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Personalization of Repetitive Transcranial Magnetic Stimulation for
the Treatment of Major Depressive Disorder According to the Existing
Psychiatric Comorbidity
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Repetitive transcranial magnetic stimulation (rTMS) and intermittent theta-burst stimulation (iTBS) are evidenced-based
treatments for patients with major depressive disorder (MDD) who fail to respond to standard first-line therapies.
However, although various TMS protocols have been proven to be clinically effective, the response rate varies across
clinical applications due to the heterogeneity of real-world psychiatric comorbidities, such as generalized anxiety dis-
order, posttraumatic stress disorder, panic disorder, or substance use disorder, which are often observed in patients
with MDD. Therefore, individualized treatment approaches are important to increase treatment response by assigning
a given patient to the most optimal TMS treatment protocol based on his or her individual profile. This literature review
summarizes different rTMS or TBS protocols that have been applied in researches investigating MDD patients with
certain psychiatric comorbidities and discusses biomarkers that may be used to predict rTMS treatment response.
Furthermore, we highlight the need for the validation of neuroimaging and electrophysiological biomarkers associated
with rTMS treatment responses. Finally, we discuss on which directions future efforts should focus for developing the
personalization of the treatment of depression with rTMS or iTBS.
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INTRODUCTION disability worldwide and is a major contributor to the

global burden of disease. Although antidepressants are

Major depressive disorder (MDD) is a leading cause of clinically effective, many unmet clinical needs such as in-
sufficiency of efficacy and presence of side effects urge
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transcranial magnetic stimulation (rTMS), a novel ther-
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and is considered as the first-line treatment in many coun-
tries [1,2]. The left dorsolateral prefrontal cortex (DLPFC)
has been found to be hypoactive in depression [3], and
high-frequency (HF)-rTMS over this region has been stud-
ied most intensively and applied clinically. Two multi-
center randomized control trials (RCTs) on rTMS for the
treatment of MDD were conducted with high methodo-
logical quality [4,5], and their positive results played a
major role in the approval of rTMS for the treatment of
treatment-resistant depression (TRD). Both studies used a
protocol of HF-rTMS of the left DLPFC, performed at
120% of the resting motor threshold (RMT). A train con-
sists of 40 pulses (10 Hz for a total of 4 seconds), and a to-
tal of 75 trains (i.e., 3,000 pulses) were used. In addition,
the antidepressant effects of HF-rTMS of the left DLPFC
have been confirmed in many other RCTs and recent
meta-analyses, and thus HF-rTMS of the left DLPFC has
been considered as the standard rTMS protocol with the
highest level of efficacy for the treatment of depression
[6,7]. However, rates of response to HF-rTMS vary among
patients with MDD, probably because of the differences
in the presence of other frequently occurring psychiatric
comorbidities, such as anxiety disorders [8]. Therefore,
we aimed to review the efficacies of different rTMS proto-
cols in patients with MDD patients showing other psychi-
atric comorbidities and to recommend personalized treat-
ment protocols for clinical practice. Moreover, we aimed
to discuss patient factors and neuroimaging or neuro-
physiological biomarkers that could be used as potential
biomarkers of rTMS treatment response.

Table 1. Common TMS parameters used in previous researches

OTHER rTMS PROTOCOLS FOR
THE TREATMENT OF DEPRESSION

rTMS protocols for the treatment of depression are gen-
erally based on the prefrontal asymmetry theory [9], i.e.,
relative hypoactivity of the left DLPFC and relative hyper-
activity of the right DLPFC in depression. rTMS is known
to change brain electrical activity [10]. Low-frequency
(LF; < 1 Hz)-rTMS or continuous theta-burst stimulation
(cTBS) has an inhibitory effect, whereas HF-rTMS (= 5
Hz) or intermittent theta-burst stimulation (iTBS) produces
excitatory effects on the neuron. According to the hypoth-
esis of asymmetric prefrontal activity in depression, it was
believed that both excitatory rTMS (HF or iTBS) of the left
and inhibitory rTMS (LF or cTBS) of the right DLPFC can
be effective in treating MDD [11]. On the basis of two pre-
vious review articles [6,12], commonly used rTMS proto-
cols in previous studies are shown in Table 1.

In addition to HF- or LF-unilateral rTMS, “bilateral”
rTMS, which is performed both as sequential LF-rTMS of
the right DLPFC and HF-rTMS of the left DLPFC in the
same session, has been studied and applied clinically
[13]. These interventions have been reported to be more
effective than a sham intervention on improving depres-
sive symptoms [14], although the effect size is modest.
Regarding bilateral TBS (biTBS), the first randomized
sham-controlled trial comparing antidepressant efficacy
among different kinds of TBS protocols reported that
biTBS (i.e., iTBS to the left and cTBS to the right DLPFC)
had the best results than the other protocols [15]. A recent
RCT also supports the efficacy and tolerability of biTBS
monotherapy for patients with MDD [16].

