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Abstract

Introduction—~Focal brain stimulation has potential as a treatment for posttraumatic stress
disorder (PTSD). In this review, we aim to inform selection of focal brain stimulation targets
for treating PTSD by examining studies of the functional neuroanatomy of PTSD and treatment
response. We first briefly review data on brain stimulation interventions for PTSD. Although
published data suggest good efficacy overall, the neurobiological rationale for each stimulation
target is not always clear.

Methods—Therefore, we assess pre- and post-treatment (predominantly psychotherapy)
functional neuroimaging studies in PTSD to determine which brain changes seem critical to
treatment response. Results of these studies are presented within a previously proposed functional
neural systems model of PTSD.

Results—While not completely consistent, research suggests that down-regulating the fear
learning and threat and salience detection circuits (i.e., amygdala, dorsal anterior cingulate
cortex and insula) and upregulating the emotion regulation and executive function and contextual
processing circuits (i.e., prefrontal cortical regions and hippocampus) may mediate PTSD
treatment response.

Conclusion—This literature review provides some justification for current focal brain
stimulation targets. However, the examination of treatment effects on neural networks is limited,
and studies that include the stimulation targets are lacking. Further, additional targets, such as the
cingulate, medial prefrontal cortex, and inferior parietal lobe, may also be worth investigation,
especially when considering how to achieve network level changes. Additional research combining
PTSD treatment with functional neuroimaging will help move the field forward by identifying

and validating novel targets, providing better rationale for specific treatment parameters and
personalizing treatment for PTSD.
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1. Introduction

Posttraumatic stress disorder (PTSD) is a serious psychiatric condition characterized by
re-experiencing, avoidance, negative changes in thoughts and mood, and hyperarousal
following exposure to a traumatic event (Association, 2013). Current clinical practice
guidelines for PTSD recommend trauma-focused psychotherapy (TFP) as the first-line
treatment for PTSD (for a review, see Hamblen et al., 2019). If TFP is not available or

not preferred, non-trauma-focused psychotherapies or medications, such as specific selective
serotonin reuptake inhibitors (SSRI’s), are then recommended (Hamblen et al., 2019).
Although these treatments are beneficial for many patients, a large number of patients have
an inadequate response (Jonas et al., 2013) or do not prefer conventional treatment, and
additional treatment options for PTSD are needed (Fonzo et al., 2020; Sippel et al., 2018).

Focal brain stimulation has potential as a stand-alone or adjunctive treatment for individuals
with PTSD. Focal brain stimulation applies energy to a specific brain region to alter

activity of that region, as well as a network of brain areas connected to the target of
stimulation (Deng et al., 2015). To advance the understanding of focal brain stimulation as
an intervention for PTSD, it is necessary to know which neural circuits are central to the
pathophysiology of the disorder, how brain regions are functionally interconnected, and how
stimulation of specific nodes within these neural networks mediate recovery.

We review the evidence for focal brain stimulation modalities and discuss how each

might be used or further developed as a treatment for PTSD. Then we review functional
neuroimaging findings that have direct relevance to PTSD treatment response and non-
response within a circuit-based neurobiological model with the goal of identifying “key
nodes” for focal brain stimulation. After integrating these literatures, we discuss new target
brain regions and best approaches to reach these regions with focal brain stimulation.
Finally, we discuss limitations of the extant literature and suggest future directions for
clinical application and research advancement of focal brain stimulation for PTSD.

2. Focal brain stimulation

Focal brain stimulation can be used to target precise brain regions within discrete neural
networks. Several focal brain stimulation techniques are in varying stages of investigation
and clinical use for PTSD. Most research is focused on three techniques, which differ

in terms of their ability to deliver focal stimulation and their invasiveness. Deep brain
stimulation is the most focal technique, but is also most invasive in that it requires
neurological surgery. On the other side of the spectrum is transcranial direct current
stimulation (tDCS), which is non-focal, but also noninvasive and easily applied. Transcranial
magnetic stimulation (TMS) is more focal than tDCS, but less focal than DBS, and is also

a noninvasive treatment that is easy to safely apply. Prior reviews have summarized the
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evidence for these in the treatment of PTSD (Gouveia et al., 2020; Kan et al., 2020). Below
we briefly review key findings for TMS, tDCS, and DBS for PTSD. Other brain stimulation
techniques include electroconvulsive therapy (ECT), which triggers a brief seizure, and
different forms of vagus nerve stimulation (VNS) to indirectly stimulate neural targets via
the vagal nerve, but their implications for PTSD have been reviewed elsewhere (Koek et al.,
2019).

