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6.1 Introduction

Major depressive disorder (MDD) is the leading cause of mental health related dis-
ability worldwide, with an increase in prevalence of more than 18% in the past
decade. Clinical treatment based on pharmacotherapy, psychotherapy, or both is
limited in its effectiveness, particularly if therapy-resistance, chronicity, or adverse
effects come into play. Repetitive transcranial magnetic stimulation (rTMS) has
undergone intensive research, becoming one of the most important nonpharmaco-
logical treatment options in MDD. In 2008, rTMS was approved by the FDA as a
therapy for treatment-resistant depression (TRD) in the USA and since then it has
been approved in other countries, including Canada, Australia, Brazil, and several
European countries [1]. Moreover, rTMS is considered a first-line treatment accord-
ing to current North American and European guidelines. Besides the initial rTMS
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treatment protocols, recently, theta burst stimulation (TBS) and H1-coil TMS have
been FDA-cleared for the treatment of MDD.

In this chapter, we discuss current state-of-the-art treatment of depression with
r'TMS and summarize findings from trials focusing on efficacy, maintenance treat-
ment and long-term outcomes in MDD, combinatory treatments, and personalized
and stratified treatment, including treatment of MDD subpopulations and vulnera-
ble populations, as an avenue to precision medicine.

6.2 The Rationale of Using rTMS in Depression

The causes of depression are manifold, including neurophysiological dysregulation,
genetic vulnerability, and impaired mood regulation. One of the key findings that
are relevant for the application of TMS is the observation of distinct changes in the
prefrontal cortex (PFC) of patients with depression. The rationale of using noninva-
sive brain stimulation applied to the PFC for depression is based on the premise that
certain stimulation parameters can enhance, or at least modify, brain activity in the
targeted brain area. The dorsolateral PFC (DLPFC) has become the most prominent
r'TMS target area in MDD, not only since early rTMS studies, but also in more
recent, pivotal trials [2]. The DLPFC is part of the frontoparietal network (FPN),
which is implicated in the regulation of a multitude of processes such as decision-
making, working memory, and attention. The DLPFC is thought to be hypoactive in
clinically depressed patients [3]. Moreover, hypoconnectivity of the FPN is associ-
ated with hyperconnectivity of the default mode network (DMN), which may pro-
mote negative emotional bias, dysfunctional self-referential processing, and
rumination [4]. Stimulation of the left DLPFC with high-frequency rTMS
(HF-rTMS) has been suggested to normalize the functional balance between neural
networks, e.g., downregulate connectivity within the DMN, the left DLPFC and
insula, and between the salience network and the hippocampus, which has been
shown to be associated with an improvement of depressive symptoms. This ratio-
nale has been supported, to some extent, by neuroimaging studies in depressed
patients receiving rTMS although replication is warranted [5, 6]. Furthermore,
reaching a “normal” homeostasis again between cortico-subcortical networks may
normalize the known endocrinological disturbances documented in MDD [7].

6.3  The Role of Cognition in rTMS Applications

So far, cognitive outcomes in the context of rTMS depression treatment have pri-
marily been explored to confirm that rTMS is safe. Indeed, with few exceptions,
most single session studies showed no adverse cognitive effects of rTMS [8].
Interestingly, MDD itself is often characterized by specific cognitive deficits,
including attention, memory, and executive function deficits, and recent meta-
analyses not only showed that rTMS techniques are cognitively safe but also that
rTMS may even be associated with specific cognitive improvements in MDD
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patients. Hence, the rTMS depression treatment targeting the PFC may exert pro-
cognitive effects, enhancing cognitive performance specifically in specifically in
those functions that are considered vulnerability factors to MDD. Nevertheless,
although some studies reported such cognitive improvements in depression after
rTMS [9], others failed to find such beneficial cognitive changes [10]. In any case,
systematically evaluating and tracking cognitive changes may provide valuable
insights into the mechanisms of action by which DLPFC rTMS exerts its antide-
pressant effects. It may, e.g., be the case that the cognitive changes induced by
rTMS drive or, at least, mediate the improvement in depression symptoms, rather
than being an independent side effect or a consequence of the antidepressant treat-
ment. In line with this, Harty and colleagues [11] recently described how variability
in neural circuits, for example, associated with cognitive functioning, may play a
critical role in mediating or moderating the influence of brain stimulation on behav-
ioral changes, such as depression.

6.4  State-of-the-Art rTMS Treatment for MDD
6.4.1 Treatment Recommendations for TMS Therapy

Over the past three decades, two different rTMS approaches for the treatment of
major depressive episodes have emerged based on some older theories on the hemi-
spheric lateralization of emotional processes: either high-frequency rTMS
(HF-rTMS) delivered to the left DLPFC (aimed at correcting an alleged hypoactiv-
ity) or low-frequency rTMS (LF-rTMS) applied to the right DLPFC (aimed at
reducing an alleged hyperactivity) [12]. However, current insights into the working
mechanisms of rTMS do not follow these lateralization assumptions anymore.
Although LF-rTMS or bilateral rTMS (delivering sequentially HF-rTMS over the
left DLPFC and LF-rTMS over the right DLPFC) may not have the FDA approval
yet or have not reached the Level A in the European guideline recommendations,
both rTMS approaches have shown significantly better results than sham in the
majority of studies and future large, randomized, controlled studies may indicate
similar efficacy as with HF-rTMS over the left DLPFC. Indeed, a recent network
meta-analysis showed a higher response to real vs. sham stimulation condition for
bilateral prefrontal rTMS (and intermittent TBS or iTBS), LF-rTMS of the right
DLPFC, and HF-rTMS of the left DLPFC [13].

