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Transcranial Magnetic Stimulation 1 3
in the Treatment of Anxiety Disorders

Giorgio Di Lorenzo, Tommaso B. Jannini, Lucia Longo,
Rodolfo Rossi, Alberto Siracusano, and Bernardo Dell’'Osso

13.1 Introduction

Anxiety disorders are invalidating conditions, highly prevalent and commonly
distributed worldwide [1, 2]. The Diagnostic and Statistical Manual of Mental
Disorders 5 (DSM-5) describes anxiety disorders as conditions that feature
excessive fear and anxiety responses. Fear can be summarized as a complex
series of physiological mechanisms that starts in response to a real or perceived
threat (also known as fight or flight response), whereas anxiety can be defined as
an emotional response to a vague or potential threat [3]; apprehension, sustained
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arousal and vigilance are paired with an autonomic response, leading to specific
patterns of defensive behaviour. Anxiety disorders comprise Generalized Anxiety
Disorder (GAD), Panic Disorder (PD), Social Anxiety Disorder (SAD), Specific
Phobia (SP) and Agoraphobia. Overall, they represent the most common mental
disorders in western societies, with a prevalence of 14% of the general popula-
tion [1]. Nevertheless, anxiety disorders are, unfortunately, under-diagnosed and
under-treated. Most anxiety disorders start developing during early ages, with SP
and SAD showing a very early onset (7 years) [4, 5]. However, in some anxiety
disorders, such as GAD, anxiety can arise in the later years of adulthood [6-8].

Several risk factors are associated with anxiety disorders, including female sex
and family history of anxiety or depressive disorders. Furthermore, many stressful
life events (such as family divorce, socioeconomical status including poverty and
the presence of illness) may be decisive in generating these disorders during child-
hood [9, 10].

Therapeutic strategies for managing acute anxiety symptoms (mainly benzodiaz-
epines) and the whole anxiety syndrome (with psychopharmacological therapy,
mainly drugs modulating serotonin transmission, and/or psychotherapy, mainly
cognitive behavioral therapy) are frequently effective. Increasingly specific treat-
ments for anxiety disorders are necessary not only to increase the efficacy and the
effectiveness but also, if not above all, for better management of the side effects of
the drugs, in particular in special populations (e.g., childhood and adolescence,
women in peripartum period, the elderly people) and in those patients with comor-
bid conditions for other psychiatric and medical diseases. Non-invasive brain stimu-
lation (NIBS) techniques provide an alternative treatment, directed at the stimulation
and modulation of the activity of a specific brain area implicated in the circuity
sustaining anxiety. In this chapter, after a brief overview of the main cortical neural
circuits implicated in anxiety disorders, we will present the state of the art of the
clinical use of Transcranial Magnetic Stimulation (TMS) protocols! in the treatment
of anxiety disorders, through the description (and the summary in the Table 13.1) of
the main findings of studies in which TMS was used to treat the different types of
anxiety disorders.

13.2 Cortical Neural Circuits in the Pathophysiology
of Anxiety

The central neural mechanisms underlying fear and anxiety share many com-
mon features, although the exact cortical neural circuitries of anxiety are still to
be elucidated. Recent studies have highlighted what could be called an “anxiety
network”, i.e. a complex system of brain structures that are mutually
co-activated during anxiety processes [11] (see Fig. 13.1). An important role in

'See Chap. 1 for details about the general technical bases of TMS and its several therapeutic
protocols.
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Fig. 13.1 A schematic representation of main brain structures involved in the so-called “anxiety
network”. aMCC anterior midcingulate cortex, JACC dorsal anterior cingulate cortex, DLPFC
dorsolateral prefrontal cortex, dmPFC dorsomedial prefrontal cortex, vimPFC ventromedial pre-
frontal cortex

this network is played by the prefrontal cortex (PFC), which deeply interacts
with the dorsal anterior cingulate cortex (dACC). Based on functional magnetic
resonance imaging (fMRI) studies, the complex dorsomedial PFC (dmPFC)/
dACC shows elevated activity in most anxiety disorders, reflecting its funda-
mental function of harm awareness and avoidance [12]. Moreover, the limbic
system seems to be deeply implicated in the pathogenesis of anxiety. Besides
dACC, in fact, the subgenual anterior cingulate cortex (sgACC), situated under
the genu of the corpus callosum, plays a key role in processing autonomic
responses to emotional stimuli (visceral feedback), such as fear or stress [13].
Indeed, Jaworska and colleagues found an inverse relation between sgACC vol-
umes and anxiety symptoms, highlighting its role in the pathophysiology of
anxiety and mood disorders [14].

