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A B S T R A C T

Classical neural circuitry models of posttraumatic stress disorder (PTSD) are largely derived from univariate
activation studies and implicate the fronto-limbic circuit as a main neural correlate of PTSD symptoms. Though
well-supported by human neuroimaging literature, these models are limited in their ability to explain the widely
distributed neural and behavioral deficits in PTSD. Emerging interest in the application of large-scale network
methods to functional neuroimaging provides a new opportunity to overcome such limitations and conceptualize
the neural circuitry of PTSD in the context of network patterns. This review aims to evaluate both the classical
neural circuitry model and a new, network-based model of PTSD neural circuitry using a breadth of functional
brain organization research in subjects with PTSD. Taken together, this literature suggests global patterns of
reduced functional connectivity (FC) in PTSD groups as well as altered FC targets that reside disproportionately
in canonical functional networks, especially the default mode network. This provides evidence for an integrative
model that includes elements of both the classical models and network-based models to characterize the neural
circuitry of PTSD.

1. Introduction

More than two decades’ worth of traditional functional neuroima-
ging research has concentrated on understanding the influence of the
brain’s structure and activity on emotion, behavior, and psycho-
pathology, including posttraumatic stress disorder (PTSD). Early neu-
roimaging research implicated structural changes in the gray matter of
brain regions including the hippocampus and prefrontal cortex as key
components of the neurocircuitry of PTSD (Karl et al., 2006; Kitayama
et al., 2005; Kühn and Gallinat, 2013; Li et al., 2014; Meng et al., 2014;
Pitman et al., 2012). As functional magnetic resonance imaging (fMRI)
techniques developed, analytic approaches examining univariate acti-
vation patterns of isolated brain regions began to contribute to the
understanding of PTSD and have resulted in a widely accepted general
neurocircuitry model of the disorder. The following review provides a
detailed history of the development of “classical” neurocircuitry models
in PTSD, beginning with univariate models and moving towards ex-
pansion of the classical model developed from bivariate circuitry in-
vestigations. Next, a discussion of the limitations of uni- and bivariate

models for understanding neural deficits in PTSD follows, along with
considerations for how reconceptualizing the brain through an in-
tegrative network framework may overcome such limitations. Section
two contains a comprehensive review of existing bivariate neuro-
circuitry studies in PTSD populations, throughout which we evaluate
support for both classical and network models from the evidence pro-
vided by bivariate investigations. Finally, we close with a review of
studies from the nascent field of network neuroimaging in PTSD, again
evaluating evidence for classical and network models from these studies
and discussing future directions for neurocircuitry investigations in
PTSD.

1.1. Classical models of PTSD neural circuitry (univariate models)

Several groups have proposed models of PTSD neural circuitry with
varying degrees of complexity (Table 1). In 2006, two reviews forming
the basis of the classical model of PTSD neural circuitry were published
by an overlapping group of researchers, the first by Shin, Rauch, and
Pitman (Shin et al., 2006) and the second by Rauch, Shin, and Phelps
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(Rauch et al., 2006). Both models highlight the role of the amygdala,
hippocampus, and medial prefrontal cortex (mPFC; including the
middle frontal gyrus, anterior cingulate cortex, and subcallosal cortex)
in the canonical “fear circuit” and specify how alterations in the activity
of these regions characterize neural deficits in PTSD. In the Shin model
(Shin et al., 2006), it is argued that PTSD neural circuitry is char-
acterized by hyperactivity of the amygdala and failure to activate the
mPFC during trauma- and non-trauma related fearful cue presentations,
and suggests a potential link between these two regions as an important
factor in PTSD neural circuitry. The role of the hippocampus is less
defined in this model, though the authors cite evidence of failure to
activate the region during cognitive tasks and greater hippocampal
activity at baseline in PTSD, potentially indicative of altered stimuli
encoding and recollection. The researchers’ other model (Rauch et al.,
2006) is consistent with this Shin model, emphasizing heightened re-
activity of the amygdala during threatening cues, fear conditioning, and
trauma reminders as well as failure to activate the mPFC and hippo-
campus during emotional Stroop and explicit memory tasks in in-
dividuals with PTSD. Here, however, the authors suggest that this al-
tered circuitry contributes to fear learning deficits in PTSD, including
enhanced acquisition of fear responses to conditioned stimuli and
failure to extinguish learned fears. Though the authors present these
models as specific to PTSD and not trauma exposure or symptom se-
verity, per se, the authors discuss a need for future research to de-
termine whether the abnormalities represented in this model are also
related to symptoms and trauma exposure.

Several years later, Pitman and colleagues (2012) and Patel and
colleagues (2012) added depth to the 2006 models of PTSD neural
circuitry by publishing a review of findings from biological studies of
PTSD and a meta-analysis of functional neuroimaging studies, respec-
tively. The Pitman model (Pitman et al., 2012) supports the previous
two models’ assertion that PTSD is characterized by exaggerated ac-
tivity of the amygdala and reduced activity of the mPFC to trauma-
related and threatening cues during fear conditioning and extinction.
Additionally, however, the Pitman model notes differing activity pro-
files within regions of the mPFC in PTSD that were not delineated in the
previous models. Specifically, they state that decreased activation of the
vmPFC during both trauma- and non-trauma related stimuli

presentation and increased activation of the dACC are evident during
recall of extinction learning and cognitive tasks. Here, the authors
suggest that a specific failure in activation of the vmPFC is associated
with failure to recall extinction learning and reduced symptom im-
provement during cognitive behavioral therapy. Conversely, the au-
thors posit that dACC activation during similar tasks is positively as-
sociated with PTSD symptom severity and fear expression. Additionally,
the Pitman model implicates a role for the insula in PTSD neural cir-
cuitry, suggesting a positive association between insular cortex acti-
vation and PTSD symptom severity. The authors note, however, that
this relationship may be characteristic of anxiety disorders generally
and non-specific to PTSD. The final component of the Pitman neural
circuitry model is the hippocampus which, similarly to the earlier
models, has an unclear role in the neural profile of PTSD, with some
evidence for enhanced activation during task and some evidence for
reduced activation. Taken together, the Pitman model characterizes the
neural circuity of PTSD as three regions of hyperactivation (amygdala,
insular cortex, and dACC) and a hypoactive vmPFC, all of which work
in a circuit underlying characteristic deficits in PTSD, including atten-
tional bias towards threat, failures in extinction, and poor emotional
regulation. Interestingly, the Pitman model also suggests that amygdala
hyperactivity and mPFC hypoactivity is also correlated with PTSD
symptom severity, adding a consideration for the role of symptoms in
alterations within neural circuits.

The Patel model, which was based on the results of a meta-analysis
of functional activation studies in trauma and PTSD, similarly im-
plicates the left amygdala and bilateral anterior insula as reliably hy-
peractive clusters in PTSD in comparison to non-trauma exposed con-
trols on a variety of tasks and the right mPFC as a reliably hypoactive
cluster (Patel et al., 2012). Additional clusters of hyperactivity in PTSD
groups compared to non-trauma exposed controls from this meta-ana-
lysis include the right hippocampus, left putamen, left precuneus, right
middle frontal gyrus (MFG), right fusiform gyrus, and right postcentral
gyrus. Additional clusters of hypoactivity include the left angular gyrus,
right posterior parietal cortex (PCC), left supramarginal gyrus, left
MFG, bilateral precentral gyrus, and right caudate. The Patel model also
includes a consideration of the specific effect of PTSD symptoms by
reporting a comparison of PTSD groups with trauma-exposed controls.