Notably, response and remission to rTMS alone have similar efficacy compared
to antidepressant medication, and the magnitude of clinical effects remains modest.
In a recent network meta-analysis, the efficacy and tolerability of 8§ rTMS modali-
ties and sham, including 81 studies and 4233 patients, were evaluated. Some rTMS
strategies were more effective than sham [14]. However, none of the active rTMS
strategies was significantly superior to another. This highlights the need for identi-
fying subgroups of patients more prone to respond to specific rTMS strategies and
better understanding TMS’ mechanisms of action.
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6.4.2 Intensifying rTMS Protocols

One major drawback of current treatment options is the extended time of up to 2
weeks that is needed for effects to unfold. This has led to the development of accel-
erated high-frequency rTMS (aHF-rTMS) and accelerated intermittent Theta Burst
Stimulation (aiTBS), novel stimulation protocols that apply multiple daily sessions
(with at least 600 pulses per session), thereby reducing the total treatment time [15].
From a clinical perspective, the aim was also to challenge response and remission
rates as observed with electroconvulsive therapy (ECT). Using excitatory stimula-
tion paradigms over the left DLPFC, aHF-rTMS and aiTBS seem to yield similar
remission and response rates as daily rTMS, but still do not reach the remission and
response rates of ECT. Increasing the number of rTMS sessions over the left DLPFC
may further improve clinical outcomes and reduce treatment time. Furthermore,
increasing the number of stimulation sessions over the dorsomedial PFC (dmPFC)
is associated with a similar clinical response, adding to a significantly faster onset
[16]. This agrees not only with clinical observations using aHF-rTMS [15] and
aiTBS [17] but also with a recent pilot study [18] showing that high dose aHF-rTMS
(i.e., 10 sessions per day) over the left DLPFC for 5 days results in acute response
and remission in high TRD.

These recent findings underline the value of novel protocols in terms of a much
faster alleviation of depressive symptoms with respect to time (note that the number
of sessions remains the same). The most important clinical challenge will therefore be
to validate and further optimize the stimulation parameters while still reaching com-
parable response and remission rates at or beyond the level that is observed with ECT.

6.4.3 TMS Coil Geometry, Orientation, and Position

The geometry of a coil determines stimulation focality as well as depth of the elec-
tric field. Since the beginning of TMS, many different coil geometries have been
investigated. For the treatment of depression, the most prevalent coil to date is the
figure-of-eight coil; however, recent developments suggest the use of novel coil
geometries, including the double cone coil and the H-coil. These latter two coils
allow modulation of deeper brain areas such as the dorsomedial prefrontal cortex
(dmPFC) or anterior cingulate, albeit also being less focal.

The double cone coil features two windings that are set apart at a defined angle
(e.g., 120°): its specific geometry is thought to lead to higher current in the central
fissure resulting in a more efficient stimulation targeting the dmPFC and/or the
more dorsal parts of the ACC. The rationale behind this approach lies in the involve-
ment of the dmPFC in affective, sensory autonomic, cognitive, and salience regula-
tion. The double cone coil has also been used to target the right orbitofrontal cortex
in depression [19], where it was shown that 30% of nonresponders to DMPFC
rTMS did respond to stimulation at this target, offering hope for stepped-care
approaches in TMS, which could enhance efficacy.
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The “H-coil” is thought to stimulate up to a depth of 4-6 cm and was therefore
introduced as deep TMS (dTMS). Phantom measurements have shown that while
H-coils (e.g., the H1 coil for depression) reach deeper targets, they also provide less
focal stimulation, following the well-known trade-off between depth (or intensity)
and focality of TMS [20]. In 2013, based on the findings by Levkovitz and col-
leagues [21], the FDA approved the first dTMS device (featuring an H1-coil) for the
use in patients with TRD. In this RCT with 212 MDD outpatients, remission rates
were higher in the dTMS (32.6%) compared to the sham group (14.6%), and were
stable during the 12-week maintenance phase. Moreover, dTMS appears to be well
tolerated and efficacious in late-life depression [22] and showed to be potentially
effective as add-on treatment in resistant bipolar depressed patients [23]. To date,
there is only one randomized head-to-head comparison of effectiveness between
dTMS and standard rTMS using the figure-of-eight coil [24]. Here, the authors
demonstrated that, when depressed patients did not respond, or only partly
responded, to classical antidepressant medications, neurostimulation add-on or aug-
mentation could be beneficial for the majority of them, with a slightly better out-
come for the H1 dTMS coil compared to the more commonly used figure-of-eight
coil. Of course, this finding warrants replication.

An often underexplored aspect in the application of rTMS is the orientation of
the coil. It is known from primary motor cortex stimulation that a deviation of the
45° orientation of the coil can make a significant difference (“angular sensitivity”),
for instance, in observing or not a motor evoked potential (MEP) [25]. Similar
research investigating the relevance of coil orientation over the DLPFC using Near
Infra-Red Spectroscopy (NIRS) showed that a blood-oxygenation response could
only be measured at an angle of 45° to the midline [26], confirming the approach
that has been adopted in most clinical trials to date.

