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Abstract

Background—~Repetitive transcranial magnetic stimulation (TMS) is an FDA-approved
antidepressant treatment but little is known of its mechanism of action. Specifically, downstream
effects of TMS remain to be elucidated.

Objective/Hypothesis—To identify brain structural changes from TMS treatment of a
treatment resistant depressive episode through an exploratory analysis

Methods—27 subjects in a DSM-IV current major depressive episode and on a stable medication
regimen, had a 3T magnetic resonance T1 structural scan before and after five weeks of standard
TMS treatment to the left dorsolateral prefrontal cortex. 27 healthy volunteer (HVs) subjects had
the same brain MRI acquisition. Voxel-based morphometry was performed using high dimensional
non-linear diffusomorphic anatomical registration (DARTEL).

Results—Six clusters of grey matter volume (GMV) that were lower in pre-treatment MRI’s of
depressed subjects than in HV’s. GMV in four of these regions increased in MDD after TMS
treatment by 3.5% to 11.2%. The four brain regions that changed with treatment were centered in
the left anterior cingulate cortex, the left insula, the left superior temporal gyrus and the right
angular gyrus. Increases in the anterior cingulate GMV with TMS correlated with improvement in
depression severity.
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Conclusions—To our knowledge, this is the first study of brain structural changes during TMS
treatment of depression. The affected brain areas are involved in cognitive appraisal, decision-
making and subjective experience of emotion. These effects may have potential relevance for the
antidepressant action of TMS.

Transcranial Magnetic Stimulation; Antidepressive Agents; Depressive Disorder; Magnetic
Resonance Imaging; Gray Matter; Anterior Cingulate Cortex

Introduction

Major Depressive Episodes are a major cause of disability worldwide and associated with an
increased risk for suicide as well as medical comorbidity [1, 2]. Depression is common,
affecting about 5.4-8.9 percent of the U.S. population [3].

Antidepressant medication and psychotherapy are the first lines of treatment, and are
effective for many patients [4]. However, response rates in individual medication treatment
trials are only about 50%, and 10-30% of people will not achieve remission, even with
multiple trials [5]. Antidepressant medication side effects can also reduce patient adherence.

Repetitive transcranial magnetic stimulation (TMS) was approved in 2007 by the Food and
Drug Administration (FDA) for the treatment of major depressive disorder [6-9]. TMS
induces an electrical current in brain tissue that is strongest immediately beneath the surface
of the skull where an inducer coil is placed. Stimulation at the left dorsolateral prefrontal
cortex (DLPFC) is the FDA-approved antidepressant intervention, and is based on the
observation that, in depression, this structure has lower resting metabolism [10-12] and
impaired functional connectivity [13—-15] and that left prefrontal cortical strokes increase the
risk of depression [16]. The mechanism of action of TMS is largely unknown but it is
hypothesized that it alters the functional connectivity and morphology of neural structures
that process emotion.

Here, we examined whether TMS can induce anatomical changes in brain regions that were
found to be abnormal in a treatment-resistant major depressive episode. We hypothesized
that TMS would induce structural changes in these brain regions that are in the opposite
direction to that of the disease effect, and that the degree of morphological change would
correlate with treatment outcome.

To our knowledge this is the first quantitative MRI study of cortical morphology in
depressed subjects before and after TMS antidepressant treatment. One previous study of the
volume of the hippocampus and surrounding structures reported a correlation between
increase in amygdala volume with antidepressant treatment response to TMS. The same
study found that baseline hippocampal volume was lower in non-responders to treatment
[17]. Previous studies comparing treatment resistant depression to healthy volunteers found
decreases in cortical volume in a broad region of the left parietal and temporal cortex, as
well as several regions of the frontal lobe and the rostral anterior cingulate cortex [18].
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Materials and Methods

Subjects

27 depressed subjects meeting DSM-IV-Text Revision criteria for a current major depressive
episode (MDE) without psychatic features participated in the study. 25 subjects had a
diagnosis of major depressive disorder and 2 had a diagnosis of bipolar Il disorder.
Diagnosis was based on clinical interview and consultations with patients’ psychiatrists and
family members. Subjects also met criteria for treatment resistance, defined as a failure to
respond to at least two previous antidepressant trials at adequate doses for 8 weeks during
the current episode. 27 healthy volunteer (HV) subjects without known psychiatric
diagnoses were included.