Several previous studies found no difference in the effi-
cacy of LF-rTMS of the right DLPFC and HF-rTMS of the

Frequency Intensity Target Number of pulses/session

10 Hz rTMS 80—120% RMT Left DLPFC 1,200—3,000
1 Hz rTMS 80—120% RMT Right DLPFC 120—1,200
iTBS 80—120% MT Left DLPFC 600—3,600
cTBS 80—90% MT Right DLPFC 600— 3,600
FDA approved TMS protocol

10 Hz 120% RMT Left DLPFC 3,000
FDA approved TBS protocol

iTBS 120% RMT Left DLPFC 600

TMS, transcranial magnetic stimulation; rTMS, repetitive TMS; TBS, theta-burst stimulation; iTBS, intermittent TBS; cTBS, continuous TBS; RMT,
resting motor threshold; MT, motor threshold; DLPFC, dorsolateral prefrontal cortex; FDA, U.S. Food and Drug Administration.
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left DLPFC for the treatment of MDD. A meta-analysis that
included twelve RCTs with 175 and 186 patients with
MDD undergoing HF-rTMS of the left DLPFC and LF-rTMS
of the right DLPFC, respectively, found no difference in
the treatment response between the two protocols [17]. In
this meta-analysis, the mean number of treatment sessions
was 14.6 with a mean total rTMS pulse number of 19,708
for HF-rTMS and 9,425 for LF-rTMS, and the reported re-
sponse rates were 44.6% and 40.9%, respectively (odds
ratio [OR], 1.08; 95% confidence interval [Cl], 0.88 —
1.34). Furthermore, remission rates were compared in five
studies that included a total of 131 patients with MDD,
and these studies found no statistically significant differ-
ence (64 patients received HF-rTMS of the left DLPFC and
67 patients received LF-rTMS of the right DLPFC; OR,
1.29; 95% Cl, 0.54—3.10) [17]. A network meta-analysis
(NMA) that included 81 RCTs with 4,233 patients found
that priming LF-rTMS (OR, 4.66; 95% Cl, 1.70—12.77),
bilateral rTMS (OR, 3.96; 95% Cl, 2.37 —6.60), HF-rTMS
(OR, 3.07; 95% Cl, 2.24—4.21), TBS (OR, 2.54; 95% Cl,
1.07—6.05), and LF-rTMS (OR, 2.37; 95% ClI, 1.52—
3.68) were more effective than sham intervention and that
all interventions were at least as acceptable as sham inter-
vention [14]. The estimated relative ranking of treatments
implied that priming LF-rTMS and bilateral rTMS might
show the best performance among all rTMS interventions
in terms of efficacy and tolerability. However, the body of
evidence supporting this statement is small with varied
quality; results of such meta-analyses should be interpreted
very cautiously [18,19].

European and Canadian experts have recommended
the use of HF- and LF-rTMS as first-line protocols for the

treatment of depression [1,6]. In addition, several authors
pointed out that HF-rTMS might have a greater potential
to accelerate and improve the clinical response to anti-
depressants than LF-rTMS, whereas LF-rTMS might have a
better tolerability profile than HF-rTMS in patients with
agitation [20]. In summary, current evidence suggests that
HF-rTMS, LF-rTMS, and bilateral rTMS may be equiv-
alently effective in the treatment of MDD; larger RCTs
should be performed to directly compare the treatment ef-
ficacy and acceptability among these protocols.

rTMS PROTOCOLS FOR THE TREATMENT
OF DEPRESSION WITH COMORBID
PSYCHIATRIC CONDITIONS

rTMS has been considered as treatment option for pa-
tients with comorbid MDD and other psychiatric dis-
orders, especially for those who did not show adequate
response to antidepressant medications. MDD is fre-
quently associated with other psychiatric comorbidities,
which leads to an increase in the severity of symptoms
and worsening of treatment response and prognosis [21].
The STAR*D trial found that adults patients with MDD
showed high prevalence rates of current social anxiety
disorder (SAD: 25.6%), generalized anxiety disorder (GAD:
20.8%), posttraumatic stress disorder (PTSD: 18.8%), ob-
sessive-compulsive disorder (OCD: 13.4%), and panic
disorder (PD: 11.1%) [22]. Although the issue of comorbi-
dities has been recognized, few studies to date have eval-
uated the efficacy of rTMS for the treatment of patients
with MDD showing other psychiatric comorbidities and
provided specific recommendations for the treatment of

Table 2. Potential rTMS treatment protocols for MDD with and without comorbid psychiatric disorders

Diagnosis Potential rTMS protocols

Rationale

MDD (including
anxious depression)

Left sided HF-rTMS;
Right sided LF-rTMS;
Bilateral rTMS
Right sided LF-rTMS;
Bilateral rTMS

MDD + Anxiety
disorders
MDD -+ PTSD

sided iTBS warrant further researches
MDD + Substance
use disorders

Insufficient evidence to make recommendations;
Left sided 5-Hz rTMS, right sided HF-rTMS, and right

Insufficient evidence to make recommendations;
Left sided HF-rTMS warrants further researches

