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Background: Repetitive transcranial magnetic stimulation (rTMS) has proven to be
an efficient treatment option for patients with treatment-resistant depression (TRD).
However, the success rate of this method is still low, and the treatment outcome
is unpredictable. The objective of this study was to explore clinical and structural
neuroimaging factors as potential biomarkers of the efficacy of high-frequency (HF) rTMS
(20Hz) over the left dorso-lateral pre-frontal cortex (DLPFC).

Methods: We analyzed the records of 131 patients with mood disorders who were
treated with rTMS and were assessed at baseline at the end of the stimulation and at
1 month after the end of the treatment. The response is defined as a 50% decrease in
the MADRS score between the first and the last assessment. Each of these patients
underwent a T1 MRI scan of the brain, which was subsequently segmented with
FreeSurfer. Whole-brain analyses [Query, Design, Estimate, Contrast (QDEC)] were
conducted and corrected for multiple comparisons. Additionally, the responder status
was also analyzed using binomial multivariate regression models. The explored variables
were clinical and anatomical features of the rTMS target obtained from T1 MRI: target-
scalp distance, DLPFC gray matter thickness, and various cortical measures of interest
previously studied.

Results: The results of a binomial multivariate regression model indicated that
depression type (p = 0.025), gender (p = 0.010), and the severity of depression
(o = 0.027) were found to be associated with response to rTMS. Additionally, the
resistance stage showed a significant trend (p = 0.055). Whole-brain analyses on volume
revealed that the average volume of the left part of the superior frontal and the caudal
middle frontal regions is associated with the response status. Other MRI-based measures
are not significantly associated with response to rTMS in our population.
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Conclusion: In this study, we investigated the clinical and neurcimaging biomarkers
associated with responsiveness to high-frequency rTMS over the left DLPFC in a large
sample of patients with TRD. Women, patients with bipolar depressive disorder (BDD),
and patients who are less resistant to HF rTMS respond better. Responders present a
lower volume of the left part of the superior frontal gyrus and the caudal middle frontal
gyrus. These findings support further investigation into the use of clinical variables and
structural MRI as possible biomarkers of rTMS treatment response.

Keywords: rTMS (repetitive transcranial magnetic stimulation), major depression (MDD), bipolar disorder,
structural MRI (sMRI), DLPFC (dorsolateral prefrontal cortex), high-frequency, response

INTRODUCTION

Mood disorder [major depressive disorder (MDD) and bipolar
disorder (BD)] is a heterogeneous and complex psychiatric
condition. It is a major public health issue, ranking as the
leading cause of disability worldwide, and the burden of mood
disorders continues to grow despite the availability of validated
interventions (1). MDD and BD both exhibit similar severe
depressive symptoms (major depression, MD) (2).

The primary approaches to deal with MD include
pharmacotherapy and  psychotherapy.  Although these
approaches are effective, they still leave a significant proportion
of patients with incomplete remission (3). This frequently results
in TRD, which is associated with significant morbidity and high
suicide risk (4).

As a result, several alternative treatments have been developed
to target TRD, one of which is repetitive transcranial magnetic
stimulation (rTMS) (5, 6). TMS is a non-invasive brain
stimulation procedure that applies repeated magnetic pulses
over the scalp to generate an electrical current in the cortex,
provoking electrophysiological effects that modify the neural
excitability in the target area and correlated brain networks
(7). Safe profile (particularly the lack of systemic side effects
associated with pharmacotherapy) and improved focality are
some of its advantages over other neuromodulation techniques,
such as electroconvulsive therapy (ECT).

Over 150 randomized controlled trials (RCTs) in unipolar
and bipolar depression have been carried out, and their efficacy
has been confirmed in multiple meta-analyses (8, 9). Moreover,
real-world data have also confirmed the effectiveness of rTMS
for major depressive disorder in clinical practice (10), with the
most recent literature indicating response rates of 40-50% and
remission rates of 25-30% (11).

The rTMS is effective in major depressive disorder but
presents a high interindividual heterogeneity of clinical
effectiveness (12). Moreover, this technique is costly in the real
world and requires significant financial and time commitment
from the patient and the practitioner. These elements highlight
the pressing need for clinical and biological markers to predict
treatment outcomes.

Clinical factors associated with rTMS response are divided
into three main categories (13): patient-related factors (e.g.,
age, gender, and treatment resistance); illness-related factors
(e.g., bipolar depression, duration and severity of depression,

therapeutic resistance, previous response to rTMS or ECT),
and TMS procedure-related factors (e.g., TMS intensity,
number of pulses per session, and number of sessions) (14).
Despite the extensive literature, data remain heterogeneous and
contradictory with the need to be pursued.

Recent studies suggest that neuroimaging markers may
achieve higher predictive accuracy than clinical or demographic
variables [for review, see (15)]. Earlier studies showed promising
results using methods derived from resting-state functional MRI
or diffusion-weighted MRI (16). However, these biomarkers
involve complex imaging protocols with few patients and a
very specific patient selection. These imaging methods are rarely
available in clinical settings, need specialized data processing, and
are costly. Therefore, as suggested by Baeken et al., (17), simpler
biomarkers like cortical thickness measures, as derived from
anatomical MRI data, could be more feasible in current clinical
practice. Indeed, to date, two studies have explored cortical
thickness before stimulation as a predictor of rTMS response in
patients with MDD (17, 18).

We conducted a retrospective naturalistic study to evaluate
whether clinical factors or cerebral cortex thickness and volume
may be a potential biomarker of rTMS treatment response in
drug-resistant patients with depression of a large dataset from
patients that received rTMS for the treatment of depression in
a real-world clinical setting of a tertiary referral hospital.

MATERIALS AND METHODS

Between September 2014 and February 2018, we revised and
analyzed the records of 131 patients with mood disorders who
received r'TMS treatment in the Neurostimulation Department
of Henri Laborit Psychiatric Hospital. Each patient was treated
only one time with rTMS. Non-opposition to the use of the
participants’ research data was obtained retrospectively. All
patients provided informed written consent, and the study was
registered at the Health Data Hub platform (F20210128152411).

Patients and Assessment

Patients treated with rTMS in our department met the criteria
for major depressive disorder or bipolar disorder as defined
by DSM-IV-TR. The diagnosis was made using the Mini
International Interview for Neuropsychiatric Disorders (19) by
an experienced psychiatrist. All patients had to be in a current
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major depressive episode with a MADRS score higher than 20.
The exclusion criteria included a DSM-IV-TR Axis I of psychotic
disorder, a DSM-IV-TR diagnosis of alcohol or substance
dependence, significant current active medical problem, and
known neurological disease or a contraindication to rTMS (e.g.,
history of seizure disorder, presence of a pacemaker or metal
somewhere in the head other than in the teeth) or MRI scanning
(aneurysm clips, stents, or metal anywhere in the body).

Treatment resistance was defined as non-responsiveness to
at least two courses of antidepressant medications for at least
6 weeks [Stage II, of Thase and Rushs definition (20)], as
determined by their primary treating clinician and patient
judgment of medication effectiveness. No medications changes
were allowed in the 3 weeks before the beginning of the rTMS
treatment or during the rTMS treatment itself.

The inclusion criteria for the retrospective analysis were as
follows: rTMS-naive (only the patient’s first treatment with rTMS
was considered), primary diagnosis of a depressive disorder
(including bipolar disorder, currently depressive episode, major
depressive disorder, and recurrent depressive disorder), a
complete documented MADRS at the beginning (baseline), at the
end of rTMS treatment (Day 14), and 1 month after (Day 45) the
end of the rTMS course, and absence of a serious somatic illness.
Both in- and out-patients were included.

Trained psychiatrists completed clinical assessments. All
assessments included MADRS and BDI. Patients were assessed
at baseline, post rTMS treatment (after 2 weeks of treatment,
D14), and at one-month follow-up (45 days after baseline, D45).
The primary outcome measure was the total MADRS score.
The responder status was defined as a 50 % decrease in the
MADRS score.

Treatment

Before the treatment period, each patient underwent an
anatomical T1-weighted magnetic resonance imaging to set up
the neuronavigation system (Syneika One; Syneika). The left
DLPFC is detected by the Syneika neuronavigation system, which
uses T1 imaging and the Talairach atlas to define the optimal
target. The following acquisition parameters were used: Axial 3D
T1 MPRAGE: TR, TE, TI = (2,000, 2.54, 900) ms; slice thickness
0.799 mm, Nex 1. The coil was positioned to target the left
DLPEFC. All patients had their motor cortex excitability evaluated
at baseline and weekly using the Resting Motor Threshold
(RMT). For 2 weeks, 10 rTMS sessions were delivered one time
daily, five days a week. The r'TMS treatment was administered
with the MagPro® X100 with an option stimulator (MagVenture,
Inc) using the Figure 8 coil.

