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Aim: The impairment experienced by many individuals with depression is closely related to
the cognitive symptoms of the disorder. Repetitive transcranial magnetic stimulation (rTMS)
is a noninvasive brain stimulation method providing a promising technique for improving
cognitive symptoms in treatment-resistant depression (TRD). In the present study, we
investigated whether a relationship exists between improvements in frontal lobe dysfunction
induced by rTMS and improvement of white matter integrity revealed by diffusion tensor
imaging (DTI) in TRD patients receiving rTMS treatment.

Methods: A total of 12 patients with TRD were enrolled in a high-frequency (10 Hz) rTMS
study (August 2013—January 2019). Frontal lobe function and depressive symptoms were
assessed at baseline and at the endpoint of rTMS treatment. Fractional anisotropy (FA), as a
measure of white matter integrity obtained from DTI, was investigated using a region-of-
interest (ROI) approach.

Results: rTMS treatment significantly improved depressive symptom scores and some
subscales of frontal lobe dysfunction. Category scores in the Word Fluency Test and scores
on part 3 of the Color Stroop Test were improved independently of the improvement of
depressive symptoms. In the ROI analysis, none of the FA increases in any region were
correlated with improvement of any frontal lobe function (n = 12).

Conclusion: Although rTMS resulted in partial improvement of frontal lobe dysfunction as
well as white matter integrity, we found no correlation between improved frontal lobe
dysfunction and improved white matter integrity in TRD patients.

Keywords: repetitive transcranial magnetic stimulation, fractional anisotropy, diffusion
tensor imaging, treatment-resistant depression, frontal lobe function

Introduction

Depression is a serious public health problem with a high global prevalence. Major
depressive disorder (MDD) has a 12-month prevalence of 6.6% and a lifetime pre-
valence of 16.2%, and causes considerable impairment. The impairment experienced
by many individuals with depression is closely related to the cognitive symptoms of the
disorder.! Etkin et al.’s results indicated that cognitive dysfunction could have negative
predictive value for achieving depressive remission.” Thus, for individuals with MDD
to achieve full, functional recovery, cognitive dysfunction must be addressed.
Cognitive functioning is a complex process that can be broken down into multiple
domains, and the domains most relevant to MDD are attention, memory and learning,
executive function, and psychomotor processing.! While several neuropsychological
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studies have demonstrated that cognitive deficits are present
across a broad range of cognitive domains in depression,
executive function deficits associated with frontal lobe dys-
function are also reported to be prominent among depressed
patients.’ Depression leads to a series of molecular and
cellular events which include changes in intracellular signal-
ing, gene expression, neuronal function, and cellular archi-
tecture within brain regions that control mood and
cognition.' Affected brain regions include the amygdala,
prefrontal cortex, hippocampus, thalamus, cingulate cortex,
insula, and superior temporal gyrus." Individuals with
depression tend to translate a negative bias in perception,
attention, and memory into conscious thoughts, memories,
and actions, often showing greater attention and memory to
negative stimuli.' Indeed, these emotion-laden functions
related to negative affect are sometimes referred to as “hot”
cognition, to distinguish them from “cold” cognition, or
emotion-independent areas including executive function,
information processing speed, learning and memory, and
attention/concentration.! One STAR*D study report found
that the patients who had not regained normal functioning at
remission had a higher depression relapse compared with
patients who had recovered normal functioning.'*
Repetitive transcranial magnetic stimulation (rTMS) is a
noninvasive brain stimulation technique that is considered a
valuable and promising technique for improving cognitive
symptoms in treatment-resistant depression (TRD)*® and
traumatic brain injury’ Hayasaka et al reported that 10
daily sessions of 20-Hz left prefrontal rTMS in patients
with major depression increased the hippocampal volume
on the stimulated side, which could potentially be related to
the improvement of cognitive function.® Nilakantan
et al’s study demonstrated that high-frequency transcranial
magnetic stimulation selectively modified neural and beha-
vioral hallmarks of age-related memory impairment, indicat-
ing effective engagement of memory intervention targets in
older adults.” Shinba et al.’s study demonstrated increase of
frontal cerebral blood volume during TMS in depression is
related to treatment effectiveness using near-infrared
spectroscopy.'”