Prefrontal asymmetry theory in depression

Hyperactive right DLPFC in anxiety

Abnormal frontal theta (4 —7 Hz) activity in PTSD

Associations between hypoactive HPA axis and right
hypofrontality

Hypoactive left DLPFC in patients with substance
dependence

rTMS, repetitive transcranial magnetic stimulation; MDD, major depressive disorder; PTSD, posttraumatic stress disorder; HF, high frequency; LF,
low frequency; iTBS, intermittent theta-burst stimulation; DLPFC, dorsolateral prefrontal cortex; HPA, hypothalamic-pituitary-adrenal.
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these complex clinical situations using this therapeutic
strategy. In this section, we summarized the evidence on
the effectiveness of rTMS for the treatment of MDD with
comorbid anxiety disorders and substance use disorders
(Table 2).

rTMS Protocols for MDD with Comorbid Anxiety
Disorders

Some current evidence suggests that right-sided LF-rTMS
or bilateral rTMS may be effective to improve both de-
pressive and anxiety symptoms in MDD with comorbid
anxiety disorders. According to a literature review, rTMS
studies for treating anxiety disorders were few, and
LF-rTMS (1 Hz) of the right DLPFC has been considered as
a treatment option for the treatment of anxiety disorders
[23]. Previous neurophysiological and imaging studies
suggest that increased right DLPFC activity may be related
to an increase in anxiety [24]. In addition to considering
the prefrontal asymmetry theory of depression, it is rea-
sonable to use right-sided LF-rTMS or bilateral rTMS as
the potential treatment protocol for MDD with comorbid
anxiety disorders. In a small pilot study [25], thirteen adult
patients with comorbid MDD and GAD received sequen-
tial bilateral treatments, with LF-rTMS (1,000 pulses at 1
Hz frequency) of the right DLPFC followed by HF-rTMS
(10 Hz) of the left DLPFC. The number of treatment ses-
sions ranged from 24 to 36 over a period of 5 —6 weeks.
At the end of the treatment period, 10 out of 13 patients
(76.9%) achieved remission of depression, with a score of
< 8 on the 21-item Hamilton Rating Scale for Depression
(HAMD-21), and 11 out of 13 patients (84.6%) achieved
remission of anxiety symptoms with a GAD-7 score < 5.
Overall, after the bilateral rTMS treatment, decreases of
65% and 75% in depression and anxiety scores, re-
spectively, were observed [25]. Another naturalistic clin-
ical study [26] examined the effectiveness of rTMS for the
treatment of treatment-resistant MDD with or without co-
morbid anxiety disorders (GAD, 102 patients; OCD, 32
patients; PTSD, 26 patients; PD with agoraphobia, 41 pa-
tients; agoraphobia, 61 patients; SAD, 58 patients; and no
anxiety disorders, 72 patients). Patients were treated with
either sequential bilateral or right LF-rTMS at 110% of the
RMT. The sequential bilateral protocol involved 15 mi-
nutes of 10 Hz rTMS, delivered in 5-second trains with a
25 seconds intertrain interval (1,500 pulses), to the left
DLPFC, followed by 15 minutes of 1 Hz rTMS (900 pulses)

to the right DLPFC. The unilateral right protocol involved
15 minutes of 1 Hz rTMS (900 pulses) to the right DLPFC.
rTMS was administered 3 days/week for 6 weeks (18 treat-
ment session in total) or 5 days/week for 4 weeks (20 treat-
ment session in total). After treatment with either the right
sided LF or bilateral rTMS, improvement in depressive
symptoms was observed in both patients with and without
comorbid anxiety disorders, with no significant difference
in remission rates between groups. In patients with co-
morbid anxiety disorders, 39.5% met response criteria
and 23.3% met criteria for remission. In addition, the re-
searchers found no significant difference between the
groups with respect to response rate (p < 0.795). Both
groups showed significant reductions in HAMD-21, the
Montgomery-Asberg Depression Scale, the Zung Self-Rating
Depression Scale, and the Hamilton Anxiety Rating Scale
scores (p < 0.001 for all). Another randomized sham-
controlled trial on the efficacy of rTMS for the treatment of
PD with comorbid MDD [27] revealed significantly better
improvement in panic symptoms after the administration
of LF-rTMS to the right DLPFC (1 Hz frequency; 1,800
pulses/day, once a day, 5 days a week, at 110% of the
RMT) than after that of sham rTMS at week 4 and sig-
nificant improvement in both panic and depressive symp-
toms at week 8. In conclusion, regarding the use of rTMS
in patients with comorbid MDD and anxiety disorders, al-
though evidence is limited, right-sided LF-rTMS, or bi-
lateral rTMS may be effective in reducing symptoms of
both anxiety and depression.

rTMS Protocols for Anxious Depression

Approximately one-half of patients with MDD experi-
ence clinically meaningful levels of anxiety, and these pa-
tients may show very severe depressive symptoms, long
duration of current episode, increased suicidal ideation,
and high number of medical comorbidities and are less
likely to respond to antidepressant treatment [28,29]. The
Diagnostic and Statistical Manual of Mental Disorders 5th
edition added “anxious distress™ as a category specifier to
the diagnosis of MDD for identifying those patients whose
anxiety must be considered in their treatment plan. The
symptoms listed for anxious distress include tenseness,
restlessness, difficulty in concentrating because of worry,
fear that something awful may happen, and feelings of
loss of control.