Stimulation parameters were as follows: stimulation intensity
was 110% of resting RMT, the stimulation frequency was
20 Hz, the train duration was 2s, the inter-train interval was
10s, the number of trains per session was 80, and the total
number of pulses per session was 3,200. The stimulation lasted
approximately a quarter of an hour (16 min) (21, 22). The rTMS
protocol is based on the French guidelines. The variables for
frequency and train duration were based on the study of Machii
et al. (21), for the inter-train interval on the study of Chen et al.
(22), and for the number of pulses on the study of Naihaus et al.

(23). The number of sessions was determined by the previous trial
with a frequency of 20 Hz (24, 25).

Anatomical Measures

The DICOM MRI images were converted to the Nifti format with
a 1 mm isometric spacing and were used as input to FreeSurfer
6 software to compute the segmentation of white matter and
cortical regions defined in the Desikan-Killiany atlas (26). This
was accomplished by running brain pictures through the “recon-
all” pipeline, which consists of skull-stripping, segmentation
of gray and white matter voxels, tessellation, inflation, and
registration to a brain template. In the previously mentioned
atlas, the left-DLPFC will be defined as the union of the superior
frontal and the caudal and the rostral middle frontal gyri. These
three structures were then truncated at Talairach coordinates, at
y = 26 [similar to Ehrlich et al. (27)] to filter out the pre-motor
areas and at x = —15 to get rid of the medial regions. Cortical
volume and thickness were then extracted for each subject
within this region using the mris_anatomical_stats command.
Other parameters will be studied, as they have previously been
highlighted for their link with clinical response (28): left and
right hippocampus volumes, left and right amygdala volumes,
and left and right ACC, which are obtained by adding the
volumes of caudal and rostral anterior cingulate as defined in
the Desikan-Killiany atlas. The volumes of the hippocampus and
the amygdala were obtained using the asegstats2table command,
while the volumes of rostral-ACC and caudal-ACC were obtained
using the aparcstats2table command. All volumes are divided
by the estimated total intracranial volume (eT as computed
by FreeSurfer.

After registering all patient segmentations to an average
space, a whole-brain analysis was performed using the FreeSurfer
tool QDEC (“Query, Design, Estimate, Contrast”). The null
hypothesis states that the two groups intercepts are not
significantly different, which is equivalent to checking whether
the average measure at a given vertex differs significantly
between responders and non-responders. These results were then
corrected for multiple observations using a Montecarlo null-Z
simulation with a significance threshold of at least 0.05. Results
that did not pass corrections were not considered. Following
the literature, the analysis was carried out for the measures of
thicknesses and volumes on the left and right hemispheres with
a smoothing kernel of 15mm (17, 18). We added the clinical
variables as nuisance factors if their p-value in the univariate
tests was inferior to 0.2. However, age and gender were added as
nuisance factors regardless.

RTMS Targeted Anatomical Features

The coordinates of the individual stimulation targets for all
subjects were extracted. pheres with a radius of 2mm were
created for each stimulation target using the SPM add-on
MarsBar (29) and overlaid on an average brain using BrainNet
Viewer (30) (Figure 1A). A sphere with a 10mm radius was
defined as the mean position target (red dot) of all subjects’
coordinates. The mean sphere of interest will be used to
extract anatomical features of TMS. To provide additional
information, each subject’s individual target coordinates were
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coordinates [-32, 32, 38].

Average clinical
improvement (%)

88

-14

FIGURE 1 | (A) Individual stimulation sites (blue) and average stimulation site (red). (B) Average clinical improvement (%) with average stimulation site (black) at

weighted according to their clinical improvement, and the mean
improvement field was displayed on an average brain (Figure 1B)
(29). The minimum brain-scalp distance between the target
and the scalp was computed using the freely available ScalpGM
tool (31)!, which relies on the SPM toolbox (spm12)2 ScalpGM
performs segmentation, computes minimal scalp distance for
each gray matter voxel, and then warps the distance maps to a
common space (MNI) for comparison. We used the mean radius
sphere to extract scalp distance for all subjects. ScalpGM maps
were thresholded at 1 mm (we assume that any value below 1 mm
could not possibly be picked up since it would be inferior to the
original image spacing and was therefore discarded as an artifact).
To preserve the original image range, the interpolation type was
set to the nearest neighbors. The cortical distance was defined as
the minimal distance exceeding a threshold of 1 mm in the limits
of the mean sphere.

Statistical Analysis

We used jamovi software (The jamovi project (2021). jamovi
(Version 2.2.3.0). Retrieved from®) to conduct univariate
statistical tests. The responder status was analyzed using binomial
multivariate regression models. First, using clinical variables
(gender, age, type of depression, resistance stage, baseline
MADRS score, duration of illness, and current episode). Second,
r'TMS target anatomical features (target minimal distance and
gray matter thickness at target) were added. Finally, the specific
volumes of interest, such as left and right hippocampal volumes,
left and right amygdala volumes, left and right ACC volumes,
and left and right insula, that were previously highlighted
for their link with clinical response were added The clinical
covariates were included in the whole-brain analysis using
the same method as the one used for the nuisance factors

!https://github.com/nickjdavis/ScalpGM
Zhttps://www.filion.ucl.ac.uk/spm/software/spm12/
Shttps://www.jamovi.org

(univariate model p < 0.2; gender and age always included).
Statistical significance is set at p < 0.05; a p < 0.1 will be
considered a noteworthy trend. Additionally, robust binomial
multivariate regressions were performed to mitigate the impact
of the non-normality of the data. The implementation used is
the glmrob function implemented in the robustbase R package
(32). The results presented will be of the non-robust multivariate
binomial model.

RESULTS

All patients in our study population were taking antidepressants
and/or thymoregulators, with 3.2% on lithium and 22.1% on
anti-epileptic drugs prescribed for thymoregulatory purposes
(clonazepam, lamotrigine, oxcarbazepine, and valpromide), with
the exception of pregabalin, which was prescribed as an
anxiolytic. The majority of patients were treated with one or more
antidepressants: 40% were on SSRIs, 27.4% on SNRIs, 24.2%
on tricyclic antidepressants, 5.3% on tetracyclic antidepressants,
3.2 % on MonoAmine Oxidase Inhibitors (MAOI), and 8.4 %
were prescribed other types of antidepressants. Benzodiazepines
or related drugs were prescribed for a majority of patients
(80%) and antipsychotics for approximately half of the
patients (53.7%).

Of the 131 patients, 20 refused to participate in the study. The
final assessment of the MADRS score was missing for 16 patients.
For one patient, the MADRS assessment on day 14 was missing.
For 94 patients with neither of these variables missing, the
evolution between day MADRSO and MADRS14, as well as the
evolution of MADRS0 and MADRS45, was computed and found
to be moderately correlated (Pearson’s r, r = 0.475, p < 0.001).
As a result, we decided to exclude from the following analyses
any patient whose final assessment was missing. We, therefore,
included 95 patients. Some clinical factors, such as depression
type (p = 0.034), sex (p = 0.022), and Thase and Rush resistance
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TABLE 1 | Clinical factors and univariate tests.

Variable N NR R Test statistic p-value
Age 95 (NR =57; R =38) 52,12 +11.59 51.45+10.75 U =1,038.50"* 0.738
Duration of the episode 94(NR =57; R=37) 38.76 + 46.12 38.08 + 57.83 U = 1,009.00"* 0.728
Duration of illness 91 (NR = 56; R = 35) 184.39 £+ 151.00 225.16 + 148.85 U =794.00" 0.130
Baseline Beck score 91 (NR = 56; R = 35) 20.11 £ 6.32 19.09 £+ 0.66 U =908.00"* 0.559
Baseline MADRS score 95 (NR=57; R = 38) 28.91 £ 5.39 27.50 + 5.63 U = 899.00** 0.162
Resistance stage 95 (NR =57; R =38) 2.65 + 0.94 2.32 + 0.66 U = 847.00* 0.053
Motor Threshold 95 (NR = 57; R=38) 51.11 £9.07 53.29 + 9.35 U = 965.50"* 0.374
Depression type: Bipolar 5 (NR =57; R = 38) 10/57 14/38 X2 (1) = 4.50* 0.034
Gender: F 5 (NR = 57; R = 38) 27/57 27/38 X (1) =5.21* 0.022
SSRls 5 (NR =57; R = 38) 22/57 16/38 X*(1)=0.117* 0.732
SNRIs 5 (NR =57; R =38) 16/57 10/38 X* (1) = 0.0353* 0.851
Tricyclic antidepressants 95 (NR =57; R=38) 13/57 10/38 X2 (1) = 0.153* 0.696
Tetracyclic antidepressants 5 (NR =57; R=38) 3/57 2/38 X* (1) = 0.000*** 1.000
MAQIs 5 (NR =57; R = 38) 3/57 0/38 X (1) = 0.702*** 0.402
Other 5 (NR = 57; R = 38) 4/57 4/38 X* (1) = 0.0512* 0.821
Benzodiazepine 5 (NR = 57; R = 38) 45/57 31/38 X* (1) = 0.0987* 0.753
Anti-epileptics 95 (NR = 57; R=38) 12/57 9/38 X* (1) = 0.0917* 0.762
Anti-psychotics 95 (NR =57; R=238) 33/57 18/38 X* (1) = 1.0160* 0.313
Lithium 95 (NR =57; R=238) 1/57 2/38 X* (1) = 0.129"** 0.719
*Pearson’s X*; **Mann-Whitney U; ***Continuity-corrected X*. NR, Non-Responders on Day 45; R, Responders on Day 45.