The correct positioning of the coil is critical in terms of which underlying brain
area is stimulated. Even slight changes in coil positioning can lead to large varia-
tions in clinical response. In order to ensure reliable stimulation of the identified
targets throughout the treatment period, different coil positioning methods are used,
with varying levels of cost versus clinical effectiveness: (1) the 5-cm-rule; (2) stim-
ulation over F3 in accordance with the 10-20 EEG system; (3) the Beam F3 method
and (4) MRI-based TMS guided by individual fiducials or neuronavigation. The
5-cm-rule has been the standard approach used for almost two decades. Here, the
administrator applies a single TMS pulse to the primary motor cortex to cause an
observable muscle twitch or a motor evoked potential (MEP) for indexing the exact
coil position within the motor system (the so-called motor hotspot). The TMS
depression treatment target is then defined relative to this “functional marker” by
simply shifting the TMS coil in the anterior direction, parallel to the midline, by
5 cm (sometimes also 6 cm). However, this approach is critically viewed, as it does
not account for interindividual anatomical differences. Stimulation over F3 follows
the 10-20 EEG system and therefore considers individual differences in head size.
Here, the TMS coil is positioned at EEG electrode position F3, which is thought to
correspond to the DLPFC. Recently, the Beam-F3 method has been proposed as a
new method [27], which does take individual differences in skull size into account
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and is based on the 10-20 EEG location F3 or F4. Free software to easily apply this
method can be found at: http://www.clinicalresearcher.org/software.htm. This
method has been shown to lead to an adequate determination, with a minimal dis-
crepancy, compared to MRI-neuronavigated location determination [28].

However, MRI-based TMS is thought to be the most precise coil positioning
approach, as it is based on the neuroimaging data of individual patients or a tem-
plate. Frameless stereotactic systems allow precise (online) neuronavigation of a
predefined brain area. However, the question of whether higher precision is associ-
ated with increased clinical efficacy continues to be discussed.

6.5 Real-Life Outcomes, Durability and Maintenance
rTMS (mTMS)

Concerning the effectiveness of clinical outcomes, several large open-label stud-
ies have addressed the real-life clinical effects of rTMS. It seems that rTMS can
be considered an effective treatment within research and naturalistic settings, with
clinical benefits translating well into clinical practice. Additionally, in combina-
tion with psychotherapy or other treatment modalities, response and remission
rates may have the potential to further increase and lead to sustained and durable
effects.

Several large open-label studies have addressed the long-term effects of rTMS. In
a large multicenter study with 307 treatment-resistant MDD patients applying HF
L-DLPFC TMS, Carpenter and colleagues [29] reported response rates of 58% and
37% remission. Another large open-label study in 1132 patients demonstrated simi-
lar effects to Carpenter et al. with 46% response and 31% remission rates using
several TMS protocols, mainly HF L-DLPFC and LF R-DLPFC rTMS [30]. In an
extension of the Carpenter et al. study, good long-term effects were observed [31],
the majority of patients (62.5%) continued to meet response criteria at a 12-month
follow-up.

Although guidelines on the topic are lacking to date, maintenance rTMS (mTMS)
has been suggested to prolong positive clinical effects. mTMS consists of an ongo-
ing treatment at a lower rate—a similar approach that is used in ECT—and is used
after a successful response to an acute course of rTMS. The frequency of mTMS
varies from distributed single sessions (weekly, biweekly, bimonthly, or monthly)
during the first 2-3 months after the end of the main treatment course, to short treat-
ment periods of daily mTMS (e.g., 1 week per month) or so-called clustered mTMS
(e.g., 5 sessions over a two-and-a-half-day period per month or every fifth week)
applied over 1, 2, 3, 9, 12 months and up to several years. Studies are highly hetero-
geneous in terms of design, with rather small sample sizes and lacking placebo
controls. Nonetheless, most patients show moderate to clear benefits with mTMS
compared to no treatment, achieving remission for up to 3 months to 5 years [32].
While applying clustered mTMS, Wang and colleagues [33] showed significantly
reduced relapse rates compared to a previous study that applied clustered mTMS
[34]. To date, there are no guidelines for mTMS. Although the protocol should be
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individualized clinically, a tentative maintenance protocol following a rTMS taper
(4 times weekly for 1 week, 3 times weekly for 1 week, 2 times weekly for
1-2 weeks) could consist of 1 session every 2 or 3 weeks for several months up to
several years, depending on the nature of the mood disorder, although this schedule
may not be sufficient for certain patients [35].

6.6 Combinatory Treatments

The rationale behind combining rTMS with other treatment approaches lies in the
assumption that concomitant stimulation on different levels (i.e., physiological,
cognitive, affective, behavioral) may result in synergistic effects.

6.6.1 Combining rTMS with Psychopharmacotherapy

An important issue concerns the relationship between rTMS efficacy and antide-
pressant intake. In general, patients undergoing rTMS continue to receive antide-
pressants. However, little is known about the impact of pharmacotherapy on rTMS
efficacy. Preclinical studies suggest that antidepressants, anticonvulsants, and ben-
zodiazepines influence cortical excitability. In humans, antidepressants appear to
facilitate neuroplastic effects of brain stimulation, whereas anticonvulsants and ben-
zodiazepines seem to have an inhibitory effect [36]. So far, rTMS studies in MDD
are very heterogeneous concerning concomitant pharmacotherapy, precluding a
comparison. Two questions are imminent: firstly, is there a difference between
rTMS and antidepressants in terms of therapeutic efficacy? And secondly, is there
an augmenting effect when under stable antidepressant therapy or is there an addi-
tive effect when introduced concomitantly as add-on therapy? However, currently,
it has not been clearly demonstrated that there is a differential antidepressant effi-
cacy between rTMS therapy performed alone vs. combined with antidepressants or
that there is a clear superiority of an “add-on” effect of the combined procedure
(Lefaucheur et al., in revision). It has to be noted that while in some studies patients
were unmedicated, other studies only allowed benzodiazepines or other specific
antidepressant medications to be continued during rTMS treatment, or medication
could be freely chosen, but had to be kept stable. As psychopharmacological treat-
ment is known to exert effects on both cortical excitability and neuroplasticity,
potential interactions of specific pharmacological regimes and rTMS should be fur-
ther investigated and henceforward exploited to achieve better clinical outcomes.