In addition, previous studies have reported that the
major brain regions exhibiting white matter abnormalities
in depressive patients include the frontal, temporal and
limbic lobes.''™"* Diffusion tensor imaging (DTI) with
magnetic resonance imaging (MRI) has been widely used
to detect white matter microstructural changes.'® The mea-
sure of fractional anisotropy (FA) obtained with DTI is a
scalar measure ranging from 0 to 1 that indicates the degree

of anisotropy in diffusion. However, to date, only a few
studies have explored the relationship between changes in
FA induced by rTMS and treatment responses.'"'®

To the best of our knowledge, no previous reports have
examined the relationship between changes in FA values
and changes of frontal lobe function induced by rTMS
treatment for TRD. Thus, in the present study, we investi-
gated whether a relationship exists between improvements
in frontal lobe dysfunction by rTMS and improvement of
white matter integrity revealed by DTI in TRD patients
undergoing rTMS treatment.

Methods
Subjects

A total of 12 unipolar depression patients (five males and
seven females; 52.8 + 17.8 years old) were recruited from
the inpatient and outpatient units at the department of
psychiatry at Saga University Hospital, fulfilling not only
the diagnostic criteria for major depressive episode
(DSM-IV-TR), but also the criteria for TRD between
August 2013 and January 2019. Treatment resistance was
defined as a failure to respond to at least two different types
of antidepressant given for a period longer than 4 weeks at
the maximum recommended dose. The diagnoses were
made by two experienced psychiatrists, and any patients
with other psychiatric axis-I or axis-1I disorders, history of
epileptic seizures or any other neurological disorder, any
kind of metal implants, or any other coarse lesions detected
with head MRI were excluded. The content of drugs
remained unchanged during rTMS treatment. The Beck
Depression Inventory (BDI)'® and 24-item Hamilton
Depressive Rating Scale (HAM-D)? were used to assess
clinical symptoms at baseline prior to the first -TMS treat-
ment and at the end of a 6-week treatment period. DTI
examination and the Wisconsin Card Sorting Test (WCST),
Word Fluency Test (WFT) and Color Stroop Test (CST, 6 x
4 = 24 version), psychological examinations for evaluating
frontal lobe function, were performed twice at baseline and
at the endpoint of treatment. The rater for the HAM-D and
cognitive tests was blind to rTMS intervention.

rTMS Treatment

When the patient was relaxed, a figure-eight-shaped air-
cooled magnetic coil (Magstim, Magstim rapid system,
MR1000/50, The Magstim Company Ltd, Carmarthenshire,
UK) was placed over the left dorsolateral prefrontal cortex
(DLPFC). The stimulation location was 5 cm anterior to the
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scalp position for optimum stimulation of the right inteross-
eous dorsalis muscle in the parasagittal plane.?'"** All
patients were naive to rTMS prior to this study. All patients
were treated with active rTMS. All patients and their rela-
tives were given detailed information about the study. A total
of 12 patients were treated with active rTMS. The treatment
was performed by a skilled rTMS operator. Fitzgerald et al
reported that there was an overall significant reduction in the
Montgomery-Asberg Depression Rating Scale scores for
patients with TRD over a 4-week course of the following
parameters: 10 Hz, 30 trains of 5 s duration, 1500 stimuli/day,
20 session of stimulation at 100% stimulation intensity (rela-
tive to the resting motor threshold; MT).** Hence, according
to their study, in the present study the active stimulation was
performed according to the following parameters: 10 Hz, 40
trains of 4 s duration, 1600 stimuli/day, 20 min per session,
30 sessions of stimulation over a 6-week period, at 100%
stimulation intensity (relative to the resting MT). The center
of the figure-eight coil was held flat over the scalp and kept at
a 45° angle with the handle oriented towards the back of the
head.

DTI Data Acquisition

DTI scanning was performed using two clinical 3.0-Tesla
MRI units (MAGNETOM Trio, A Tim System, Siemens
AG, Erlangen, Germany, n = 3 or MAGNETOM Skyra, A
Tim System, Siemens AG, Erlangen, Germany, n = 9) with
a 12-channel head coil. The magnetic field intensity was
identical in the patient before and after rTMS treatment.
Diffusion tensor images were acquired using a spin-echo
DTI-echo planar imaging sequence. Twelve-direction DTI
scans were acquired with a single shot sequence with the
following parameters: relaxation time (TR) = 4600 to 5800
ms, excitation time (TE) = 68 to 92 ms, flip angle
(degrees) 90, slice thickness 4 mm, 35 to 40 axial slices,
acquisition matrix 128 x 128, b-value of 1000 sec/mm? As
soon as the subject was enrolled, the demographic data
were collected and related scales were measured. The first
DTI scan was then performed as a baseline measure
(within 24 h—1 month before the first rTMS treatment).
The second DTI scan of patients was performed at the
endpoint (after 6 weeks of rTMS treatment, within 24—72
h after the last rTMS session).