Table 1
Characteristic features of classical neural circuitry models of PTSD. mPFC – medial prefrontal cortex; vmPFC – ventral medial prefrontal cortex; dmPFC – dorsal medial
prefrontal cortex; dACC – dorsal anterior cingulate cortex; MFG – middle frontal gyrus; PCC – posterior cingulate cortex; R – right hemisphere; L – left hemisphere.
Regions that are implicated in more than one model are denoted in italics.

Model Hyperactive
Regions

Characteristic Deficits –
Hyperactivity

Hypoactive Regions Characteristic Deficits – Hypoactivity Other Regions of
Interest

Shin et al., 2006 Amygdala Not speculated mPFC Not speculated Hippocampus
Rauch et al., 2006 Amygdala Enhanced acquisition of fear

responses
mPFC
Hippocampus

Failure to extinguish learned fears

Pitman et al., 2012 Amygdala
dACC
Insula

Enhanced acquisition of conditioned
fear; heightened detection of bodily
arousal

vmPFC Failure to regulate amygdala, leading to
attentional bias to threat, impaired extinction
and emotional regulation, and enhanced fear
responses

Hippocampus

Patel et al., 2012 L Amygdala
Anterior Insula
R Hippocampus
L Putamen
L Precuneus
R MFG
R Fusiform
R Postcentral

Enhanced fear conditioning that
interferes with extinction learning;
Intrusive trauma recollections

R mPFC
L Angular Gyrus
R PCC
L Supramarginal
Gyrus
L MFG
Precentral Gyrus
R Caudate

Impaired top-down emotional regulation

Admon et al., 2013 Amygdala
dACC
Insula

Enhanced fear expression and
interoception; hyperarousal;
predisposing risk factor

vmPFC
Hippocampus

Impaired fear inhibition; re-experiencing and
avoidance symptoms; acquired risk factor

dmPFC
Nucleus Accumbens

Liberzon and
Abelson, 2016

dACC Enhanced cue-elicited fear responses vmPFC
Hippocampus

Deficits in context processing, triggering
generalized emotional reactions; failures in
safety learning

Thalamus
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Interestingly, the authors note that the dACC, precuneus, and middle
temporal lobe were hyperactive in PTSD compared to trauma-exposed
controls, suggesting that hyperactivity in some regions may be distinct
to PTSD diagnosis and reflective of the other models of PTSD neural
circuitry. Regions of hypoactivity in PTSD compared to trauma-exposed
controls were also consistent with the other models and included the
right mPFC, left parahippocampal gyrus, inferior and middle frontal
gyri, dACC, and orbital frontal gyrus. While the Patel model supports
the earlier models and the Pitman model, the finding of additional
significant clusters outside of the fear circuit indicates neural factors
external to the classical circuit that may influence neural deficits in
PTSD.

Though the above models provide support for alterations in the fear
circuit as characteristic deficits in PTSD neural circuitry, two remaining
models add depth and context to the classical understanding of fear-
related neural processing in PTSD. In 2013, Admon and colleagues
(Admon et al., 2013) combined twin pair, environmental, and genetic
studies to investigate both predisposing and acquired neural factors for
vulnerability to PTSD and put forth a causal neural circuitry model of
PTSD. Here, the authors review support for the classical models out-
lined above, noting that hyperactivity of the amygdala, dACC, and in-
sula is related to enhanced fear expression and hyperarousal in PTSD.
Additionally, this model holds that hypoactivity of the hippocampus
and vmPFC is associated with deficits in fear inhibition and re-experi-
encing and avoidance symptoms. Interestingly, the authors suggest that
regional hyperactivity, along with genetic profiles and life experiences
are predisposing factors for the development of PTSD, whereas regional
hypoactivity is an acquired factor that enhances risk vulnerability for
PTSD. One of the strengths of the Admon model is the consideration of
predisposing factors, including trauma exposure throughout the life-
span, separate from PTSD diagnosis and symptoms. This is a unique
feature of the typical neural circuitry models of PTSD and provides
some nuance to the distinct effects of trauma exposure from clinical
symptoms.

Finally, a recent model put forth by Liberzon and Abelson con-
ceptualizes PTSD neural circuitry through the lens of context processing
(Liberzon and Abelson, 2016). The authors highlight the mPFC-hippo-
campus circuit as critical to context processing in PTSD, and that def-
icits in this circuit may explain characteristic symptoms of PTSD, such
as generalized and situationally-inappropriate fear reactions
(Kaczkurkin et al., 2017; Lopresto et al., 2016), failures in safety
learning, and hyperarousal to fear cues (Duits et al., 2015; Norrholm
et al., 2011; Pole, 2007; Wessa and Flor, 2007). Similar to the Pitman
and Admon models, this Deficient Context Processing model delineates
the mPFC into the dACC and vmPFC, which have opposing roles in
deficient neural processing in PTSD (vmPFC is hyporeactive and dACC
is hyperreactive). In contrast to all other classical models described
above, the Deficient Context Processing model does not highlight hy-
peractivity of the amygdala as being characteristic of context processing
deficits in PTSD. While the authors suggest that the amygdala may be
involved in a deficient context processing circuit, explicit suggestion of
its hyperactivity of this region driving PTSD-related symptomatology is
missing from this model’s conceptualization. The Deficient Context
Processing model’s characterization of PTSD neural circuitry ex-
emplifies a general shift away from the domain-specific con-
ceptualization of PTSD as a disorder of fear processing and towards a
wider picture of higher-level neural and behavioral deficits.

1.2. Expansion of classical models of PTSD neural circuitry (bivariate
functional connectivity)

While univariate activation studies previously dominated the field
of neuroimaging research in PTSD, advancement in the development of
neuroimaging techniques has allowed for investigations of coordinated
activity and functional connectivity (FC) in neural circuits and how
abnormal connectivity patterns are related to PTSD psychopathology.

Thus, the traditional understanding of PTSD as a disorder characterized
by altered univariate activation of isolated brain regions has been ex-
panded to include alterations in bivariate FC between the regions of
interest (ROIs) implicated in the classical model. Importantly, FC stu-
dies introduced resting-state brain organization into neural models of
PTSD, as the methods utilized in bivariate FC analyses are not depen-
dent on task-related voxelwise activation (Fox and Raichle, 2007).
Understanding the brain’s organization during resting-state is essential
because organization of functional networks during rest is hypothesized
to support cognitive function (van den Heuvel and Hulshoff Pol, 2010),
is highly correlated to functional organization during cognitive tasks
(Bullmore and Sporns, 2012, 2009), and is related to underlying
structural connectivity networks (Bullmore and Sporns, 2009; Chen
et al., 2008). Additionally, resting-state fMRI paradigms are relatively
standardized and unconfounded by individual or group differences in
task performance and thus may be more generalizable across other
resting-state studies than task-based paradigms. The inclusion of
resting-state neural circuitry into models of PTSD helps to identify in-
trinsic neural patterns that may contribute to the deficits outlined by
the classical model. For example, bivariate resting-state studies im-
plicate reduced FC between the amygdala and medial regions of the
prefrontal cortex as a characteristic neural deficit in PTSD patients
(Admon et al., 2013; Koch et al., 2016), in line with the univariate
findings that formed the classical model and suggestive of alterations in
baseline functional organization absent the influence of emotionally
provocative stimuli. A detailed review of bivariate FC investigations in
PTSD can be found in Section 2.