6.6.2 Combining rTMS with Psychotherapy

Within a naturalistic setting, rTMS can be considered an effective treatment and
clinical benefit appears to translate well into clinical practice. Additionally, in com-
bination with psychotherapy, response and remission rates may have the potential to
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increase further and sustain durable effects. In a large naturalistic study, Donse and
colleagues [37] reported that the simultaneous application of rTMS and psycho-
therapy in TRD resulted in a 66% response and a 56% remission rate at the end of
treatment with 60% sustained remission at a 6-month follow-up. Though promising,
randomized controlled clinical trials, as well as systematic research on combined
r'TMS-psychotherapy approaches, are needed.

6.6.3 Combining rTMS with Cognitive Training

Cognitive impairments can be observed in over 50% of depressed patients. They are
thought to be predictive for poor socio-occupational outcomes and to persist beyond
depression symptoms [38]. The persistence of cognitive symptoms and largely lack-
ing effects of pharmacological treatment on cognitive symptoms implies that the
two phenomena are dissociated and therefore require a more holistic treatment
approach. Cognitive training of working memory used on its own has shown prom-
ising effects [39]. However, it might be more effective when used as an add-on to
rTMS. This assumes that the application of rTMS during cognitively relevant brain
activity induces synergistic effects and therefore enhances cognitive training out-
comes. From a perspective of practicability, it appears feasible, as patients are usu-
ally unengaged during rTMS treatment.

6.6.4 Combining rTMS with Other (Non)invasive Brain
Stimulation Techniques

Although in the field of brain stimulation it is discussed to combine or to prime
r'TMS treatment with other (non)invasive brain stimulation techniques, for example,
(1) in order to increase clinical outcome, or (2) to use it as a maintenance treatment,
currently, no systematic studies have been conducted to investigate these
assumptions.

6.7 Personalized and Stratified Treatment as an Avenue
to Precision Medicine

A general issue in the field is the high interindividual variability of rTMS response
not only in clinical applications but also in experimental paradigms. Though not
allowing one-size-fits-all approaches, such variability may pave the way to person-
alized treatment: (1) adjusting rTMS to individualized targets and predictors based
on structural or functional connectivity [40, 41], see target engagement below; and
(2) applying closed-loop rTMS protocols targeting individual neurophysiological
markers. Furthermore, cognitive and clinical indices could be leveraged for several
purposes: (1) use as predictors to response to rTMS [42]; (2) cognitive changes can
provide insights on rTMS mechanisms of action, for instance, by exploring whether
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they mediate depression improvement. Unfortunately, to date, no reliable predictors
exist for response to rTMS in a clinically meaningful manner. Many individual stud-
ies have reported older age, high MDD severity, high anxiety, etc. to be predictors
of poor response; however, a recent large scale study using a strict discovery-repli-
cation approach could not replicate any of these associations, albeit only high anhe-
donia was associated with a lower response, but this did not meet prediction
accuracies suitable for clinical practice [42].

A complementary approach for addressing precision in psychiatry is stratifica-
tion with machine learning approaches and other advanced statistics. In the rTMS
field, such approaches have been conducted for symptom clustering and to define
subtypes of MDD. Based on clustering according to anxiety and anhedonia dimen-
sions and associated resting-state fMRI connectivity patterns, Drysdale and col-
leagues [43] identified and validated four biotypes, two of which were more
responsive to rTMS than the others. In contrast to standard protocols, however,
r'TMS was applied over the DMPFC using a double cone coil. Furthermore, a very
recent study failed to replicate the biotype solution of the prior report [44]. Kaster
et al. [45] published a secondary analysis of a noninferiority trial comparing 10 Hz
r'TMS and iTBS applying group-based trajectory modeling. Four response trajecto-
ries were identified: nonresponse; rapid response; higher baseline symptoms—Iin-
ear response; and lower baseline symptoms—Iinear response. The nonresponse
trajectory was associated with higher depression scores at baseline, and the rapid
response trajectory with older age, lower depression scores (i.e., self-rating) and
lack of benzodiazepine use. A recent meta-analysis, investigating EEG predictors
for antidepressant treatments, including rTMS, concluded that EEG is not clinically
reliable, mainly due to publication bias and lack of replication [46]. In conclusion,
while treatment prediction is a promising avenue and in line with notions of person-
alized medicine and Research Domain Criteria (RDoC), replication and focus on
clinical relevance (opposed to “statistical significance” only) need to be further
addressed in future studies [42, 46]. Besides true “prediction of response”, another
possibility is to optimize the stimulation targets by means of a focus on “target
engagement”.

6.7.1 Target Engagement

Target engagement comprises the use of a direct functional outcome measure as a
validation for targeting the optimal TMS location, whereby it can be demonstrated
that said location is activated, either directly or transsynaptically. In the same way,
as the motor cortex is identified by thumb movement as a demonstration of primary
motor cortex activation, such functional outcome measures are thus far lacking for
the prefrontal cortex or, more specifically, the DLPFC. One proposed method is by
extracting connectivity patterns to frontal areas using the sgACC as a seed region
[47]. Other studies hypothesize that the DLPFC could be more accurately targeted
with the aid of heart rate, so-called Neuro-Cardiac-Guided TMS (NCG-TMYS) [48].
The depression network and the brain—heart axis are interconnected, and a recent
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meta-analysis demonstrated that stimulation of the DLPFC systematically resulted
in reduced heart rate [49]. Iseger et al. [48] recently demonstrated that rTMS applied
to F4 and F3 locations resulted in the most significant heart rate decelerations, fol-
lowed by FC3 and FC4, whereas heart rate accelerations were found for central sites
overlying the primary motor cortex. Individual variation was also found, indicating
that the NCG-TMS method could be used to individualize stimulation targets, under
the assumption that transsynaptic activation of the sgACC indeed activates the
whole DLPFC-sgACC-Vagal nerve pathway that is involved in MDD. However, it
remains yet to be established how this correlates with treatment outcome and if such
targeting methods result in increased clinical efficacy.