Other important pathological alterations associated with anxiety include the hypo-
activity of the left dorsolateral prefrontal cortex (left DLPFC) and the hyperactivity of
the right DLPFC, both observed in patients with PD [15-17]. The DLPFC shows inti-
mate connections with several structures of the meso-cortico-limbic reward circuit, e.g.
the ACC, typically associated with attention, reward processing and mood, and the
amygdala [18]. Amygdala, a cluster of nuclei deeply implicated in fear generalization
[19], seems to work together with the aforementioned complex dmPFC/dACC in the
pathophysiology of anxiety. This connectivity, in fact, is straightened when individuals
with higher dispositional anxiety are exposed to the threat of unpredictable shock [20].

Failure and delay in fear extinction are intensely implicated in anxiety disorders.
The process of constructing new memories involves the extinction of the old ones
and, thus, the inhibition of original condition trace that may lead to a dysfunctional
state [21]. To this regard, the hippocampus seems to work together with the amyg-
dala in fear extinction, being activated jointly with the vmPFC [22, 23].

Furthermore, also the insula and the bed nucleus of the stria terminalis (BNST)
are commonly implicated in the generation of anxiety in humans. Both are broadly
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involved in the anticipation of unpredictable threats, being heightened either in
post-traumatic stress disorder (PTSD) or in PD [24, 25]. In particular, functional
neuroimaging studies showed that the anterior insular cortex may be vastly involved
in the anticipation of unpredictable aversive events (e.g. stimuli given with a tempo-
ral unpredictability, occurring at any time) [26, 27]. As many of these anxiety-
related structures seem to work in concert with other regions of the brain, the
anterior insula shows intrinsic connections with the anterior midcingulate cortex
(aMCC) and the dACC. This complex is thought to be part of the so-called salience
network, a brain system involved in the detection of behaviourally relevant stimuli
and the coordination of adaptive responses [28-30].

13.3 TMS in the Treatment of Specific Phobias

Specific phobias (SPs) represent anxiety disorders in which fear, anxiety and
avoidance are elicited by a particular situation or object (i.e. heights, spiders,
etc.) [31].

To date, in the literature, only two studies that use repetitive TMS (rTMS) in SP
patients are available. Although preliminary, these results show that excitatory TMS
sessions on PFC have some beneficial effects on patients. Nevertheless, an impor-
tant heterogeneity in terms of the protocol used, specific cortical targets and symp-
toms can be observed in these studies. This does not allow drawing any specific
conclusion yet, but, on the other hand, it could pave the way for future and more
standardized trials.

The first TMS study on patients with SP used virtual reality scenarios and was
conducted on 41 participants with spider phobia versus 40 healthy adult controls
[16]. Authors used several measurements to assess symptoms, such as the Specific
Phobia Questionnaire (SPQ) [32] and the Fear of Spiders Questionnaire (FSQ) [33].
Anxiety and disgust were considered as well through the Questionnaire for the
Assessment of Disgust Sensitivity [34], the Subjective Units of Discomfort Scale
[35] and the Anxiety Sensitivity Index [36]. Autonomic responses were recorded by
monitoring the heart rate (HR) and skin conductance. The protocol consisted of one
session of intermittent Theta Burst Stimulation (iTBS) over the left DLPFC. Authors
found that iTBS did not impact on self-report measures, but only on heart rate vari-
ability, a marker of mental well-being [37], increasing its levels in the active group.
No difference was reported in the sham group.

