASS
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TABLE 2 | Clinical characteristics and neuropsychologic assessments of the participants.

Treatment group (n = 15) Control group (n = 15) p value,

group

p value, time p value interaction

(time × group)

Pre-rTMS Post-rTM Pre-rTMS Post-rTMS

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Anxiety and depression

HAMD score 12.07 (9.06) 5.73 (5.04)a 13.20 (9.37) 5.20 (3.59)a 0.894 0.000 0.556

HAMA score 7.80 (7.15) 3.07 (3.56)a 11.00 (8.98) 4.13 (3.02)a 0.264 0.000 0.41

DASS-depression score 22.80 (10.58) 15.60 (10.80)a 22.26 (10.00) 15.34 (11.86) 0.908 0.001 0.946

DASS-anxiety score 18.00 (10.02) 10.94 (8.34)a 19.20 (11.36) 12.80 (10.34)a 0.640 0.001 0.855

DASS-stress score 25.34 (10.66) 16.40 (11.88)a 23.34 (10.90) 13.60 (12.72)a 0.526 0.000 0.841

MoCA

Total points 20.93 (3.51) 24.67 (2.99)a 21.93 (2.87) 22.77 (2.76) 0.614 0.000 0.006

Visuospatial abilities 3.26 (0.59) 3.40 (0.63) 2.77 (0.89) 2.53 (0.83) 0.006 1.000 0.263

Language 3.60 (0.99) 3.93 (1.09) 3.53 (0.99) 4.00 (0.93) 1.000 0.017 0.677

Executive functions 2.07 (1.39) 2.80 (0.86) 2.40 (1.12) 2.70 (0.98) 0.845 0.045 0.239

Attention 5.47 (0.74) 5.67 (0.49) 5.33 (1.11) 4.93 (1.09) 0.135 0.559 0.087

Short-term memory 1.67 (1.35) 3.27 (1.49)a 2.53 (1.36) 3.07 (1.33) 0.446 0.000 0.051

Orientation to time and place 4.87 (1.06) 5.60 (0.83)a 5.47 (0.74) 5.47 (0.64) 0.341 0.058 0.058

Stroop

Accuracy of Stroop task (%) 56.97 (21.5) 76.58 (15.68) 62.87 (24.85) 72.84 (19.54) 0.872 0.000 0.191

Number correct 68.93 (26.02) 92.67 (18.98)a 76.07 (30.07) 88.13 (23.64) 0.872 0.000 0.191

Number of errors 20.6 (11.47) 10.40 (6.75)a 18.53 (13.69) 14.53 (10.53) 0.763 0.000 0.147

Number of omissions 31.13 (15.31) 17.73 (12.53)a 26.20 (18.69) 18.07 (13.47) 0.642 0.000 0.321

RT stroop task (ms) 994.9 (114.2) 1061.6 (85.8) 985.4 (101.9) 1035.9 (88.2) 0.539 0.012 0.716

WCST

Trials administered 115 (16.0) 102 (22.7)a 121 (10.9) 112 (17.4) 0.142 0.004 0.479

Perseverative errors 6.60 (2.82) 2.20 (3.28)a 4.80 (3.49) 3.60 (3.42) 0.827 0.001 0.048

Percent perseverative error (%) 5.68 (2.21) 2.02 (2.95)a 4.14 (3.18) 3.13 (2.91) 0.782 0.002 0.062

Trials to complete first category 27.3 (19.4) 14.3 (7.32)a 25.2 (18.1) 19.4 (10.8) 0.717 0.015 0.328

Time (s) 753.9 (372.1) 388.3 (166.7)a 613.9 (190.0) 449.9 (213.5)a 0.612 0.000 0.05

aP < 0.05, post-rTMS compared with pre-rTMS in the same groups.

FIGURE 3 | Significant changes in the experimental group after rTMS. (A) Significant changes in ReHo values in the experimental group after rTMS. (B) Significant

changes in DC values in the experimental group after rTMS. The color bar represents the t value of the paired t test.

score (r = 0.254, p= 0.05). The FC strength between the CUN.R
and CUN.L was positively correlated with anxiety score on the
DASS, depression score on the DASS, and perseverative error

of the WCST (r = 0.278, p = 0.031; r = 0.267, p = 0.039;
r = 0.376, p = 0.003). FC strength between the CUN.R and
MOG.L was negatively correlated with RT of the Stroop task (r =

Frontiers in Neurology | www.frontiersin.org 8 April 2022 | Volume 13 | Article 844606

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chen et al. rTMS Mitigated Cognitive Dysfunction

TABLE 3 | ReHo and DC alterations after rTMS treatment in the experimental group.

Brain region BA Hem MNI peak-point coordinates Voxels t value

x y z

ReHo

Lingual gyrus 18 R 9 −60 −3 118 −6.7456

Cuneus 18, 19 L, R 18 −84 33 202 −5.0873

DC

Postcentral gyrus 4 L 48 −21 39 69 −6.0176

Cuneus 18, 19 L, R 15 −81 27 122 −5.5859

Gaussian random field (GRF) corrected; voxel p value < 0.001; cluster p value < 0.05; two-tailed.

TABLE 4 | Brain regions showing significantly altered FC.

Seed point Peak area BA MNI peak-point coordinates Voxels t Value

x y z

Significantly altered FC after treatment in rTMS group

Cuneus (18 −84 33)

Cuneus 18L −6 −99 3 318 5.4351

Cuneus (15 −81 27)

Middle occipital gyrus 18, 19L −30 −93 12 176 5.7132

Middle occipital gyrus 18, 19R 24 −96 15 177 4.6835

Significantly different FC after treatment between the two groups

Postcentral gyrus (−48 −21 39)

Inferior temporal gyrus 20, 37R 63 −48 15 155 5.1516

Supramarginal gyrus 7, 39L −36 −54 27 117 5.2488

Gaussian random field (GRF) corrected; voxel p value < 0.001; cluster p value < 0.05; two tailed.