6.7.2 Treatment of MDD Subpopulations
and Vulnerable Populations

Knowledge about the relevance of the type of depression for rTMS efficacy is rather
limited. In many rTMS studies, patients with both unipolar and bipolar disorder
were included, without resulting in any clear indication of differential response.
Notably, out of four RCTs [50] that included only patients with bipolar disorder,
only one was positive. Regarding bipolar depression, the published data appear to
be generally insufficient to draw definitive conclusions about its efficacy for this
condition. Albeit a major reason not to include bipolar patients in clinical trials,
there is currently no evidence to suggest that rTMS is associated with an increased
risk of hypomanic switch. Importantly, rTMS seems to be ineffective in cases of
MDD with psychotic features, a condition which is, on the other hand, a major clini-
cal indication of ECT. The application of rTMS in children and adolescents, as well
as in the elderly has not been studied extensively. However, the available studies,
mostly comprising relatively small samples, do not seem to differ in clinical effi-
cacy nor in tolerability or safety. Another vulnerable population is elderly individu-
als for whom efficacy of pharmacological treatment is known to be reduced and for
whom polypharmacy and interactions of medications pose additional health risks.
Some moderating factors possibly influencing clinical response to rTMS in the
elderly depressed include but are not limited to: (1) brain atrophy; (2) the intensity
and number of pulses (dose—response relationship); and (3) the clinical profile of
patients (including treatment resistance, somatic/melancholic and psychotic fea-
tures, a higher degree of cognitive impairment/dementia and medical comorbidity)
[51]. Furthermore, although the current data suggest that the clinical effects, safety,
and tolerability of TMS in adolescents may be similar to what has been described in
adults, one has to consider neurodevelopmental factors and the unknowns associ-
ated with TMS exposure in this particular group [52]. For patients with MDD and
Parkinson’s disease, a recent meta-analysis has shown clear antidepressant efficacy
of rTMS [52], indicating that medical comorbidities have no negative influence on
the antidepressant efficacy of rTMS.

r'TMS seems especially suited for the treatment of patients with contraindica-
tions for pharmacologic treatment, e.g., pregnant and breastfeeding women, or



74 A.-K.Bremetal.

patients with polypharmacotherapy or comorbid somatic disorders. The application
of rTMS in pregnant and breastfeeding women, for whom ECT or pharmacological
treatment poses larger risks and side effects than rTMS, is of specific importance.
Importantly, no negative pregnancy or fetal outcomes were found except for the
potential association with preterm birth and mild headache for mothers [53]. A fol-
low-up study of 30 mothers who had received rTMS for treatment of depression
during pregnancy in an open trial setting investigated possible long-term effects of
rTMS on offspring neurocognitive development [54]. No impairments were
observed in cognitive or motor development in children who were aged 18—62 months
at the time of the follow-up. The use of rTMS in postnatal depression was also
recently analyzed in a systematic review that extracted data between 1999 and 2018,
summing up 49 women [55]. Whereas higher frequencies correspond to increased
discomfort and potential increased dropout rates, decreased frequencies seem to
lead to less robust results.

6.8  Current Challenges and Future Directions

The main challenge in the treatment of depression lies in the large interindividual
variability in treatment response. Researchers worldwide are focused on identifying
personalized predictive factors and underlying mechanisms associated with response
and remission rates. Further challenges include the extended time it takes for clini-
cal effects to emerge and the lack of successful preventative strategies.

Future clinical research should therefore include large, controlled, noninferiority
r'TMS treatment studies comparing different stimulation localizations and the fur-
ther development of novel stimulation patterns, such as accelerated rTMS protocols,
that are thought to achieve a faster response. Moreover, our increasing knowledge
of underlying neuronal mechanisms of MDD and network interactions should not
only fuel the investigation of novel stimulation targets and development of coil
designs that allow reaching deeper brain structures but could also be key to the
development of more fine-tuned individualized treatment approaches. Future stud-
ies should further investigate synergistic effects of combinatory approaches, such as
the combination with psychotherapy, cognitive training, and pharmacological treat-
ment, to further enhance clinical outcomes and medium- to long-term antidepres-
sant effects of this technique.

6.9 Conclusions

Despite the worldwide application of rTMS in depressed patients, there is still a
large heterogeneity in the published data concerning the populations included and
the stimulation settings. They mostly apply to patients in an acute phase of a drug-
resistant MDD episode in the context of unipolar depression. A definite antidepres-
sant efficacy of HF-r'TMS of the left DLPFC (using either a focal figure-of-eight
coil or a deep H-coil) and a probable antidepressant efficacy of LF-rTMS of the
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right DLPFC is currently the most evidence-based documented treatment proposal.
Efficacy does not seem to differ significantly whether patients are concomitantly
treated by antidepressant medication. At this point, it has to be acknowledged that
r'TMS is an acute antidepressant intervention and that beyond the acute phase data
are limited with the exception of maintenance sessions [33].