On the other hand, Herrmann et al. used rTMS over the vmPFC on acrophobic
patients [38]. This protocol consisted of two sessions of 10 Hz rTMS conducted on
20 participants and 19 controls (average age 44.9, standard deviation 13.1), fol-
lowed by virtual reality exposure therapy (VRET). Results on self-reported mea-
surements showed that high-frequency rTMS improved the VRET response of
acrophobia symptoms, providing the first proof of concept of its efficacy in specific
phobias.
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13.4 TMS in the Treatment of Social Anxiety Disorder

Social anxiety disorder (SAD) is a common and debilitating condition that features
fear of scrutiny by other people and avoidance of social situations, associated with
high vegetative responses [31]. The application of rTMS in people with SAD is now
preliminary and at early stages. The lack of standardized, double-blinded, sham-
controlled protocols has led to inconclusive results about the efficacy of this treat-
ment. However, results from the only two trials conducted so far using low-frequency
stimulation seem to be encouraging.

The first study that used rTMS to treat SAD was a case report done by Paes et al.
on a 38-year-old male patient [39]. This patient received a single session of 1 Hz
(low frequency) rTMS applied over the right vmPFC. Symptoms were evaluated
using the Beck Anxiety Inventory (BAI) and the Social Skills Inventory (SSI) [40,
41]. Scores on BAI and symptoms were significantly decreased compared to pre-
TMS treatment and, after 2 months, the patient showed only a mild increase of anxi-
ety. The same authors extended their clinical trial to 2 additional patients: a
23-year-old male and a 45-year-old female [42]. Both were diagnosed with SAD
and comorbid depression. They were treated with a similar protocol to that in a
previous study, using low-frequency rTMS (1 Hz) over the right vmPFC, 3 times per
week, for 4 weeks (12 stimulations in total). Anxiety symptoms were evaluated
using BAI and Liebowitz Social Anxiety Scale (LSAS) [43] at baseline, 2 and
4 weeks of TMS and after 2 weeks of follow-up. Both patients showed a significant
decrease of BAI and LSAS scores, maintaining the same trend at the follow-up
examination. These improvements were also observed for depressive symptoms,
assessed with the Beck Depression Inventory [44].

13.5 TMS in the Treatment of Panic Disorder

Panic disorder (PD) is described in DSM-5 as a condition in which patients experi-
ence recurrent and unexpected panic attacks followed by anticipatory anxiety and
phobic avoidance. A panic attack is characterized by intense fear or discomfort associ-
ated with a powerful vegetative response that reaches the peak in a very short time [31].
Most studies with rTMS in patients with PD—eight, taken as a whole—were
found to be single case reports, providing a wide range of clinical scenarios. In par-
ticular, only two randomized, double-blind, sham-controlled studies are available in
the literature, whereas the remaining ones are open-label reports. Even though these
data have to be considered as preliminary, the results of single case studies seem to be
consistent with those from more standardized protocols, supporting the effectiveness
of rTMS in the treatment of PD. However, more trials with a sufficient number of
stimulating sessions and larger samples are required to make consistent conclusions.
The first trial was a single case study conducted on a 52-year-old woman who
had been suffering from PD with six panic attacks per week for 13 months [45].
This patient was treated with low-frequency rTMS (1 Hz) over the right DLPFC for
2 weeks. Symptoms were assessed using the Panic and Agoraphobia Scale (PAS)
[46], the Hamilton Anxiety Scale (HAS) [47] and by determining cortisol and
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adrenocorticotropic hormone (ACTH) blood levels during a cholecystokinin
(CCK)-4 challenge. After 2 weeks of treatment, the patient scored significantly bet-
ter both on PAS and on HAS. Moreover, a marked reduction in her cortisol levels
during CCK-4 challenge was observed.

Guaiana and colleagues treated a 34-year-old female with 9 sessions of low-
frequency rTMS (1 Hz) over the right PFC, without observing any clinically relevant
result. However, after switching to 20 sessions of a high-frequency protocol (20 Hz)
over the left PFC, a significant improvement in PD symptoms was observed [48].