rTMS protocols for the treatment of depression, includ-
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ing HF-rTMS, LF-rTMS, and bilateral rTMS, appear to be
effective in reducing both depression and anxiety in anx-
ious depression. In a clinical study [30], 32 patients with
TRD, including eight with anxious depression, received
HF-rTMS to the left DLPFC at 80—130% of the RMT
(3,000—5,000 pulses/session) for an average of 31 treat-
ment sessions (standard deviation = 5.39, range = 22—
42). From baseline to the end of treatment, symptoms of
both depression and anxiety improved significantly.
Patients with and without anxious depression demon-
strated similar levels of improvement in depression, and
those with anxious depression demonstrated a greater im-
provement in anxiety [30]. A pooled analysis of data from
three clinical trials compared the relative efficacies of
three commonly used rTMS protocols for the treatment of
anxiety symptoms in patients with depression [31]. A total
of 697 patients with TRD and anxiety symptoms under-
went a 4-week course of left-sided HF-rTMS (n = 179),
right-sided LF-rTMS (n = 218), or sequential bilateral
rTMS (n = 300). All three protocols were similarly effec-
tive in treating the symptoms of anxiety and depression,
suggesting therapeutic equivalence across the three pro-
tocols. Improvement in the severity of depressive symp-
toms was positively correlated with the improvement in
anxiety. Both patients with high and low baseline anxiety
scores showed overall symptom reduction [31]. In sum-
mary, HF-rTMS, LF-rTMS, and bilateral rTMS showed
similar significant treatment effects in patients with MDD
with and without anxiety symptoms although those with
anxious depression were previously reported to show
poor response to antidepressant medications.

rTMS Protocols for Comorbid MDD and PTSD

Approximately one-half of patients with PTSD are diag-
nosed of MDD [32,33], and these patients were reported
to demonstrate a poorer response to antidepressant treat-
ment [34,35] and a more chronic course of functional im-
pairment [36] than are those with PTSD or MDD alone.
Previous studies have provided some evidence support-
ing the therapeutic effect of rTMS on PTSD [37]. Further-
more, a recent study [38] found that comorbid PTSD did
not impact the outcome of rTMS for MDD in a sample of
veterans. Therefore, it is of interest to evaluate the efficacy
of rTMS for the treatment of MDD with comorbid PTSD
and the benefit of its clinical use.

Although evidence is limited, 5 Hz rTMS to the left

DLPFC and 1 Hz rTMS to the right DLPFC have shown po-
tential for treatment of comorbid MDD and PTSD. An early
small open-label study suggests that left-sided rTMS with
a frequency of either 1 Hz or 5 Hz showed clinically sig-
nificant antidepressant effect but only minimal improve-
ment in PTSD symptoms in patients with comorbid MDD
and PTSD [39]. In a double-blind, cross-over, sham-con-
trolled study, twenty 30-minutes sessions of LF-rTMS (1
Hz) of the right DLPFC showed a larger effect size of im-
provement in hyperarousal symptoms than did sham in-
tervention [40]. A retrospective chart-review study [41]
and a prospective, open-label trial [42] conducted by the
same group found that 5 Hz rTMS of the left DLPFC could
significantly reduce symptoms of both PTSD and MDD. In
the latter trial, among 35 patients who received up to 40
treatment sessions with 3,000—4,000 pulses/session at
120% RMT, 23 participants (48.6%) met a pre-defined
PTSD response criterion, 15 (42.9%) showed response,
and 12 (34.3%) showed remission of MDD [42]. Excessive
frontal theta activity and abnormal beta activity modu-
lation by the former were reported to be related to the in-
tensity of negative emotional experience in PTSD [43];
thus, the 5 Hz frequency, that approximates theta band
signals (4 —7 Hz) on electroencephalography (EEG), has
been studied for its potential to modulate abnormal brain
activity in PTSD [41].

Several RCTs have suggested right-sided HF-rTMS
[44,45] and iTBS [46] to be possible effective treatment
options for PTSD. In these RCTs, although participants
were not necessarily having comorbid MDD, depressive
symptoms were highly prevalent and measured as an in-
dex of improvement after treatments. It is possible that
conventional HF-rTMS protocol or iTBS protocol is also
effective for the treatment of patients with comorbid MDD
and PTSD. Previous animal studies suggested an associa-
tion between right hypofrontality and hypoactivity of the
hypothalamic-pituitary-adrenal (HPA) axis in PTSD; there-
fore, the improvement in PTSD symptoms with right-sided
HF-rTMS is possibly the result of activation of the HPA ax-
is [45].