−0.321, p= 0.013), FC strength between the CUN.R andMOG.R
was positively correlated with perseverative error of WCST (r =
0.266, p = 0.040). FC strength between the PoCG.L and ITG.R
was positively correlated with percent correct responses to the
WCST (r = 0.319, p = 0.013), and it was negatively correlated
with percent non-perseverative errors (r = −0.347, p = 0.007).
FC strength between the PoCG.L and SMG.L was negatively

correlated with the HAMA score (r=−0.275, p= 0.034), and FC

strength between the IPL.R and PAL.L was positively correlated
with stress score on the DASS and HAMD (r = 0.341, p = 0.008;

r = 0.369, p = 0.004). An increase in the ReHo value in the

lingual gyrus was positively correlated with an increase in the
anxiety score in the DASS (r = 0.439, p = 0.015); an increase
in the DC value in the cuneus was positively correlated with an
increase in the anxiety score in the DASS (r = 0.431, p = 0.018);
an increase in the ReHo value in cuneus was positively correlated
with an increase of DASS Anxiety Score (r = 0.393, p = 0.031)
and negatively correlated with increase in MoCA orientation
score (r = −0.361, p = 0.050). An increase in FC strength
between Cuneus.R and Cuneus.L was positively correlated with
an increase in the depression score (DASS) (r= 0.489, p= 0.006);
an increase in FC strength between Cuneus.R and Cuneus.L was
positively correlated with an increase in the anxiety score (DASS)

(r = 437, p = 0.016); and an increase in FC strength between
PoCG.L and ITG.R was positively correlated with an increase in
theMoCA score (r= 0.449, p= 0.013) (these correlation analyses
are illustrated in Figure 6).

Metabolic Outcomes
The interaction of the three brain metabolites and their ratio
between groups and time was not significant. Before rTMS, there
was no significant difference in the level of choline (Cho) in the
left dorsolateral prefrontal cortex between the two groups (p =

0.394), while after rTMS, the level of Cho in the left DLPFC in
the experimental group was significantly lower than that in the
control group (p = 0.011). Before rTMS, there was a significant
difference in the ratio of N-acetylaspartate to creatine (NAA/Cr)
in the left DLPFC between the two groups (p < 0.024), and after
rTMS, the level of NAA/Cr in the left DLPFC in the experimental
group was significantly higher than that in the control group (p
< 0.001) (Table 5).

We performed a correlation analysis of the two groups of
patients between the brain metabolic index and the scores on
cognitive tests and psychiatric symptom scales (Figure 7). The
change in Cho in the left DLPFC in the experimental group was
significantly lower than that in the control group (p = 0.168),
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FIGURE 4 | Significantly altered FC after treatment in the rTMS group (voxel p < 0.001, cluster p < 0.05, two-tailed, GRF-corrected). (A) The results of functional

connectivity analyses with the seed region located in the CUN.R (18 −84 33). (B) The panel displays the FC strength values from CUN.R to CUN.L. (C) The results of

the functional connectivity analyses with the seed region located in the CUN.R (15 −81 27). (D) The panel displays the FC strength values from CUN.R to MOG.L and

MOG.R. CUN, cuneus; MOG, middle occipital gyrus. *P < 0.05, Post-rTMS compared with pre-rTMS in the same groups.

FIGURE 5 | Significantly different FC after treatment between the two groups (voxel p < 0.01, cluster p < 0.05, two-tailed, GRF-corrected). (A) The results of the

functional connectivity analyses with the seed region located in the PoCG.L (−48 −21 39). (B) The panel displays the FC strength values from PoCG to ITG.R and

SMG.L. PoCG, postcentral gyrus; ITG, inferior temporal gyrus; SMG, supramarginal gyrus. *P < 0.05, Treatment group compared with control group at the same

timepoint.

and positively correlated with changes in the RT Stroop task (r
= 0.374, p = 0.042). The change in NAA/Cr in the left DLPFC
in the experimental group was significantly higher than that in

the control group (p = 0.067), while the ratio was positively
correlated with the correct responses rate on the WCST (r =

0.296, p= 0.022).
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FIGURE 6 | Continued
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FIGURE 6 | Scatter diagrams showing significant correlations among the clinical data, neurophysiologic assessments, ReHo, DC, and FC strength for all patients

(pretherapy and posttherapy). (A) The ReHo value of the lingual region was positively correlated with the perseverative error of the WCST. (B,C) The DC value of the

postcentral gyrus was positively correlated with the time taken for the WCST and perseverative error of the WCST. (D) The ReHo value of the cuneus was positively

correlated with the time taken for the WCST. (E,F) The DC value of the cuneus was positively correlated with perseverative error of the WCST and time of the WCST.

(G) The ReHo value of the cuneus was positively correlated with DASS score. (H–J) FC strength between the CUN.R and CUN.L was positively correlated with anxiety

score on the DASS, depression score on the DASS, and perseverative error on the WCST. (K) FC strength between the CUN.R and MOG.L was negatively correlated

with reaction time (RT) on the Stroop task. (L) FC strength between the CUN.R and MOG.R was positively correlated with perseverative error of WCST. (M) FC

strength between the PoCG.L and ITG.R was positively correlated with percent correct responses on the WCST. (N) FC strength between the PoCG.L and ITG.R was

negatively correlated with percent non-perseverative errors. (O) FC strength between the PoCG.L and SMG.L was negatively correlated with the HAMA score. (P,Q)

FC strength between the IPL.R and PAL.L was positively correlated with stress score of the DASS and HAMA scores. (R) Increase in ReHo value in lingual was

positively correlated with an increase in the anxiety score in the DASS. (S) Increase in the DC value in cuneus was positively correlated with an increase in anxiety

score in the DASS. (T,U) Increase in the Reho value in cuneus was positively correlated with an increase of DASS Anxiety Score and negatively correlated with

increase in MoCA orientation score. (V) Increase in FC strength between Cuneus.R and Cuneus.L was positively correlated with an increase in depression score

(DASS). (W) Increase in FC strength between Cuneus.R and Cuneus.L was positively correlated with an increase in anxiety score (DASS). (X) Increase in FC strength

between PoCG.L and ITG.R was positively correlated with an increase in the MoCA score.