Dresler and co-workers conducted a single case study on a 44-year-old man who
was suffering from PD and comorbid depression [49]. The patient was treated with
a high-frequency rTMS (10 Hz) over the left DLPFC, once a day, five times per
week over 3 weeks. A Stroop task, involving 12-panic-related and 12 neutral words
displayed on a screen in three different colours, was presented to test the therapeutic
effect. Although rTMS did not impact on the Stroop task, the authors reported no
further panic attack that occurred during the treatment.

The last single case study was conducted by Machado et al. on a 34-year-old
patient, refractory to cognitive behaviour therapy [50]. The protocol consisted of a
sequential stimulation of the right DLPFC (1 Hz) and left DLPFC (10 Hz), 3 times
per week for 4 weeks, resulting in a significant improvement of PD symptoms
assessed with BAI and Panic Disorder Severity Scale (PDSS).

Mantovani and co-authors assessed rTMS treatment in six patients with PD
and comorbid depression, using a protocol of 1 Hz stimulation over the right
DLPFC for 2 weeks in an open-label trial [51]. Patients scored significantly better
than baseline in the Sheehan Clinician Rated Anxiety Scale (SCRAS) [52], the
HAS and the Hamilton Depression Scale (HDS) in the first and the second week
of treatment. The same authors conducted a randomized, double-blinded, sham-
controlled clinical trial extending the same clinical population up to 25 patients
[53]. The treatment consisted of low-frequency stimulation (1 Hz) over the right
DLPFC, once a day for 5 consecutive days, for 4 weeks. With regard to panic
symptoms, half of the participants from the active group demonstrated a full
response of the treatment, whereas in the sham group, the percentage of respond-
ers was only 8%.

Prasko et al. recruited 15 patients suffering from PD and resistant to selective
serotonin reuptake inhibitor (SSRI) therapy and randomly assigned them to either
active treatment with 10 sessions of 1 Hz rTMS over the right DLPFC or the sham
group [54]. In both cases, the patients were taking SSRI therapy. The aim was to
compare the efficacy at the second and fourth week. The results showed that treat-
ment effect did not differ between groups, since both of them improved during the
study period. This negative finding, as suggested by the authors, could be due to
small sample size.

The last study was performed by Kumar et al. on 13 drug-resistant patients who
were suffering from PD in comorbidity with a major depressive disorder (MDD)
[55]. The protocol was structured as 20 sessions of 20 Hz (high frequency) rTMS
over the left DLPFC, 5 days per week, over a period of 4 weeks. The symptoms
were assessed via PDSS and HDS, showing a significant reduction of scores in
both scales.
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13.6 TMS as Treatment of Generalized Anxiety Disorder

Generalized anxiety disorder (GAD) is a prevalent condition affecting the 2.9% of
the adult population in the U.S. Patients with GAD experience excessive anxiety
and feeling of apprehensive expectation, being unable to control the worry. This
clinical picture is often associated with restlessness, irritably, muscle tension, sleep
disturbance and somatization [31].

The application of rTMS in patients diagnosed with GAD seems to be one of the
more promising NIBS treatment among the various anxiety disorders. Four random-
ized, sham-controlled, double-blinded clinical trials have shown positive outcomes in
treating this condition, with low-frequency stimulation over the right DLPFC being
the most used protocol. However, the sample sizes of these trials (13—36 patients)
allow to draw only some preliminary conclusions. This means that future studies with
larger populations will be required to draw more consistent conclusions.

Bystrisky and colleagues were the first to use rTMS to treat GAD, stimulating
ten participants over the right DLPFC with 1 Hz (low frequency) [56]. They com-
pleted 6 sessions over a period of 3 weeks. Patients first underwent an fMRI task to
identify the most active location of the prefrontal cortex. The symptoms were moni-
tored using HAM-A [47] and CGI-I, defining the treatment response as a >50%
score reduction of these scales. Overall, rTMS was associated with a significant
decrease of both HAM-A and CGI-I in 6 participants (60%).

Another open-label trial was conducted by White and Tavakoli on 13 patients
with GAD and comorbid MDD [57]. The protocol they used consisted of the appli-
cation of low-frequency rTMS (1 Hz) over the right DLPFC followed by a high-
frequency rTMS (10 Hz) over the left DLPFC. The number of stimulations ranged
from 24 to 36 over 5 to 6 weeks. At the end of the treatment period, 11 out of 13
patients (84.6%) reported symptom remission, scoring less than 5 on the GAD
Scale (GAD-7) [58], and 10 out of 13 patients (79.9%) did the same on the Hamilton
Rating Scale for Depression (HAM-D-21), scoring less than 8.