Acknowledgments The Center for Research in Neuropsychology and Cognitive Behavioral
Intervention of the Faculty of Psychology and Educational Sciences of the University of Coimbra
is supported by the Portuguese Foundation for Science and Technology and the Portuguese
Ministry of Education and Science through national funds and co-financed by FEDER through
COMPETE2020 under the PT2020 Partnership Agreement [UID/PS1/01662/2013]. This work was
also supported by the German Center for Brain Stimulation (GCBS) research consortium (grant
number 01EE1403), funded by the Federal Ministry of Education and Research (BMBF), and by
a BOF16/GOA/017 grant for a Concerted Research Action of Ghent University (Belgium).

Financial support and sponsorship: None.

Conflicts of interest: CB, FP, and EP are members of the European Scientific Advisory Board
of Brainsway Inc., Jerusalem, Israel. FP has received speaker’s honoraria from Mag&More GmbH
and the neuroCare Group. His lab has received support with equipment from neuroConn GmbH,
Ilmenau, Germany, and Mag&More GmbH and Brainsway Inc., Jerusalem, Israel. MA reports
unpaid director and owner of Research Institute Brainclinics, a minority shareholder in neuroCare
Group (Munich, Germany), and a coinventor on 4 patent applications related to EEG, neuromodu-
lation and psychophysiology, but receives no royalties related to these patents; Research Institute
Brainclinics received research funding from Brain Resource (Sydney, Australia) and neuroCare
Group (Munich, Germany), and equipment support from Deymed, neuroConn, Brainsway, and
Magventure.

References

1. Brunoni AR, Sampaio-Junior B, Moffa AH, Aparicio LV, Gordon P, Klein I, et al. Noninvasive
brain stimulation in psychiatric disorders: a primer. Braz J Psychiatry. 2019;41(1):70-81.

2. Blumberger DM, Vila-Rodriguez F, Thorpe KE, Feffer K, Noda Y, Giacobbe P, et al.
Effectiveness of theta burst versus high-frequency repetitive transcranial magnetic stimula-
tion in patients with depression (THREE-D): a randomised non-inferiority trial. Lancet.
2018;391(10131):1683-92.

3. Kaiser RH, Andrews-Hanna JR, Wager TD, Pizzagalli DA. Large-scale network dysfunction
in major depressive disorder: a meta-analysis of resting-state functional connectivity. JAMA
Psychiatry. 2015;72(6):603—-11.

4. Williams LM. Precision psychiatry: a neural circuit taxonomy for depression and anxiety.
Lancet Psychiatry. 2016;3(5):472-80.

5. Philip NS, Barredo J, Aiken E, Carpenter LL. Neuroimaging mechanisms of therapeutic tran-
scranial magnetic stimulation for major depressive disorder. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2018;3(3):211-22.

6. Philip NS, Barredo J, van’t Wout-Frank M, Tyrka AR, Price LH, Carpenter LL. Network
mechanisms of clinical response to transcranial magnetic stimulation in posttraumatic stress
disorder and major depressive disorder. Biol Psychiatry. 2018;83(3):263-72.

7. Baeken C, De Raedt R. Neurobiological mechanisms of repetitive transcranial magnetic
stimulation on the underlying neurocircuitry in unipolar depression. Dialogues Clin Neurosci.
2011;13(1):139-45.

8. Kim TD, Hong G, Kim J, Yoon S. Cognitive enhancement in neurological and psychiatric
disorders using transcranial magnetic stimulation (TMS): a review of modalities, potential
mechanisms and future implications. Exp Neurobiol. 2019;28(1):1-16.



76

A.-K.Bremetal.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Martin DM, McClintock SM, Forster JJ, Lo TY, Loo CK. Cognitive enhancing effects of

rTMS administered to the prefrontal cortex in patients with depression: a systematic review
and meta-analysis of individual task effects. Depress Anxiety. 2017;34(11):1029-39.

Tortella G, Selingardi PML, Moreno ML, Veronezi BP, Brunoni AR. Does non-invasive brain
stimulation improve cognition in major depressive disorder? A systematic review. CNS Neurol
Disord Drug Targets. 2014;13(10):1759-69.

Harty S, Sella F, Cohen KR. Transcranial electrical stimulation and behavioral change: the
intermediary influence of the brain. Front Hum Neurosci. 2017;11:112.

De Raedt R, Vanderhasselt M-A, Baeken C. Neurostimulation as an intervention for treatment
resistant depression: from research on mechanisms towards targeted neurocognitive strategies.
Clin Psychol Rev. 2015;41:61-9.

Mutz J, Vipulananthan V, Carter B, Hurlemann R, Fu CHY, Young AH. Comparative efficacy
and acceptability of non-surgical brain stimulation for the acute treatment of major depressive
episodes in adults: systematic review and network meta-analysis. BMJ. 2019;364:11079.
Brunoni AR, Chaimani A, Moffa AH, Razza LB, Gattaz WF, Daskalakis ZJ, et al. Repetitive
transcranial magnetic stimulation for the acute treatment of major depressive episodes: a sys-
tematic review with network meta-analysis. JAMA Psychiatry. 2017;74(2):143-52.

Baeken C. Accelerated rTMS: a potential treatment to alleviate refractory depression. Front
Psychol. 2018;9:2017.

Schulze L, Feffer K, Lozano C, Giacobbe P, Daskalakis ZJ, Blumberger DM, et al. Number
of pulses or number of sessions? An open-label study of trajectories of improvement for
once-vs twice-daily dorsomedial prefrontal rTMS in major depression. Brain Stimulat.
2018;11(2):327-36.