DISCUSSION

Effects of rTMS on Cognitive Function in
Patients With Stress-Related Depression
Executive function reflects a series of cognitive processes that are
necessary for cognitive control of behavior. The performance of

patients with depression on the WCST, Stroop color word test,
and other neuropsychologic tests has been shown to be worse
than those in control groups (26–28).

The MoCA scores of the patients selected for this study
ranged from 15 to 25, which indicates mild cognitive
impairment. After rTMS, the MoCA scores of patients in
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TABLE 5 | Comparisons of neurotransmitters in the left DLPFC by MRS between pre- and post-rTMS treatment of the two groups.

Treatment group (n = 15) Control group (n = 15) p value, group p value, time p value interaction (time × group)

Pre-rTMS Post-rTM Pre-rTMS Post-rTMS

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

NAA 0.0192 (0.0044) 0.0173 (0.0033) 0.0186 (0.0041) 0.0189 (0.0037) 0.632 0.433 0.270

NAA/Cr 1.7567 (0.2042) 1.8125 (0.1940) 1.6007 (0.1509)b 1.5449 (0.1066)b 0.001 1.000 0.067

Cho 0.0084 (0.0016) 0.0074 (0.0019) 0.0089 (0.0015) 0.0092 (0.0015)b 0.013 0.427 0.168

Cho/Cr 0.7805 (0.1153) 0.7881 (0.1804) 0.7720 (0.090) 0.7654 (0.1051) 0.702 0.982 0.760

Cr 0.0110 (0.0228) 0.0096 (0.0021) 0.0117 (0.0024) 0.0123 (0.0024)b 0.006 0.500 0.111

bP < 0.05, Treatment group compared with control group at the same timepoints.

the experimental group increased significantly, and the scores
for short-term memory and orientation to time and place
(MoCA subfactors) in the experimental group were significantly
improved after rTMS. We found that after 20-Hz dTMS was
focused on the DLPFC of patients with depression, there was
significant improvement in the scores on spatial working
memory tests in Cambridge automated neuropsychological
tests (29).

The Stroop effect color word test, as a representative test
of response-inhibition ability (30–32), has been widely used
in patients with different diseases and of different ages (33–
36). In our study, we uncovered a significant increase in the
number of correct answers, while the number of errors and
omissions decreased significantly in the experimental group,
but there was no significant change in the control group. This
illustrates the response-inhibitory capability of the patients as
having been improved after rTMS. This conclusion is the same
as that drawn in a previous study in which rTMS to the
DLPFC in patients was used in treatment-resistant depression
(TRD) (37).

In this study, we found that the number of persistent

errors on the WCST in the experimental group decreased
significantly after treatment, while there was no significant

change in the control group, and although the test duration

in the two groups decreased significantly, the experimental
group decreased to an even greater extent. The number of
persistent errors reflects problems such as concept formation and
plasticity (29). Some researchers also found that high-frequency
(at 15Hz) rTMS stimulation over the left DLPFC in patients
with treatment-resistant depression changed the performance
on the WCST (38). Other investigators used intermittent theta
burst stimulation (iTBS) to treat patients with treatment-resistant
depression, and demonstrated that after iTBS over the left
DLPFC, the correct-answer rate on the WCST and conceptual
response rate increased, while the error rate declined. This
indicates that iTBS exerted a positive effect on the executive
function of patients with depression (39). iTBS and high-
frequency rTMS stimulation can thus actively stimulate brain
areas. Both our research and that of previous studies showed
that the activation of the left DLPFC led to improvements in
cognitive function.

Effects of rTMS on fMRI in Patients With
Stress-Related Depression
The lingual gyrus is primarily responsible for letter processing,
logical analysis, and visual memory processing (40). Our study
revealed that the ReHo value in the right lingual gyrus of the
experimental group decreased after rTMS and was positively
correlated with perseverative error on the WCST. In the WCST,
patients uncover rules so as to form concepts according to the
shape, color, and number of cards. The above tasks require logical
analysis or visual memory, and the level of gyrus activity may
affect the patient’s test performance. Furthermore, the ReHo
value of the lingual region was positively correlated with the
perseverative error of the WCST. The results showed that rTMS
may affect the level of ReHo in the lingual gyrus, and thereby
affect executive function in patients.

The cuneus is located in the supracalcarinal fissure of the
occipital lobe and belongs to the visual cortex. We showed
that the level of ReHo in the left and right cuneus of the
experimental group decreased, and the level of DC in the right
cuneus diminished after rTMS. The ReHo value of the cuneus
was positively correlated with time of the WCST, as was the DC
value of the cuneus with perseverative error on the WCST and
time of the WCST. An increase in the ReHo value in the cuneus
was positively correlated with an increase in the anxiety score
in the DASS and negatively correlated with an increase in the
orientation score (MoCA).The cuneus is principally responsible
for processing visual images (40), as both the WCST and
Stroop effect color word test require subjects to process visual
information, and the cuneus may thus play an important role in
the aforementioned tests.

After rTMS, the functional connection strength between the
right cuneus and the left cuneus and between the right cuneus
and the left and right middle occipital gyrus changed significantly
in the experimental group. FC strength between the CUN.R
and CUN.L was positively correlated with perseverative error
on the WCST, FC strength between the CUN.R and MOG.L
was negatively correlated with the RT of the Stroop task, and
FC strength between the CUN.R and MOG.R was positively
correlated with perseverative error of WCST. The middle
occipital gyrus belongs to the visual cortex and is responsible
for processing visual images and participating in the brain area
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FIGURE 7 | The level of Cho and NAA/Cr in the left DLPFC before and after treatment and its relationship with cognitive testing. (A) The change in Cho in the left

DLPFC in the experimental group was significantly lower than that in the control group. (B) The change in Cho in the left DLPFC was positively correlated with change

in the RT on the Stroop task. (C) The change in NAA/Cr in the left DLPFC in the experimental group was significantly higher than that in the control group. (D) The

NAA/Cr value in the left DLPFC was positively correlated with correct response rate on the WCST. *P < 0.05, Treatment group compared with control group.

associated with verbal declarative memory (40). Therefore, the
functional connection strength between the right cuneus and
the left cuneus, and the right cuneus and the left and right
middle occipital gyrus may play important roles in the above
tests. Collectively, these results suggest that rTMS may affect the
functional connection strength between the right cuneus and the
left cuneus, and the right cuneus and the left and right middle
occipital gyrus, and thus affect executive function in patients.

