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Abstract

Purpose of Review—Post-traumatic stress disorder (PTSD) is a prevalent problem. Despite
current treatments, symptoms may persist, and neuromodulation therapies show great potential. A
growing body of research suggests that transcranial magnetic stimulation (TMS) is effective as a
standalone treatment for PTSD, with recent research demonstrating promising use when combined
synergistically with behavioral treatments. In this review, we survey this literature including data
suggesting mechanisms involved in anxiety and PTSD that may be targeted by neurostimulation.

Recent Findings—Evidence suggests the mechanism of action for TMS that contributes to
behavioral change may be enhanced neural plasticity via increased functionality of prefrontal
and subcortical/limbic structures and associated networks. Some research has demonstrated a
behavioral change in PTSD and anxiety due to enhanced extinction learning or improved ability
to think flexibly and reduce ruminative tendencies. Growing evidence suggests TMS may be best
used as a therapeutic adjunct, at least acutely, for extinction-based exposure therapies in patients
by accelerating therapy response.

Summary—While TMS has shown promise as a standalone intervention, augmentation with
psychotherapy is one avenue of interest. Non-responders to current EBPs might particularly
benefit from this sort of targeted approach, and it may shorten treatment length, which would help
the successful completion of a course of therapy.
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Introduction

Anxiety disorders constitute the largest group of mental disorders, with a prevalence rate

of 18% in the USA [1]. Though no longer classified as an anxiety disorder, post-traumatic
stress disorder (PTSD) is similarly characterized by arousal and avoidance. PTSD represents
a prevalent problem for both civilians, particularly those with interpersonal trauma histories
[2] and veterans [3]. Despite the availability of efficacious treatments, symptoms may persist
in a large number of individuals [4, 5]. This is sometimes due to a lack of engaging in or
completing often lengthy treatment protocols or because of symptoms persisting even after
successful treatment completion. For first-line evidenced-based psychotherapies (EBPs) for
PTSD, such as cognitive processing therapy (CPT) or prolonged exposure (PE), studies have
found that approximately one-third of those seeking treatment drop out before completion,
with higher rates in Veterans Healthcare Administration (VHA) and Department of Defense
(DoD) settings [6]. Many patients may respond to EBPs; however, symptoms often do not
fall below clinical thresholds even after completing a full course [4]. Therefore, there is
room for improvement, and one method that shows promise is heuromodulation therapy [9].

TMS is a non-invasive neurostimulation therapy that depolarizes cortical neurons using a
rapidly changing magnetic field. TMS has been FDA cleared and used as a standalone
treatment for medication-resistant depression [7], obsessive—compulsive disorder [8],
smoking cession [10], and anxious depression [11], and a growing body of research supports
its efficacy as a standalone treatment for PTSD (see Cirillo et al., 2019, for a recent
meta-analysis) [12¢]. Though TMS is not currently an FDA-cleared treatment for PTSD,
there is a growing body of evidence indicating that TMS alone can be an effective treatment
for PTSD [9]. In addition, a recent clinical registry with 770 patients receiving treatment for
depression with TMS demonstrated improvement in both depressive and trauma symptoms
in those with comorbid depression and PTSD [13]. Transcranial direct current stimulation
(tDCS) is another non-invasive method of neurostimulation that applies a weak direct
current between two surface electrodes to modulate cortical neuron excitation [14, 15].
Neuromodulation with tDCS may increase or decrease cortical excitability depending on
electron polarity and current intensity [16], with evidence to support utility in anxiety
disorders [17]. Recent research has demonstrated a promising use for neurostimulation in
anxiety disorders and PTSD by combining it synergistically with behavioral treatments to
augment effects, but with some contradictory results. In this review, we survey this literature
including data assessing mechanistic factors of anxiety disorders and PTSD that can be
targeted by neurostimulation, particularly TMS, or a synergistic combination of these two
treatments.
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Potential mechanisms for TMS in anxiety and related disorders