TABLE 2 | Differences in clinical factors and MADRS scores between patients with unipolar disorder and bipolar disorder.

Variable N Unipolar Bipolar Test statistic p-value
Age 95 (Unipolar = 71; Bipolar = 24) 52.32 £ 11.08 50.46 £ 11.72 U =783 0.557
Gender: F 95 (Unipolar = 71; Bipolar = 24) 40/71 14/10 X2 (1) = 0.0291* 0.865
Benzodiazepine 95 (Unipolar = 71; Bipolar = 24) 56/71 20/24 X? (1) = 0.0314*** 0.859
Baseline MADRS score 95 (Unipolar = 71; Bipolar = 24) 28.80 £ 5.61 27.00 £5.03 U =678 0.136
Day 14 MADRS score 95 (Unipolar = 71; Bipolar = 24) 20.73 £ 9.21 13.50 + 8.74 U =477 0.001
Day 45 MADRS score 95 (Unipolar = 71; Bipolar = 24) 19.75 £ 9.01 13.13+8.78 U=510" 0.003
Day 14 Responder 95 (Unipolar = 71; Bipolar = 24) 20/71 13/24 X* (1) = 5.35% 0.021
Day 45 Responder 95 (Unipolar = 71; Bipolar = 24) 24/71 14/24 X2 (1) = 4.50" 0.034

*Pearson’s X*; **Mann-Whitney U; ***Continuity-corrected X

stage (p = 0.053), play an important role (Table1). Table 2
highlights the differences between unipolar and bipolar patients.

If the duration of illness or current episodes was missing from
subsequent analyses, it was replaced by the mean of the entire
population. Five additional patients were excluded due to a failed
parcellation or a faulty MRI acquisition, resulting in a sample size
of 90 subjects for the analyses relying on MRI data.

None of the patients participating in the study reported having
seizures or shifting between hypomanic/manic states. Patients
did not complain about local pain or dizziness after stimulation.
Moreover, none of the patients discontinued treatment due to
adverse effects.

Whole-Brain Analysis
Whole-brain analysis based on the volume difference between
responders and non-responders (comparing the intercepts of the

two groups) revealed a decreased volume for the responder’s
group in the superior-frontal and caudal middle frontal regions
of the left hemisphere (Figure 2). This result passed the Monte-
Carlo null-Z cluster correction up to a threshold of 0.005 (Z-
score of 2.3). The same observation could not be reproduced in
the opposite hemisphere. No significant difference was observed
in cortical thickness between the responder and non-responder
groups, even at a more relaxed correction threshold of 0.05
(Z-score of 1.3).

Region of Interest Analyses

Gender, type of depression, and resistance stage all appear to play
a role in the binomial model containing the DLPFC measures
(Table 3), consistent with the results of the univariate tests
conducted previously. The baseline MADRS score seems to be
significant as well (p = 0.027). Imagery-based measures, such as

Frontiers in Psychiatry | www.frontiersin.org 5

May 2022 | Volume 13 | Article 894473


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

Harika-Germaneau et al.

Clinical Biomarkers of rTMS Response

FIGURE 2 | Whole-brain analysis corrected cluster on left hemisphere cortical volume. Color represents significance as a Z-score. Corrected maximal significance Z =
4.000 is at Talairach coordinates [—30.8, 9.3, 53.6] (FreeSurfer annotation: caudal-middle frontal).

TABLE 3 | Multivariate binomial regression coefficients of DLPFC measures and clinical factors.

Predictor Estimate z P Odds ratio
Intercept 0.440149 4.531280 0.097136 0.923 1.550
Gender: M- F —1.454878 0.565119 —2.574462 0.010 0.230
Depression type: Unipolar — Bipolar —1.380683 0.616408 —2.239885 0.025 0.250
Age 0.023513 0.026489 0.887671 0.375 1.020
Resistance stage —0.690661 0.359458 —1.921395 0.055 0.500
Duration of illness 0.000000 0.001897 0.000030 1.000 1.000
Baseline MADRS score —0.117649 0.053201 —2.211380 0.027 0.890
DLPFC average thickness 2.361551 1.467189 1.609575 0.107 10.610
Minimal brain-scalp distance —0.053008 0.037102 —1.428713 0.153 0.950

Deviance = 97.095; R* [Nagelerke’s] = 0.31697; x*> = 24.047; df = 8; p = 0.002; accuracy = 0.7; specificity = 0.74074; sensitivity = 0.63889; AUC = 0.78601.

the left DLPFC thickness and the minimal scalp distance to the
cortical target, did not appear to be significant (both p > 0.1).

The second model (Table 4) does not appear to demonstrate
the significance of any of the volumes considered (all p > 0.1).
Gender, type of depression, stage of resistance, and severity of
depression represented by the baseline MADRS score retain
their significance. Clinical factors appear to have the greatest
influence on predicting individual treatment responses in both
models, owing to the low variation of the model fit and
predictive measures.

The results of the robust analyses did not appear to change
drastically. The robust model for literature volumes showed a
decrease in the significance of depression type (from significant
to p < 0.1) and in the resistance stage (p < 0.1 to insignificant).
On the model containing the DLPFC measures, no such changes
were observed.

DISCUSSION

In this retrospective and naturalistic study, we aimed to identify
clinical and neuroimaging factors associated with the efficacy of
r'TMS evaluated 1 month after the beginning of treatment in 95
patients with drug-resistant depression who were treated with
high-frequency rTMS (20 Hz) over the left DLPFC.

The response rate at 1 month after rTMS treatment in our
study is 40%. This is consistent with previous studies reporting
a40-50% response rate to rTMS treatment in MDD (33, 34) and
BDD (35-37).

Our analysis of clinical variables (type of depression, illness
severity evaluated by MADRS and Beck, resistance stage,
associated treatment, gender, and resting state) demonstrated
that the type of depression, gender, and resistance stage are
associated variables with response to rTMS.

First, we found that bipolar depression responds better
to HF rTMS over the left DLPFC. To our knowledge, no
naturalistic study to date has highlighted bipolar illness as a
factor in better response to rTMS or has established a correlation
between the type of depression and the clinical effect of rTMS
(12, 38). Treating bipolar depression is clinically challenging
as antidepressants can worsen the outcome for this category
of patients, which is why rTMS has been suggested as a
treatment option for bipolar depression (39). Patients with
bipolar depression were enrolled in studies focused primarily
on unipolar major depression or in dedicated sham-controlled
studies examining the efficacy of rTMS in bipolar depression.
Three meta-analyses and quantitative syntheses have been
conducted to date (9, 40, 41). According to Nguyen et al., active-
r'TMS is associated with a higher response rate than sham-rTMS
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TABLE 4 | Multivariate binomial regression coefficients of literature volumes and clinical factors.

Predictor Estimate SE z p Odds ratio
Intercept 6.787604 4.589525 1.478934 0.139 886.786
Gender: M - F —1.625463 0.628189 —2.587536 0.010 0.197
Depression type: Unipolar — Bipolar —1.470419 0.682712 —2.153790 0.031 0.230
Age 0.004934 0.029839 0.165357 0.869 1.005
Resistance_stage —0.764139 0.381127 —2.004945 0.045 0.466
Duration_of_illness —3.3961e—4 0.001926 —0.176332 0.860 1.000
MADRS_JO —0.119086 0.057000 —2.089244 0.037 0.888
Left_Amygdala 21.738405 35.078504 0.619707 0.535 2,759,700,000.000
Right_Amygdala 4.182690 31.611853 0.132314 0.895 65.542
Left_Hippocampus 4.585550 18.287139 0.250753 0.802 98.057
Right_Hippocampus —11.560154 18.888773 —0.612012 0.541 0.000
Ih_insula_volume —6.102632 7.858057 —0.776608 0.437 0.002
rh_insula_volume 0.229891 7.950897 0.028914 0.977 1.268
Ih_ACC_volume 7.054542 7.553866 0.933898 0.350 11568.106
rh_ACC_volume 6.737072 6.511928 1.034574 0.301 843.089
DLPFC_volume —2.444911 2.623072 —0.932079 0.35 0.087

Deviance = 96.831; R* [Nagelerke’s] = 0.3200; y* = 24.311, df = 15; p = 0.06; accuracy = 0.74444, specificity = 0.81481; sensitivity = 0.63889; AUC = 0.78704.

in bipolar depression, but subgroup analyses testing differences
based on stimulation target and site revealed no significant
differences. However, when analyzed separately, HF over the left
DLPFC stimulation was associated with a statistically significant
greater response than sham treatment. In contrast, bilateral
stimulation and low-frequency rTMS over the right DLPFC
were not.