2.1 Transcranial magnetic stimulation

TMS is a noninvasive technique that uses a rapidly changing magnetic field, delivered at the
scalp surface, to induce an electric current in the underlying cerebral cortex. TMS can only
target a few centimeters below the scalp. The prefrontal cortex (PFC) is typically stimulated
PTSD (Gouveia et al., 2020; Kan et al., 2020), and TMS is postulated to indirectly reach
deeper brain regions that are functionally connected with the stimulated prefrontal area.
TMS depolarizes cortical neurons and can have inhibitory or excitatory effects depending on
stimulation location and parameters.

Data suggest that TMS may have efficacy for PTSD as a monotherapy or adjunctive
treatment (Kan et al., 2020). However, the small sample sizes and high degree of variability
across treatment protocols limit conclusions regarding the optimal use of TMS to treat
PTSD. Studies differ in terms of treatment target location (left dorsolateral PFC (DLPFC)
vs. right DLPFC vs. medial PFC (mPFC)), stimulation frequency (low vs. high vs. theta
burst), stimulation intensity (ranging from 80% to 120% of the motor threshold), and dose
(the number of TMS pulses delivered within a treatment session and across a treatment
series). It is not clear which combination of treatment location and parameters are most
likely to be efficacious for PTSD (Gouveia et al., 2020; Karsen et al., 2014).

2.2 Transcranial direct current stimulation

tDCS is a noninvasive technique that applies a low intensity electrical current to the brain via
an anode and cathode. This approach is relatively nonfocal and does not directly depolarize
neurons like TMS, but may alter the likelihood that groups of neurons will activate with
subsequent provocation. tDCS for PTSD has been less well studied than TMS, but results
are encouraging. Overall, clinical improvement has been demonstrated despite a large range
in stimulation parameters and anatomical target (DLPFC vs ventromedial PFC vs right
lateral temporal cortex), as well as the patient population (Gouveia et al., 2020).

2.3 Deep Brain Stimulation

DBS is an invasive technique involving neurosurgical placement of stimulation electrodes
within the brain, with delivery of electrical stimulation to a specific deep brain region.
DBS has the highest degree of focality, and can target essentially any brain region with
great precision. DBS is an established intervention for patients with medication refractory
movement disorders, such as Parkinson’s Disease and essential tremor. DBS is also
approved by the Food and Drug Administration (FDA), under a Humanitarian Device
Exemption, for the treatment of treatment-resistant obsessive compulsive disorder (OCD).
DBS has been shown to have efficacy in treatment-resistant depression (Dandekar et al.,
2018).

Depress Anxiety. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van Rooij et al.

Page 4

To date, there are no published randomized controlled trials (RCTs) of DBS in the treatment
of PTSD. A preclinical study in an animal model of PTSD found that focal stimulation of
the basolateral amygdala reduced fear and anxiety-like behavior in rats (Reznikov et al.,
2018). A pilot study of DBS of the basolateral amygdala is currently underway, and notable
benefit was seen in the first patient enrolled in this study (Koek et al., 2014; Langevin

et al., 2016). Furthermore, a recent case report showed complete recovery from PTSD
following DBS to the medial PFC and uncinate fasciculus, a white matter tract connecting
the amygdala and hippocampus with frontal regions (Hamani et al., 2020).

2.4 Limitations of focal brain stimulation research in PTSD to date

Although the studies reviewed above suggest potential for focal brain stimulation as a
treatment for PTSD, the results are clearly not definitive. One challenge in translating

this work to clinical application is that the optimal targets for intervention have not been
firmly established, and multiple targets using different treatment parameters have shown
efficacy. Yet, efficacy rates could be significantly enhanced, presumably by improving
target location. The targets that are currently being used are not always hypothesis-driven.
A few reviews have been published which suggested targeting the fear neurocircuitry
based on its overlap with PTSD symptoms (Marin et al., 2014) and reviewed different
neuromodulation targets implicated in PTSD (Koek et al., 2019). Neither of these reviews
used pre/post-treatment neuroimaging studies in PTSD to inform targets, which could help
us understand the mechanisms of successful treatment and identify brain targets related to
treatment non-response. Here propose that better understanding of the functionality of the
neural circuitry of PTSD that mediates recovery may clarify which targets are the most
promising for neuromodulation.