Neurostimulation enhances neural plasticity

Evidence suggests that the mechanism of action for TMS that contributes to behavioral
change may be enhanced neural plasticity. Neurostimulation and imaging of the visual

[18] and motor cortices [19, 20] has demonstrated both early and lasting effects. Clinical
treatment of psychiatric disorders with neurostimulation is presumed to induce similar
change when the prefrontal cortex (PFC) is stimulated. Findings from neuromodulation
research involving imaging implicate plasticity via increased functionality and connectivity
of prefrontal and subcortical/limbic structures [21]. Changes in behavior are hypothesized to
occur in clinical disorders, such as anxiety and PTSD, due to TMS-induced neural plasticity
immediately after stimulation and over the longer term.

The dorsolateral prefrontal cortex (DLPFC) is the cortical target for the current FDA-cleared
treatment of depression, and the dorsomedial PFC is the approved target for OCD. These
sites are also typically stimulated in anxiety, PTSD, and related disorders [22]. TMS-induced
depolarization of cortical neurons has been hypothesized to impact not only on the direct
site of stimulation but also on the functionally related brain regions via network connectivity
[23].

TMS impacts neural networks and connectivity

One such neural network is the default mode network (DMN), which includes anterior
(mPFC) and posterior midline structures (posterior cingulate) as well as lateral temporal
cortices and hippocampus. The DMN is generally more active at “rest” in healthy
individuals, i.e., when a person is not engaged in a specific cognitive task [24-27].
Additionally, in healthy individuals, DMN activity has been shown to be negatively
correlated with regions activated during attention-demanding tasks within the cognitive
control network (CCN), with regions including DLPFC and posterior parietal cortices
active during tasks involving sustained attention and working memory [28]. DMN-CCN
anticorrelation is associated with superior cognitive functioning, particularly cognitive
flexibility and working memory [28, 29].

Underscoring its importance in psychiatric illness, abnormal connectivity of DMN-CCN
has been associated with depression [30] and anxiety [31, 32]. Stress-related brain changes
in the CCN contribute to deficits in cognitive control, including regulation of emotions
and cognitive flexibility that perpetuate PTSD symptoms (hypervigilance, avoidance, and
reexperiencing) [33, 34]. In fact, Liston and colleagues found that psychosocial stress can
selectively impact CCN/frontal parietal network connectivity. Given the findings that the
CCN can be affected in those with anxiety and PTSD, correcting network problems via
neuropsychiatric treatment may be an important goal to reduce distress [35].

Overall, there is evidence that neurostimulation can have a significant impact on the

neural substrate by inducing plasticity, and enhanced plasticity of the prefrontal cortex in
psychiatric patients may contribute to changes in neural network connectivity of DMN-CCN
in patients that improve clinical symptoms and functioning both immediately and over the
long term.
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Neurostimulation may enhance extinction learning

Successful treatment of anxiety and PTSD in exposure-based and cognitive therapies

has been associated with improvements in the extinction of conditioned fear response

or extinction learning [36, 37]. However, PTSD treatments have room for improvement,
given that many patients continue to experience symptoms after completing EBPs [37].
Neurostimulation may enhance extinction learning and therefore be a novel treatment
approach for anxiety and PTSD, or perhaps augment existing EBPs [37, 39¢]. Extinction
requires new learning with the retention of previously formed threat memories [40] and the
formation of new memories that inhibit threat response associated with the original trauma
memory [41, 42].