According to current evidence, it is difficult to recom-
mend a specific rTMS protocol for patients with comorbid
MDD and PTSD. Further well-designed RCTs would be
needed to evaluate the efficacies of different treatment
protocols and to validate the effectiveness of 5 Hz rTMS
and the right-sided excitatory rTMS.
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rTMS Protocols for Comorbid MDD and Substance
Use Disorder

To our knowledge, there have been no studies that fo-
cused on rTMS treatment for comorbid MDD and sub-
stance use disorder. However, HF-rTMS to the left DLPFC
might be considered as possible treatment candidate; it
has been reported that patients with cocaine use disorder
showed a significant reduction in the Beck Depression
Inventory (BDI) and the Symptom Checklist-90 Depression
subscale scores after four weeks of left-sided HF-rTMS
[47]. A systematic review and meta-analysis that included
26 RCTs concluded that HF-rTMS of the left DLPFC ap-
pears to be effective in reducing craving and substance
consumption in patients with alcohol, nicotine, and illicit
drug dependence [48]. The left DLPFC has been assumed
to be involved in reward-based motivation [49], and hy-
poactive left DLPFC has been observed in those with sub-
stance dependence while they were performing cognitive
tasks [50]. Because HF-rTMS of the left DLPFC has been
considered as first-line therapy in patients with MDD, we
believe this could be a potential treatment option for those
with comorbid MDD and substance use disorder. Never-
theless, it would be best to avoid excitatory HF-rTMS when

Using biomarkers to predict rTMS
response? e
(fMRI, SPECT, PET, qEEG, fNIRS, HRV)

patients are withdrawing from alcohol use because they
have a low seizure threshold.

REQUIREMENT AND TIMEPOINT
FOR CONSIDERING A CHANGE
IN PROTOCOL

When patients show limited improvement in symp-
toms, as determined using a structured evaluation tool
(e.g., HAMD-21, BDI-II, etc.), after 10 sessions of stand-
ardized rTMS treatment, it is a time to consider a change
in current protocol. Specifically, a retrospective study re-
ported that a lack of clinical response (i.e., < 20% im-
provement in self-rated [BDI-II] scores) could predict poor
response to rTMS treatment with 88% accuracy [51]. In
addition, several patient- and illness-related factors, in-
cluding absence of concomitant treatment with medi-
cation, long duration of current depressive episode, and
presence of psychotic depression, older age, and high de-
gree of treatment resistance, could be predictors of poor
rTMS treatment responses (reviewed by Kar [52]). Further-
more, in a recent study evaluating the efficacy of iTBS, it
showed that 20% improvement in the first week was the

MDD patients

Psychiatric comorbidities?
Biomarker available?

No Yes

HF-left or LF-right rTMS
Bilateral rTMS

Consider personalized
protocol

\/

Improved 20% clinical
symptoms in the first
1-2 weeks

Yes No

Continuing current protocol
for at least 20 sessions

Considering switching
protocols

Fig. 1. Proposed paradigm for repetitive transcranial magnetic stimulation (rTMS) treatment in major depressive disorder (MDD) patients based on

clinical conditions.

fMRI, functional magnetic resonance imaging; SPECT, single-photon emission computerized tomography; PET, positron emission tomography;
qEEG, quantitative electroencephalography; fNIRS, functional near-infrared spectroscopy; HRV, heart rate variability; HF, high-frequency; LF,

low-frequency.
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best predictor to the final antidepressant effects at second
week [53]. Clinical experience suggests that 20 sessions
should be conducted before declaring treatment failure
and that some patients even need their treatment to be ex-
tended to 25 —30 sessions for symptom improvements to
occur [1]. However, non-responders, if identified early
on, can be offered a switch of protocol, or an alternative
treatment plan, which could improve the possibility of
success.

ALTERNATIVE PROTOCOLS WHEN
PATIENTS SHOW NO RESPONSE TO
UNILATERAL rTMS

Firstly, in non-responders to HF-rTMS of the left DLPFC
or LF-rTMS of the right DLPFC, shifting to LF-rTMS of the
right DLPFC or HF-rTMS of the left DLPFC, respectively, is
a straightforward decision (Fig. 1), which is recommended
by the Canadian Network for Mood and Anxiety Treatments
(CANMAT) [1]. Furthermore, the CANMAT recommends
bilateral rTMS of the DLPFC (left HF and right LF in one
session), which showed level 1 evidence, as the sec-
ond-line treatment. Otherwise TBS could be considered
as an alternative approach.