The level of DC in the left postcentral gyrus of the
experimental group declined after treatment, the DC value of
the postcentral gyrus was positively correlated with perseverative
error on the WCST and time of the WCST. After rTMS, the
functional connection strength between the left postcentral gyrus
and the right inferior temporal gyrus (ITG), the left postcentral
gyrus, and the left supramarginal gyrus was significantly different
between the two groups. FC strength between the PoCG.L and
ITG.R was positively correlated with percent correct responses
on the WCST, FC strength between the PoCG.L and ITG.R
was negatively correlated with percent non-perseverative errors,

and an increase in FC strength between PoCG.L and ITG.R
was positively correlated with an increase in the MoCA score.
ITG is involved in a variety of advanced cognitive functions,
including visual object recognition, decision-making, vocabulary
and speech comprehension, decision-making, and emotion
regulation (41–44). Some studies have found that in patients
with chronic schizophrenia, the reduction in bilateral inferior
temporal gyrus volumemay lead to semantic multimodal sensory
integration and complex visual perception dysfunction (45–47).

The supramarginal gyrus belongs to the inferior parietal
lobule and is related to mathematics and logic, and the
inferior parietal lobule receives input from the visual and
somatosensory cortex. Therefore, the inferior parietal lobule
is considered to be an important area for the integration of
different modal information. Injury to the inferior parietal
lobule affects spatial perception and the integration of vision,
movement, and other information (48). Some investigators have
found that trauma-related stimuli can induce corresponding
memories and often cause strong physical responses that are
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involved in a variety of somatosensory information (49–51),
and these can be remembered in the form of physical sensory
information (52).

Studies have shown that abnormal activation of the inferior
parietal lobule and postcentral gyrus in patients with PTSD
precipitated abnormal sensory information processing in these
patients (53, 54). The functional connectivity between the left
DLPFC and the left superior parietal lobule, bilateral cuneus, and
bilateral supraoccipital gyrus was significantly enhanced in PTSD
patients, and there may be abnormal functional connections
between the frontal lobe-parietal lobe loop and the frontal-
occipital lobe loop in patients with PTSD (55). For example, EEG
studies have found that primary sensory function was abnormal
in PTSD patients (56–58). Abnormal automatic processing is also
related to the high arousal symptoms of PTSD (59, 60), which
may trigger upset in PTSD patients when exposed to a complex
environment. Although the patients in our study did not meet
the diagnostic criteria of PTSD, they all experienced stress-related
events prior to admission.

After rTMS, the DC value of the postcentral gyrus decreased
in the experimental group, and the functional connectivity
strength of the left postcentral gyrus and supramarginal gyrus
was negatively correlated with the HAMA score. We suggest that
this connection may be related to negative emotional arousal.
Our study showed that rTMSmay therefore affect the level of DC
in the postcentral gyrus and its functional connectivity, and then
affect performance on cognitive tests.

Effects of rTMS on Brain Metabolism in
Patients With Stress-Related Depression
Proton magnetic resonance spectroscopy (1H-MRS) is a non-
invasive method that can measure the levels of important
metabolites in specific brain regions, and studies have shown that
metabolites in the brain may be related to the pathophysiology
of mental illness (61). The primary metabolites that we analyzed
with 1H-MRS were N-acetylaspartate (NAA), choline (Cho), and
creatine (Cr).

We did not uncover any significant difference in the level of
Cho in the left DLPFC between the two groups before rTMS,
but the level of choline (Cho) in the experimental group was
significantly lower than that in the control group after rTMS.
Studies have shown that Cho levels and the Cho/Cr ratio in
the bilateral DLPFC in young patients with depression were
higher than those in healthy controls, especially with respect
to the left DLPFC (62), and choline levels in the left DLPFC
were abnormally elevated in children and the elderly with severe
depression (63, 64). Patients with stress-related depression who
participated in the current study may have had high levels of
Cho in the left DLPFC, and correlation analysis showed that
changes in Cho in the left DLPFC were positively correlated
with changes in the RT Stroop task. rTMS may thus improve the
executive function of patients by promoting the levels of Cho in
the left DLPFC.

Before rTMS, the NAA/Cr ratio in the left DLPFC in
the experimental group was significantly higher than that in
the control group, and the gap was further augmented after

treatment. The patients with a longer duration of depression
exhibited a lower NAA/Cr ratio in the left DLPFC relative
to those with a shorter course of disease and compared with
healthy people (65). The change in memory capability has
been positively correlated with the ratio of N-acetylaspartate
to creatine (NAA/Cr) and the ratio of choline to creatine
(Cho/Cr) in the right brain (66). After high-frequency (15-
Hz) rTMS over the left DLPFC in patients with treatment-
resistant depression, we noted that an improvement in the
number of persistent errors on the WCST after treatment
was positively correlated with an increase in NAA levels in
the left anterior cingulate gyrus of the rTMS group (38).
Our correlation analysis showed that the NAA/Cr ratio in the
left DLPFC was positively correlated with a correct-response
rate on the WCST. rTMS may therefore improve executive
function in patients by stabilizing the NAA/Cr ratio in the
left DLPFC.