Laboratory studies in healthy controls, or those with phobias, have demonstrated
enhancement of extinction learning with TMS. For example, Guhn and colleagues [43]
conducted an experiment with high-frequency rTMS to the ventromedial prefrontal cortex
(vmPFC), a region associated with recall extinction in animals [44] and humans [45,

46], versus sham in healthy participants. This two-day experiment consisted of a fear
acquisition paradigm, with HF-rTMS to the vmPFC immediately prior to the extinction
learning phase of the task. The following day, participants completed an extinction recall
task. Compared to sham, the active group demonstrated diminished ability to differentiate
between a conditioned stimulus and unpaired stimuli during day 1 extinction learning,
evidenced by fear-potentiated startle, skin conductance response, and subjective arousal
ratings. Active rTMS also had a persisting effect on extinction recall on day two with
reduced fear-potentiated startle during extinction learning. Building on this work in clinical
participants, Herrmann and colleagues [47] used HF-rTMS to the vmPFC to enhance
extinction learning in a group of patients with acrophobia, or fear of heights. Participants
received active or sham HF-rTMS to the vmPFC, then completed two virtual reality
exposure therapy sessions of a height scene, which involved virtually going upstairs until
their subjective units of distress (SUDS) reached 100, then staying until they reach an SUDS
of 20. Diagnostic interviews were conducted on day two and again three months later. On
day two, anxiety was reduced in the active group as well as avoidance ratings from pre- to
post-therapy; however, there was no difference between active and sham at the three-month
follow-up. Overall, results suggest rTMS may serve as a therapeutic adjunct, at least acutely,
for extinction-based exposure therapies in patients by accelerating therapy response. It is
plausible that increasing the course of TMS and exposure would extend these benefits so
that they have longer-lasting impacts.

TMS may decrease rumination and enhance cognitive control

Emotion regulation refers to the ways in which individuals modulate or change their
emotional experiences [48]. The FPN and DMN act in an inverse but coordinated effort

to successfully regulate emotion in different situations [23, 49]. Psychiatric illness is often
characterized by hypoactivity of the FPN and overactivity of the DMN. In TMS, when the
DLFPC, a node of the FPN, is stimulated, local hyperpolarization upregulates the FPN and
increases the downregulation of the DMN, at least in individuals with successful treatment
response [50]. Previous reviews suggest that improved network function/connectivity is a
likely mechanism allowing TMS to improve cognitive control.
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Rumination is an emotion regulation strategy broadly characterized by repetitive reflection
on negative thoughts, emotions, and past events, as well as the causes and consequences

of those events and emotions [51]. Rumination has been associated with a range of

mental health outcomes, such as depression, anxiety, and PTSD [34, 52-54]. Additionally,
cognitive dysfunction, such as difficulty concentrating, impaired executive functioning,

and subjective cognitive complaints, have been associated with rumination [54, 55].
Results of neuroimaging studies have linked self-referential processing and rumination to
hyperactivation of the DMN, and the mPFC node of this network [56]. Given that abnormal
activation of the DMN has been linked to numerous neuropsychiatric conditions [57] and
systemic inflammation [58], it is plausible that rumination is one behavioral consequence of
network dysfunction that may be improved with TMS.

In healthy participants, facilitatory effects of rTMS on emotion regulation were found
using HF-rTMS prior to a directed attention task with emotional stimuli (exogenous cueing
task) [59] as well as an emotional empathy task [60] in fMRI paradigms. In samples of
women who received a single session of HF-rTMS over the right or left DLPFC [59, 61],
right DLPFC stimulation resulted in impaired disengagement from angry faces and was
associated with decreased activation in the CCN (i.e., right DLPFC, dACC, left superior
parietal gyrus) and increased activity within the right amygdala. By contrast, left DLPFC
stimulation resulted in diminished attentional engagement with angry faces as well as
enhanced ability to empathize with depicted positive emotional stimuli. Corresponding
brain activation included increased activity within the CCN (i.e., bilateral DLPFC, right
dACC, bilateral posterior parietal cortices) and left orbital frontal cortex [59, 61]. Anodal
transcranial direct current stimulation (tDCS) over the left DLPFC has also been found to
influence the occurrence of momentary rumination in healthy volunteers after an unguided
resting period, such as a decrease in self-referential thoughts [48]. Similarly, Lantrip and
colleagues [62] found that HF-rTMS to the left DLPFC compared to the right facilitated
affective flexibility, a performance-based test of reappraisal, in a group of healthy women.