Duprat R, Desmyter S, Rudi DR, van Heeringen K, Van den Abbeele D, Tandt H, et al.
Accelerated intermittent theta burst stimulation treatment in medication-resistant major
depression: a fast road to remission? J Affect Disord. 2016;200:6-14.

Williams NR, Sudheimer KD, Bentzley BS, Pannu J, Stimpson KH, Duvio D, et al. High-dose
spaced theta-burst TMS as a rapid-acting antidepressant in highly refractory depression. Brain
J Neurol. 2018;141(3):e18.

Feffer K, Fettes P, Giacobbe P, Daskalakis ZJ, Blumberger DM, Downar J. IHz rTMS of the
right orbitofrontal cortex for major depression: safety, tolerability and clinical outcomes. Eur
Neuropsychopharmacol. 2018;28(1):109-17.

Fadini T, Matthéus L, Rothkegel H, Sommer M, Tergau F, Schweikard A, et al. H-coil: induced
electric field properties and input/output curves on healthy volunteers, comparison with a stan-
dard figure-of-eight coil. Clin Neurophysiol. 2009;120(6):1174-82.

Levkovitz Y, Isserles M, Padberg F, Lisanby SH, Bystritsky A, Xia G, et al. Efficacy and safety
of deep transcranial magnetic stimulation for major depression: a prospective multicenter ran-
domized controlled trial. World Psychiatry. 2015;14(1):64-73.

Kaster TS, Daskalakis ZJ, Noda Y, Knyahnytska Y, Downar J, Rajji TK, et al. Efficacy, toler-
ability, and cognitive effects of deep transcranial magnetic stimulation for late-life depression:
a prospective randomized controlled trial. Neuropsychopharmacology. 2018;43(11):2231-8.
Tavares DF, Myczkowski ML, Alberto RL, Valiengo L, Rios RM, Gordon P, et al. Treatment
of bipolar depression with deep TMS: results from a double-blind, randomized, parallel group,
sham-controlled clinical trial. Neuropsychopharmacology. 2017;42(13):2593-601.

Filip&i¢ I, Simunovi¢ Filip&i¢ I, Milovac Z, Suci¢ S, Gajsak T, Ivezi¢ E, et al. Efficacy of
repetitive transcranial magnetic stimulation using a figure-8-coil or an H1-Coil in treatment of
major depressive disorder; a randomized clinical trial. J Psychiatr Res. 2019;114:113-9.
Rotem A, Neef A, Neef NE, Agudelo-Toro A, Rakhmilevitch D, Paulus W, et al. Solving the
orientation specific constraints in transcranial magnetic stimulation by rotating fields. PLoS
One. 2014;9(2):e86794.

Thomson RH, Cleve TJ, Bailey NW, Rogasch NC, Maller JJ, Daskalakis ZJ, et al. Blood
oxygenation changes modulated by coil orientation during prefrontal transcranial magnetic
stimulation. Brain Stimulat. 2013;6(4):576-81.



Depressive Disorders 77

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Beam W, Borckardt JJ, Reeves ST, George MS. An efficient and accurate new method for
locating the F3 position for prefrontal TMS applications. Brain Stimulat. 2009;2(1):50—4.
Mir-Moghtadaei A, Caballero R, Fried P, Fox MD, Lee K, Giacobbe P, et al. Concordance
between beamF3 and MRI-neuronavigated target sites for repetitive transcranial magnetic
stimulation of the left dorsolateral prefrontal cortex. Brain Stimulat. 2015;8(5):965-73.
Carpenter LL, Janicak PG, Aaronson ST, Boyadjis T, Brock DG, Cook IA, et al. Transcranial
magnetic stimulation (TMS) for major depression: a multisite, naturalistic, observational study
of acute treatment outcomes in clinical practice. Depress Anxiety. 2012;29(7):587-96.
Fitzgerald PB, Hoy KE, Anderson RJ, Daskalakis ZJ. A study of the pattern of response to
rtms treatment in depression. Depress Anxiety. 2016;33(8):746-53.

Dunner DL, Aaronson ST, Sackeim HA, Janicak PG, Carpenter LL, Boyadjis T, et al. A mul-
tisite, naturalistic, observational study of transcranial magnetic stimulation for patients with
pharmacoresistant major depressive disorder: durability of benefit over a 1-year follow-up
period. J Clin Psychiatry. 2014;75(12):1394-401.

Rachid F. Maintenance repetitive transcranial magnetic stimulation (rTMS) for relapse preven-
tion in with depression: a review. Psychiatry Res. 2018;262:363-72.

Wang H-N, Wang X-X, Zhang R-G, Wang Y, Cai M, Zhang Y-H, et al. Clustered repetitive
transcranial magnetic stimulation for the prevention of depressive relapse/recurrence: a ran-
domized controlled trial. Transl Psychiatry. 2017;7(12):1292.

Fitzgerald PB, Grace N, Hoy KE, Bailey M, Daskalakis ZJ. An open label trial of clustered
maintenance rTMS for patients with refractory depression. Brain Stimulat. 2013;6(3):292-7.
Benadhira R, Thomas F, Bouaziz N, Braha S, Andrianisaina PS-K, Isaac C, et al. A random-
ized, sham-controlled study of maintenance rTMS for treatment-resistant depression (TRD).
Psychiatry Res. 2017;258:226-33.

Hunter AM, Minzenberg MJ, 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(5):e01275.

Donse L, Padberg F, Sack AT, Rush AJ, Arns M. Simultaneous rTMS and psychotherapy in
major depressive disorder: clinical outcomes and predictors from a large naturalistic study.
Brain Stimulat. 2018;11(2):337-45.