Region Of Interest (ROI) Determination

Oval regions of interest (ROIs) of identical size (20 mm?)
were used to measure FA values. The same ROI was used
for both measures, and all ROIs were placed on axial

Figure | Oval regions of interest (ROIls) of identical size (20 mm?) were used to
measure fractional anisotropy (FA) values. The same ROl was used for both
measures, and all ROIs were placed on axial slices. Bilateral superior gyri and
middle frontal gyri ROIs were placed halfway between the precentral sulcus and
anterior boundary of the brain, on the most inferior slice where both gyri were
visible as separate structures. a: the right middle frontal gyrus, b: the left middle
frontal gyrus, c: the right superior frontal gyrus, d: the left superior frontal gyrus.

slices. Bilateral superior gyri and middle frontal gyri
ROIs were placed halfway between the precentral sulcus
and anterior boundary of the brain, on the most inferior
slice where both gyri were visible as separate structures.
The researcher who drew the ROIs was blind to the sub-
jects’ clinical measurements. We measured the average FA
values in each ROI (Figure 1).

Statistical Analysis
Paired t-tests were conducted to analyze the pre- and post-
treatment difference on HAM-D, BDI and frontal lobe
function scores.
DTI analysis was performed with an ROI approach.
For the ROI approach, a one-sample paired #-test was
used for data analysis between pre- and post-treatment.
Correlation analysis was applied to evaluate the relation-
ship between the average FA values and depressive scores
with Bonferroni correction. These analyses were imple-
mented using IBM SPSS Statistics (SPSS Inc., Chicago,
Illinois, USA, Version 18.0).

Results

Participant Characteristics

A total of 12 participants completed the study. All partici-
pants voluntarily agreed to take part in the present study.
The age range was 28 to 74 years, with an average age of
52.8 years (SD =
Japanese. Four of 12 subjects were rTMS-responders

17.8 years). All participants were
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Table | Participant Characteristics (N = 12)

Age, M (SD) (years) 52.8 (17.8)
Gender (Male/Female) (n) 517

Onset age, M (SD) (year) 46.9 (19.6)
Last duration of illness, M (SD) (year) 4.0 (4.7)
Number of episodes, M (SD) 1.3 (0.6)
Number of antidepressant, M (SD) 29 (1.2)

Abbreviations: M, mean; SD, standard deviation.

(responder: reduction of 50% from baseline HAM-D
scores). All subjects had MRI scans conducted before
and after rTMS treatments. Participants’ characteristics
by group are reported in Table 1.

Changes In Depressive Symptoms And

Frontal Lobe Function Induced By rTMS

The mean HAM-D score before rTMS was 20.3 + 6.9
12) and the mean BDI score was 26.3 £ 10.7
(n = 12). The corresponding scores after rTMS were 13.2

(n =

+9.0 and 19.5 + 12.0, respectively. Paired #-tests analyzing
the pre- and post-treatment difference revealed significant
decreases in HAM-D and BDI scores (p = 0.0004 and
p = 0.03, respectively) (Table 2).

rTMS treatment significantly improved Category
scores in WFT (p = 0.04, n = 12) and part 3 of CST scores
(p = 0.04, n = 12). In rTMS-responders (n = 4) or rTMS-
non-responders (n = 8), rTMS treatment did not signifi-
cantly improve any frontal lobe function (Table 2).

Changes In FA Values Induced By rTMS
ROI Approach

The ROI approach (n = 12) revealed that white matter FA
in the right superior frontal gyri was significantly
increased by rTMS (p = 0.004). In rTMS-responders
(n = 4), the ROI approach did not reveal significantly
increased white matter FA in the left and right middle
and superior frontal gyri by rTMS. In rTMS-non-respon-
ders (n = 8), the ROI approach revealed that rTMS sig-
nificantly increased white matter FA in the right superior
frontal gyrus (Table 3).