The first randomized, double-blind, sham-controlled clinical trial was performed
by Diefenbach et al. on 25 patients (13 active vs. 12 sham) diagnosed with GAD [59].
The active group was treated using a low-frequency rTMS delivered over the right
DLPFC for 15 min, for 30 sessions (5 days/week for 6 weeks). Patients were also
asked to undergo a decision gambling task with fMRI to localize the area to stimulate.
Symptoms were assessed via HARS and the Penn State Worry Questionnaire (PSWQ)
[60]. At post-treatment, significantly more patients met the responder and the remitter
status in the active versus sham group, showing this trend even at 3-month follow-up.
The same authors published additional material on the same cohort of patients, show-
ing that patients treated with rTMS had significant improvements in self-reported
emotion regulation difficulties at 3-month follow up [61].

Dilikov et al. recruited 40 patients with GAD, randomly assigning them to
active [15] and sham groups [25, 62]. Authors used high-frequency-stimulation
(20 Hz) r'TMS applied over the right DLPFC. The active group received 5 sessions
per week for the first 4 weeks. During the fifth week, the sessions were reduced to
3 times per week, whereas at the sixth and final week, the patients received 2 ses-
sions of rTMS. The symptoms were evaluated using the HARS. By the end of 25
TMS treatments, the patients in the active group scored significantly less
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compared to those in the sham group. Moreover, HARS scores remained stable at
the 4-week follow-up, corroborating the efficacy of the treatment.

Assaf and colleagues first explored the neural architecture of GAD patients
through fMRI. Then they treated 16 patients (9 = active; 7 = sham) with 30 sessions
(5 days/week for 6 weeks) of low-frequency (1 Hz) rTMS over the right DLPFC
[63], monitoring symptoms with PSQW and the Intolerance of Uncertainty Scale
[64]. The results showed the “normalization” of functional connectivity of the dor-
sal anterior and the subgenual cingulate cortex, associated with an improvement in
worry symptoms in patients treated with active rTMS.

Finally, Huang and co-workers conducted a randomized, double-blind, sham-
controlled study on patients affected by GAD and comorbid insomnia [65]. Eighteen
participants in the active group (out of a total of 36) were treated with 1 Hz rTMS over
the right parietal cortex (PC), administering 6 sessions twice a week for 3 weeks. At
the endpoint, 60% of the patients met the criteria for remission, defined as a HARS
score less than 8. These results largely remained stable at 6-month follow-up.

13.7 TMS as Treatment of Agoraphobia

Agoraphobia is an anxiety disorder in which individuals develop marked anxiety or
fear in situations like open spaces, public transportation or being outside of home
alone. These patients tend to avoid these circumstances because of thoughts that
escape might be difficult or even impossible [31].

To date, literature offers only a single study, where the selectd sample was mainly
affected by PD and comorbid agoraphobia. This means that only limited conclu-
sions can be drawn with regard to rTMS as a treatment for agoraphobia.

Deppermann et al. randomized 44 patients to the sham or active group, treating
them with 15 sessions of iTBS over the left DLPFC in addition to 9 weeks of Cognitive
Behavioral Therapy (CBT). Main outcome measures were evaluated with the PAS
[46], the HARS and the Cardiac Anxiety Questionnaire (CAQ) [66]. Cortical activity
was monitored through functional near-infrared spectroscopy (fNIRS) during an
Emotional Stroop task, at baseline and post-iTBS. Clinical ratings significantly
improved and remained stable at follow-up. However, no clinical differences between
the active and the sham group were identified, except for a more stable reduction of
agoraphobic avoidance during follow-up in the group treated with active iTBS.