More recently, DeWitte and colleagues [63] tested the effect of intermittent theta burst
stimulation (iTBS) to the left DLPFC on post-stress adaptation as a function of depressive
brooding, one facet of rumination. In a sham-controlled within-subjects crossover design,
healthy participants received iTBS to the left DLFPC or sham prior to a stressor paradigm.
There was no effect of iTBS on ruminative thinking or cortisol during stress recovery;
however, those that had higher levels of brooding remained stable after active iTBS, whereas
those in the sham condition showed an increase in ruminative thinking. In addition, only
after active iTBS to the left DLPFC was there a significant reduction in cortisol secretion for
high brooders.

TMS is proposed to impact psychobiological stress response

The hypothalamic—pituitary—adrenal (HPA) axis is a neuroendocrine system that initiates

in response to stressful situations and, through a negative feedback loop, regulates
glucocorticoid hormone levels. The HPA axis has a direct influence on immune processes
and digestion and has been implicated in the pathogenesis of a range of mental and physical
health conditions [64]. One theory of the mechanism of action for TMS is the impact on
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psychological stress response [50], which may occur via the HPA axis. Results from animal
models suggest that the rTMS mechanism may be associated with the endocrine response of
the hypothalamic—pituitary—adrenal (HPA) system via the secretion of cortisol [65, 66].

Neural connections between the prefrontal cortex and amygdala/hippocampus, though
indirect, may be related to the effects of rTMS on the HPA axis, including cortisol.

Though the medial compared to the lateral prefrontal cortex has stronger connections to

the amygdala [67], and with the hippocampus and hypothalamus [68, 69], prior studies have
found amygdala activation [70] and cortisol effects with DLPFC stimulation [60, 71, 72],
though findings have been in both positive and negative directions. Interestingly, Baeken and
colleagues [60] reported that after a stress induction task, healthy participants demonstrated
a reduction in cortisol levels after only one session of HF DLPFC rTMS, indicating that
perhaps an acute stress induction is needed to find the effects of TMS on cortisol, at least

in healthy samples. Research pointing to dysregulation of the HPA axis in PTSD [73, 74]
and against the benefit of widespread hydrocortisone augmentation in PTSD treatment [75]
suggest that a more nuanced understanding of the role of neurostimulation on HPA axis
functioning is needed.

TMS and neuroinflammation

An emerging area of study is the role of inflammation as a potential mechanism for
psychiatric disorders and treatment effects. The impact of rTMS focused on the DLPFC
results in an improvement in depression symptoms due to multiple factors including
improved DMN/CCN connectivity, emotion regulation, and possibly inflammatory response
given the link between network connectivity and IL-6 [58]. A growing literature has
underscored the role of inflammation, particularly pro-inflammatory cytokines and acute
phase proteins, in anxiety and PTSD [77, 78]. Critically, inflammation has been shown

to decrease among those who respond to pharmotherapy for depression [76]. Limited
neurostimulation research in this area using animal models suggests that the effect of rTMS
on depression is via effects on neuroinflammation [79]. Further studies testing the potential
link between network connectivity and inflammation and the impact of TMS are needed.

Summary and future directions

These findings relating to rumination, stress response, and DMN/CCN activation with
neurostimulation are interesting and may provide insight into how rTMS and other
neuromodulation methods impact on psychiatric symptoms and emotion regulation. Given
that reduced activity of the DLPFC has been associated with reduced cognitive control as
well as impaired amygdala response [80, 81], it may be that abnormal interaction of the
DMN/CCN and inability to have top-down control is a mechanism underlying rumination
[82] that is corrected, at least in part, with rTMS [35]. Another possibility may be that
increased activity of subcortical regions including the amygdala, due to diminished top-
down control, boosts the brainstem stress system and activates the HPA axis contributing to
higher cortisol levels [61, 69, 83].