Correlation Between Changes In FA Values And
Frontal Lobe Function As Well As Changes In FA
Values And Depressive Symptoms

In the ROI approach, none of the FA increases in any
region were correlated with increases in HAM-D, BDI
scores or the improvement of any frontal lobe function
(n = 12) (Table 4). The amount of changes in FA values

and frontal lobe function was calculated by post-pre
comparison.

Discussion

Paired t-tests analyzing the pre- and post-treatment differ-
ence revealed significant decreases in HAM-D and BDI
scores (p = 0.0004 and p = 0.03, respectively) (Table 2).
rTMS treatment significantly improved Category scores in
WFT (p =0.04, n = 12) and part 3 of CST scores (p = 0.04,
n = 12). In rTMS-responders (n = 4) or rTMS-non-respon-
ders (n = 8), rTMS treatment did not significantly improve
any frontal lobe function (Table 2). The ROI approach
(n = 12) revealed that white matter FA in the right superior
frontal gyri was significantly increased by rTMS
(» = 0.004). In rTMS-responders (n = 4), the ROI
approach did not reveal significantly increased white mat-
ter FA in any region by rTMS. In rTMS-non-responders
(n = 8), the ROI approach revealed that rTMS significantly
increased white matter FA in the right superior frontal
gyrus (Table 3). In the ROI approach, none of the FA
increases in any region were correlated with increases in
HAM-D, BDI scores or the improvement of any frontal
lobe function (n = 12) (Table 4).

Previous systematic reviews reported that rTMS can
induce significant cognitive improvement.**** Fitzgerald
et al demonstrated significant overall improvements in
verbal fluency, independently of the type (high fre-
quency/low frequency) of rTMS received.?® Boggio et al
reported trends towards improvement in WCST and CST
scores in patients with depression and Parkinson’s
disease.”” The DLPFC is a crucial brain region for neuro-
cognitive performance (including attention, memory,
executive functions, psychomotor speed and social cogni-
tion), and is neuroanatomically connected to fronto-sub-
cortical brain areas, the dysfunctions of which are heavily
involved in many neuropsychiatric diseases.”® Pallanti
et al reported that low-frequency rTMS over right
DLPFC in the treatment of TRD improved performance
in the Corsi test (p < 0.02) and phonemic verbal fluency
(» = 0.065), both of which can be used to detect right
hemisphere cognitive dysfunction.”” These improvements
were independent of depressive symptom variation. In the
present study, rTMS treatment significantly improved
depression symptoms and Category scores in WFT and
part 3 of CST scores of frontal lobe dysfunction. These
measures improved independently of the improvement of
depressive symptoms.
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Table 2 Changes In Depressive Symptoms And Frontal Lobe Function Induced By rTMS
n Pre Post t P
Mean SsD Mean SD
HAMD 12 20.33 6.87 13.17 8.98 -5.00 0.00
BDI 12 26.33 10.73 19.50 11.97 —2.44 0.03
WCST CA 12 4.58 2.11 433 235 —0.67 0.52
TE 12 14.41 4.76 14.00 737 —0.35 0.74
PEN 12 1.67 1.61 1.67 3.08 0.00 1.00
DMS 12 1.17 1.95 1.58 2.23 0.86 0.41
WEFT phoneme 12 25.25 7.21 25.58 7.83 0.35 0.73
Category 12 36.25 7.20 39.42 6.47 2.40 0.04
CST partl 12 16.47 5.46 14.54 1.45 —1.40 0.19
Part2 12 21.67 6.40 19.40 329 —1.55 0.15
Part3 12 29.00 7.65 25.76 5.28 —2.34 0.04
Responders
n Pre Post t p
Mean SD Mean SD
WCST CA 4 3.00 2.94 3.00 2.58 0.00 1.00
TE 4 18.75 5.38 18.25 7.50 —0.32 0.77
PEN 4 3.00 2.16 3.75 435 0.48 0.66
DMS 4 2.50 3.00 2.50 2.65 0.00 1.00
WEFT phoneme 4 23.00 7.12 21.25 5.19 —0.78 0.49
Category 4 35.00 424 36.50 5.32 1.19 0.32
CST partl 4 20.20 8.74 15.01 1.50 -1.37 0.27
Part2 4 26.33 9.32 20.71 1.92 —1.48 0.23
Part3 4 33.14 8.1l 27.07 232 —1.68 0.19
Non-responders
n Pre Post t p
Mean SD Mean SD
WCST CA 8 5.38 1.06 5.00 2.07 —-0.81 0.44
TE 8 12.25 2.66 11.88 6.77 -0.22 0.83
PEN 8 1.00 0.76 0.63 1.77 —0.55 0.60
DMS 8 0.50 0.76 1.13 2.03 1.17 0.28
WEFT phoneme 8 26.38 7.46 27.75 829 1.82 0.11
Category 8 36.88 851 40.88 6.81 2.15 0.07
CST partl 8 14.61 1.46 14.30 1.46 -0.59 0.57
Part2 8 19.33 291 18.75 3.73 —0.67 0.52
Part3 8 26.93 7.00 25.10 6.33 -1.95 0.09