3. Functional brain circuits in PTSD treatment response

In this section, we review neuroimaging studies comparing PTSD treatment responders and
non-responders or showing an association between brain measures and treatment outcome.
Electroencephalogram/event-related potential studies were not included because the poor
spatial resolution of these methods limits the contribution of these studies to our main

goal of defining focal neurostimulation targets. The data are discussed within an existing
model of the functional neural systems involved in the pathophysiology of PTSD, i.e.,

threat and salience detection, fear learning, executive function and emotion regulation, and
contextual processing circuits (Shalev et al., 2017). While other models for the neurobiology
of PTSD have been published (e.g. (Fenster et al., 2018; Williams, 2017) we chose the
Shalev framework for its parsimony and direct relevance to treatment mechanisms. Details
on these neuroimaging study results, including specific information on fMRI tasks, are
provided in Table 1. More details on sample characteristics, treatment type and study design
are provided in Supplementary Table 1. There is substantial heterogeneity in sample size and
types of trauma, but most studies collected fMRI, used regions of interest (ROIs) for their
analyses, and examined outcomes of TFP.
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3.1. Threat and salience detection circuit

The threat and salience detection circuitincludes the amygdala, dorsal anterior cingulate
cortex (dACC) and insula, which are functionally connected in the salience network

(SN) (Shalev et al., 2017). This circuit is involved in detecting and orienting attention

to salient stimuli. Specifically, the amygdala is the key region for emotional responses
(particularly fear), the dACC is implicated in directing attention, and the insula is important
for interoceptive awareness and subjective emotional experience (Shalev et al., 2017).
PTSD patients have been found to exhibit vigilance to threat and amplified emotional

and neural responses to valenced stimuli, which is reflected by heightened activation in
response to emotional stimuli and increased functional connectivity (FC) of the nodes of the
salience network (e.g., (Aupperle et al., 2012; Etkin & Wager, 2007; Rabinak et al., 2011;
Rougemont-Biicking et al., 2011; van Rooij et al., 2014).

3.1.1 Amygdala—Decreased response to TFP has consistently been associated with
greater pre-treatment amygdala activation during a range of emotion and fear-based tasks
(Bryant et al., 2020a; Bryant et al., 2007; Cisler et al., 2015; Fonzo et al., 2017; van

Rooij et al., 2016a) (Table 1). One study demonstrated decreased pre-treatment amygdala
reactivity in relation to treatment non-response during cognitive reappraisal (Bryant et al.,
2020a), but this was not seen in another study (Fonzo et al., 2018). Increased pre-treatment
FC between the amygdala and superior parietal cortex (Duval et al., 2020) and posterior
cingulate cortex (PCC) (Sheynin et al., 2020) has been related to non-response to Prolonged
Exposure (PE). In another study, TFP non-responders exhibited a pre- to post-treatment
decrease in amygdala activation to trauma-unrelated negative vs. neutral pictures (van Rooij
et al., 2016a); this inconsistent finding could reflect a habituation effect at the level of the
amygdala as suggested by the authors.

3.1.2 dACC—Decreased response to TFP has been associated with both higher and

lower pre-treatment dACC activation. This is likely explained by the type of tasks that

were used across studies. Lower pre-treatment dACC activation during emotion regulation
or anticipation tasks (Aupperle et al., 2013; Fonzo et al., 2017), but higher pre-treatment
dACC activation during passive viewing of trauma-unrelated negative emotional images
(Aupperle et al., 2013; Kennis et al., 2017; van Rooij et al., 2016a) were related to treatment
non-response. Furthermore, studies assessing pre- to post-treatment dACC changes observed
both an increase in PTSD responders (Aupperle et al., 2013), as well as a smaller decrease in
non-responders compared to responders (Thomaes et al., 2012).

The PCC is not formally part of Shalev’s model, but findings related to the PCC are
discussed in this section because it has structural and FC with other critical regions
including the dACC. The PCC is implicated in awareness and episodic memory retrieval.
One study showed that treatment non-response was related to lower pre-treatment PCC
activation during emotional anticipation, but higher PCC activation during passive viewing
of emotional images (Aupperle et al., 2013).

3.1.3 Insula—Lower pre-treatment insula activation during emotion processing has been
related to TFP non-response (Bryant et al., 2020b; Duval et al., 2020; Fonzo et al., 2017),
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though one study observed higher pre-treatment insula activation during emotion processing
in non-responders (van Rooij et al., 2016a). Higher pre-treatment FC between the insula

and the pregenual ACC during emotion processing was also associated with treatment
non-response (Bryant et al., 2020b). When comparing pre- to post-treatment assessments,
treatment responders showed a decrease in insula activation (Aupperle et al., 2013; Simmons
et al., 2013), whereas treatment non-responders showed an increase in insula activation
(Simmons et al., 2013).