1.3. Limitations of classical and bivariate models of PTSD neural circuitry

The neural models of PTSD described above generally focus on
isolated nodes of the brain or FC between two nodes within a circuit
using the two most widely used neuroimaging analytic techniques:
voxelwise functional activation and voxelwise seed-based FC analyses.
The former approach assumes each brain region (e.g., amygdala) acts as
an isolated unit, whereas the latter approach assumes there are only
bivariate relationships between regions (e.g., amygdala-mPFC con-
nectivity) that also operate in isolation from other bivariate relation-
ships. As such, circuit- and seed-based approaches have considerable
assumptions and limitations. Such limitations include the need to rely
on a priori selection of brain regions for connectivity analyses rather
than a more data-driven method (Cole et al., 2010; Tomasi and Volkow,
2010), inconsistency in node definition (Sohn et al., 2015), and ambi-
guity in neural activity outside of direct connectivity patterns between
nodes or seeds of interest (van den Heuvel and Hulshoff Pol, 2010).
Contemporary work is identifying some of these inconsistencies in FC
research in PTSD, and findings suggest that the role of the amygdala
and prefrontal regions, especially the vmPFC, may only be part of story
(Koenigs and Grafman, 2009). For example, whereas PTSD neuro-
circuitry models based on univariate neuroimaging data would predict
that vmPFC lesions should increase risk for PTSD, research in a large
cohort of combat veterans demonstrated that vmPFC lesions actually
decreased risk for PTSD (Koenigs et al., 2008), consistent with the view
that focusing on isolated regions of interest is only one element of a
wider picture. Similarly, other studies have found evidence for increased
connectivity between the amygdala and prefrontal regions in trauma-
exposed individuals (Thomason et al., 2015; Zhang et al., 2016;
Zielinski et al., 2018), which contradicts and brings into question the
classic neural circuitry model of PTSD, in which the vmPFC plays a role
in top-down control over the amygdala. An additional limitation is that
the studies forming the classical model of PTSD neural circuitry rely on
data from adult participants with trauma exposure; thus, it is unclear
what the role of development may be in the neural circuitry of pediatric
PTSD.
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1.4. Characterizing large-scale brain organization with networks

A more contemporary approach than the classical models to un-
derstanding the functionality of the human brain in health and disease
conceptualizes the brain as an interconnected network of functional
components that work as coordinated, rather than discrete, units. The
recent inclusion of large-scale brain organization methods into the
functional neuroimaging literature attempts to redefine the brain as a
coordinated, dynamic graph with distinct functional components rather
than a series of circuits functioning in isolation. Using network neu-
roscience methods, investigators can address the limitations of uni- and
bivariate approaches, namely the narrowed focus on single brain re-
gions or circuits in isolation, by examining large-scale patterns of
connectivity in health and psychopathology. Conceptualizing the brain
as a network allows for the testing of specific hypotheses about the
brain on a hierarchical scale, from individual ROI connectivity up to
whole-brain organization. Network neuroscience approaches that
broaden the definition of brain function and connectivity have been
employed in research on emotions (Pessoa, 2018), problem-solving
(Ogawa et al., 2018), and intelligence (van den Heuvel et al., 2009) in
subjects without psychopathology, as well as in disorders such as
schizophrenia (Bordier et al., 2018; van den Heuvel and Fornito, 2014;
Jafri et al., 2008; Ohta et al., 2018; Yu et al., 2012), major depression
(Ye et al., 2015; Zhang et al., 2011), and autism (Rashid et al., 2018).
These studies and others utilize tools, including Independent Compo-
nent Analysis (ICA) and graph theory principles, to characterize the
brain’s intercorrelations into meaningful units of connectivity. ICA
isolates individual functional networks within the brain, and graph
theory methods examine properties of networks, namely nodes and
edges of a graph, and characterize these elements based on their in-
tercorrelations. Analysis methods such as ICA and graph theory allow
for testing hypotheses about the brain as a coordinated network of
connectivity relationships, which can be altered in psychopathology.
Further details of these methods are discussed in Sections 3.1 and 3.2,
the Supplemental Material, and are depicted in Fig. 1.

While several large-scale brain networks have been identified and

studied in the context of mental health disorders, three canonical net-
works appear to play a particularly important role in cognitive function
and dysfunction, and therefore are implicated in the “Triple Network
Model” of psychopathology (Menon, 2011). These networks, referred to
as the central executive network (CEN), salience network (SN), and
default mode network (DMN), are commonly coupled both during tasks
and at rest (Menon, 2013, 2011). The CEN is anchored in the dorsal
lateral prefrontal cortex and posterior parietal cortex and plays a role in
working memory, executive functioning, cognitive control, error en-
coding, goal-directed behavior, and attention (Bressler and Menon,
2010; Dosenbach et al., 2007; Seeley et al., 2007). The SN is anchored
in the anterior insular cortex and dACC and is important for detecting
and mapping internally and externally salient events, as well as dy-
namic switching between the CEN and DMN to meet extrinsic cognitive
demands (Bressler and Menon, 2010; Menon and Uddin, 2010). Finally,
the DMN is anchored in the PCC and mPFC and is important for self-
referential mental activity, regulation of emotional state, and re-
collection of previous experience (Menon, 2011; Raichle, 2015). Dis-
ruptions in connectivity structure or activation profiles of these key
networks may underlie the uni- and bivariate dysconnectivity observed
in PTSD. Indeed, the classical univariate models of PTSD neural cir-
cuitry implicate altered activity of several of the nodes of the SN and
DMN in PTSD symptom presentation. As stated above, classical models
suggest that hyperactivity and hyperarousal symptoms are associated
with increased activation of the amygdala and dACC, both of which are
key nodes of the SN. Similarly, classical models suggest that re-ex-
periencing symptoms and deficits in emotional regulation and fear ex-
tinction are associated with reduced activation of the hippocampus and
vmPFC, both of which are nodes of the DMN. Though the CEN is
thought to facilitate control of spatial attention (Scolari et al., 2015;
Szczepanski et al., 2010) and emotional regulation (Sripada et al.,
2014; Wessing et al., 2013), and cognitive impairments in PTSD pa-
tients including attentional bias to threat and deficits in emotional
regulation are well-established (Koster et al., 2006; Sippel and
Marshall, 2013), classical models of PTSD neural circuitry generally
neglect to include CEN nodes. Only one model (Patel et al., 2012)

Fig. 1. Schematics of different functional organization methods discussed in review. The following review discusses four central methods for investigating functional
organization with fMRI. A) Univariate voxelwise methods for ROI activation during task; B) Bivariate, seed-based functional connectivity for circuitry investigations
during tasks and at rest; C) Independent Component Analysis for network structure and connectivity at rest and during task; and D) Graph Theory principles for
determining node-, network-, and whole-brain level functional organization during task and at rest.
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highlights the observation of reduced functional activation of nodes
within the CEN, including the inferior frontal gyrus and middle frontal
gyrus, in PTSD neural circuitry. Because CEN nodes are often not
considered within the classical neural circuitry model of PTSD, in-
vestigations of the role of the CEN within PTSD neural circuitry are
limited. Thus, an integrated approach that includes classical and net-
work-based models may be merited.