Inclusion and exclusion criteria have been reported elsewhere [10, 13]. Briefly, subjects
were between the ages of 1870 yrs and did not have active medical conditions. Depressed
subjects were permitted to continue taking psychotropic medications and receive
psychotherapy, but could not change doses of medications or either goals or frequency of
psychotherapy during the rTMS course. They were excluded if they had prior exposure to
TMS, current MDE with more than three years duration, scored < 16 on the 24-item
Hamilton Depressive Rating Scale [19], had co-morbid borderline personality disorder,
pregnancy, suicidal intent, substance use disorder within the past three years, current
psychosis or history of spontaneous seizures. The Institutional Review Board of Weill
Cornell Medical College approved the study, and it was in compliance with the Code of
Ethics of the World Medical Association (Declaration of Helsinki). All subjects provided
written informed consent. The Columbia collaborators worked with de-identified data.

MRI acquisition

MRI scans were obtained within 7 days prior to starting the first session of TMS and within
3 days after finishing the final treatment of TMS. High-resolution T1-weighted anatomical
scans were obtained with an 8-channel phase array head coil (3.0 Tesla Signa Excite;
General Electric Co., Fairfield, Connecticut) using a three dimensional spoiled gradient echo
sequence with TR/TE/FA of 9 ms /3.5 ms/ 13°, acquisition matrix of 256 x 256, voxel size
1x 1 x1mm, 176 contiguous axial slices covering the entire brain. All scans were
performed on the same scanner and no hardware or software upgrade was carried out on the
scanner during the study. The scan protocols were identical at baseline and follow-up for all
subjects.

Clinical Treatment

37.5 min (3000 pulses) of 10-Hz facilitatory TMS was delivered over the left dorsolateral
prefrontal cortex daily, Monday through Friday, for five weeks, or 25 days of treatment
(NeuroStar TMS Therapy System; Neuronetics, Inc., Malvern, Pennsylvania). The magnetic
stimulation coil was positioned on the scalp using the Beam F3 method based on surface
distances between nasion, inion, tragus and vertex as landmarks [20]. The average strength
of the pulse was 87.9% (SD 14.4) of the individual resting motor threshold, although the
target strength was 120% of motor threshold. The discrepancy between these values reflects
the fact that several subjects were unable to tolerate 120% intensity due to scalp discomfort.
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Depressed subjects were assessed with the 24-item Hamilton Depression Rating Scale
(HAM-D) at baseline and 1 to 3 days after completing treatment.

Image Processing

The data for each subject were first visually inspected for scanner artifacts and gross
anatomical abnormalities. N3 bias field correction and skull stripping of the T1 images were
performed using Advanced Normalization Tools (ANTS, www.picsl.upenn.edu/ANTS) [21].
Preprocessing for voxel-based morphometry (VBM) was performed using SPM8 software
(Welcome Trust Center for Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm/
software/spm8/) using the VBMB8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) in Matlab
R2012a (MathWorks, Natick, MA, USA). First, the images were segmented into gray matter
(GM), white matter (WM) and cerebrospinal fluid (CSF) probability maps by the unified
segmentation [22]. Next, the Diffeomorphic Anatomical Registration through Eponentiated
Lie algebra (DARTEL)[23] toolbox was used that performed the registration, normalization
and modulation of segmented GM and WM maps. Finally, the modulated GM maps were
smoothed using an 8-mm FWHM kernel.

Statistical Analysis

Student’s t-test was used to calculate statistical differences of continuous data, and Fisher’s
exact test was used to calculate differences in categorical data. All statistical tests were two
sided.

A two-sample t-test with unequal variance was performed in SPM8 using the smoothed GM
maps of HV and pre-treatment MDD scans with age, sex and Total Intracranial Volume
(T1V) were used as covariates of no interest. The analysis was designed to detect any effect
of diagnosis (HV vs. pre-treatment MRI scans) in GMV in the brain. The statistical
parametric maps were thresholded at FWE corrected p value of <0.05 with an extent
threshold of 500 contiguous voxels. Mean GMV was calculated for statistically significant
clusters in each subject in order to perform analyses of possible confounds. Mean GMV
values in these regions were calculated in the post-treatment MRI scans to determine
changes with TMS treatment in these regions. Mean GMV was also calculated for two
spheres of 3 cm and 5 cm diameter centered at the stimulation site [20].

A paired t-test was performed in SPM8 using smoothed GM maps of pre-treatment and post-
treatment MDD subjects to determine clusters that changed with TMS treatment.. In
addition, a simple regression analysis was performed in SPM8 between change in GMV
between pre-treatment and post-treatment MDD scans and the change in HAMD scores to
identify clusters of significant correlation. For both analyses, no nuisance regressors were
included, while the statistical parametric maps were thresholded at FWE corrected p value of
<0.05 with an extent threshold of 500 contiguous voxels.
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Clinical Variables