CONCLUSIONS

Ten-Hz rTMS improved the cognitive function (executive
function) of patients with stress-related depression, and this
may have been due to two underlying mechanisms. One was
a reduction in the activity level of sensation-related brain
regions, reducing the functional connection of vision-related
brain regions, improving the functional connection between
somatosensory cortex and visual-auditory cortex, and stabilizing
the functional connection between inferior parietal lobule and
pallidus. The other mechanism appeared to be a reduction in
the level of Cho and stabilization in the level of NAA/Cr in the
left DLPFC.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The study was performed in accordance with the Declaration
of Helsinki and was approved by the Local Ethics Review
Committee (Ethics Committee of the Hospital 984 of PLA).
The patients/participants provided their written informed
consent to participate in this study. Written informed consent
was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in
this article.

AUTHOR CONTRIBUTIONS

YuxC designed research, conducted research, performed
analysis, and wrote the paper. LQ and YZ designed research,
supervised research, reviewed, and revised the manuscript,
and granted research funds. XL developed clinical conception.
LW performed software and data curation. ST, YuaC, FW,

Frontiers in Neurology | www.frontiersin.org 15 April 2022 | Volume 13 | Article 844606

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chen et al. rTMS Mitigated Cognitive Dysfunction

KG, YW, GX, SZ, JL, HW, ZJ, LL, and XiW involved in
clinical assessment and rTMS administration. FX, XuW, SW,
and CX interpreted data. The authors accept responsibility
for the integrity of the data and the accuracy of the data
analysis. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Defense Basic Science
Research Program of China (Grant No. JCKY2019548B001) and
the National Defense Science and Technology Innovation Project
of China (Grant No. 1716312ZT00216401).

REFERENCES

1. WorldHealth Organization.Depression and Other CommonMental Disorders:

Global Health Estimates. Geneva: World Health Organization (2017).

2. Bosch OG, Seifritz E, Wetter TC. Stress-related depression: neuroendocrine,

genetic, and therapeutical aspects. World J Biol Psychiatry. (2012) 13:556–

68. doi: 10.3109/15622975.2012.665477

3. Craike MJ, Coleman D, MacMahon C. Direct and buffering effects of physical

activity on stress-related depression in mothers of infants. J Sport Exerc

Psychol. (2010) 32:23–38. doi: 10.1123/jsep.32.1.23

4. Moser DJ, Jorge RE, Manes F, Paradiso S, Benjamin ML, Robinson RG.

Improved executive functioning following repetitive transcranial magnetic

stimulation. Neurology. (2002) 58:1288–90. doi: 10.1212/WNL.58.8.1288

5. Vanderhasselt MA, De Raedt R, Leyman L, Baeken C. Acute effects of

repetitive transcranial magnetic stimulation on attentional control are related

to antidepressant outcomes. J Psychiatry Neurosci. (2009) 34:119–26.

6. Nadeau SE, Bowers D, Jones TL, Wu SS, Triggs WJ, Heilman

KM. Cognitive effects of treatment of depression with repetitive

transcranial magnetic stimulation. Cogn Behav Neurol. (2014)

27:77–87. doi: 10.1097/WNN.0000000000000031

7. Ullrich H, Kranaster L, Sigges E, Andrich J, Sartorius A. Ultra-

high-frequency left prefrontal transcranial magnetic stimulation as

augmentation in severely ill patients with depression: a naturalistic sham-

controlled, double-blind, randomized trial. Neuropsychobiology. (2012)

66:141–8. doi: 10.1159/000339561

8. Wajdik C, Claypoole KH, FawazW, Holtzheimer 3rd PE, Neumaier J, Dunner

DL, et al. No Change in neuropsychological functioning after receiving

repetitive transcranial magnetic stimulation treatment for major depression.

J ECT. (2014) 30:320–4. doi: 10.1097/YCT.0000000000000096

9. Signorini DF, Leung O, Simes RJ, Beller E, Gebski VJ, Callaghan T.

Dynamic balanced randomization for clinical trials. StatMed. (1993) 12:2343–

50. doi: 10.1002/sim.4780122410

10. Guse B, Falkai P, Gruber O, Whalley H, Gibson L, Hasan A, et al.

The effect of long-term high frequency repetitive transcranial magnetic

stimulation on working memory in schizophrenia and healthy controls–a

randomized placebo-controlled, double-blind fMRI study. Behav Brain Res.

(2013) 237:300–7. doi: 10.1016/j.bbr.2012.09.034

11. Fitzgerald PB, Hoy K, Daskalakis ZJ, Kulkarni J. A randomized trial

of the anti-depressant effects of low- and high-frequency transcranial

magnetic stimulation in treatment-resistant depression. Depress Anxiety.

(2009) 26:229–34. doi: 10.1002/da.20454

12. Rusjan PM, Barr MS, Farzan F, Arenovich T, Maller JJ, Fitzgerald

PB, et al. Optimal transcranial magnetic stimulation coil placement

for targeting the dorsolateral prefrontal cortex using novel magnetic

resonance image-guided neuronavigation.Hum Brain Mapp. (2010) 31:1643–

52. doi: 10.1002/hbm.20964

13. Fitzgerald PB, Maller JJ, Hoy KE, Thomson R, Daskalakis ZJ.

Exploring the optimal site for the localization of dorsolateral

prefrontal cortex in brain stimulation experiments. Brain Stimul. (2009)

2:234–7. doi: 10.1016/j.brs.2009.03.002

14. Hamilton M. Development of a rating scale for primary depressive illness. Br

J Soc Clin Psychol. (1967) 6:278–96. doi: 10.1111/j.2044-8260.1967.tb00530.x

15. Hamilton M. The assessment of anxiety states by rating. Br J

Med Psychol. (1959) 32:50–5. doi: 10.1111/j.2044-8341.1959.tb004

67.x

16. Taouk M, Lovibond PF, Laube R. Psychometric Properties of a Chinese Version

of the Short Depression Anxiety Stress Scales (DASS 21). Report for New

South Wales Transcultural Mental Health Centre, Cumberland Hospital,

Sydney (2001).

17. Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V,

Collin I, et al. The Montreal cognitive assessment, MoCA: a brief screening

tool for mild cognitive impairment. J Am Geriatr Soc. (2005) 53:695–

9. doi: 10.1111/j.1532-5415.2005.53221.x

18. Teubner-Rhodes S, Vaden KI. Jr, Dubno JR, Eckert MA. Cognitive

persistence: Development and validation of a novel measure from

the Wisconsin Card Sorting Test. Neuropsychologia. (2017) 102:95–

108. doi: 10.1016/j.neuropsychologia.2017.05.027

19. Barceló F, Sanz M, Molina V, Rubia FJ. The Wisconsin Card

Sorting Test and the assessment of frontal function: a validation

study with event-related potentials. Neuropsychologia. (1997)

35:399–408. doi: 10.1016/S0028-3932(96)00096-6

20. Spreen O, Strauss E. A Compendium of Neuropsychological Tests. (1991). New

York, USA: Oxford University Press.

21. Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol.

(1935) 18:643–62. doi: 10.1037/h0054651

22. Yan CG, Wang XD, Zuo XN, Zang YFDPABI. Data processing and

analysis for (resting-state) brain imaging. Neuroinformatics. (2016) 14:339–

51. doi: 10.1007/s12021-016-9299-4

23. Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, et al. An improved

approach to detection of amplitude of low-frequency fluctuation (ALFF) for

resting-state fMRI: fractional ALFF. J Neurosci Methods. (2008) 172:137–

41. doi: 10.1016/j.jneumeth.2008.04.012

24. Zang YF, Jiang TZ, Lu YL, He Y, Tian LX. Regional homogeneity

approach to fMRI data analysis. Neuroimage. (2004) 22:394–

400. doi: 10.1016/j.neuroimage.2003.12.030

25. Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, Hedden T, et

al. Cortical hubs revealed by intrinsic functional connectivity: mapping,

assessment of stability, and relation to Alzheimer’s disease. J Neurosci. (2009)

29:1860–73. doi: 10.1523/JNEUROSCI.5062-08.2009

26. Harvey PO, Le Bastard G, Pochon JB, Levy R, Allilaire JF, Dubois

B, et al. Executive functions and updating of the contents of

working memory in unipolar depression. J Psychiatr Res. (2004)

38:567–76. doi: 10.1016/j.jpsychires.2004.03.003

27. Mondal S, Sharma VK, Das S, Goswami U, Gandhi A. Neuro-cognitive

functions in patients of major depression. Indian J Physiol Pharmacol.

(2007) 51:69–75.

28. Kaneda Y. Verbal working memory impairment in patients with current

episode of unipolar major depressive disorder and in remission. Clin

Neuropharmacol. (2009) 32:346–7. doi: 10.1097/WNF.0b013e3181b130a0

29. Levkovitz Y, Harel EV, Roth Y, Braw Y, Most D, Katz LN, et al. Deep

transcranial magnetic stimulation over the prefrontal cortex: Evaluation of

antidepressant and cognitive effects in depressive patients. Brain Stimul.

(2009) 2:188–200. doi: 10.1016/j.brs.2009.08.002

30. Golden CJ. Identification of brain disorders by the stroop color and word test.

J Clin Psychol. (1976) 32:654–8.

31. Bondi MW, Serody AB, Chan AS, Eberson-Shumate SC, Delis DC, Hansen

LA, et al. Cognitive and neuropathologic correlates of Stroop Color-Word

Test performance in Alzheimer’s disease. Neuropsychology. (2002) 16:335–

43. doi: 10.1037/0894-4105.16.3.335

32. Stuss DT, Floden D, Alexander MP, Levine B, Katz D. Stroop performance in

focal lesion patients: dissociation of processes and frontal lobe lesion location.

Neuropsychologia. (2001) 39:771–86. doi: 10.1016/S0028-3932(01)00013-6

33. Uttl B, Graf P. Color-Word Stroop test performance across the adult life span.

J Clin Exp Neuropsychol. (1997) 19:405–20. doi: 10.1080/01688639708403869

Frontiers in Neurology | www.frontiersin.org 16 April 2022 | Volume 13 | Article 844606

https://doi.org/10.3109/15622975.2012.665477
https://doi.org/10.1123/jsep.32.1.23
https://doi.org/10.1212/WNL.58.8.1288
https://doi.org/10.1097/WNN.0000000000000031
https://doi.org/10.1159/000339561
https://doi.org/10.1097/YCT.0000000000000096
https://doi.org/10.1002/sim.4780122410
https://doi.org/10.1016/j.bbr.2012.09.034
https://doi.org/10.1002/da.20454
https://doi.org/10.1002/hbm.20964
https://doi.org/10.1016/j.brs.2009.03.002
https://doi.org/10.1111/j.2044-8260.1967.tb00530.x
https://doi.org/10.1111/j.2044-8341.1959.tb00467.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/j.neuropsychologia.2017.05.027
https://doi.org/10.1016/S0028-3932(96)00096-6
https://doi.org/10.1037/h0054651
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1523/JNEUROSCI.5062-08.2009
https://doi.org/10.1016/j.jpsychires.2004.03.003
https://doi.org/10.1097/WNF.0b013e3181b130a0
https://doi.org/10.1016/j.brs.2009.08.002
https://doi.org/10.1037/0894-4105.16.3.335
https://doi.org/10.1016/S0028-3932(01)00013-6
https://doi.org/10.1080/01688639708403869
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Chen et al. rTMS Mitigated Cognitive Dysfunction

34. Van der Elst W, Van Boxtel MP, Van Breukelen GJ, Jolles J. The stroop

color-word test: influence of age, sex, and education; and normative data

for a large sample across the adult age range. Assessment. (2006) 13:62–

79. doi: 10.1177/1073191105283427

35. Homack S, Riccio CA. A meta-analysis of the sensitivity and specificity of the

Stroop Color and Word Test with children. Arch Clin Neuropsychol. (2004)

19:725–43. doi: 10.1016/j.acn.2003.09.003

36. Ikeda Y, OkuzumiH, KokubunM,Haishi K. Age-related trends of interference

control in school-age children and young adults in the stroop color-word test.