We identified the effectiveness of rTMS in bipolar depression
in our study. This result differs from that of Yang et al. (42). In
fact, in their naturalistic study with an adequately large cohort
of participants, they suggest that patients with BD are less likely
to achieve clinical response with high-frequency L-DLPFC rTMS
than those with unipolar depression (10 Hz). The antidepressant
response to rTMS might vary with stimulation frequency. In
our study, we used 20 Hz stimulation in seven sham-controlled
studies (43-49) in patients with mixed depression and one
naturalistic study in patients with BDD (50). Apart from
the same frequency of stimulation, there is still significant
methodological heterogeneity between studies, including trial
duration, stimulation intensity, and several pulses per session,
which makes it difficult to compare different findings. Therefore,
the stimulation parameters used in our study could account for
the improved response in patients with BDD. This difference
in response to treatment could be explained by differences
in the clinical expression of bipolar and unipolar depressive
episodes (51) and indeed by the potential differences in the
neurophysiological mechanisms that cause them.

Second, in our study, patients with a high treatment resistance
stage respond less to rTMS. The refractoriness of depressive
episodes appears to be one of the best-supported predictors of
rTMS response. Many studies have suggested that a higher degree
of medication resistance may be tied to worse rTMS outcomes
in depression (13). Most findings from rTMS response predictor
studies suggest that a lower degree of drug resistance is one of the

more robust predictors of superior outcomes for rTMS therapy
using standard stimulation parameters and targeting methods.
While definitive prospective studies are still needed, the existing
literature appears to support the use of standard rTMS therapy
relatively early during the treatment, prior to the occurrence of
numerous medication treatment failures.

Third, we found that women respond better to rTMS than
men do. The association between female gender and response to
treatment is debatable. A recent meta-analysis, which included
54 sham-controlled trials between 1997 and 2013, revealed that
gender might be a positive predictor of response, as studies
showing good antidepressant response to rTMS had more female
patients (52). In fact, in our study, women (56.8 %) outnumber
men (43.2 %). In a second meta-analysis, the same authors show
that the antidepressant effect of specifically HF rTMS was higher
in RCTs with a greater proportion of female patients (53). They
suggested that women’s profiles, rather than their sex, might have
influenced their response to treatment.

Other clinical and demographic variables, such as age,
associated treatment, and resting motor threshold, had no effect
on treatment response in our study. The link between treatment
response and these variables is debated in the literature. Some
studies revealed that younger patients respond better to rTMS
(54, 55), whereas other studies found no correlation between
age and response (56). Regarding associated treatment, there is
growing evidence that concomitant use of medication can impair
the clinical effectiveness of rTMS, especially for benzodiazepines
(57). However, the impact of concomitant medication on rTMS
effectiveness is still debatable (58, 59). Finally, we did not find
a link between baseline RMT and response. The correlation
between clinical efficiency and stimulation intensity is not
precisely known (60, 61). Some studies suggest a dose efficiency
correlation. Another hypothesis assumes a more complex and
non-linear correlation.
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We also investigated the relationship between structural
neuroimaging variables (whole-brain analysis, thickness of the
left DLPFC and ACC, volumes described in the literature, and
distance between scalp and cortical target) and response to rTMS.
Neuroanatomical predictors may be particularly useful for brain
stimulation interventions, which directly modify the activity
within neural circuits, contrary to indirect reorganization caused
by psychological or pharmacological interventions.

We initially performed an exploratory analysis of thickness
and volume across the brain, in addition to the main cortex-
wide analysis that was unconstrained by a priori hypotheses.
We also performed ROI analyses to further evaluate the a
priori hypotheses and then explored specifically the link between
the left DLPFC and rostral ACC thickness at baseline and
treatment response.

We did not find a statistically significant link between cortical
thickness and treatment response. The link between cortical
thickness and the responses to ECT (62), tDCS (63), and rTMS
(17, 18) has been reported before. Boes et al. (18) describe
that cortical thickness in the left rostral anterior cingulate
cortex region correlates with rTMS treatment response in 48
TRD patients treated with HF (10Hz) rTMS over the left
DLPFC baseline. In fact, patients with thinner cortex before
treatment tended to have the most clinical improvement. Baeken
et al. (17) recently suggested that baseline cortical thickness
in the right caudal part of the anterior cingulate cortex was
significantly correlated with direct clinical responses in the
subgroup that received active aiTBS (21 patients) over the left
DLPFC during the first stimulation week, but no correlation was
found with delayed response. In this study, we did not confirm
the results of these two preceding studies. In Boes and Baeken
study’s, no accurate correction for multiple comparison testing
was performed, increasing the risk of type I error. This can
partly explain why we did not find the same results. Different
stimulation parameters and the number of patients are also
potential explanations for this discrepancy. Moreover, increased
cortical thickness after rTMS treatment has been described in
longitudinal studies (18, 64).

Response to rTMS was also evaluated in terms of the cortex-
scalp distance. According to Lee et al. (65), the non-invasive
brain stimulation scalp-to-cortex distance has been reported to
critically influence the focality and strength of the electric field
induced by rTMS. Our result indicated that there is no difference
inefficacy related to this distance. Kozel et al. (66) discovered
that these distances do not directly correlate with antidepressant
clinical response in 29 depressed patients, but a correlation was
established between the motor threshold measurement and the
distance from the cortex to the skull under the TMS coil. In our
study, the scalp-motor cortex distance was not possible because
the stimulation point was not recorded during each session.
Moreover, the lack of statistical correlation between response and
distance in our study could have been influenced by the position
of the stimulation coil. This could be in part due to the fact that
the exact targeting zone for every session is unknown. One could
also question the validity of the chosen region of interest (10 mm
radius sphere around the average theoretical cortical target.

Gray matter volume (GMV) at baseline has been previously
described as a predictor of treatment response in mood disorders.
We first performed a whole-brain mapping without an a priori
hypothesis for a specific brain volume. Interestingly, when
taking into account depression type, gender, age, resistance stage,
duration of illness and episode, and baseline MADRS score,
this whole-brain analysis associated with clinical factors in a
regression model shows that the average volume of the left part
of the superior frontal gyrus and the caudal middle frontal gyrus
was associated with the status of the response, where responders
present a lower gray matter volume. The same result could not be
reproduced in the right hemisphere.

The superior frontal gyrus and the middle frontal gyrus are
usually defined as a part of the DLPFC (67). The superior
frontal gyrus contributes to higher cognitive functions (68). It
is part of the “hate circuit,” which is involved the pathogenesis
of depression symptoms, risk and action responses, attention,
reward, and emotion (69). The middle frontal gyrus is critical
for higher-order executive functions related to stress perception
and appraisal, including attention, working memory, planning,
executive cognition, and emotion regulation (70-72), and may
confer vulnerability to depression. The GMV deficits of the
frontal cortex have been reported in several studies on MDD.
Abe et al. (16) found that patients with MDD might have GMV
deficits in frontal-temporal-limbic regions, which also included
the middle frontal gyrus. Leung et al. (73) found that attention
biases toward negative stimuli are associated with a reduced
gray-matter concentration in the right superior frontal gyrus.
Lai et al. (74) found a GMYV increase in the frontal lobe after
treatment with aripiprazole in patients with depression and
deficits in the superior and medial frontal gyrus for patients
with MDD at baseline status. Moreover, Lai et al. (74) compared
structural differences between patients who were able to achieve
remission and those who responded poorly to antidepressants.
The remitting MDD patients showed a bilaterally smaller
superior frontal gyrus volume. Yuan et al. (75) found that
geriatric patients with depression in remission from their first
episode of depression had reduced GMV in the right superior
frontal gyrus in comparison with well-matched healthy controls.
Although the nature of the involvement of the superior frontal
gyrus and the caudal middle frontal gyrus in mood disorders
remains a matter of debate, in our study, a greater volume in
the left part of the superior and the caudal middle frontal gyrus
was observed in non-responder patients. The association of this
region with response to rTMS was not previously described in
structural MRI studies that investigated response factors.