Bilateral rTMS Using Low Frequency for the Right
DLPFC Followed by High Frequency for the Left DLPFC
It seems reasonable that sequential bilateral rTMS would
be more effective than unilateral rTMS on the basis of the
prefrontal asymmetry theory of MDD (i.e., hypoactivity of
the left and hyperactivity of the right DLPFC, each pre-
sumably responsible for different symptom clusters) [9].
However, several previous studies (reviewed by Lefaucheur
et al. [6]), except the one conducted by Blumberger et al.
[54], have failed to demonstrate that the efficacy of bi-
lateral stimulation is superior to that of unilateral stim-
ulation, and hence, bilateral rTMS received a “probable
efficacy” recommendation from a group of European ex-
perts [6]. In a study conducted by Blumberger et al., only
bilateral rTMS (600 pulses at 1 Hz on the right DLPFC fol-
lowed by 1,500 pulses at 10 Hz on the left DLPFC), but
not unilateral HF-rTMS of the left DLPFC (2,100 pulses at
10 Hz), produced significantly greater antidepressant ef-
fects than did the sham procedure in terms of remission or
response (as measured using the HAMD-17 score). Two
recently NMAs [14,55] directly compared the efficacies

among different protocols of rTMS and demonstrated that
the efficacy of bilateral rTMS is superior to that of the
sham procedure (OR, 3.69—4.92), even though the au-
thors reported a lack of difference in the efficacies be-
tween bilateral rTMS and right-sided LF-rTMS or left-sided
HF-rTMS. Therefore, the use of bilateral rTMS could be an
alternative for the treatment of patients with MDD who
did not show adequate response after 10 sessions of con-
ventional unilateral rTMS protocol.

TBS and Potential Mechanism of Its Effects on the Brain
TBS, a novel rTMS pattern described by Huang et al.
[56], is thought to induce more rapid and long-lasting ef-
fects on synaptic plasticity than are conventional rTMS
protocols [57]. There are two TBS patterns that modulate
cortical activity differentially. The cTBS is intended to re-
duce cortical excitability with the use of uninterrupted
pulses, while the iTBS is administered by alternating the
application of 10 bursts and non-stimulation intervals of 8
seconds [58]. The iTBS produces long-term potentiation-
like effects, whereas cTBS produces a long-term depres-
sion-like cortical excitability reduction. The TBS proto-
cols were proposed to offer the potential advantage of
producing similar (if not larger) effects on cortical excit-
ability and plasticity as do the conventional HF-/LF-rTMS
protocols, but for a markedly shorter session duration
(e.g., 3 minutes for an iTBS protocol vs. > 30 minutes for
a standard rTMS session) [16]. However, in a recent posi-
tron emission tomography (PET) study, Li et al. [59] found
that TBS work by modulating fronto-cingulate circuit in
TRD rather than directly affects the targeting DLPFC.

Efficacy of TBS Against Depression

Several randomized trials that targeted the left DLPFC
with iTBS and biTBS (left iTBS and right cTBS), but not
with right cTBS alone, have shown that their efficacy is su-
perior to that of sham stimulation in patients with depres-
sion (Table 3) [6,60-64]. Specifically, a large, random-
ized, multicenter, non-inferiority trial (N = 414) was con-
ducted in patients with MDD using a practical real-world
approach [65]. Efficacy of three-minute iTBS sessions
(120% RMT, 600 pulses/session) was found to be non-in-
ferior to that of the standard FDA-approved 37.5 minutes
10 Hz sessions in reducing depressive symptoms and
self-reported measures of depression and in improving re-
sponse and remission (49% and 32%, respectively, for the
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iTBS treatment group). iTBS administered using the pa-
rameters described in this trial was also approved for the
treatment of MDD by the FDA. In addition, two recently
published NMAs [14,55] directly compared efficacies
among different modalities of rTMS/TBS and demon-
strated that the efficacy of TBS (OR, 2.54), iTBS (OR,
3.20), or biTBS (OR, 4.44) is superior to that of sham
treatment. Therefore, the use of TBS (either iTBS over the
left DLPFC or biTBS over the bilateral DLPFC) could also
be an alternative for the treatment of patients with MDD
who did not show adequate response after 10 sessions of
conventional HF-rTMS protocol. However, there has
been few studies investigating the effects of TBS in MDD
patients with other psychiatric comorbidities, even though
recent data has indicated effectiveness of iTBS in reduce
craving in substance-use disorders [66] and treating PTSD
[46,67].

BIOMARKERS THAT PREDICT
RESPONSE TO rTMS/TBS TREATMENT

Neuroimaging Correlates and Predictors of Treatment
Responses

PET and single-photon emission computerized tomog-
raphy (SPECT) studies have found increased regional cer-
ebral blood flow (rCBF) in the prefrontal and limbic re-
gions following a course of rTMS [68,69]. First, Paillere
Martinot et al. [70] found that at baseline, resting glucose
metabolism on FDG-PET was lower in the left orbito-
frontal cortex (OFC) and higher in the amygdala of rTMS
non-responders than in those of responders. In addition,
using a word generating task, Hernandez-Ribas et al. [71]
found that small baseline functional magnetic resonance
imaging (fMRI) deactivations in the right perigenual ante-
rior cingulate cortex (ACC), left medial OFC, and left mid-
dle frontal gyrus were correlated with reduced depression
severity following an HF-rTMS treatment, as were big acti-
vations in the left putamen. Furthermore, Baeken et al.
[72,73] found that higher levels of glucose metabolism in
the DLPFC, ACC [72], and subgenual AAC (sgACC) [73]
were related to better clinical response to both standard
and accelerated HF-rTMS applied on the left DLPFC,
respectively. Moreover, their study showed that clinical
response corresponded to reduced activity in the sgACC
following rTMS therapy [73], a finding indicating the cen-
tral role of sgACC in response to depression treatment. On

the contrary, LF stimulation to the right DLPFC has been
found to elicit reduced rCBF in the right prefrontal cortex,
left mediotemporal cortex, basal ganglia, and amygdala
[69]. Superior responses to 1 Hz rTMS have been linked
to the presence of a high rCBF at baseline in the left pre-
frontal regions, OFC, sgACC, insula, and limbic regions
[74]. Furthermore, improvement in depressive symptoms
was found to be related to a decrease in rCBF in the right
prefrontal cortex, OFC, and right sgACC as well as the
right putamen and insula [75].