3.1.4 Network-based predictors—Greater FC between nodes of the SN, specifically
the left amygdala with the sgACC, pgACC and insula, was related to treatment non-response
(Bryant et al., 2020a). Lower FC within the ventral attention network (VAN, consisting

of the insula, dACC, anterior middle frontal gyrus and supramarginal gyrus) was related

to treatment non-response in patients with impaired verbal memory, but not in patients

with intact verbal memory (Etkin et al., 2019). A recent study, however, did not identify a
subgroup of patients with combined memory impairment and lower VAN FC (Esterman et
al., 2020).

3.2 Fear learning circuit

The fear learning circuit in Shalev’s model consists of different nuclei of the amygdala,
which is the location for formation of fear-related memory. Neuroimaging studies have
demonstrated an overactive amygdala in response to conditioned fear stimuli such as trauma-
related and threat stimuli (e.g., (Rauch et al., 2000; Shin et al., 2004) and during rest

(Koch et al., 2016) among patients with PTSD. Treatment studies targeting the amygdala did
not assess fear learning and findings were therefore discussed above within the threat and
salience detection circuit. Other studies using fear conditioning and extinction paradigms
that observed findings related to the PFC and hippocampus are discussed in the executive
function and emotion regulation and contextual processing circuits respectively.

3.3 Executive function and emotion regulation circuit

The executive function and emotion regulation circuit consists of the medial, dorsolateral
and ventrolateral prefrontal cortices (PFC). This circuit is important for top-down regulation
of emotions by inhibiting the amygdala. This allows for flexibility in emotional responding,
which is necessary for controlling or inhibiting the fear response in safe circumstances.

The dorsolateral PFC (DLPFC) is a key region for executive functioning, including working
memory, cognitive flexibility and emotion regulation. The medial PFC (mPFC) is more
specifically associated with regulation of fear responses, whereas the ventrolateral PFC
(VIPFC) has mostly been associated with motor inhibition. Reduced prefrontal control over
fear is considered a key deficit in PTSD, and neuroimaging studies have demonstrated
reduced prefrontal activation and decreased PFC-amygdala connectivity (e.g., (Garfinkel et
al., 2014; Milad et al., 2009; Stevens et al., 2013).

3.3.1 Dorsolateral prefrontal cortex—Greater pre-treatment left DLPFC activation
during emotion modulation and a pre- to post-treatment increase in DLPFC - left amygdala
FC was related to TFP non-response (Duval et al., 2020). Another study showed that lower
pre-treatment bilateral DLPFC activation during passive emotional processing was related to
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treatment non-response, and enhancing DLPFC control over the amygdala using transcranial
magnetic stimulation (TMS) to the right DLPFC improved treatment response (Fonzo et al.,
2017). A pre- to post-treatment reduction in DLPFC activation was observed in treatment
responders (Aupperle et al., 2013).

3.3.2 Medial prefrontal cortex—Both lesser and greater pre-treatment mPFC
activation have been associated with treatment non-response and no clear pattern has
emerged. Lower pre-treatment activation during emotional conflict regulation (Fonzo et
al., 2017) and emotion modulation (Duval et al., 2020), but greater pre-treatment mPFC
activation during the interaction of successful memory and emotional expression (Dickie
etal., 2011) and emotion regulation (Joshi et al., 2020), were related to treatment non-
response. Studies assessing pre- to post-treatment changes in mPFC activation showed that
a smaller decrease was related to non-response to PE (Helpman et al., 2016) or 8 weeks

of citalopram (Seedat et al., 2004). A greater increase from pre- to post-treatment in FC
between the amygdala and the vmPFC (Zhu et al., 2018) was related to poorer treatment
outcome, specifically for hyperarousal symptoms (Zhu et al., 2018). In contrast, a smaller
increase in FC between the amygdala and orbitofrontal cortex (OFC) was related to poorer
treatment outcome, specifically reexperiencing and avoidance symptoms (Zhu et al., 2018).

3.3.3 Ventrolateral prefrontal cortex—Greater pre-treatment VVLPFC activation was
associated with non-response to TFP (Bryant et al., 2007) and SSRI treatment (MacNamara
et al., 2016).

3.3.4 Network approaches—Lower pre-treatment activation across a larger
frontostriatal network (Falconer et al., 2013) as well as lower FC within the executive
control network was related to non-response (Zilcha-Mano et al., 2020). A treatment study
using a data-driven approach observed greater FC in the frontopolar network (specifically
the right superior frontal gyrus) and the pre-supplementay motor area network (specifically
left inferior temporal gyrus, left superior frontal gyrus and right precentral gyrus) in
treatment non-responders (Zhutovsky et al., 2019).