Psychol Rep. (2011) 108:577–84. doi: 10.2466/04.10.22.PR0.108.2.577-584

37. Schulze L, Wheeler S. McAndrews MP, Solomon CJ, Giacobbe P, Downar J.

Cognitive safety of dorsomedial prefrontal repetitive transcranial magnetic

stimulation in major depression. Eur Neuropsychopharmacol. (2016) 26:1213–

26. doi: 10.1016/j.euroneuro.2016.04.004

38. Zheng H, Jia F, Guo G, Quan D, Li G, Wu H, et al. Abnormal

anterior cingulate N-acetylaspartate and executive functioning in treatment-

resistant depression after rTMS therapy. Int J Neuropsychopharmacol. (2015)

18:pyv059. doi: 10.1093/ijnp/pyv059

39. Cheng CM, Juan CH, Chen MH, Chang CF, Lu HJ, Su TP, et al.

Different forms of prefrontal theta burst stimulation for executive function

of medication-resistant depression: evidence from a randomized sham-

controlled study. Prog Neuropsychopharmacol Biol Psychiatry. (2016) 66:35–

40. doi: 10.1016/j.pnpbp.2015.11.009

40. Vanni S, Tanskanen T, Seppä M, Uutela K, Hari R. Coinciding early activation

of the human primary visual cortex and anteromedial cuneus. Proc Natl Acad

Sci USA. (2001) 98:2776–80. doi: 10.1073/pnas.041600898

41. Herath, P., Kinomura, S., and Roland, P. E. (2001). Visual recognition:

evidence for two distinctive mechanisms from a PET study. Hum

Brain Mapp. 12, 110–9. doi: 10.1002/1097-0193(200102)12:2 < 110::AID-

HBM1008>3.0.CO;2-0

42. Ishai A, Ungerleider LG, Martin A, Schouten JL, Haxby JV. Distributed

representation of objects in the human ventral visual pathway. Proc Natl Acad

Sci USA. (1999) 96:9379–84. doi: 10.1073/pnas.96.16.9379

43. Mechelli A, Gorno-Tempini ML, Price CJ. Neuroimaging studies of word and

pseudo word reading: consistencies, inconsistencies, and limitations. J Cogn

Neurosci. (2003) 15:260–71. doi: 10.1162/089892903321208196

44. Buckley MJ, Gaffan D, Murray EA. Functional double dissociation between

two inferior temporal cortical areas: perirhinal cortex versus middle temporal

gyrus. J Neurophysiol. (1997) 77:587–98. doi: 10.1152/jn.1997.77.2.587

45. Onitsuka T, Shenton ME, Salisbury DF, Dickey CC, Kasai K, Toner SK, et

al. Middle and inferior temporal gyrus gray matter volume abnormalities

in chronic schizophrenia:an MRI study. Am J Psychiatry. (2004) 161:1603–

11. doi: 10.1176/appi.ajp.161.9.1603

46. Mesulam MM. From sensation to cognition. Brain. (1998) 121:1013–

52. doi: 10.1093/brain/121.6.1013

47. Tek C, Gold J, Blaxton T, Wilk C, McMahon RP, Buchanan RW. Visual

perceptual and working memory impairments in schizophrenia. Arch Gen

Psychiatry. (2002) 59:146–53. doi: 10.1001/archpsyc.59.2.146

48. Andersen RA. Inferior parietal lobule function in spatial perception and

visuomotor integration. In: Handbook of Physiology. The Nervous System, p.

483–518. Rockville, MD: American Physiological Society (1987).

49. Jones E, Vermaas RH, McCartney H, Beech C, Palmer I, Hyams K, Wessely S.

Flashbacks and post-traumatic stress disorder: the genesis of a 20th-century

diagnosis. Br J Psychiatry. (2003) 182:158–63. doi: 10.1192/bjp.182.2.158

50. Osuch EA, Benson B, Geraci M, Podell D, Herscovitch P, McCann UD,

Post RM. Regional cerebral blood flow correlated with flashback intensity in

patients with posttraumatic stress disorder. Biol Psychiatry. (2001) 50:246–

53. doi: 10.1016/S0006-3223(01)01107-6

51. Hackmann A, Ehlers A, Speckens A, Clark DM. Characteristics and content

of intrusive memories in PTSD and their changes with treatment. J Trauma

Stress. (2004) 17:231–40. doi: 10.1023/B:JOTS.0000029266.88369.fd

52. van den Heuvel M, Mandl R, Hulshoff Pol H. Normalized Cut

Group Clustering of Resting-State fMRI Data. PLoS One. (2008)

3:e2001. doi: 10.1371/journal.pone.0002001

53. Bryant RA, Felmingham KL, Kemp AH, Barton M, Peduto AS, Rennie C,

et al. Neural networks of information processing in posttraumatic stress

disorder: a functional magnetic resonance imaging study. Biol Psychiatry.

(2005) 58:111–8. doi: 10.1016/j.biopsych.2005.03.021

54. Falconer E, Bryant R, Felmingham KL, Kemp AH, Gordon E, Peduto A, et al.

The neural networks of inhibitory control in posttraumatic stress disorder. J

Psychiatry Neurosci. (2008) 33:413–22.

55. Zhang Y, Liu F, Chen H, Duan LiM, Xie X, Chen B, et al. Intranetwork

and internetwork functional connectivity alterations in post-traumatic stress

disorder. J Affect Disord. (2015) 187:114–21. doi: 10.1016/j.jad.2015.08.043

56. Ge Y, Wu J, Sun X, Zhang K. Enhanced mismatch negativity in adolescents

with posttraumatic stress disorder (PTSD). Int J Psychophysiol. (2011) 79:231–

5. doi: 10.1016/j.ijpsycho.2010.10.012

57. Holstein DH, Vollenweider FX, Jäncke L, Schopper C, Csomor PA. P50

suppression, prepulse inhibition, and startle reactivity in the same patient

cohort suffering from posttraumatic stress disorder. J Affect Disord. (2010)

126:188–97. doi: 10.1016/j.jad.2010.02.122

58. Hunter M, Villarreal G. McHaffie GR, Jimenez B, Smith AK, Calais

LA, et al. Lateralized abnormalities in auditory M50 sensory gating

and cortical thickness of the superior temporal gyrus in post-

traumatic stress disorder: preliminary results. Psychiatry Res. (2011)

191:138–44. doi: 10.1016/j.pscychresns.2010.09.012

59. Clark CR, Galletly CA, Ash DJ, Moores KA, Penrose RA, McFarlane

AC. Evidence-based medicine evaluation of electrophysiological

studies of the anxiety disorders. Clin EEG Neurosci. (2009)

40:84–112. doi: 10.1177/155005940904000208

60. Heim C, Nemeroff CB. Neurobiology of posttraumatic stress disorder. CNS

Spectr. (2009) 14:13–24.