Evans VC, Iverson GL, Yatham LN, Lam RW. The relationship between neurocognitive and
psychosocial functioning in major depressive disorder: a systematic review. J Clin Psychiatry.
2014:75(12):1359-70.

Motter JN, Pimontel MA, Rindskopf D, Devanand DP, Doraiswamy PM, Sneed
JR. Computerized cognitive training and functional recovery in major depressive disorder: a
meta-analysis. J Affect Disord. 2016;189:184-91.

Fox MD, Buckner RL, White MP, Greicius MD, Pascual-Leone A. Efficacy of transcranial
magnetic stimulation targets for depression is related to intrinsic functional connectivity with
the subgenual cingulate. Biol Psychiatry. 2012;72(7):595-603.

Weigand A, Horn A, Caballero R, Cooke D, Stern AP, Taylor SF, et al. Prospective validation
that subgenual connectivity predicts antidepressant efficacy of transcranial magnetic stimula-
tion sites. Biol Psychiatry. 2018;84(1):28-37.

Krepel N, Rush AJ, Iseger TA, Sack AT, Arns M. Can psychological features predict antidepres-
sant response to rTMS? A discovery-replication approach. Psychol Med. 2019;50(2):264-72.
Drysdale AT, Grosenick L, Downar J, Dunlop K, Mansouri F, Meng Y, et al. Resting-state
connectivity biomarkers define neurophysiological subtypes of depression. Nat Med.
2017;23(1):28-38.

Dinga R, Schmaal L, Penninx BWJH, van Tol MJ, Veltman DJ, van Velzen L, et al. Evaluating
the evidence for biotypes of depression: methodological replication and extension of.
Neurolmage Clin. 2019;22:101796.

Kaster TS, Downar J, Vila-Rodriguez F, Thorpe KE, Feffer K, Noda Y, et al. Trajectories
of response to dorsolateral prefrontal rTMS in major depression: a THREE-D study. Am J
Psychiatry. 2019;176(5):367-75.



78

A.-K.Bremetal.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Widge AS, Bilge MT, Montana R, Chang W, Rodriguez CI, Deckersbach T, et al.
Electroencephalographic biomarkers for treatment response prediction in major depressive
illness: a meta-analysis. Am J Psychiatry. 2019;176(1):44-56.

Fox MD, Liu H, Pascual-Leone A. Identification of reproducible individualized targets for treat-
ment of depression with TMS based on intrinsic connectivity. Neurolmage. 2013;66:151-60.
Iseger TA, Padberg F, Kenemans JL, Gevirtz R, Arns M. Neuro-cardiac-guided TMS (NCG-
TMS): probing DLPFC-sgACC-vagus nerve connectivity using heart rate - first results. Brain
Stimulat. 2017;10(5):1006-8.

Makovac E, Thayer JF, Ottaviani C. A meta-analysis of non-invasive brain stimulation and
autonomic functioning: Implications for brain-heart pathways to cardiovascular disease.
Neurosci Biobehav Rev. 2017;74(Pt B):330-41.

Lefaucheur J-P, André-Obadia N, Antal A, Ayache SS, Baeken C, Benninger DH, et al.
Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimula-
tion (rTMS). Clin Neurophysiol. 2014;125(11):2150-206.

Sabesan P, Lankappa S, Khalifa N, Krishnan V, Gandhi R, Palaniyappan L. Transcranial
magnetic stimulation for geriatric depression: promises and pitfalls. World J Psychiatry.
2015;5(2):170-81.

Croarkin PE, MacMaster FP. Transcranial magnetic stimulation for adolescent depression.
Child Adolesc Psychiatr Clin N Am. 2019;28(1):33-43.

Felipe RM, Ferrdao YA. Transcranial magnetic stimulation for treatment of major depression
during pregnancy: a review. Trends Psychiatry Psychother. 2016;38(4):190-7.

Eryilmaz G, Sayar GH, Ozten E, Giil IG, Yorbik O, Isiten N, et al. Follow-up study of children
whose mothers were treated with transcranial magnetic stimulation during pregnancy: prelimi-
nary results. Neuromodulation. 2015;18(4):255-60.

Ganho-Avila A, Poleszczyk A, Mohamed MMA, Osoério A. Efficacy of rTMS in decreasing
postnatal depression symptoms: a systematic review. Psychiatry Res. 2019;279:315-22.



	6: Depressive Disorders
	6.1	 Introduction
	6.2	 The Rationale of Using rTMS in Depression
	6.3	 The Role of Cognition in rTMS Applications
	6.4	 State-of-the-Art rTMS Treatment for MDD
	6.4.1	 Treatment Recommendations for TMS Therapy
	6.4.2	 Intensifying rTMS Protocols
	6.4.3	 TMS Coil Geometry, Orientation, and Position

	6.5	 Real-Life Outcomes, Durability and Maintenance rTMS (mTMS)
	6.6	 Combinatory Treatments
	6.6.1	 Combining rTMS with Psychopharmacotherapy
	6.6.2	 Combining rTMS with Psychotherapy
	6.6.3	 Combining rTMS with Cognitive Training
	6.6.4	 Combining rTMS with Other (Non)invasive Brain Stimulation Techniques

	6.7	 Personalized and Stratified Treatment as an Avenue to Precision Medicine
	6.7.1	 Target Engagement
	6.7.2	 Treatment of MDD Subpopulations and Vulnerable Populations

	6.8	 Current Challenges and Future Directions
	6.9	 Conclusions
	References