3.4 Contextual processing circuit

The contextual processing circuitinclude the hippocampus, medial PFC (mPFC), thalamus,
and locus coeruleus. The hippocampus is essential for contextual memory and the mPFC for
the regulation of the fear response based on this contextual information. The thalamus relays
sensory signals to the cerebral cortex and the locus coeruleus is involved in the physiological
responses to stress. Appropriate processing of contextual information is essential for the
regulation of fear in safe situations, and contextual processing is often impaired in PTSD
(Liberzon & Abelson, 2016). Moreover, neuroimaging studies have demonstrated reduced
hippocampal volume (Logue et al., 2018), as well as reduced hippocampal and vmPFC
functioning and connectivity in PTSD (Garfinkel et al., 2014; Jovanovic et al., 2013; Sripada
et al., 2012; van Rooij et al., 2018).

3.4.1 Hippocampus—Lower pre-treatment (right) hippocampal activation was related
to treatment non-response in two studies (Bryant et al., 2020a; Dickie et al., 2011). Pre-
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treatment FC between the hippocampus and amygdala was linked to treatment outcome, but
the effects were opposite for each hemisphere. Greater pre-treatment FC between the left
hippocampus and right amygdala, but lower pre-treatment FC between right hippocampus
and left amygdala were associated with treatment non-response (Bryant et al., 2020a). A
pre- to post-treatment study showed a smaller reduction in left hippocampal activation in
treatment non-responders (Helpman et al., 2016). Likewise, non-responders showed a higher
hippocampal response to their trauma script post-treatment compared to responders (Pagani
etal., 2007).

3.4.2 Left inferior parietal lobe—The inferior parietal lobe (IPL), though not part of
Shalev’s model of PTSD, is involved in contextual cue processing and working memory
updating, and is functionally connected with the default mode network (DMN), including
the mPFC. Lower pre-treatment left IPL activation predicted non-response to TFP (van
Rooij et al., 2015a). Correspondingly, an increase in right IPL activation from pre- to
post-treatment was observed in treatment responders (Aupperle et al., 2013).

3.4.3 Precuneus—The precuneus, also not part of Shalev’s model, is a major
component of the DMN, which is implicated in self-referential processing and episodic
memory. A smaller decrease of precuneus amplitude of low-frequency fluctuation (ALFF)
was related to poorer treatment response (Zhu et al., 2015), and the precuneus was one of the
main regions that predicted treatment outcome in the second study (Yuan et al., 2018).

3.2 Neuroimaging studies on PTSD neuromodulation treatments

Recent studies have collected pre- and post-neuromodulation treatment neuroimaging data.
Here we describe the findings in the direction of a positive treatment response instead of
treatment non-response as in the previous section to facilitate identification of novel targets
that could benefit from neuromodulation.

Philip et al (2018; 2019) performed two RCTs comparing active versus sham TMS. In

their first study, 5Hz TMS to the left DLPFC was delivered to PTSD patients with

comorbid depression. Resting state FC (RSFC) analyses showed that clinical improvement
was predicted by positive amygdala-vmPFC connectivity and negative sgACC-default mode
network (DMN) connectivity. Furthermore, post-TMS symptom reductions were associated
with reduced sgACC-DMN, left DLPFC-insula, and hippocampus-SN connectivity (Philip et
al., 2018). Their second study assessed PTSD-only patients and used theta burst stimulation
to the right DLPFC. Better treatment outcome was predicted by greater positive within
DMN connectivity (dmPFC-right temporoparietal junction (TPJ) and mPFC-left anterior
temporal cortex) and greater negative cross-network connectivity (left DLPFC-TPJ and
right lateral temporal cortex-left VLPFC/opercularis) (Noah S. Philip et al., 2019). These
TMS studies similarly targeted the DLPFC and provide some initial evidence of network-
level changes in TMS responders; however, general conclusions are again precluded by
inconsistency across the treatment protocols.

A recent study assessed the effects of surgical removal of the right amygdala in epilepsy
patients receiving standard care for their treatment-refractory epilepsy (Bijanki et al., 2020).
Right amygdala ablation in two patients resulted in amelioration of PTSD, suggesting a
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critical role for the (right) amygdala in maintenance of PTSD symptoms. Furthermore,
neuroimaging measures were collected before and after surgery in one patient, and clinical
improvement was accompanied by a decrease in activation of the left amygdala, and an
increase in vmPFC activation during a fearful faces task as well as improved fear learning in
a fear conditioning startle paradigm (Bijanki et al., 2020).