Notes: Paired t-tests analyzing the pre- and post-treatment difference revealed significant decreases in HAM-D and BDI scores (p = 0.0004 and p = 0.03, respectively). rTMS
treatment significantly improved Category scores in the word fluency test (WFT) (p = 0.04, n = 12) and part 3 of the color Stroop test (CST) scores (p = 0.04, n = 12). In
rTMS-responders (n = 4) or rTMS-non-responders (n = 8), rTMS treatment did not significantly improve any frontal lobe function.

Abbreviations: HAM-D, Hamilton Depressive Rating Scale; BDI, Beck Depression Inventory; WCST, Wisconsin Card Sorting Test; CA, categories achieved; TE, total
errors; PEN, the Perseverative Errors of Nelson; DMS, Difficulties of Maintaining Set; WFT, Word Fluency Test; CST, Color Stroop Test.

To date, only a few studies have explored the relation-
ship between the white matter microstructure changes
induced by rTMS and treatment responses.'”'® In Kozel
et al.’s study, four TRD patients treated with active

stimulation were compared with four matched patients
with sham stimulation.'” They concluded that rTMS
resulted in no damage to white matter on the side of
stimulation. Peng et al reported significantly reduced FA

Neuropsychiatric Disease and Treatment 2019:15
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Table 3 Changes In FA Values Induced By rTMS

n Pre Post t p
Mean SsD Mean SD
FA in the left middle frontal gyrus 12 0.588 0.094 0.581 0.080 —0.563 0.585
In the right middle frontal gyrus 12 0.558 0.081 0.588 0.061 1.427 0.181
In the left superior frontal gyrus 12 0.616 0.062 0.606 0.055 -0.871 0.403
In the right superior frontal gyrus 12 0.562 0.070 0.587 0.072 3.512 0.005
Responders
n Pre Post t p
Mean SsD Mean SD
FA in the left middle frontal gyrus 4 0.532 0.090 0.546 0.073 0.486 0.660
In the right middle frontal gyrus 4 0.551 0.084 0.576 0.064 0.439 0.690
In the left superior frontal gyrus 4 0.608 0.086 0.587 0.069 —1.478 0.236
In the right superior frontal gyrus 4 0513 0.100 0.533 0.094 1.035 0.377
Non-responders
n Pre Post t p
Mean SD Mean SD
FA in the left middle frontal gyrus 8 0.616 0.089 0.599 0.081 —1.449 0.191
In the right middle frontal gyrus 8 0.562 0.085 0.594 0.063 1.829 0.110
In the left superior frontal gyrus 8 0.620 0.052 0.615 0.049 —0.297 0.775
In the right superior frontal gyrus 8 0.587 0.037 0.615 0.042 4.328 0.003

Notes: The region of interest (ROI) approach (n = 12) revealed that white matter fractional anisotropy (FA) in the right superior frontal gyri was significantly increased by rTMS
(p = 0.004). In rTMS-responders (n = 4), the ROI approach did not reveal significantly increased white matter FA in any region by rTMS. In rTMS-non-responders (n = 8), the
ROI approach revealed that rTMS significantly increased white matter FA in the right superior frontal gyrus.

Abbreviation: FA, fractional anisotropy.