No statistically significant differences in baseline structural
volumes were found between treatment responders and non-
responders. Few studies have investigated the association
between GMV and treatment response in MDD. Treatment
response was evaluated for cognitive behavioral therapy (CBT)
(76), antidepressant (77), ECT (78, 79), and rTMS (80). The study
found a link between clinical response and the volumes of the left
and right hippocampus, the left and right amygdala, the left and
right ACC, and the left and right insula (28). In our study, none of
these regions were found to be associated with response to rTMS.
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Despite the strengths of this study (larger number of patients
than already described in the literature, correction for multiple
comparison testing with independent logistic regression models,
naturalistic design), several limitations must be considered. First,
all of the patients included in this study were under medication;
prior exposure to medication is a strong confounding factor as
it may affect the brain structure. In fact, Hoexter et al. (81)
found that the thickness of the orbitofrontal cortex in patients
with OCD can serve as a predictive biomarker of treatment
response, exclusively in treatment-naive patients. Second, our
investigation does not have a placebo-controlled group, which
means that any predictive biomarker of treatment response
could be confounded by the placebo effect. Third, our patients
have multiple comorbidities, which may have confounded our
results. Finally, MRI was performed only at baseline. In the
future, recording structural MRI data at multiple time points
to retrieve information about structural changes after rTMS
is reccommended.

There remains significant interest in understanding how to
optimize the application of rTMS for each patient in order
to achieve greater remission rates and provide more efficient
symptom relief. The use of structural MRI is an essential tool
to achieve this objective. Besides, this type of imaging is easy
to perform, and collaborations between several centers can be
envisioned to allow for the acquisition of a sufficient volume
of imaging and clinical data in the future to establish solid
correlations. Moreover, it would be interesting to characterize the
structural covariance networks (SCN) to better understand the
response to rTMS. SCN analyses aim to identify network patterns
of common influences and characterizations within the brain
across the population rather than differences in the structure of
isolated brain regions in individuals (82). In addition, MDD is
associated with deregulation of neural networks rather than a
disruption of individual brain regions in isolation (80). Recently,
preliminary evidence suggested that gray matter could be used to
distinguish rTMS responders and non-responders, particularly in
the fronto-parietal network (83, 84).

CONCLUSION

In conclusion, we investigated the clinical and neuroimaging
biomarker associated with the response to high-frequency rTMS
over the left DLPFC in a large sample of patients with TRD
depression. Women, patients with BDD, and patients who
are less resistant were found to respond better to HF rTMS.
Responders present a lower volume of the left part of the superior
frontal and the caudal middle frontal gyri. The thickness of the
DLPFC and ACC, the volumes of the amygdala, hippocampus,

REFERENCES

1. Friedrich MJ. Depression is the leading cause of disability around the world.
JAMA. (2017) 317:1517. doi: 10.1001/jama.2017.3826

2. Judd LL, Akiskal HS, Schettler PJ, Endicott ], Leon AC, Solomon DA,
et al. Psychosocial disability in the course of bipolar I and II disorders: a

ACC, insula, DLPFC, and the distance from the scalp to the
target were not associated with the clinical response. Our
results reinforce the need to identify accurate and reliable
clinical and neuroimaging biomarkers of treatment response.
This biomarker that can be translated into clinical practice holds
promise for the advancement of precision medicine. Our findings
may serve as a guide to future studies with larger datasets
to investigate specific neuroimaging biomarkers (the distance
between scalp and target and specific volume) and clinical
biomarkers (sociodemographic and clinical characteristics), with
the ultimate aim of defining a multimodal biomarker profile that
predicts rTMS treatment response.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the study
on human participants in accordance with the local legislation
and institutional requirements. Written informed consent for
participation was not required for this study in accordance with
the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

GH-G, IW, DD, and NJ conducted the patient assessments. RG
provided MRI images of the patients. GH-G, NL, and TL and
performed analyses. The manuscript was written by GH-G and
TL and all authors revised and proofread the manuscript.

FUNDING

This study was supported by recurrent internal funds from the
Center Hospitalier Henri Laborit, Poitiers, France.

ACKNOWLEDGMENTS

The authors would like to acknowledge Margaux Vacheret, Rémi
Gaudin, and Alexis Desvergers, who originally compiled and
analyzed the MRI and clinical data. They also thank Sylvie
Maillochaud, Stéphanie Le Tarnec, and Héléne Videau for their
support to the patients throughout the study. The authors would
also like to thank Karim El Houari, Sophie Collin, and Prasanth
Bokam for their proofreading. The authors are thankful to all
patients for participating in this study.

prospective, comparative, longitudinal study. Arch Gen Psychiatry. (2005)
62:1322. doi: 10.1001/archpsyc.62.12.1322

3. Sachs GS, Thase ME, Otto MW, Bauer M, Miklowitz D, Wisniewski SR, et al.
Rationale, design, and methods of the systematic treatment enhancement
program for bipolar disorder (STEP-BD). Biol Psychiatry. (2003) 53:1028-42.
doi: 10.1016/S0006-3223(03)00165-3

Frontiers in Psychiatry | www.frontiersin.org

May 2022 | Volume 13 | Article 894473


https://doi.org/10.1001/jama.2017.3826
https://doi.org/10.1001/archpsyc.62.12.1322
https://doi.org/10.1016/S0006-3223(03)00165-3
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Harika-Germaneau et al.

Clinical Biomarkers of rTMS Response

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Olin B, Jayewardene AK, Bunker M, Moreno F. Mortality and suicide

risk in treatment-resistant depression: an observational study of
the long-term impact of intervention. PLoS ONE. (2012) 7:e48002.
doi: 10.1371/journal.pone.0048002

. Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin ], Di Lazzaro

V, et al. Evidence-based guidelines on the therapeutic use of repetitive
transcranial magnetic stimulation (rTMS): An update (2014-2018). Clin
Neurophysiol. (2020) 131:474-528. doi: 10.1016/j.clinph.2019.11.002

. Perera T, George MS, Grammer G, Janicak PG, Pascual-Leone A, Wirecki TS.

The clinical TMS society consensus review and treatment recommendations
for TMS therapy for major depressive disorder. Brain Stimul. (2016) 9:336-46.
doi: 10.1016/j.brs.2016.03.010

. Fitzgerald P, Fountain S, Daskalakis Z. A comprehensive review of the effects

of rTMS on motor cortical excitability and inhibition. Clin Neurophysiol.
(2006) 117:2584-96. doi: 10.1016/j.clinph.2006.06.712

. Sehatzadeh S, Daskalakis Z], Yap B, Tu HA, Palimaka S, Bowen JM,

et al. Unilateral and bilateral repetitive transcranial magnetic stimulation
for treatment-resistant depression: a meta-analysis of randomized
controlled trials over two decades. ] Psychiatry Neurosci. (2019) 44:151-63.
doi: 10.1503/jpn.180056

. Nguyen TD, Hieronymus E Lorentzen R, McGirr A, @stergaard SD. The

efficacy of repetitive transcranial magnetic stimulation (rTMS) for bipolar
depression: a systematic review and meta-analysis. J Affect Disord. (2021)
279:250-5. doi: 10.1016/j.jad.2020.10.013

Miron J-P, Jodoin VD, Lespérance P, Blumberger DM. Repetitive transcranial
magnetic stimulation for major depressive disorder: basic principles and
future directions. The Adv Psychopharmacol. (2021) 11:204512532110426.
doi: 10.1177/20451253211042696

Brunoni AR, Chaimani A, Moffa AH, Razza LB, Gattaz WE, Daskalakis ZJ,
et al. Repetitive transcranial magnetic stimulation for the acute treatment
of major depressive episodes: a systematic review with network meta-
analysis. JAMA Psychiatry. (2017) 74:143-52. doi: 10.1001/jamapsychiatry.20
16.3644

Rostami R, Kazemi R, Nitsche MA, Gholipour E Salehinejad MA. Clinical
and demographic predictors of response to rTMS treatment in unipolar
and bipolar depressive disorders. Clin Neurophysiol. (2017) 128:1961-70.
doi: 10.1016/j.clinph.2017.07.395

Garnaat SL, Fukuda AM, Yuan S, Carpenter LL. Identification of clinical
features and biomarkers that may inform a personalized approach
to rTMS for depression. Pers Med Psychiatry. (2019) 17-18:4-16.
doi: 10.1016/j.pmip.2019.09.001

Kar SK. Predictors of response to repetitive transcranial magnetic stimulation
in depression: a review of recent updates. Clin Psychopharmacol Neurosci.
(2019) 17:25-33. doi: 10.9758/cpn.2019.17.1.25

Cash RFH, Cocchi L, Anderson R, Rogachov A, Kucyi A, Barnett AJ, et al.
multivariate neuroimaging biomarker of individual outcome to transcranial
magnetic stimulation in depression. Hum Brain Mapp. (2019) 40:4618-29.
doi: 10.1002/hbm.24725