In addition to regional activity markers, resting state
functional connectivity of the sgACC has also been in-
dicated as a potential correlate and predictor of rTMS
treatment response. Specifically, Liston et al. [76] exam-
ined the relationship between rTMS treatment response
and intra- or inter-neuro-network and found that hyper-
connectivity of the sgACC with both default mode and
central executive networks at baseline independently pre-
dicted better clinical outcomes. Moreover, Fox et al. [77]
have suggested that a stronger negative connectivity be-
tween the DLPFC and sgACC at baseline may be related to
better outcomes of rTMS treatment. These studies poten-
tially implied the possibility of developing practical ap-
proaches for individualized rTMS targeting on the basis of
sgACC connectivity [78]. Using a rostral ACC engage-
ment task, Li et al. [79] reported that modulated prefrontal
theta, which correlated with glucose metabolism in the
rostral ACC, at baseline was able to predict antidepressant
efficacy of 10 Hz rTMS to left DLPFC.

Functional near-infrared spectroscopy (fNIRS) is a re-
cently developed functional neuroimaging technology
that allows non-invasive measurements of the spatio-tem-
poral characteristics of neural activity in frontotemporal
regions [80]. While fNIRS has lower spatial resolution
than does fMRI, it has several advantages over the existing
imaging techniques, including PET, SPECT, and fMRI [81],
because it is non-invasive, easy to perform, tolerates small
movements, is inexpensive, and provides excellent time
resolution [82]. Moreover, fNIRS provides a bedside meas-
urement of oxy-hemoglobin (oxy-Hb) and deoxy-hemoglobin
(deoxy-Hb) concentrations, which are thought to indicate
regional cerebral blood volumes and show strong correla-
tions with fMRI signals [83]. Following this principle,
fNIRS may be applicable to some of the unique research
problems associated with neuropsychiatric disorders
[84-86]. However, only few fNIRS studies focusing on its
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utility in predicting rTMS treatment response in patients
with MDD have been published. Eschweiler et al. [87]
found that absence of a task-related increase in total he-
moglobin concentrations in the left DLPFC before the first
active rTMS could significantly predict the clinical re-
sponse to active rTMS. Furthermore, Shinba et al. [88] re-
corded the frontal hemoglobin concentration (fHbC) dur-
ing stimulation at the beginning and end of the TMS treat-
ment using fNIRS and found that at the end of the stim-
ulation, an increase in fHbC during stimulation was neg-
atively correlated with the severity of depression and pos-
itively with an improvement in symptoms. Even though
the results of using neuroimaging biomarkers to predict
TMS treatment response is promising, several factors con-
found the accurate interpretation of findings across these
studies, particularly in terms of variations in treatment pa-
rameters, imaging modalities, sample sizes, and ana-
lytical approaches. Replication and prospective examina-
tion of findings in future studies are warranted. At present,
direct implementation of these predictive biomarkers is
not clinically practical.

EEG Correlates and Predictors of Outcome

EEG is a graphic representation of the difference in volt-
age between two distinct brain points. Several EEG fea-
tures or parameters have been studied intensively to pre-
dict patients with depression who may respond to TMS
treatment. For instance, using the following resting state
EEG (rsEEG) metrics, responders were distinguished from
non-responders: higher (anterior) peak individual alpha
frequency (IAF) values, lower power in the fronto-central
theta frequency band, smaller P300 amplitudes in the par-
afacial zone (Pz) during task, and increased prefrontal del-
ta and beta cordance values [89]. However, in a later rep-
lication study, no significant differences between res-
ponders and non-responders were found in the IAF, fron-
tal theta frequency band, or P300 amplitude [90]. In addi-
tion, some studies found that EEG asymmetry and back-
ground alpha (8 —13 Hz) activity were not sufficient to
predict response to HFL-rTMS [91], whereas other studies
demonstrated a negative correlation between the back-
ground alpha power in the bilateral parieto-temporal re-
gions and the change in the Beck Depression Inventory-
Short Form (BDI-SF) scores, after HF-rTMS of the left
DLPFC [92]. Moreover, another study showed that an in-
crease in low-theta band power in the sgACC at baseline

predicted response to rTMS [93].