1.5. Purpose and predictions for review

The classical voxelwise activation model of PTSD neural circuitry
has a wide body of supportive evidence from early functional neuroi-
maging studies of affective disorders. However, as research methods
have advanced, reconceptualization of the brain as a coordinated net-
work of intercorrelated units has challenged the interpretability of the
classical model. Thus, the overarching goal of this review is to evaluate
both the classical model, largely derived from univariate activation,
and a new, network-based model of PTSD neural circuitry using a
breadth of functional connectivity research in subjects with PTSD, in-
cluding bivariate seed-based investigations and network-based ap-
proaches. It is relevant to mention that the classical model and network-
based models operate at different resolutions; the classical model op-
erates at a finer spatial resolution and attempts to explain specific ac-
tivation or connectivity patterns within only a handful of neural
structures. By contrast, network-based models by definition attempt to
explain activation and connectivity patterns that are distributed across
the brain. As such, the ultimate goal would be to combine and integrate
knowledge and predictions from both models to a more comprehensive
understanding of PTSD neural circuitry. Though no single neural cir-
cuitry model will explain every unique case of PTSD, the classical and
network models of PTSD will be evaluated on predictions about what
patterns might be observed in the human imaging literature on PTSD
based on the central themes of each model. For example, if the central
themes of the classical model are a reliable characterization of PTSD
neural circuitry, patient groups will demonstrate altered FC mainly
within the fronto-limbic circuit, represented by reduced FC from the
mPFC to subcortical limbic regions and enhanced FC from the amygdala
to the insula and dACC.

Conversely, if the central themes of a network model accurately
characterize PTSD neural circuitry, patient groups will demonstrate
patterns of altered organization on a global scale throughout the brain
and within canonical networks that are implicated in psychopathology.
Firstly, as the vmPFC and hippocampus are central nodes of the DMN
(Menon, 2011; Raichle, 2015) and reduced connectivity of these nodes
are thought to be associated with characteristic symptoms such as re-
experiencing and difficulty in fear extinction and emotional regulation
(Admon et al., 2013; Liberzon and Abelson, 2016; Pitman et al., 2012),
a network-based model predicts that the DMN will demonstrate overall
reduced connectivity in subjects with PTSD. Similarly, due to the CEN’s
role in facilitating attention and emotional control, both of which are
impaired in PTSD (Koster et al., 2006; Sippel and Marshall, 2013), and
evidence suggesting reduced activity in important nodes of the CEN in
PTSD (Patel et al., 2012), a network-level characterization of PTSD
neural circuitry predicts reduced connectivity of the CEN. Finally,
characteristic symptoms of PTSD including hyperarousal and enhanced
acquisition of fear suggest hyperactivity of the key nodes of the SN,
including the amygdala, anterior insula, and dACC (Admon et al., 2013;
Bressler and Menon, 2010; Liberzon and Abelson, 2016; Menon and
Uddin, 2010; Pitman et al., 2012); thus, a network-level characteriza-
tion of PTSD neural circuitry predicts hyperconnectivity of the SN in
PTSD patients.

To evaluate these models, we first present a comprehensive review
of bivariate FC findings in subjects with trauma exposure and PTSD,
covering over ten years of research on neural dysfunction in PTSD. We
chose to utilize bivariate investigations of FC in PTSD because the seed-
based FC method bridges the gap between univariate activation and

network-based studies, therefore providing ample evidence to evaluate
both potential models. In this section, we examine widespread FC
patterns as revealed through qualitatively considering together results
from bivariate FC studies. Second, we review the extant literature on
altered large-scale neural network connectivity in PTSD from network-
level computational methods in order to evaluate support for both
models. Finally, we close with a discussion of implications for neural
models of PTSD and considerations for future directions for functional
brain organization research in affective psychopathology.

2. Comprehensive review of studies utilizing seed-based
functional connectivity in PTSD

Seed-based functional connectivity (sbFC) is an analytical technique
designed to investigate correlations in functional activity between a
chosen brain region (i.e. “seed”) and the rest of the brain or a priori
chosen brain regions (i.e. “targets”). This flexible analysis method can
be used to determine functional connectivity (FC) patterns at rest and
during tasks by producing correlation maps between the seed region
and every other voxel in the brain (Fox et al., 2005) to evaluate syn-
chronous brain activity. FC between a chosen seed and its targets re-
presents the temporal correlation of activity between spatially distinct
brain regions that may be altered in disease states (Cordes et al., 2000;
Fox and Raichle, 2007). sbFC has been used in PTSD research for sev-
eral years as a primary method for investigating altered bivariate
connectivity patterns in the disorder; however, ambiguity in seed and
target assignment along with the need to select a priori seeds of interest
are substantial limitations of sbFC approaches. While using whole-brain
analyses to examine seed FC to all voxels in the brain removes some
experimenter bias in target selection, individual studies implicating a
bivariate connection are unable to provide information on how the
brain is behaving or organized outside of that connection, preventing
meaningful interpretations of alterations outside of bivariate circuits.
These methodological limitations result in a restricted understanding of
the neural circuitry of PTSD, with researchers relying on classical
models of univariate activation that implicate mainly fronto-limbic
circuitry, to select seeds and targets. Despite the limitations of sbFC
methods, this approach has been vital to expanding understanding of
brain function from that of single regions active in isolation to co-
ordinated circuits of two brain regions influencing one another to fa-
cilitate brain function.

The following sections first provide a review of results from 36 sbFC
studies in trauma-exposed clinical groups (“Initial Review”). Though
resting-state FC and task-related FC in PTSD are likely imperfectly
correlated, evidence suggests that resting-state FC is predictive of fear
extinction following a conditioned fear reminder (Feng et al., 2015),
converges with task-based sbFC in identifying targets involved in social-
and emotion-processing (Guell et al., 2018), and allows for the isolation
of networks that highly correspond with task-evoked network patterns
(Laird et al., 2013). As such, for the Initial Review, both resting-state
and task-based fMRI studies are included in order to evaluate the
classical neural circuitry models of PTSD, which are largely based in
task-related activation. Next, in order to understand the overall patterns
of connectivity revealed in these studies, we extracted the coordinates
given in 23 of the 36 studies of resting-state sbFC in trauma-exposed
samples with and without PTSD (“Resting-State Target Maps”). Here,
only resting-state sbFC studies were included in order to standardize
across fMRI paradigms, which was important because the sample size
was restricted by the availability of coordinates from whole-brain cor-
rected targets. Commonly chosen seeds for FC analyses in PTSD include
the bilateral amygdalae; bilateral hippocampi; prefrontal regions in-
cluding the anterior cingulate cortex, lateral prefrontal cortex, and
medial prefrontal cortex; the insular cortex; and posterior cingulate
cortex and precuneus. sbFC analyses are typically conducted between
clinical groups, generally subjects with a PTSD diagnosis in comparison
to trauma-exposed controls (TECs) or non-trauma exposed controls
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(NTCs) or between trauma-exposed participants without PTSD and
NTCs.