Abe O, Yamasue H, Kasai K, Yamada H, Aoki S, Inoue H, et al
Voxel-based analyses of gray/white
tensor data in major depression. Psychiatry Res. (2010) 181:64-70.
doi: 10.1016/j.pscychresns.2009.07.007

Baeken C, van Beek V, Vanderhasselt MA, Duprat R, Klooster D. Cortical
thickness in the right anterior cingulate cortex relates to clinical response to
left prefrontal accelerated intermittent theta burst stimulation: an exploratory
study. Neuromodulation. (2021) 24:938-49. doi: 10.1111/ner.13380

Boes AD, Uitermarkt BD, Albazron FM, Lan M]J, Liston C, Pascual-Leone A,
et al. Rostral anterior cingulate cortex is a structural correlate of repetitive
TMS treatment response in depression. Brain Stimul. (2018) 11:575-81.
doi: 10.1016/j.brs.2018.01.029

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E,
et al. The Mini-International Neuropsychiatric Interview (M.IN.L): the
development and validation of a structured diagnostic psychiatric interview
for DSM-IV and ICD-10. J Clin Psychiatry. (1998) 59 (Suppl 20):22-
33;quiz 34-57. doi: 10.4088/JCP.09m05305whi

Thase ME, Rush AJ. When at first you don’t succeed: sequential strategies for
antidepressant nonresponders. J Clin Psychiatry. (1997) 58 Suppl 13:23-9.

matter volume and diffusion

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Machii K, Cohen D, Ramos-Estebanez C, Pascual-Leone A. Safety of rTMS
to non-motor cortical areas in healthy participants and patients. Clin
Neurophysiol. (2006) 117:455-71. doi: 10.1016/j.clinph.2005.10.014

Chen R, Gerloff C, Classen ], Wassermann EM, Hallett M, Cohen
LG. Safety of different inter-train intervals for repetitive transcranial
magnetic stimulation and recommendations for safe ranges of stimulation
parameters. Electroencephalogr Clin Neurophysiol. (1997) 105:415-21.
doi: 10.1016/50924-980X(97)00036-2

Niehaus L, Hoffmann KT, Grosse P, Roricht S, Meyer BU. MRI study of human
brain exposed to high-dose repetitive magnetic stimulation of visual cortex.
Neurology. (2000) 54:256-8. doi: 10.1212/WNL.54.1.256

Garcia-Toro M, Pascual-Leone A, Romera M, Gonzélez A, Micé J, Ibarra
O, et al. Prefrontal repetitive transcranial magnetic stimulation as add on
treatment in depression. J Neurol Neurosurg Psychiatry. (2001) 71:546-8.
doi: 10.1136/jnnp.71.4.546

Hoppner J, Schulz M, Irmisch G, Mau R, Schlifke D, Richter J.
Antidepressant efficacy of two different rTMS procedures. High frequency
over left versus low frequency over right prefrontal cortex compared with
sham stimulation. Eur Arch Psychiatry Clin Neurosci. (2003) 253:103-9.
doi: 10.1007/s00406-003-0416-7

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al.
An automated labeling system for subdividing the human cerebral cortex on
MRI scans into gyral based regions of interest. Neuroimage. (2006) 31:968-80.
doi: 10.1016/j.neuroimage.2006.01.021

Ehrlich S, Morrow EM, Roffman JL, Wallace SR, Naylor M, Bockholt HJ,
et al. The COMT Val108/158Met polymorphism and medial temporal lobe
volumetry in patients with schizophrenia and healthy adults. Neuroimage.
(2010) 53:992-1000. doi: 10.1016/j.neuroimage.2009.12.046

Seeberg I, Kjaerstad HL, Miskowiak KW. Neural and behavioral
predictors of treatment efficacy on mood symptoms and cognition in
mood disorders: a systematic review. Front Psychiatry. (2018) 9:337.
doi: 10.3389/fpsyt.2018.00337

Cash RFH, Weigand A, Zalesky A, Siddiqi SH, Downar J, Fitzgerald PB,
et al. Using brain imaging to improve spatial targeting of transcranial
magnetic stimulation for depression. Biol Psychiatry. (2021) 90:689-700.
doi: 10.1016/j.biopsych.2020.05.033

Xia M, Wang ], He Y. BrainNet viewer: a network visualization
tool for human brain connectomics. PLoS ONE. (2013) 8:e68910.
doi: 10.1371/journal.pone.0068910

Davis NJ. Variance in cortical depth across the brain surface: Implications
for transcranial stimulation of the brain. Eur J Neurosci. (2021) 53:996-1007.
doi: 10.1111/ejn.14957

Maechler M, Rousseeuw P, Croux C, Todorov V, Ruckstuhl A, Salibian-
Barrera M, et al. Robustbase: Basic Robust Statistics (2021). http://robustbase.
r-forge.r-project.org/

Brakemeier EL, Wilbertz G, Rodax S, Danker-Hopfe H, Zinka B, Zwanzger
P, et al. Patterns of response to repetitive transcranial magnetic stimulation
(rTMS) in major depression: Replication study in drug-free patients. ] Affect
Disord. (2008) 108:59-70. doi: 10.1016/j.jad.2007.09.007

Fitzgerald PB, Hoy KE, Anderson RJ, Daskalakis Z]. A Study of the pattern
of response to. rTMS treatment in depression: research article: rTMS in
depression. Depress Anxiety. (2016) 33:746-53. doi: 10.1002/da.22503

Nahas Z, Kozel FA, Li X, Anderson B, George MS. Left prefrontal
magnetic (TMS) of depression
in bipolar affective disorder: a pilot study of acute safety and
efficacy: rTMS for Bipolar depression. Bipolar Disord. (2003) 5:40-7.
doi: 10.1034/j.1399-5618.2003.00011.x

Dell’Osso B, Mundo E, D’Urso N, Pozzoli S, Buoli M, Ciabatti M, et al.
Augmentative repetitive navigated transcranial magnetic stimulation (rTMS)
in drug-resistant bipolar depression. Bipolar Disorders. (2009) 11:76-81.
doi: 10.1111/j.1399-5618.2008.00651.x

Kazemi R, Rostami R, Khomami S, Horacek J, Brunovsky M, Novak T,
et al. Electrophysiological correlates of bilateral and unilateral repetitive
transcranial magnetic stimulation in patients with bipolar depression.
Psychiatry Res. (2016) 240:364-75. doi: 10.1016/j.psychres.2016.04.061
Lacroix A, Calvet B, Laplace B, Lannaud M, Plansont B, Guignandon
S, et al. Predictors of clinical response after rTMS treatment of patients

transcranial stimulation treatment

Frontiers in Psychiatry | www.frontiersin.org

May 2022 | Volume 13 | Article 894473


https://doi.org/10.1371/journal.pone.0048002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1016/j.clinph.2006.06.712
https://doi.org/10.1503/jpn.180056
https://doi.org/10.1016/j.jad.2020.10.013
https://doi.org/10.1177/20451253211042696
https://doi.org/10.1001/jamapsychiatry.2016.3644
https://doi.org/10.1016/j.clinph.2017.07.395
https://doi.org/10.1016/j.pmip.2019.09.001
https://doi.org/10.9758/cpn.2019.17.1.25
https://doi.org/10.1002/hbm.24725
https://doi.org/10.1016/j.pscychresns.2009.07.007
https://doi.org/10.1111/ner.13380
https://doi.org/10.1016/j.brs.2018.01.029
https://doi.org/10.4088/JCP.09m05305whi
https://doi.org/10.1016/j.clinph.2005.10.014
https://doi.org/10.1016/S0924-980X(97)00036-2
https://doi.org/10.1212/WNL.54.1.256
https://doi.org/10.1136/jnnp.71.4.546
https://doi.org/10.1007/s00406-003-0416-7
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2009.12.046
https://doi.org/10.3389/fpsyt.2018.00337
https://doi.org/10.1016/j.biopsych.2020.05.033
https://doi.org/10.1371/journal.pone.0068910
https://doi.org/10.1111/ejn.14957
http://robustbase.r-forge.r-project.org/
http://robustbase.r-forge.r-project.org/
https://doi.org/10.1016/j.jad.2007.09.007
https://doi.org/10.1002/da.22503
https://doi.org/10.1034/j.1399-5618.2003.00011.x
https://doi.org/10.1111/j.1399-5618.2008.00651.x
https://doi.org/10.1016/j.psychres.2016.04.061
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Harika-Germaneau et al.