Table 4 Correlation Between Changes In FA Values And Frontal Lobe Function As Well As Changes In FA Values And Depressive
Symptoms (N=12)

HAM-D | BDI WCST WFT CST

CA TE PEN | DMS Phoneme | Category | Partl | Part2 | Part3
FA in the left | Pearson’s —0.451 —0.204 | 0.030 0.391 | 0.471 | 0.012 —0.757 —0.290 —0.658 | —0.715 [ —0.668
middle frontal | correlation
gyrus p 0.141 0.524 0.926 0.209 | 0.123 | 0.971 0.004 0.360 0.020 0.009 0.018
FA in the Pearson’s 0.154 0.151 0.191 0.081 | 0.115 | —0.328 | —0.698 —0.154 —0.629 | —0.516 [ —0.679
right middle correlation
frontal gyrus | p 0.633 0.639 0.552 0.803 | 0.722 | 0.298 0.012 0.632 0.028 0.086 0.015
FA in the left | Pearson’s —0.005 0.183 —0.021 | 0.226 | 0.405 | 0.067 0.000 —0.320 0.167 —0.039 | 0.182
superior correlation
frontal gyrus | p 0.988 0.570 0.949 0481 | 0.192 | 0.837 0.999 0.310 0.605 0.905 0.571
FA in the Pearson’s —0.265 —0.201 | 0.533 0.025 | 0.126 | —0.548 | —0.138 —0.146 —0.403 | —0.538 | —0.232
right superior | correlation
frontal gyrus | p 0.405 0.532 0.074 0.939 | 0.697 | 0.065 0.670 0.652 0.194 0.071 0.468

Notes: In the region of interest (ROI) analysis, none of the fractional anisotropy (FA) increases in any region were correlated with increases in HAM-D scores, BDI scores,
or the improvement of any frontal lobe function (n = 12). The amount of changes in FA values and frontal lobe function was calculated by post-pre comparisons.
Abbreviations: HAMD, Hamilton Depressive Rating Scale; BDI, Beck Depression Inventory; WCST, Wisconsin Card Sorting Test; CA, categories achieved; TE, total
errors; PEN, the Perseverative Errors of Nelson; DMS, Difficulties of Maintaining Set; WFT, Word Fluency Test; CST, Color Stroop Test; FA, fractional anisotropy.
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using a voxel-based analysis method in the left middle
frontal gyrus in TRD patients.'® This reduction of FA
was significantly improved by active rTMS treatment,
but not by sham stimulation.

To the best of our knowledge, only a few studies
reported an association between white matter FA with cog-
nitive function in MDD using DTI analysis.***' Alves et al
reported that FA in the right posterior cingulate cluster
(PCC) (but not left PCC) was significantly positively corre-
lated with performance in a verbal naming task, and showed
a non-significant trend towards a correlation with verbal
fluency and episodic memory performance.®® Rizk et al
found that structural connectivity of the white matter net-
work of the caudal anterior cingulate cortex was correlated
with the magnitude of Stroop interference in healthy volun-
teers, but not in MDD patients.>'

To the best of our knowledge, no previous reports have
examined the relationship between changes in FA values
and changes of frontal lobe function induced by rTMS
treatment for TRD. The present study revealed that none
of the FA increases in any region were correlated with the
improvement of any frontal lobe function (n = 12). Stampfli
et al.’s study suggested that a new fiber density (FD) mea-
sure may be more sensitive to subtle changes in white
matter microstructure compared with FA in schizophrenia.**
Therefore, it may be useful for future studies to use FD
instead of FA, to examine this issue in more depth.

Limitations

The main limitation of the present study was the lack of a
control condition using a sham rTMS procedure. In addi-
tion, our sample size was relatively small. It has to be
pointed out the possibility that we might be able to get
some positive correlation by increasing the number of the
subjects. The negative correlation might be caused only by
this small sample size. It may be useful for future replica-
tion studies to confirm the present findings in more depth,
using a larger patient sample and including a sham rTMS
procedure. The learning effect on the cognitive tests
appeared to be robust, because the tests were repeated in
relatively short periods (6 weeks), despite the lack of a
control group. We did not conduct structured clinical inter-
views, such as the Structured Clinical Interview for DSM-
IV-TR or the Mini
Interview. DTI scanning was performed using two clinical
3.0-Tesla MRI units (MAGNETOM Trio or MAGNETOM
Skyra).

International Neuropsychiatric

Conclusion

To our knowledge, this is the first study to investigate the
relationship between rTMS-induced improvements of
frontal lobe dysfunction and white matter integrity in
TRD patients. The present results suggest that rTMS is
effective for treating TRD, and that it is associated with
significant improvements on several subscales of frontal
lobe dysfunction. Category scores in WFT and part 3 of
the CST scores improved independently of the improve-
ment of depressive symptoms. Importantly, we found no
correlation between the improvement of frontal lobe dys-
function by rTMS and the improvement of white matter
integrity by rTMS in TRD patients.
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