For this section of the review, evidence for neural models of PTSD
from sbFC studies will be evaluated according to predictions based on
the central themes from the classical model and network model.
According to the classical model of PTSD, the sbFC studies will overall
demonstrate that individuals with PTSD exhibit altered FC mainly
within the fronto-limbic circuit, represented by reduced FC from the
mPFC to subcortical limbic regions (Admon et al., 2013; Patel et al.,
2012; Pitman et al., 2012; Rauch et al., 2006; Shin et al., 2006) and
enhanced FC from the amygdala to the insula (Admon et al., 2013; Patel
et al., 2012; Pitman et al., 2012) and dACC (Admon et al., 2013;
Liberzon and Abelson, 2016; Pitman et al., 2012). According to a net-
work model perspective, it is anticipated that the sbFC studies will
overall demonstrate patterns of altered connectivity to targets that re-
flect larger patterns of network structure at the whole-brain level, as
well as altered FC to targets of the canonical networks implicated in the
Triple Network model. Specifically, the classical model predicts re-
duced fronto-limbic FC, which may be evident in a network model by
observing reduced FC between nodes of the DMN (e.g., vmPFC, hip-
pocampus, and PCC) and the CEN (e.g., middle frontal gyrus and pos-
terior parietal cortex), and limbic nodes, such as the amygdala. The
classical model also suggests hyperactivity of SN nodes, including the
anterior insular cortex and dACC; thus, according to a network model
perspective, sbFC studies should demonstrate enhanced FC to these
major nodes of the SN in the PTSD group, indicative of a hy-
perconnected SN.

2.1. Methods: Initial Review

2.1.1. Article selection and inclusion criteria
The article selection process is depicted in Fig. 2. Articles were in-

itially selected through keyword searches on PubMed (www.pub-
med.gov) and Google Scholar (scholar.google.com). Keyword searches
included ‘ptsd AND fMRI’, ‘ptsd AND seed’, ‘ptsd AND functional con-
nectivity’, and simply ‘ptsd.’ Articles were excluded if the authors did
not use fMRI for FC or did not utilize a seed-based approach to

determine FC. Both resting-state and task-based fMRI studies were in-
cluded in the Initial Review. Articles were included if the PTSD group
either met diagnostic threshold for PTSD or were sub-threshold but
experienced a Criterion A traumatic event. Studies with both adult and
pediatric patients were included. Due to the high comorbidity of dis-
orders other than PTSD observed in trauma-exposed populations (i.e.
depression and anxiety; Breslau et al., 2003; Kessler et al., 1995), ar-
ticles were excluded if the only trauma-exposed group was specifically
recruited to be absent of any psychopathology (i.e. subjects were ex-
cluded for meeting diagnostic criteria for a mental disorder) and there
was no PTSD group. These articles were excluded because the trauma-
exposed controls (TECs) likely do not accurately represent individuals
who do develop PTSD following trauma.

Comparison groups from included articles were either “healthy”
controls without trauma exposure or psychopathology (NTCs) or TECs
who did not meet diagnostic criteria for any mental disorders. Articles
were excluded if the study lacked a control group (i.e. only conducted
comparisons within the trauma-exposed or PTSD group). Because the
goal of this review is to evaluate models that classify group differences
in neurocircuitry related to PTSD, articles with a trauma-exposed group
with subthreshold PTSD symptoms were only included if the compar-
ison group was NTCs. Articles with a PTSD group demonstrating above-
threshold symptoms were included if the comparison group was either
NTCs or TECs. Included articles for the initial review utilized both
whole-brain and ROI-based approaches for determining targets of al-
tered FC; however, results from each article were only included if tar-
gets of FC survived correction for multiple comparisons. Studies were
only excluded from seed maps if the authors failed to provide xyz co-
ordinates for their chosen seeds.

2.1.2. Direction of altered functional connectivity in PTSD groups
The overall directionality of altered FC between PTSD and control

groups (i.e. either enhanced or reduced FC from the seed to the target)
was recorded for each included study, regardless of task. For articles
that reported increased or reduced negative FC or anticorrelation,
“increased negative” FC was considered “reduced” and “reduced ne-
gative” FC was considered “enhanced.” The total number of targets
from all studies and the total number of targets with reduced and en-
hanced FC, respectively, were determined. Directionality of altered
connectivity was important for this review because classical models
posit that some brain regions are hypoactive and some are hyperactive
in PTSD; thus, evaluation of the merits of classical models is incomplete
without examining the directionality of altered connectivity.
Additionally, regardless of target or seed location, overall group dif-
ferences in patterns of directionality of altered FC could suggest larger-
scale disorganization in PTSD. Two-sample Z-tests with continuity
correction were conducted using the prop.test function in R (https://
www.rdocumentation.org/packages/stats/versions/3.6.1/topics/prop.
test) to determine if the number of targets of reduced FC in PTSD groups
relative to controls differed from the number of targets of enhanced FC.
Comparisons were made on the total number of targets from all in-
cluded studies in the initial review, regardless of volume correction
method or whether the target coordinate was provided.

2.1.3. Spatial maps
Spatial maps of chosen seeds were constructed in Montreal

Neurological Institute (MNI) space based on the xyz coordinates pro-
vided by the authors of each article. Coordinates that were given in
Talariach space were converted to MNI space using Matlab’s tal2mni
function. Each seed coordinate was placed with a 6-mm radius sphere
onto the MNI template brain and visualized using AFNI (Cox, 1996) and
MRIcroGL software (Version 23 June 2018 https://www.
mccauslandcenter.sc.edu/mricrogl/).

Fig. 2. Article inclusion flow-chart for initial review. Initial search terms on
PubMed (www.pubmed.gov) and Google Scholar (scholar.google.com) in-
cluded ‘ptsd AND fMRI’, ‘ptsd AND seed’, ‘ptsd AND functional connectivity’,
and simply ‘ptsd.’ Articles were excluded if the authors did not use fMRI for FC
or did not utilize a seed-based approach to determine FC. Patient groups of both
adults and adolescents/children were included, but only if the patient group
was not recruited specifically to lack psychopathology. Studies were included if
the patient group was trauma-exposed yet had sub-threshold symptoms for
PTSD, but only if an explicit control group was included for comparison. That
control group could be either trauma-exposed without PTSD (TECs) or non-
trauma exposed (NTCs). This resulted in a total of 36 articles included in the
initial review.
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2.2. Review findings: Initial Review

2.2.1. Included studies and sample characteristics
The initial comprehensive review summarizes results from 36 arti-

cles, published between 2008 and early 2019 (Table 2). The articles
discussed below have a combined 1080 subjects in their respective
PTSD groups and 1073 controls. The PTSD group is comprised of 168
children or adolescents (eight articles) and 912 adults (29 articles) with
PTSD or trauma exposure and subthreshold PTSD symptoms, while the
control group contains 176 children or adolescents and 897 adults and
one article (Zielinski et al., 2018) evaluated subjects of both age groups.
110 patients and 111 controls were included from studies that allowed
subthreshold PTSD symptoms in the PTSD group. Types of trauma ex-
posure (e.g. interpersonal violence, motor vehicle accidents, natural
disasters, etc.) varied within and between studies. Eight studies utilized
task-based paradigms in fMRI, including processing of emotional faces
(Keding and Herringa, 2016; Steuwe et al., 2015; Stevens et al., 2013)
and other emotional or threatening stimuli (Marusak et al., 2015a;
Rabellino et al., 2016; Wolf and Herringa, 2016) and fear conditioning
(Linnman et al., 2011; Morey et al., 2015). The remaining 28 studies
used resting-state fMRI. Only the studies that utilized whole-brain
correction in their FC approaches (n = 23) were included in the target
maps in Section 2.4.