Clinical Biomarkers of rTMS Response

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

suffering from drug-resistant depression. Transl Psychiatry. (2021) 11:587.
doi: 10.1038/s41398-021-01555-9

Gold AK, Ornelas AC, Cirillo P, Caldieraro MA, Nardi AE, Nierenberg AA,
et al. Clinical applications of transcranial magnetic stimulation in bipolar
disorder. Brain Behav. (2019) 9:¢01419. doi: 10.1002/brb3.1419

McGirr A, Karmani S, Arsappa R, Berlim MT, Thirthalli J, Muralidharan
K, et al. Clinical efficacy and safety of repetitive transcranial magnetic
stimulation in acute bipolar depression. World Psychiatry. (2016) 15:85-6.
doi: 10.1002/wps.20300

Mutz J, Edgcumbe DR, Brunoni AR, Fu CHY. Efficacy and acceptability
of non-invasive brain stimulation for the treatment of adult unipolar and
bipolar depression: A systematic review and meta-analysis of randomised
sham-controlled trials. Neurosci Biobehav Rev. (2018) 92:291-303.
doi: 10.1016/j.neubiorev.2018.05.015

Yang YB, Chan P, Rayani K, McGirr A. Comparative effectiveness of repetitive
transcranial magnetic stimulation in unipolar and bipolar depression. Can J
Psychiatry. (2021) 66:313-5. doi: 10.1177/0706743720950938

Berman RM, Narasimhan M, Sanacora G, Miano AP, Hoffman RE, Hu XS,
et al. randomized clinical trial of repetitive transcranial magnetic stimulation
in the treatment of major depression. Biol Psychiatry. (2000) 47:332-7.
doi: 10.1016/S0006-3223(99)00243-7

Bortolomasi M, Minelli A, Fuggetta G, Perini M, Comencini S, Fiaschi A,
et al. Long-lasting effects of high frequency repetitive transcranial magnetic
stimulation in major depressed patients. Psychiatry Res. (2007) 150:181-6.
doi: 10.1016/j.psychres.2006.04.010

George MS, Nahas Z, Molloy M, Speer AM, Oliver NC, Li XB, et al. controlled
trial of daily left prefrontal cortex TMS for treating depression. Biol Psychiatry.
(2000) 48:962-70. doi: 10.1016/S0006-3223(00)01048-9

George MS, Wassermann EM, Kimbrell TA, Little JT, Williams WE,
Danielson AL, et al. Mood improvement following daily left prefrontal
repetitive transcranial magnetic stimulation in patients with depression:
a placebo-controlled crossover trial. Am ] Psychiatry. (1997) 154:1752-6.
doi: 10.1176/ajp.154.12.1752

Kimbrell TA, Little JT, Dunn RT, Frye MA, Greenberg BD, Wassermann EM,
et al. Frequency dependence of antidepressant response to left prefrontal
repetitive transcranial magnetic stimulation (rTMS) as a function of
baseline cerebral glucose metabolism. Biol Psychiatry. (1999) 46:1603-13.
doi: 10.1016/50006-3223(99)00195-X

Speer AM, Wassermann EM, Benson BE, Herscovitch P, Post RM.
Antidepressant efficacy of high and low frequency rTMS at 110% of motor
threshold versus sham stimulation over left prefrontal cortex. Brain Stimul.
(2014) 7:36-41. doi: 10.1016/j.brs.2013.07.004

Su TP, Huang CC, Wei IH. Add-on rTMS for medication-resistant depression:
a randomized, double-blind, sham-controlled trial in Chinese patients. J Clin
Psychiatry. (2005) 66:930-7. doi: 10.4088/JCP.v66n0718

Cohen RB, Brunoni AR, Boggio PS, Fregni F. Clinical predictors associated
with duration of repetitive transcranial magnetic stimulation treatment for
remission in bipolar depression: a naturalistic study. ] Nerv Ment Dis. (2010)
198:679-81. doi: 10.1097/NMD.0b013e3181ef2175

Han KM, De Berardis D, Fornaro M, Kim YK. Differentiating between
bipolar and unipolar depression in functional and structural MRI
studies. Prog Neuropsychopharmacol Biol Psychiatry. (2019) 91:20-7.
doi: 10.1016/j.pnpbp.2018.03.022

Kedzior, Azorina V, Reitz S. More female patients and fewer stimuli per session
are associated with the short-term antidepressant properties of repetitive
transcranial magnetic stimulation (rTMS): a meta-analysis of 54 sham-
controlled studies published between 1997-2013. Neuropsychiatr Dis Treat.
(2014) 10:727. doi: 10.2147/NDT.S58405

Kedzior KK, Reitz SK. Short-term efficacy of repetitive transcranial magnetic
stimulation (rTMS) in depression- reanalysis of data from meta-analyses up
to 2010. BMC Psychol. (2014) 2:39. doi: 10.1186/s40359-014-0039-y

Pallanti S, Cantisani A, Grassi G, Antonini S, Cecchelli C, Burian J, et al.
r'TMS age-dependent response in treatment-resistant depressed subjects: a
mini-review. CNS Spectr. (2012) 17:24-30. doi: 10.1017/51092852912000417
Aguirre I, Carretero B, Ibarra O, Kuhalainen J, Martinez J, Ferrer A, et al. Age
predicts low-frequency transcranial magnetic stimulation efficacy in major
depression. ] Affect Disord. (2011) 130:466-9. doi: 10.1016/j.jad.2010.10.038

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ciobanu C, Girard M, Marin B, Labrunie A, Malauzat D. rTMS for
pharmacoresistant major depression in the clinical setting of a psychiatric
hospital: effectiveness and effects of age. J Affect Disord. (2013) 150:677-81.
doi: 10.1016/j.jad.2013.03.024

Hunter AM, Minzenberg M], Cook IA, Krantz DE, Levitt JG, Rotstein
NM, et al. Concomitant medication use and clinical outcome of repetitive
Transcranial Magnetic Stimulation (rTMS) treatment of Major Depressive
Disorder. Brain Behav. (2019) 9:e01275. doi: 10.1002/brb3.1275

Deppe M, Abdelnaim M, Hebel T, Kreuzer PM, Poeppl TB, Langguth B,
et al. Concomitant lorazepam use and antidepressive efficacy of repetitive
transcranial magnetic stimulation in a naturalistic setting. Eur Arch Psychiatry
Clin Neurosci. (2021) 271:61-7. doi: 10.1007/s00406-020-01160-9

Fitzgerald PB, Gill S, Breakspear M, Kulkarni J, Chen L, Pridmore S, et al.
Revisiting the effectiveness of repetitive transcranial magnetic stimulation
treatment in depression, again. Aust N Z J Psychiatry. (2021) 48674211068788.
doi: 10.1177/00048674211068788

Pretalli JB, Nicolier M, Chopard G, Vandel P, Tio G, Monnin J, et al.
Resting motor threshold changes and clinical response to prefrontal repetitive
transcranial magnetic stimulation in depressed patients. Psychiatry Clin
Neurosci. (2012) 66:344-52. doi: 10.1111/j.1440-1819.2012.02341.x

Padberg F  Zwanzger P, Keck ME, Kathmann N, Mikhaiel
P, Ella R, et al. Repetitive transcranial magnetic stimulation
(rTMS) in  major depression: relation between efficacy and
stimulation intensity.  Neuropsychopharmacology.  (2002)  27:638-45.

doi: 10.1016/S0893-133X(02)00355-X

Sackeim HA, Aaronson ST, Carpenter LL, Hutton TM, Mina M, Pages K,
et al. Clinical outcomes in a large registry of patients with major depressive
disorder treated with Transcranial Magnetic Stimulation. J Affect Disord.
(2020) 277:65-74. doi: 10.1016/j.jad.2020.08.005

Filmer HL, Ehrhardt SE, Shaw TB, Mattingley JB, Dux PE. The efficacy
of transcranial direct current stimulation to prefrontal areas is related
to underlying cortical morphology. Neuroimage. (2019) 196:41-8.
doi: 10.1016/j.neuroimage.2019.04.026

Dalhuisen I, Ackermans E, Martens L, Mulders P, Bartholomeus ], de Bruijn
A, et al. Longitudinal effects of rTMS on neuroplasticity in chronic treatment-
resistant depression. Eur Arch Psychiatry Clin Neurosci. (2021) 271:39-47.
doi: 10.1007/s00406-020-01135-w

Lee EG, Duffy W, Hadimani RL, Waris M, Siddiqui W, Islam E et al.
Investigational Effect of Brain-Scalp Distance on the Efficacy of Transcranial
Magnetic Stimulation Treatment in Depression. IEEE Trans Magn. (2016)
52:1-4. doi: 10.1109/TMAG.2015.2514158

Kozel FA, Nahas Z. deBrux C, Molloy M, Lorberbaum JP, Bohning D, Risch
SC, George MS. How coil-cortex distance relates to age, motor threshold,
and antidepressant response to repetitive transcranial magnetic stimulation.
] Neuropsychiatry Clin Neurosci. (2000) 12:376-84. doi: 10.1176/jnp.12.3.376