Two thirds (18/27, 67%) of depressed subjects were female. Average age was 41.5 yrs. (SD
16.0). 15/27 (55.6%) of HV subjects were female. Average age was 39.2 yrs. (SD 16.7).
Depressed and HV subject groups did not differ in age (p=0.99) or sex (p=0.99). The
average number of lifetime trials of antidepressants for depressed subjects was 4.4 (SD 2.0)
and average number of previous mood stabilizer or atypical antipsychotic trials was 0.85
(SD 0.36). 16 depressed subjects (59.3%) were taking SSRI, SNRI or monoamine oxidase
antidepressants, and 12 subjects (44.4%) were taking benzodiazepines during the TMS
treatment. Five depressed subjects were on anticonvulsant mood stabilizers and one of those
subjects was also on lithium. Six depressed subjects were on “atypical” antipsychotics and
one was on a “typical” antipsychotic. Mean baseline 24-item HAM-D score was 27.3 (SD
6.5) and the average final 24-item HAM-D score was 18.1 (SD 7.8) for depressed subjects.
9/27 (33%) of subjects were responders to the TMS treatment (>50% reduction in HAM-D
score).

Imaging Results

Whole brain analysis of smoothed GM maps from pre-treatment depressed subjects and HVs
identified six clusters of lower grey matter volume (GMV) with age, sex and total
intracranial volume as covariates (Table 1, Figure 1). Post hoc, analysis revealed that the
GMV differences were not correlated with age of the subjects but did differ between sexes in
three clusters. No significant clusters of higher GMV were identified.

Mean GMV in four of the six above clusters were greater in post-treatment scans than pre-
treatment scans, and those clusters were centered in the anterior cingulate, the left middle
temporal gyrus, the left insula and the right angular gyrus (Table 2, Figure 3). Mean GMV in
two other clusters were not different between post-treatment and pre-treatment scans, and
they were centered on the lingual gyrus and right cerebellum (Table 2, Figure 2). Post hoc
analyses were performed to identify whether the GMV increases from TMS were correlated
with decrease in HAM-D score. The left anterior cingulate cortex GMV change did correlate
with the antidepressant effect (Table 2, Figure 3), although this was not corrected for
multiple comparisons. The GMV change in other brain regions did not correlate with the
antidepressant effect..

A whole brain analysis to identify regions of correlation between change in GMV and
change in HAM-D score found no significant cluster effects. A whole brain analysis on
smoothed GM maps comparing pre-treatment and post-treatment MDD scans found no
significant clusters of GMV changes. Neither the 3 cm (p=0.44) nor the 5 cm (p=0.33)
diameter region of interest that was centered at the stimulation site increased in volume with
TMS treatment.

Discussion

This study reports selective reversal of structural grey matter deficits found in treatment-
resistant depression by a course of TMS treatment. Increases in GMV in the anterior
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cingulate cortex correlated with treatment improvement, suggesting a relationship to
antidepressant mechanism. The areas of cerebral cortex change include those that are
associated with the cognitive regulation and appraisal of emotions, including anterior
cingulate (ACC) and an area involved with subjective experience emotions, the insula. To
our knowledge, this is the first study to quantitatively investigate structural changes to the
cerebral cortex in a major depressive episode treated by TMS. One previous study found
structural brain differences in healthy volunteers after five days of TMS to the superior
temporal cortex using voxel-based morphometry (VBM), indicating that TMS can induce
morphological changes [24].

Smaller ACC volume has previously reported in MDD compared with healthy volunteers
[25, 26]. Our results replicate this finding. This deficit has been found in first episode,
treatment naive adolescent depression [27, 28], and in individuals at risk for MDD based on
family history [10, 29], indicating that low ACC volume can be detected early in the
disorder’s pathogenesis and may be a familial biological trait. Lower ACC volume has also
been found in subjects with traumatic brain injury with comorbid depression, consistent with
its presence in depression of an environmental etiology [30].

TMS over the left dorsolateral prefrontal cortex has been reported to increase baseline brain
metabolic activity and blood flow in the ACC in healthy volunteers [31-35] and subjects
with MDD [36, 37]. These studies have been consistent across different methods using either
positron emission tomography or single photon emission computed tomography and
different radiotracers. TMS over the left DLPFC also modulated pooled glutamate and
glutamine levels in the ACC in healthy volunteers [38]. Our results extend these metabolic
findings to demonstrate structural changes with treatment. TMS therefore potentially has
neuroplastic effects in this region as opposed to transient metabolic effects. MRI data does
not provide information about the cellular processes that caused the morphological changes.
However, increased cortex volume is thought to be primarily due to increased
synaptogenesis and gliogenesis [39].