Cordance is a product of several algorithms involving
absolute and relative EEG powers and has been shown to
correlate well with cerebral perfusion and metabolism
[94]. Two studies have found that an early change in
quantitative EEG (QEEG) theta cordance could be a pre-
dictor of response to rTMS treatment administered to the
prefrontal regions [95,96]. Moreover, Erguzel et al. [97]
demonstrated that by applying the machine learning
method based on artificial neural network, frontal slow
band (delta and theta) cordance at baseline could be a
predictor of response to rTMS with approximately 90%
overall accuracy. Recently, several other novel EEG bio-
markers such as permutation entropy or cumulative brain
engagement index (cBEI) have been proposed. Permutation
entropy is a non-linear measure that quantifies the com-
plexity, or the irregularity, of a particular system and has
been hypothesized to have higher predictive power for
rTMS treatment response than have been other linear
methods (such as frequency-based analysis) because of
the complex non-linear characteristics of cerebral func-
tions and neural processes [98]. Specifically, Shalbaf et al.
[98] found that, within 7 days of initiating a course of
rTMS (n = 62), treatment responders had a significantly
higher entropy value than did non-responders, partic-
ularly in the prefrontal regions. In addition, a study by
Isserles et al. [99] found significant group differences in
two channel-derived cBEl after the first few rTMS treat-
ment session between patients with depression who even-
tually responded and those who did not. Overall, while
there are a number of promising EEG markers associated
with positive rTMS treatment outcomes in patients with
depression, currently there is insufficient data for the ap-
plication of any of them in clinical practice. Results of a
recent meta-analysis also underscore the current unavail-
ability of sufficient evidence to recommend the use of
EEG for guiding rTMS or other psychiatric treatment deci-
sions at the present time [100].

Heart Rate Variability as a Biomarker for Response to
rTMS

It is also well known that the autonomous nervous sys-
tem in patients with MDD is often dysregulated, ex-
pressed as an overall high heart rate (HR) and low heart
rate variability (HRV) [101,102], which has been reported
to be normalized after neuromodulation treatment [103].
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Several studies have reported HR deceleration and HRV
enhancement after the stimulation of the DLPFC using
rTMS and transcranial direct current stimulation [104],
which indicates that there is possibility for application of
HRV as biomarkers to predict TMS treatment response.
Several HRV parameters have been used in previous re-
searches: within the frequency domain, absolute very low
frequency power (VLF: 0.0033 — 0.04 Hz), low frequency
power (LF: 0.04—0.15 Hz), and high frequency power
(HF: 0.15—0.4 Hz) were calculated in ms?, as well as the
ratio of low frequency power to high frequency power
(LF/HF); the standard deviation of the NN (RR) intervals
(SDNN) and root mean square of the successive differ-
ences (RMSSD) were taken within the time-domain.
Currently, there are only two studies investigating this
topic. Specifically, Udupa et al. [105] compared meas-
ures of cardiac autonomic function between patients with
depression after two weeks of rTMS therapy and one
month after selective serotonin reuptake inhibitor therapy
(i.e., escitalopram 10 mg per day), and they found that
rTMS therapy is associated with improvements in HRV
measures including SDNN, LF, HF, LF/HF in patients with
depression. This improvement was only observed in those
treated with rTMS but not with escitalopram. In another
study by Iseger et al. [106], they found a trend toward an
association between HR deceleration and treatment response,
which explains 26% of the variance. Furthermore, several
measures of HRV including LF, HF, SDNN, RMSSD were
significantly higher during iTBS sessions than during
sham sessions. Their data suggest that the larger the auto-
nomic changes induced at baseline, the better the clinical
response after 30 sessions of iTBS. In the future, more
studies focusing on this topic are needed to confirm the
usefulness of HRV parameters in predicting rTMS treat-
ment responses.

LIMITATIONS AND FUTURE DIRECTIONS

Although the efficacies of rTMS and TBS for the treat-
ment of depression have been proven by RCTs, few stud-
ies focused on psychotic depression, elderly, child, and
adolescent populations, and patients comorbid with other
psychiatric disorders such as anxiety disorder, PTSD, or
substance abuse. In addition, none of the studies directly
compared different rTMS treatment protocols in patients
with MDD. Even though several NMAs provided the com-

parative efficacy of different rTMS protocols and TBS,
there are still some limitations we should be cautious
about when interpreting their results [107]. Moreover,
findings of studies that investigated biomarkers for the
prediction of response to rTMS/TBS in patients with MDD
are not consistent or are scarce or limited by small sample
sizes. Therefore, more studies focusing on this topic with
larger numbers of patients are warranted.

CONCLUSIONS

Patients with MDD commonly have other psychiatric
comorbidities, and personalized rTMS treatment plans are
warranted to enhance the treatment responses. Switching
rTMS protocols adequately may increase the possibility of
treatment response. However, there are still limited num-
bers of TMS studies focusing on each specific psychiatric
comorbidity in MDD patients, and more studies are need-
ed to confirm the most optimal parameters for corre-
sponding conditions. Moreover, understanding the bio-
markers of patients with depression that could predict re-
sponse to rTMS is important. However, currently there are
still no reliable neurophysiological or neuroimaging bio-
markers that could predict treatment response, which
warrants future research.
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