3.3 Summary

The most consistent neural predictor of treatment non-response in PTSD is greater pre-
treatment activation of the amygdala, which is key to the threat and salience and fear
learning circuits. Moreover, the amygdala ablation and DBS studies support the critical
role of amygdala hyperactivation in the maintenance of PTSD. The other regions of the
threat and salience circuit have also been associated with treatment outcome. Most studies
showed decreased insula activation at baseline as a predictor for TFP non-response. For the
dACC, results were mixed depending on the type of task and stimuli presented: treatment
non-response was predicted by lower pre-treatment dACC activation to fearful faces or
emotional conflict regulation and anticipation of negative images, but also predicted by
greater dACC activation for trauma-unrelated emotional processing. Resting state data
showed greater within-SN connectivity as a predictor of treatment non-response, though
lower VAN within network RSFC in combination with impaired memory was observed in
treatment non-responders.

Results for the executive function and emotion regulation circuit are inconsistent. Greater
mPFC, DLPFC or VLPFC activation and frontopolar network RSFC, but also lower mPFC
and DLPFC activation, frontostriatal network activation and lower within ECN RSFC have
been associated with poor treatment outcome. Increased inhibition of the amygdala by the
DLPFC (as induced by TMS) improved PE treatment outcome, suggesting that activation of
the DLPFC relative to the amygdala, rather than absolute activation patterns, may be most
informative.

Finally, findings for the contextual processing circuit are more coherent. Lower hippocampal
activation and lower right hippocampus-left amygdala task-based FC predicted treatment
non-response. The IPL was implicated in two studies: one study showed reduced left IPL
activation to be a predictor for TFP non-response, and one study showed an increase in right
IPL activation among responders.

In sum, while not entirely consistent, extant research supports down-regulating
overactivation of the threat and salience detection circuit and up-regulating the emotion
regulation and executive function and contextual processing circuits to mediate PTSD
recovery. PTSD patients who are not responsive to TFP may not be able to accurately assess
the threat saliency of stimuli and not sufficiently orient attention to indicators of safety.

In addition, they may fail to integrate new contextual information with already existing
internal representations of threat, and/or may not be able to regulate emotion and behavior
accordingly.
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4. Evidence-based focal brain stimulation targets for PTSD

Here we evaluate brain stimulation targets for PTSD based on the prior discussion of the
literature, consider the best stimulation technique to reach the targets, and discusss the
challenges and limitations of each approach. Figure 1 summarizes existing and novel brain
stimulation targets for PTSD and the suggested neurostimulation techniques for each target.

Research showing that amygdala hyperactivation is associated with non-response to first-
line PTSD treatments suggests that the amygdala is the most promising candidate for
neuromodulation. However, an important challenge is that the amygdala cannot be reached
with non-invasive stimulation, i.e., TMS or tDCS, because of its subcortical location. Two
small studies directly targeting the amygdala with DBS (Langevin et al., 2016) and surgical
ablation (Bijanki et al., 2020) both showed clinical improvement in PTSD symptoms.
However, both techniques require surgical intervention with associated risks and restrictions,
including eligibility for surgery. Therefore, neurostimulation studies have aimed to indirectly
target the amygdala via its connections to prefrontal regions. The DLPFC is a popular

target for TMS, and one TMS+fMRI study suggested increased TMS-induced prefrontal
control over the amygdala as a potential mechanism of psychotherapy treatment response
(Fonzo et al., 2018). This same study also demonstrated lower DLPFC activation as a
predictor for TFP response, but this has been the only study to show this (and another study
showed the opposite (Duval et al., 2020)). Greater VLPFC activation has been associated
with treatment non-response in two studies; however, the function of the VLPFC in PTSD
treatment is unclear as it has mostly been linked to non-emotional inhibition. Therefore,
more neuroimaging treatment research focusing on the DLPFC, VLPFC and the executive
function and emotion regulation circuitin general is needed.

Based on this review, some additional targets for brain stimulation could be considered.
First, there is a clear role for the salience network in PTSD and PTSD treatment response.
The dACC has been successfully targeted with deep TMS in OCD or addiction (Carmi et
al., 2018; Martinez et al., 2018). As a different approach, previous cingulotomy and DBS
for depression suggests a relatively safe profile and easier surgical accessibility for anterior
cingulate targeting (Crowell et al., 2019; Steele et al., 2008). The insula could also be a
noteworthy target with potential downstream effects on the amygdala, and might be reached
with deep TMS (Malik et al., 2018).