Nineteen of the included studies examined FC from the amygdala in
PTSD, eight used the posterior cingulate (PCC)/precuneus, seven uti-
lized seeds within the medial prefrontal cortex (mPFC), five utilized the
hippocampus/parahippocampus as a seed, five examined connectivity
from the anterior cingulate cortex (ACC), three from the lateral pre-
frontal cortex (lPFC), and three from the insula (Fig. S1). Investigators
also chose seeds in the thalamus (Yin et al., 2011), vestibular nuclei
(Harricharan et al., 2017), superior colliculus and locus ceruleus
(Steuwe et al., 2015), supplementary motor area (Misaki et al., 2018),
and putamen (Linnman et al., 2011) for FC studies in PTSD (Table S1;
Fig. S2). A detailed summary of FC targets from each seed is provided in
the Supplemental Material and Table 2.

2.2.2. Spatial map of seed regions
A spatial map was constructed to visually display seed regions used

in this line of research (Fig. 3). Eleven studies were excluded from the
spatial map of seed regions because the authors failed to provide xyz
coordinates for their chosen seed, leaving 25 studies for the seed map.

The remaining studies provided coordinates for 16 amygdala seeds
from ten studies, six PCC/precuneus seeds from six studies, five mPFC
seeds from five studies, five hippocampus/parahippocampus seeds from
four studies, nine ACC seeds from five studies, four lPFC seeds from
three studies, six insular cortex seeds from two studies, and eight
“other” seeds from five studies (Fig. 3, Table 2).

2.3. Discussion and evaluation of models: Initial Review

The initial review of sbFC studies in trauma-exposed groups with
and without PTSD reveals an unclear picture of altered FC patterns in
PTSD groups. Predictably, based on the classical model, many studies
chose to examine the amygdala as a seed. These studies suggest mod-
erate support for the classical model in that one study noted reduced FC
from the amygdala to the vmPFC during safety learning (Morey et al.,
2015) and three studies observed enhanced FC from the amygdala to
regions of the dACC and anterior insula (Birn et al., 2014; Thomason
et al., 2015; Zhang et al., 2016); however, one of the same studies and
one other observed evidence for reduced FC from the amygdala to the
anterior insula and dACC (Thomason et al., 2015; van der Werff et al.,
2013), which is not fully consistent with the classical model and hinders
interpretability of these results. Two studies use the anterior insula as a
seed and provide supportive evidence for the classical model by ob-
serving increased FC to the amygdala in PTSD groups (Nicholson et al.,
2016; Sripada et al., 2012b); however, both of these studies utilize a
priori targets with small-volume, rather than whole-brain correction,
and thus are potentially biased in their observations. Of the seven
studies that utilized mPFC seeds for FC analyses, two found evidence for
reduced FC from the mPFC to the amygdala (Heyn et al., 2018;
Russman Block et al., 2017), lending some support to the classical
model. Though the classical model would imply a dominance of altered
fronto-limbic circuitry in PTSD groups, the literature suggests that
many other circuits are also associated with PTSD and trauma exposure,
signifying a role of altered neural circuitry beyond the fronto-limbic
circuit. In order to evaluate the evidence for a network model of PTSD
neural circuitry, the following sections utilize the coordinates for the
targets provided from resting-state, whole-brain corrected sbFC studies
to visualize possible network structure from bivariate circuits.

2.4. Methods: Resting-state target maps

2.4.1. Article selection and inclusion criteria
Articles selected for the resting-state seed and target maps were a

subset of the 36 articles from the Initial Review (see Fig. 4 for selection
process). Articles were excluded from the resting-state target map sec-
tion of the review if the fMRI paradigm involved a task, if the authors
used small-volume correction on a priori targets, or if no target co-
ordinates were provided. Due to the small number of task-based studies
eligible for this section of the review and the evidence suggesting that
resting-state organization is highly correlated with functional organi-
zation during tasks (Bullmore and Sporns, 2012, 2009), only resting-
state studies were included in this section of the analysis in order to
standardize task paradigms in fMRI.

2.4.2. Canonical network membership of whole-brain corrected targets
Target maps were constructed in MNI space based on the co-

ordinates provided by the authors of each article. Coordinates that were
given in Talariach space were converted to MNI space using Matlab’s
tal2mni function. Each coordinate was placed with a 6-mm radius
sphere onto the MNI template brain. Studies that did not provide co-
ordinates for the targets were excluded from the maps produced in this
review. In order to define anatomical locations of key networks in an
unbiased manner, networks were defined using the cortical atlas by Yeo
and colleagues (Yeo et al., 2011). The DMN, CEN, and SN were ex-
tracted from the Yeo et al. parcellation and projected onto an MNI
template brain using AFNI (Cox, 1996) and MRIcroGL software

Fig. 3. Seed map for initial review. 25 of the 36 studies provided xyz co-
ordinates for their chosen seeds in seed-based functional connectivity analyses.
Coordinates were used to draw 6-mm spheres in MNI space to visualize ROIs.
The most commonly chosen seed was the amygdala (19 studies), followed by
the posterior cingulate/precuneus (8), the medial prefrontal coretex (7), hip-
pocampus/parahippocampus (6), anterior cingulate cortex (5), lateral pre-
frontal cortex (3), insula (3) and others including the thalamus and locus cer-
uleus.
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(Version 23 June 2018 https://www.mccauslandcenter.sc.edu/
mricrogl/). Each of the 6-mm radius targets from whole-brain cor-
rected resting-state studies was displayed over the three networks and
the target was classified as “DMN”, “CEN”, “SN” or “Other” based on
anatomical overlap with the cortical parcellation. Finally, one-sample
Pearson’s Chi-Squared tests conditioned on the total number of targets
within the three canonical networks were conducted to determine dif-
ferences in network membership of targets from each seed. Because
each of the three canonical networks consists of a different number of
voxels within the cortical atlas, expected proportions for all Chi-
Squared tests were calculated based on the size of each network (in
voxels). All tests were conducted with Yates’ Continuity Correction
using the chisq.test function in R. Further details regarding the methods
for this section are included in the Supplemental Material.

2.5. Review findings: Resting-state target maps

2.5.1. Included studies – Target maps
28 of the 36 studies included in the Initial Review conducted FC

analyses from resting-state fMRI scans, while two used fear con-
ditioning tasks and six used emotional- or threat-processing tasks in
fMRI. A total of 13 studies were excluded from the original 36 due to
task-based fMRI paradigms (n = 8) or a priori ROI approaches using
small-volume correction (n = 5). This left a total of 23 studies included
on the target maps for this review, all of which were whole-brain

corrected, resting-state studies. Combined, the studies included on
target maps represent 708 trauma-exposed patients with (n = 612) or
without (n = 96) PTSD and 673 controls. 105 of the PTSD group and
108 of the controls were children or adolescents, while the remaining
subjects were adults (n = 603 in PTSD group, n = 565 in control
group).