61. Stanley JA. In vivo magnetic resonance spectroscopy and its

application to neuropsychiatric disorders. Can J Psychiatry. (2002)

47:315–26. doi: 10.1177/070674370204700402

62. Yang XR, Langevin LM, Jaworska N, Kirton A, Lebel RM, Harris AD,

et al. Proton spectroscopy study of the dorsolateral prefrontal cortex in

youth with familial depression. Psychiatry Clin Neurosci. (2016) 70:269–

77. doi: 10.1111/pcn.12392

63. Farchione TR, Moore GJ, Rosenberg DR. Proton magnetic resonance

spectroscopic imaging in pediatric major depression. Biol Psychiatry. (2002)

52:86–92. doi: 10.1016/S0006-3223(02)01340-9

64. Kumar A, Thomas A, Lavretsky H, Yue K, Huda A, Curran J, et al. Frontal

white matter biochemical abnormalities in late-life major depression detected

with proton magnetic resonance spectroscopy. Am J Psychiatry. (2002)

159:630–6. doi: 10.1176/appi.ajp.159.4.630

65. Brambilla P, Stanley JA, Nicoletti MA, Sassi RB, Mallinger AG, Frank E,

et al. 1H Magnetic resonance spectroscopy study of dorsolateral prefrontal

cortex in unipolar mood disorder patients. Psychiatry Res. (2005) 138:131–

9. doi: 10.1016/j.pscychresns.2004.12.001

66. Qiao J, Jin G, Lei L, Wang L, Du Y, Wang X. The positive effects of high-

frequency right dorsolateral prefrontal cortex repetitive transcranial magnetic

stimulation on memory, correlated with increases in brain metabolites

detected by proton magnetic resonance spectroscopy in recently detoxified

alcohol-dependent patients. Neuropsychiatr Dis Treat. (2016) 12:2273–

8. doi: 10.2147/NDT.S106266

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Chen, Li, Wang, Tian, Chen, Wang, Gu, Wang, Xu, Zhang, Liu,

Wang, Jia, Li, Wang, Xie, Wang, Wang, Xue, Zhao and Qian. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 17 April 2022 | Volume 13 | Article 844606

https://doi.org/10.1177/1073191105283427
https://doi.org/10.1016/j.acn.2003.09.003
https://doi.org/10.2466/04.10.22.PR0.108.2.577-584
https://doi.org/10.1016/j.euroneuro.2016.04.004
https://doi.org/10.1093/ijnp/pyv059
https://doi.org/10.1016/j.pnpbp.2015.11.009
https://doi.org/10.1073/pnas.041600898
https://doi.org/10.1002/1097-0193(200102)12:2
https://doi.org/10.1073/pnas.96.16.9379
https://doi.org/10.1162/089892903321208196
https://doi.org/10.1152/jn.1997.77.2.587
https://doi.org/10.1176/appi.ajp.161.9.1603
https://doi.org/10.1093/brain/121.6.1013
https://doi.org/10.1001/archpsyc.59.2.146
https://doi.org/10.1192/bjp.182.2.158
https://doi.org/10.1016/S0006-3223(01)01107-6
https://doi.org/10.1023/B:JOTS.0000029266.88369.fd
https://doi.org/10.1371/journal.pone.0002001
https://doi.org/10.1016/j.biopsych.2005.03.021
https://doi.org/10.1016/j.jad.2015.08.043
https://doi.org/10.1016/j.ijpsycho.2010.10.012
https://doi.org/10.1016/j.jad.2010.02.122
https://doi.org/10.1016/j.pscychresns.2010.09.012
https://doi.org/10.1177/155005940904000208
https://doi.org/10.1177/070674370204700402
https://doi.org/10.1111/pcn.12392
https://doi.org/10.1016/S0006-3223(02)01340-9
https://doi.org/10.1176/appi.ajp.159.4.630
https://doi.org/10.1016/j.pscychresns.2004.12.001
https://doi.org/10.2147/NDT.S106266
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Effects of Repetitive Transcranial Magnetic Stimulation on Cognitive Function in Patients With Stress-Related Depression: A Randomized Double-Blind fMRI and 1H-MRS Study
	Introduction
	Materials and Methods
	Study Design
	Characteristics of Participants
	Participants

	rTMS Parameters and Session Procedures
	Neuropsychologic and Clinical Assessments
	Clinical Assessments
	Neuropsychologic Testing

	MRI Data Acquisition
	Image Data Acquisition
	Image Data Preprocessing

	1H-MRS Data Acquisition and Quantification Protocol
	Data Analysis
	Neuropsychologic and Clinical Assessments, and Metabolite Data Analysis
	Neuroimaging Analyses


	Results
	Demographic and Clinical Characteristics
	Clinical Characteristics and Neuropsychologic Results
	Cognitive Function and Mental-Symptom Outcomes
	ReHo, DC, and fALFF Analyses
	FC Analysis
	Correlations Among Clinical Data, Neuropsychologic Data and ReHo, DC, FC Values
	Metabolic Outcomes

	Discussion
	Effects of rTMS on Cognitive Function in Patients With Stress-Related Depression
	Effects of rTMS on fMRI in Patients With Stress-Related Depression
	Effects of rTMS on Brain Metabolism in Patients With Stress-Related Depression

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