13.8 Future Perspectives

TMS showed many significant and encouraging results for the treatment of patients
with anxiety disorders. To date, except for conditions like agoraphobia or specific pho-
bias, rTMS over the prefrontal cortex, with excitatory stimulation at the left side and/or
inhibitory stimulation at the right side, can be considered effective to reduce anxiety
symptoms in PD and GAD. However, the level of evidence available is considered low.

Several clinical features are implicated as possible confounding factors: limited
sample size, the presence of psychiatric comorbidities (including mainly major
depression) and heterogeneous psychotropic and psychotherapeutic concomitant
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treatments. On the other hand, some methodological improvements must be taken into
account to reach higher quality of evidence, including larger samples and extended
periods of observation. One of the reasons for limited efficacy may be the reliance on
a scalp-based method rather than neuronavigation based on individual MRI for target-
ing brain regions. Moving from anatomical to functional imaging positioning (e.g.
fMRI, fNIRS) could allow achieving a greater efficacy for targeting TMS coils.
Finally, coupling functional imaging with physiological parameters, such as skin con-
ductance or heart rate variability, would allow better elucidation of the biological
mechanisms underlying rTMS treatment.

Another methodological issue is the coil positioning site in the rTMS stimula-
tion protocol. Looking at the “anxiety network™ (Fig. 13.1), the sites of stimula-
tion target of TMS therapeutic protocols are indeed limited mainly to PFC. In fact,
areas such as the dmPFC or deeper areas such as those of cingulate cortices
(dACC and aMCC) are not the targets of stimulation in TMS protocols to treat
anxiety disorders (see Fig. 13.2). The use of the Double-Cone Coil or the H-coil
in TMS therapeutic protocols for anxiety disorder treatment may extend the num-
ber of stimulation sites of “anxiety network”, different from the “classical”
DLPFC, allowing the modulation of deeper areas as dmPFC, anterior cingulate
cortices and insulae.

To extend the field of TMS treatment for anxiety disorders, it would be interest-
ing to investigate the clinical efficacy of TMS in special populations with anxiety
disorders, such as elderly people, pregnant women, adolescents or drug abusers
with comorbid anxiety, as well as all those comorbid medical conditions in which
the treatment of anxiety with current therapeutic strategies is limited or contraindi-
cated due to drug interactions. To date, only one case study has been conducted to
investigate the role of rTMS in treating panic attacks during pregnancy: even though
the results seem to be promising, it is premature to speculate about the efficacy of
this protocol on such delicate patients [67]. Of note, Segev and colleagues tested
r'TMS on a 17-year-old adolescent who was admitted in the psychiatric ward due to
intensified suicidal intention in comorbid MDD [68]. Interestingly, anxiety mea-
sures showed significant improvements, paving the way for future double-blind,
sham-controlled clinical trials.

13.9 Conclusions

According to the literature reviewed in this chapter, therapeutic protocols using
TMS were applied in approximately 370 subjects affected by, at least, one anxiety
disorder. Consequently, until now, the level of evidence in the current guidelines is
relatively low in relation to the clinical use of TMS therapeutic protocols in anxiety
disorders, even though the clinical efficacy of rTMS in reducing anxiety symptom
severity was consistently observed in PD and GAD. Future research, with refined
methodological issues and study designs, is expected to reveal the real usefulness of
TMS therapeutic protocols in the treatment of anxiety disorders.
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Fig. 13.2 Target brain areas for therapeutic TMS protocols in anxiety disorders. Red colour indi-
cates those cortical areas where TMS coils were placed for implementing excitatory TMS proto-
cols; blue colour indicates those areas where inhibitory TMS protocols were used; mixed colours
indicate those areas where both excitatory and inhibitory TMS protocols were implemented. Green
colour indicates brain structures involved in the “anxiety network” and potential sites of direct
stimulation but not yet targeted by TMS protocols. Grey colour indicates the deepest areas of the
“anxiety network” that cannot be directly stimulated by TMS protocols. aM CC anterior midcingu-
late cortex, AMY amygdala, JACC dorsal anterior cingulate cortex, DLPFC dorsolateral prefrontal
cortex, dmPFC dorsomedial prefrontal cortex, HIPPO hippocampus, INS insula, vmPFC ventro-
medial prefrontal cortex
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