2.5.2. Direction of altered functional connectivity in PTSD groups – Initial
Review and target maps

A total of 199 targets were identified in the 36 studies included in
the Initial Review. 119 of these targets demonstrated reduced FC from
their seed in PTSD groups, while 74 demonstrated enhanced FC and six
displayed both (Table 3). Following removal of targets for which evi-
dence of both enhanced and reduced FC was found, this difference was
significant (Χ2(1) = 20.1, p < .001), indicating that significantly more
targets of altered FC in the PTSD group displayed reduced connectivity
from their seeds relative to the number of enhanced FC targets (Fig. 5).
This effect remains significant when removing targets from studies with
subjects aged below 18 [167 targets total, 64 enhanced FC, 103 reduced
FC (Χ2(1) = 17.29, p < .001)]. 97 of the 143 targets from articles
utilizing resting-state whole-brain corrected analyses (i.e. the 23 studies
included in Target Maps) demonstrated reduced FC compared to 46 that
displayed enhanced FC (Χ2(1) = 55.5, p < .001; Fig. 6). This finding
reflects the previous from the Initial Review in that PTSD groups dis-
played significantly more targets of reduced FC in comparison to targets

Fig. 4. Article inclusion flow-chart for target maps. The 36 articles selected from the initial review were used for the basis of the target map analysis. Studies were
excluded if the fMRI task used was any paradigm other than resting-state (8 articles). From the remaining 28 articles, five studies were excluded because they utilized
a priori target regions with small-volume correction to define targets of altered FC in patient groups. The resultant target maps contained resting-state, whole-brain
corrected targets from 23 studies.

Table 3
Comparison of directionality of altered functional connectivity targets in patient groups. For targets of altered functional connectivity (FC) from the seed-based
studies, patient groups demonstrated disproportionately reduced FC compared to enhanced. This effect was significant in both the Initial Review of all targets and the
target map review, which included only resting-state, whole-brain corrected targets. For the initial review, six targets demonstrated both enhanced and reduced FC
and therefore were excluded for comparisons. One such target was excluded from the target map review.

Targets Enhanced FC Only Targets Reduced FC Only Χ2(1) p

All Included Targets in Initial Review (n = 199) 74 119 20.06 < .001

Target Map Studies Only (n = 143) 46 97 34.97 < .001
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of enhanced connectivity. Additional comparisons within each type of
control group (i.e. PTSD vs. NTC, PTSD vs. TEC, and TEC vs. NTC) re-
vealed that the PTSD group showed significantly more targets of re-
duced FC in the PTSD vs. NTC comparison with 62 targets; however, the
was no difference between the groups in proportion of reduced FC
targets in the PTSD vs. TEC studies or the TEC vs. NTC studies (Fig. S5,
Table S2) suggesting that choice of control group may influence con-
clusions regarding directionality of altered FC.

2.5.3. Network membership of targets of altered functional connectivity in
PTSD

Fig. 7, Table 4, and Fig. S6 summarize the key findings for the
network membership of targets with altered functional connectivity in
PTSD. With the exception of lateral and medial prefrontal cortex seeds,
targets of altered connectivity in PTSD from all seeds were located
disproportionately within the DMN compared to the CEN and SN. This
trend was the same for targets of both enhanced in reduced FC from the
amygdala (Figs. S3 and S4). Specific details for each seed are provided

in the Supplemental Material.

2.5.4. Supplementary comparisons excluding studies with non-adult subjects
To address any concern about developmental effects of bivariate FC

on network membership, all comparisons from the above sections were
also conducted using only targets from studies with adult subjects (age
18+). The statistical significance of all comparisons except for the
DMN vs. SN contrast from the amygdala seed was unchanged from the
full review (Table S3). When targets from studies with youth were re-
moved, there was no longer a significant difference in the proportion of
amygdala targets in the DMN versus the SN, suggesting that participant
age may partially contribute to the dominance of the DMN in the FC
literature.

2.6. Discussion and evaluation of models: Resting-state target maps

sbFC studies of PTSD and trauma exposure reveal an inconsistent
and often narrow picture of the neural profile of the disorder. Uni- and
bivariate connectivity studies of PTSD suggest that PTSD may be as-
sociated with either hyper- or hypoactivation of threat-detection cir-
cuitry (Abdallah et al., 2019; Admon et al., 2013; Bryant et al., 2008;
Koch et al., 2016), creating an unclear model of the neural correlates of
the disorder. By examining many sbFC studies in concert, the current
review addresses questions of directionality of neural alterations and
suggests that PTSD is likely characterized by reduced FC to canonical
networks. In fact, of the 143 resting-state whole-brain corrected targets
reported in this review, reduced FC was observed to 97 targets, with
seeds in all six of the common ROIs considered from the whole-brain
corrected studies in this review.

Overall, globally reduced FC in individuals with PTSD may partially
explain characteristic PTSD symptomology, including impaired fear
extinction (Duits et al., 2015; Norrholm et al., 2011; Peri et al., 2000)
and poor emotional regulation (Cloitre et al., 1997; Tull et al., 2007).
Globally reduced FC in PTSD, as demonstrated by this analysis, may
also contribute to resistance to cognitive behavioral therapy (CBT),
which is the leading therapeutic treatment for PTSD (Cloitre, 2009).
CBT has recently been shown to increase functional connectivity be-
tween the amygdala and various cortical regions involved in cognitive
control in patients with social anxiety (Young et al., 2017) and PTSD
(Shou et al., 2017), indicating that the efficacy of CBT in anxiety dis-
orders may rest in strengthening functional connections throughout the
brain. Patients with globally reduced FC may be less responsive to CBT
compared to patients with stronger FC throughout the brain because the
necessary functional connections for clinical improvement are reduced
at baseline. Reduced FC across networks may also indicate increased
functional modularity of the brain networks in which these seeds reside
(limbic, DMN, and CEN, respectively) or globally reduced integration of
neural processing in PTSD. Though some degree of modularity is ne-
cessary for economical brain network organization (Bullmore and
Sporns, 2012), highly modular brain networks may result in failures in
inter-network communication and inability to perform on cognitively-
demanding tasks (Bertolero et al., 2015; Cohen and D’Esposito, 2016;
Godwin et al., 2015; Yue et al., 2017). Maladaptive modular structure
in PTSD could similarly contribute to cognitive and regulatory deficits
that prevent efficacy of therapeutic interventions for PTSD patients. The
limitations of sbFC methods preclude specific conclusions about global-
and network-level modular structure; as such, investigating the hy-
pothesis of altered modular structure in PTSD patients requires in-
tegrated approaches that consider both classical models and functional
networks.

Another consistent observation from these studies is altered FC in
trauma-exposed and PTSD patients from various seeds to regions
comprising the DMN. In fact, targets of FC from four major seeds
(amygdala, hippocampus/parahippocampus, PCC/precuneus, and ACC)
preferentially fall into the DMN relative to the SN and CEN (Table 4).
This result suggests a disproportionate role for the DMN in the neural

Fig. 5. Direction of altered seed-based functional connectivity in patient groups
from initial review. 193 targets that displayed only enhanced or reduced
functional connectivity (FC) in patient groups were compared using a two-
sample Z-test to determine the difference in proportions of enhanced vs. re-
duced FC. Patients displayed disproportionately more targets of reduced FC
from their seeds compared to enhanced. This effect remained significant when
removing targets from studies that utilized subjects under the age of 18.