When taken together, it seems that the DLPFC contributes significantly to the association
between stress and rumination, a transdiagnostic symptom of emotion dysregulation and
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psychiatric illness, and can be impacted by neuromodulation. While promising as a
standalone intervention, augmenting the effects of psychotherapies for psychiatric illness
with neurostimulation may be a fruitful next step for anxiety and PTSD. FDA-approved
TMS for depression is 18 sessions, and many EBPs for anxiety and PTSD are 12-18
sessions [e.g., 84, 85]. Combining TMS with psychotherapy can make it more effective
and possibly in a shorter timeframe. This would enhance access and potentially decrease
dropout, which is a common issue in treatments for PTSD. Preliminary research on this
approach has been particularly promising.

TMS is a promising augmented intervention for anxiety and PTSD

There are several studies that have demonstrated the benefits of augmented behavioral
treatment with TMS for anxiety and trauma-related disorders. One RCT compared LF active
rTMS to the right dorsolateral prefrontal cortex (DLPFC) or sham plus CPT [39¢]. TMS was
administered just prior to weekly CPT for the standard 12-15 sessions, and CAPS (primary
outcome) and PCL (secondary outcome) were measured after the 5th and 9th treatments at

a 1 month, 3 months, and 6 months follow-up. Both active and sham groups improved in
PTSD on the PCL and CAPS, though the active rTMS condition demonstrated significantly
better symptom reduction from baseline on CAPS and PCL across CPT sessions and follow-
up assessments, though improvements were stronger for patient-rated symptoms (PCL)
compared to clinician-rated symptoms (CAPS).

Another pilot study examined a deep TMS (dTMS) system combined with brief exposure

to PTSD with stimulation conducted after behavioral treatment, with the hypothesis that
dTMS to the medial prefrontal cortex (mPFC) presented after the exposure would contribute
to the extinction of fear memories and thereby reduce PTSD symptoms to a greater

degree than brief exposure and sham dTMS [86]. Results were positive, suggesting that

this augmentation procedure was effective. However, results from a more recent, large
international multi-site randomized clinical trial (RCT) with a similar dTMS treatment
presented just after an exposure paradigm were negative, such that brief exposure followed
by sham dTMS was associated with better outcomes compared to brief exposure followed
by active dTMS [87¢]. Importantly, both active and sham TMS groups in this trial improved,;
however, the sham group experienced statistically superior improvement. This raises the
possibility that stimulation may inhibit an otherwise effective therapy/exposure treatment
when conducted in this order. The trial was discontinued early for futility [86].

Conclusions

In summary, there is a growing body of research suggesting the efficacy of TMS for anxiety
disorders and PTSD as a standalone or adjunctive treatment. When used as an adjunctive
treatment, it may be that the cognitive and emotion regulation-enhancing properties of
TMS will facilitate exposure therapies for anxiety and PTSD in particular or facilitate
improvement in affective symptoms transdiagnostically when added to EBPs for mood and
other disorders. Interestingly, improvements in depression, anxiety, and PTSD symptoms
are typically highly correlated in TMS studies. For individual patients, however, there can
be variability in which aspects of their mental illness respond to TMS. For instance, in the
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aforementioned RCT combining TMS with CPT for PTSD [39¢], the group receiving active
TMS showed significant improvement in PTSD symptoms but not depressive symptoms
when compared to sham improvement. Given recent findings from RCTs using TMS as
adjunctive treatment, it may be that order of treatment is important and that presenting TMS
prior to exposure to treatment or therapy for PTSD provides optimal benefit. The precise
mechanisms are not known, but the present review highlights plausible avenues of cognitive
control and the HPA axis, with neuroinflammation as an emerging area that warrants future
study. While TMS has shown promise as a standalone intervention, augmentation with
psychotherapy is one avenue of interest. Non-responders to current EBPs might particularly
benefit from this sort of targeted approach, and it may shorten treatment length, which
would help the successful completion of a course of therapy.
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