The anterior cingulate cortex (ACC) is associated with salience assessment of emotional or
motivational information [40, 41]. It is involved with conflict monitoring [42, 43],
processing emotional cues and recall of emotional events [44, 45]. The medial prefrontal
cortex is involved with reward learning, decision-making and memory [40, 46]. Damage to
the region has been associated with inability to make choices that meet an individual’s goals
and needs due to problems with value computations [47]. These psychological functions
have relevance to the symptoms of depression, and may explain why the change in structure
in this region was correlated with change in depression severity. Several studies have shown
that TMS at the left DLPFC in healthy volunteers increase their ability to cognitively assess
emotional cues [48, 49]. This effect is consistent with this change in the anterior cingulate
cortex.

TMS also reversed depression related GMV decreases in the anterior insula, although this
change was not correlated with antidepressant treatment outcome. The anterior insula
becomes actively engaged during emotional awareness, or conscious experience of emotion
[50, 51]. A recent meta-analysis reported a hypoactive cluster in subjects with MDD in the
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anterior insula and rostral ACC during tasks involved with affectively biased information
processing [52], consistent with our result in the depressed sample. The insula is involved
with creating an interoceptive image of one’s physiological state and processing that
information in regards to a subjective awareness of feelings. This emotional function relates
to the anhedonia of depression.

Our result is consistent with a previous study of treatment resistant depression that showed
extensive volumetric decreases in the temporal neocortex when compared to healthy
volunteers [18]. Our study extends that result by indicating that TMS treatment reverses this
deficit. The cluster in the temporal lobe on the right extends into the angular gyrus. Several
previous papers have reported differences in the resting state activity in the angular gyrus in
major depressive disorder [53, 54] and that these differences may relate to response to
antidepressant treatment [55].

Our results are consistent with predictions of the neurotrophic hypothesis of antidepressant
mechanism of action. Monoaminergic-based antidepressant treatment has been found to
increase neurotrophic factor release in the brain and cause increased neurogenesis
downstream from their effects on monoamine neurotransmission [56, 57]. We found no
decreases in volume in the brain after TMS, consistent with neurotrophic effects on synapse
formation and dendritic arborization in anterior cingulate and insular cortex. Several studies
have identified increases in hippocampal or dorsolateral prefrontal cortical volume after
antidepressant medication treatment indicating a different pattern of trophic effects across
antidepressant modalities [58, 59]. Two small studies reported increases in serum BDNF
level in depressed subjects after TMS treatment, consistent with this mechanism [60, 61].
Our data cannot determine, though, whether the volumetric changes with TMS were due to a
neurotrophic effect, a change in activity due to a direct neurostimulation, or a downstream
neural consequence of being less depressed.

Our results contrast with a recent study of structural volumetric changes of the cortex in
major depressive disorder before and after electroconvulsive therapy (ECT) [62]. In that
study, ECT was found to increase hippocampal volume, an effect that we did not find with
TMS. ECT also induced greater volume in the anterior cingulate cortex in that study,
although centered in the subgenual region that did not fall within the anterior cingulate
region we found to increase with TMS. These differing effects may be due to differences in
the antidepressant mechanisms underlying ECT and TMS.

Our study is limited by modest sample size and the absence of a sham-treated control arm.
We therefore cannot determine if these changes were due to a placebo effect. Focusing our
analysis of TMS treatment effects to only regions that were different between depressed and
healthy volunteer subjects holds the risk of a type 2 statistical error due to a regression
towards the mean. This work therefore requires replication. No neuropsychological
measures such as performance on cognitive or emotional tasks were performed on the
subjects. It therefore cannot be determined from these data if the volumetric changes are
correlated with behavioral or cognitive changes that occur with treatment and are required
for an antidepressant response. Previous studies have identified changes in executive
functions, primarily selective and sustained attention with TMS to the left dorsolateral
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prefrontal cortex [63]. Future studies should aim to link the neurocognitive effects of TMS
in MDD with structural and functional brain changes.
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. First quantitative study of brain volume changes with transcranial magnetic

. Structural 3T magnetic resonance imaging obtained before and after treatment

. Several regions that were lower in volume with a major depressive episode

. Increases in the anterior cingulate cortex volume with treatment correlated

Highlights

stimulation in a major depressive episode

increased in volume with treatment.

with improvement in depression severity
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Figure 1.
Regions of significant Gray Matter Volume (GMV) changes when depressed pre-treatment

MRI scans are compared to HV’s, overlaid on standard space T1 image. The extent of
increase in GMV is provided by the color-coded #values. The color scale represents the #
statistics, with colored regions surviving the Pz < 0.05 and minimum cluster of 500
voxels.
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Figure 2.

Correlation between the increase in mean grey matter volume in the anterior cingulate
cluster with improvement in depression severity.
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*

I

Pre-treatment Post-treatment

HV Pre Post.

Mean GMV increased in the anterior cingulate cortex cluster with TMS treatment (A) but
did not increase in the cerebellum cluster (B). Mean GMV from the HV subject MRI’s are
included as a comparison. * p<0.05
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