Although results for the mPFC are mixed, the mPFC could be further explored as a
candidate for neurostimulation. This frontal region has been associated with impaired fear
inhibition, a hallmark feature of PTSD (Jovanovic et al., 2013) and shows impaired task-
based FC with the amygdala in PTSD (Stevens et al., 2013). The mPFC can be targeted
with TMS or tDCS. One study stimulating the mPFC with TMS has shown a reduction

in intrusive symptoms in PTSD patients (Isserles et al., 2013). tDCS studies targeting the
vmPFC have shown improved extinction learning in healthy controls (Dittert et al., 2018)
and veterans with PTSD (van ‘t Wout et al., 2016) as well as improved extinction retention
in veterans with PTSD (Van’t Wout et al., 2017). A pilot study applying tDCS to the
vmPFC simultaneous with virtual reality exposure sessions showed a larger decrease in
physiological arousal in active vs sham tDCS (van ‘t Wout-Frank et al., 2019). Together,
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these studies suggest the potential for clinical application of tDCS for PTSD by facilitating
extinction.

Here we identified hippocampal activation as a rather consistent predictor of treatment
non-response. The hippocampus has often and consistently been implicated in PTSD
development both structurally (Gilbertson et al., 2002; Logue et al., 2018) and functionally
(van Rooij et al., 2016b; van Rooij et al., 2018). Moreover, two structural MRI studies
demonstrated that reduced hippocampal volume was a predictor for PTSD treatment non-
response (Rubin et al., 2016; van Rooij et al., 2015b), further supporting the hippocampus as
a potential target. However, because of its anatomical location, the hippocampus is difficult
to stimulate. Targeting the mPFC, also part of the context processing circuit, could be an
interesting approach to target both the context processing circuitand executive control and
emotion regulation circuit. In support of this, the recent DBS study that targeted the mPFC
and uncinate fasciculus (Hamani et al., 2020) yields great promise.

The IPL, involved in working memory updating and shown to mediate TFP response (van
Rooij et al., 2015a), could be an compelling and feasible target for neurostimulation. Based
on the finding that IPL is involved in context processing in treatment responders, this region
could be a good candidate for stimulation prior to TFP to enhance the ability to process

and integrate contextual safety information during exposure therapy. While this finding was
observed in an unbiased whole brain analysis, replication is warranted.

Here we reviewed neuroimaging studies that predict treatment response as well as studies
that show the effect of treatment on the brain. Both approaches contribute to the definition
of potential targets of brain stimulation in different ways, and interestingly, most pre/post-
treatment study designs allow for both types of analyses. Neuroimaging predictors of
treatment response contribute to our understanding of the potential mechanism of TFT, for
instance related to inability to extinguish trauma. They also contribute to the identification
of likely non-responders and will be essential in advancing the personalized medicine
approach. At the same time, changes in brain regions after successful treatment suggest
these brain regions could be related to current PTSD symptoms, and modulation of these
regions may mediate recovery, hence could be targets for neurostimulation. Furthermore,
investigating the effects of treatment on the brain will elucidate mechanisms and time-course
of recovery. This may be particularly relevant for neurostimulation treatments, which may
not show immediate clinical improvements, but could show alterations in brain functioning
that would either allow for a natural course of extinction or for individuals to successfully
participate in TFT after neurostimulation.

5. Limitations and future directions

There are several limitations of the current state of research that restrict our ability to
better define novel targets for neuromodulation at this moment. First, most studies have
used ROI analyses; the predictors that were identified could reflect the bias in choice

of these ROIs. Using hypothesis-free whole brain approaches would be less biased; yet,
longitudinal treatment studies are time and resource intensive, explaining why most studies
have relatively small sample sizes with limited power to identify predictors outside their
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ROIs using unbiased analyses. Cross-collaboration and imaging consortia could be helpful
for overcoming the challenges of incorporating neuroimaging into longitudinal treatment
studies.

Second, most studies have focused on single ROIs, but brain regions do not function
independently; rather, they are part of larger networks. In this review, we discussed brain
regions as part of circuits of an existing PTSD neurobiology model, and we suggest that
the emphasis of future neuroimaging treatment studies should shift from single region to
network analyses. Changing an individual region’s activity may not be sufficient to induce
a therapeutic effect, and neuroimaging treatment studies should investigate network level
activity and connectivity measures.

Third, there is also a clear need for more anatomical specificity or higher resolution images
to define more specific focal brain stimulation targets. Most of the regions described in

our review are rather sizeable and consist of several subregions with different functions.

For example, the insula and dACC are very large regions, and many different anatomical
definitions of the vmPFC exist. Moreover, rodent work has shown that even the smaller

and more clearly defined subcortical regions such as the amygdala and hippocampus, are
functionally and anatomically highly complex (e.g., (Ciocchi et al., 2010; Xu et al., 2016)).
This is a particularly salient issue for the most focal brain stimulation technique, DBS, in
which moving the target a few millimeters can impact treatment outcomes (Riva-Posse et
al., 2018). But also TMS treatment efficacy could likely benefit from more precise treatment
targets. Therefore, future studies should consider the use of high-resolution anatomical scans
or tractography as well as performing more voxel-based functional analyses to improve
specification of neurostimulation treatment targets.