Crespo-Facorro B, Kim JJ, Andreasen NC, O’Leary DS, Wiser AK, Bailey JM,
et al. Human frontal cortex: an MRI-based parcellation method. Neuroimage.
(1999) 10:500-19. doi: 10.1006/nimg.1999.0489

du Boisgueheneuc E, Levy R, Volle E, Seassau M, Duffau H, Kinkingnehun S,
et al. Functions of the left superior frontal gyrus in humans: a lesion study.
Brain. (2006) 129:3315-28. doi: 10.1093/brain/awl244

Tao H, Guo S, Ge T, Kendrick KM, Xue Z, Liu Z, et al. Depression uncouples
brain hate circuit. Mol Psychiatry. (2013) 18:101-11. doi: 10.1038/mp.2011.127
Koenigs M, Grafman J. The functional neuroanatomy of depression: distinct
roles for ventromedial and dorsolateral prefrontal cortex. Behav Brain Res.
(2009) 201:239-43. doi: 10.1016/j.bbr.2009.03.004

Miller EK, Cohen JD. An integrative theory of prefrontal cortex function.
Annu Rev Neurosci. (2001) 24:167-202. doi: 10.1146/annurev.neuro.24.1.167

Phillips ML, Drevets WC, Rauch SL, Lane R. Neurobiology of emotion
perception II: Implications for major psychiatric disorders. Biol Psychiatry.
(2003) 54:515-28. doi: 10.1016/S0006-3223(03)00171-9

Leung KK, Lee TMC, Wong MMC, Li LSW, Yip PSE Khong PL. Neural
correlates of attention biases of people with major depressive disorder:
a voxel-based morphometric study. Psychol Med. (2009) 39:1097-106.
doi: 10.1017/50033291708004546

Lai CH, Wu YT, Chen CY, Hou YC. Gray matter increases in
fronto-parietal regions of depression patients with aripiprazole

Frontiers in Psychiatry | www.frontiersin.org

May 2022 | Volume 13 | Article 894473


https://doi.org/10.1038/s41398-021-01555-9
https://doi.org/10.1002/brb3.1419
https://doi.org/10.1002/wps.20300
https://doi.org/10.1016/j.neubiorev.2018.05.015
https://doi.org/10.1177/0706743720950938
https://doi.org/10.1016/S0006-3223(99)00243-7
https://doi.org/10.1016/j.psychres.2006.04.010
https://doi.org/10.1016/S0006-3223(00)01048-9
https://doi.org/10.1176/ajp.154.12.1752
https://doi.org/10.1016/S0006-3223(99)00195-X
https://doi.org/10.1016/j.brs.2013.07.004
https://doi.org/10.4088/JCP.v66n0718
https://doi.org/10.1097/NMD.0b013e3181ef2175
https://doi.org/10.1016/j.pnpbp.2018.03.022
https://doi.org/10.2147/NDT.S58405
https://doi.org/10.1186/s40359-014-0039-y
https://doi.org/10.1017/S1092852912000417
https://doi.org/10.1016/j.jad.2010.10.038
https://doi.org/10.1016/j.jad.2013.03.024
https://doi.org/10.1002/brb3.1275
https://doi.org/10.1007/s00406-020-01160-9
https://doi.org/10.1177/00048674211068788
https://doi.org/10.1111/j.1440-1819.2012.02341.x
https://doi.org/10.1016/S0893-133X(02)00355-X
https://doi.org/10.1016/j.jad.2020.08.005
https://doi.org/10.1016/j.neuroimage.2019.04.026
https://doi.org/10.1007/s00406-020-01135-w
https://doi.org/10.1109/TMAG.2015.2514158
https://doi.org/10.1176/jnp.12.3.376
https://doi.org/10.1006/nimg.1999.0489
https://doi.org/10.1093/brain/awl244
https://doi.org/10.1038/mp.2011.127
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1016/S0006-3223(03)00171-9
https://doi.org/10.1017/S0033291708004546
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Harika-Germaneau et al.

Clinical Biomarkers of rTMS Response

75.

76.

77.

78.

79.

80.

81.

monotherapy: an exploratory study. Medicine (Baltimore). (2016) 95:e4654.
doi: 10.1097/MD.0000000000004654

Yuan Y, Zhu W, Zhang Z, Bai E Yu H, Shi Y, et al. Regional gray matter
changes are associated with cognitive deficits in remitted geriatric depression:
an optimized voxel-based morphometry study. Biol Psychiatry. (2008) 64:541-
4. doi: 10.1016/j.biopsych.2008.04.032

Costafreda SG, Khanna A, Mourao-Miranda ], Fu CHY. Neural
correlates of sad faces predict clinical remission to cognitive
behavioural therapy in depression. Neuroreport. (2009) 20:637-41.

doi: 10.1097/WNR.0b013e3283294159

Chen C-H, Ridler K, Suckling J, Williams S, Fu CHY, Merlo-Pich E, et al.
Brain imaging correlates of depressive symptom severity and predictors of
symptom improvement after antidepressant treatment. Biol Psychiatry. (2007)
62:407-14. doi: 10.1016/j.biopsych.2006.09.018

Joshi SH, Espinoza RT, Pirnia T, Shi J, Wang Y, Ayers B, et al.
Structural plasticity of the hippocampus and amygdala induced by
electroconvulsive therapy in major depression. Biol Psychiatry. (2016) 79:282—
92. doi: 10.1016/j.biopsych.2015.02.029

Redlich R, Opel N, Grotegerd D, Dohm K, Zaremba D, Biirger C, et al.
Prediction of Individual Response to Electroconvulsive Therapy via Machine
Learning on Structural Magnetic Resonance Imaging Data. JAMA Psychiatry.
(2016) 73:557-64. doi: 10.1001/jamapsychiatry.2016.0316

Furtado CP, Hoy KE, Maller JJ, Savage G, Daskalakis ZJ, Fitzgerald PB.
Cognitive and volumetric predictors of response to repetitive transcranial
magnetic stimulation (rTMS) - a prospective follow-up study. Psychiatry Res.
(2012) 202:12-9. doi: 10.1016/j.pscychresns.2012.02.004

Hoexter MQ, Diniz JB, Lopes AC, Batistuzzo MC, Shavitt RG, Dougherty
DD, et al. Orbitofrontal thickness as a measure for treatment response
prediction in obsessive-compulsive disorder: research article: OFC and
treatment response prediction in OCD. Depress Anxiety. (2015) 32:900-8.
doi: 10.1002/da.22380

82. Ge R, Downar J, Blumberger DM, Daskalakis ZJ, Lam RW, Vila-
Rodriguez F. Structural network integrity of the central executive network
is associated with the therapeutic effect of rTMS in treatment resistant
depression. Prog Neuropsychopharmacol Biol Psychiatry. (2019) 92:217-25.
doi: 10.1016/j.pnpbp.2019.01.012

Hamilton JP, Chen MC, Gotlib IH. Neural systems approaches to
understanding major depressive disorder: an intrinsic functional organization
perspective. Neurobiol Dis. (2013) 52:4-11. doi: 10.1016/j.nbd.2012.01.015
Nestor SM, Mir-Moghtadaei A, Vila-Rodriguez E, Giacobbe P, Daskalakis Z],
Blumberger DM, Downar J. Large-scale structural network change correlates
with clinical response to rTMS in depression. Neuropsychopharmacology.
(2022) 47:1096-105. doi: 10.1038/s41386-021-01256-3

83.

84.

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 Harika-Germaneau, Wassouf, Le Tutour, Guillevin, Doolub,
Rostami, Delbreil, Langbour and Jaafari. 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 Psychiatry | www.frontiersin.org

12

May 2022 | Volume 13 | Article 894473


https://doi.org/10.1097/MD.0000000000004654
https://doi.org/10.1016/j.biopsych.2008.04.032
https://doi.org/10.1097/WNR.0b013e3283294159
https://doi.org/10.1016/j.biopsych.2006.09.018
https://doi.org/10.1016/j.biopsych.2015.02.029
https://doi.org/10.1001/jamapsychiatry.2016.0316
https://doi.org/10.1016/j.pscychresns.2012.02.004
https://doi.org/10.1002/da.22380
https://doi.org/10.1016/j.pnpbp.2019.01.012
https://doi.org/10.1016/j.nbd.2012.01.015
https://doi.org/10.1038/s41386-021-01256-3
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/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Baseline Clinical and Neuroimaging Biomarkers of Treatment Response to High-Frequency rTMS Over the Left DLPFC for Resistant Depression
	Introduction
	Materials and Methods
	Patients and Assessment
	Treatment
	Anatomical Measures
	RTMS Targeted Anatomical Features
	Statistical Analysis

	Results
	Whole-Brain Analysis
	Region of Interest Analyses

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