Finally, there is a clear gap in knowledge of the exact mechanisms of different
neurostimulation therapies, and we suggest that future neuromodulation studies collect pre-
and post-treatment fMRI scans for three reasons. First, while, for example, DLPFC TMS
has shown overall efficacy for PTSD, more information on mechanisms is needed to define
optimal treatment parameters as these now vary widely between studies. Second, when
mechanisms of different treatments are better understood, novel targets for neurostimulation
therapy could be defined, either as a stand-alone treatment or in conjunction with TFP.
Lastly, in line with the NIMH precision medicine initiative (Collins & Varmus, 2015),
collecting pre- and post-treatment neuroimaging data could contribute to examining
individual differences in treatment response and advance personalized medicine. Using
pre-treatment MRI scans to individualize the target enhances precision and presumably
improves treatment efficacy. While more research is needed to exactly understand the
mechanisms of treatment response in order to optimize target selection, current research

(in our group) is underway based on the findings of this review. Specifically, for our ongoing
TMS treatment study, we use pre-TMS RSFC to define the area within the DLPFC that

is most strongly connected with the amygdala and use neuronavigation for each individual
to target this specific region (https://www.clinicaltrials.gov/ct2/show/NCT04563078). This
approach would also eliminate interindividual structural differences related to age, sex,
among other factors.
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6. Conclusion

This review provides support for current focal brain stimulation targets and suggests

novel candidates that could be stimulated using different intervention techniques.
Neurostimulation can be used as a stand-alone treatment, or in conjunction with other
treatments, such as psychotherapy and medication. This review focused on the role of
neuroanatomic targets in non-response to TFT and provided evidence that appropriately
activating or inhibiting neuroanatomic targets linked to PTSD could increase TFT efficacy.

The same underlying neuropathology that is associated with poor response to TF (e.g.,
over-engagement of threat and salience network, reduced context processing and emotion
regulation) could also hamper a natural course of extinction of learned fear, the mechanism
which serves as the basis for TFT. In support of this hypothesis, the regions implicated

in PTSD treatment response generally overlap with those implicated in PTSD, and
neurobiological profiles of treatment responders are comparable to trauma controls prior

to treatment as shown in several studies (van Rooij et al., 2015b; van Rooij et al., 2016a).
While some PTSD patients may have a full resolution of symptoms from stand-alone
neurostimulation treatments, patients who have an incomplete response to TFT may benefit
from supplemental neurostimulation to engage targets and augment the therapeutic process.
Furthermore, different neurostimulation targets have different effects on the underlying
neuropathology and can personalize the therapeutic approach to individual patients.

Major limitations in our ability to define novel targets are the lack of consistent findings
across conclusive neuroimaging psychotherapy studies and a very small number of studies
assessing neural correlates of neurostimulation treatments. Additional targets may also

be worth investigation, especially when aiming to achieve network level changes. Large
neuroimaging treatment studies on TFP and neurostimulation treatments, focusing on
network-level changes or predictors, are needed to advance the field by providing better
rationale for specific treatment parameters, identifying novel targets, and personalizing
treatment for PTSD.
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Figure 1. Novel brain stimulation targetsfor PTSD
Figure 1 displays a model for novel brain stimulation targets for PTSD. The model is based

on the PTSD pathophysiology model from Shalev et al. (2017), however, the regions that
did not show a relation with treatment outcome as reviewed in this paper were excluded
(i.e. LC and Thalamus). The IPL, which was found to be related to treatment outcome,
was added to the model. Furthermore, connections between regions that are relevant to
treatment outcome are now included in blue (i.e., PFC to amygdala, hippocampus to
amygdala and IPL to mPFC). Finally, the orange text boxes and arrows display the brain
stimulation approach that is suggested to target each brain region or connection. The asterisk
(*) indicates that this specific method is under investigation. The arrows next to each
brain region indicate direction of effect: 1 indicates greater activation related to treatment
non-response, | indicates lower activation related to treatment non-response, 1V indicates
mixed (inconsistent) findings. TMS, transcranial magnetic stimulation; tDCS, transcranial
direct current stimulation; DBS, deep brain stimulation; mPFC, medial prefrontal cortex;
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dACC, dorsal anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; VLPFC,
ventrolateral prefrontal cortex; IPL, inferior parietal lobe.
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