Fig. 6. Direction of altered seed-based functional connectivity in patient groups
from target maps. 143 resting-state, whole-brain corrected targets that dis-
played only enhanced or reduced functional connectivity (FC) in patient groups
were compared using a two-sample Z-test to determine the difference in pro-
portions of enhanced vs. reduced FC. Patients displayed disproportionately
more targets of reduced FC from their seeds compared to enhanced. This effect
remained significant when removing targets from studies that utilized subjects
under the age of 18.

M.C. Ross and J.M. Cisler NeuroImage: Clinical 27 (2020) 102319

14



circuitry of PTSD, which may contribute to re-experiencing and dis-
sociative symptoms, fear generalization, and avoidance in PTSD pa-
tients (Akiki et al., 2017). Examining bivariate FC alone, which has
been the norm for PTSD research for the last decade, obscures this
important finding of DMN dominance in PTSD neural circuitry by ne-
glecting the role of other nodes outside of the bivariate circuit. It is
possible that the dominance of the DMN observed in this report is ob-
vious only in resting-state, as the DMN is generally considered the
“task-negative” network (Menon, 2011; Raichle, 2015). The limited
number of task-based sbFC studies in PTSD that use whole-brain cor-
rection methods precluded examination of the role of the DMN in task-

positive conditions; however, this is an important avenue for further
research. Future studies should consider the role of the DMN and other
canonical networks as whole, cohesive components rather than in-
dividual univariate parts. When compiled together into target maps, the
sbFC studies contained in this review are showing clearly altered con-
nectivity in large-scale networks in patient groups with PTSD and
trauma exposure relative to healthy comparison subjects.

Examining sbFC studies together provides some support for the
classical model of PTSD neural circuitry in that PTSD groups demon-
strate generally reduced FC from prefrontal cortex seeds, and FC targets
from seeds in the PFC did not preferentially fall into any specific

Fig. 7. Network membership of targets of altered functional connectivity in PTSD patient groups. Each of the 6-mm radius targets from whole-brain corrected resting-
state studies was displayed over the three networks of the Triple Network Model and the target was classified as “DMN”, “CEN”, “SN”or “Other”based on anatomical
overlap with the cortical parcellation. Because the Yeo et al. cortical parcellation excludes subcortical regions from the atlas, most subcortical targets were excluded
from network membership classification; however, the participation of the hippocampus within the default mode network is well-established (Greicius et al., 2009,
2004; Raichle, 2015) and thus targets in thehippocampus were counted as part of the DMN in this analysis. One-sample Pearson’s Chi-Squared tests conditioned on
the total number of targets within the three networks in total were conducted to determine differences in network membership of targets from each seed. Expected
proportions for all Chi-Squared tests were calculated based on the size of each network (in voxels). A) 54 targets from the amygdala B) 23 targets from the PCC/
Precuneus C) 7 targets from the mPFC D) 13 targets from the hippocampus/parahippocampus E) 20 targets from the ACC F) 10 targets from the lPFC. DMN= default
mode network, CEN = central executive network, SN = salience network, PCC = posterior cingulate cortex, mPFC = medial prefrontal cortex, ACC = anterior
cingulate cortex, lPFC = lateral prefrontal cortex.
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canonical network. Additionally, two of the seven resting-state targets
from the mPFC demonstrated reduced connectivity to the amygdala,
further supporting the classical model; however, because a central
theme of the classical model is reduced fronto-limbic connectivity in
PTSD, one might expect for more than two of seven mPFC targets to
show altered FC with the amygdala. This speaks to the univariate ac-
tivation methods on which the classical models are based, indicating
that fronto-limbic dominance may be most observable during tasks that
are known activate the circuit, such as fear- or emotion-processing
paradigms, or when a priori target selection biases results. Thus, an
integrated methodology that considers the evidence for a fronto-limbic
model alongside a whole-brain approach may be merited. Similarly,
enhanced FC from the amygdala to the insula and dACC (or the SN
under a network-based conceptualization) was observed in two studies
that used resting-state, whole-brain corrected analyses, providing some
support for the classical model; however, the majority of targets from
the amygdala in this section of the review were nodes of the DMN ra-
ther than the SN. Again, the limited support for the classical model of
PTSD neural circuitry from sbFC studies may be the consequence of the
model’s basis in task-related activation or experimenter bias in target
selection failing to reflect the brain’s organization in resting-state.

Taken together, the sbFC studies presented in this review provide
strong evidence for a network model of PTSD neural circuitry. Firstly,
the targets of altered FC in the PTSD group fall predominantly within
canonical networks, specifically within the three networks implicated
in the Triple Network Model of Psychopathology. Additionally, the
finding of globally reduced FC in the PTSD group is supportive of a
network model of PTSD neural circuitry because it indicates larger,
coordinated patterns of altered brain organization outside of simple
univariate activation. Secondly, the sbFC studies implicate a hypo-
connected DMN in the PTSD group, supporting the prediction that a

representative network model would demonstrate reduced FC to nodes
of the DMN. While seven studies indicate reduced FC from various seeds
to the CEN, the CEN does not emerge as a dominant network in PTSD
neural circuitry and thus sbFC evidence does not support the prediction
of reduced FC to the CEN in a network model. Similarly, while three
studies observed enhanced FC from the amygdala to the SN, five studies
actually observed reduced FC to SN nodes. This finding fails to support
the prediction that a network model of PTSD neural circuitry would
demonstrate enhanced FC to nodes of the SN in PTSD groups.

Overall, results from sbFC studies examined as a unit reveal network
patterns of altered brain organization in subjects with PTSD, lending
support to a network model of PTSD neural circuitry. Elements of the
classical model of PTSD neural circuitry were also supported, sug-
gesting that an integrated approach that bridges both classical and
network-based models may be appropriate for future work. Recently,
investigators have begun to utilize network-based analysis methods to
explicitly examine network patterns of altered functional organization
in PTSD patients. Though the extant research is limited thus far, the
remainder of this review aims to summarize the network-level literature
on PTSD neural circuitry in order to evaluate the evidence for both
models.

3. Emerging network-based models of altered functional
organization in PTSD

Computational methods in fMRI are vastly expanding the scope of
answerable research questions in neuroscience. Elegant mathematical
models and integration of graph theory and large-scale network con-
cepts into fMRI analysis have allowed for the modeling of complex,
coordinated brain systems from both resting-state and task timecourse
data. Importantly, network-based approaches largely surpass the many

Table 4
Canonical network membership of targets with altered functional connectivity from common seeds. The number of altered connectivity targets in patient groups were
counted and sorted by membership into canonical networks. Chi-squared tests were performed to assess significance of the proportion of targets in each network.
DMN – default mode network; SN – salience network; CEN – central executive network.

Seed Region Total Resting-State Whole-Brain Targets in Canonical Networks DMN Targets SN Targets CEN Targets

Amygdala 45 26 11 8
Χ2(1) p

DMN vs. SN 9.00 0.003
DMN vs. CEN 13.66 < .001
SN vs. CEN 0.27 0.6054

Posterior Cingulate Cortex (PCC)/Precuneus 18 13 3 2
Χ2(1) p

DMN vs. SN 9.11 0.003
DMN vs. CEN 11.43 0.001
SN vs. CEN 0 1

Anterior Cingulate Cortex (ACC) 16 15 0 1
Χ2(1) p

DMN vs. SN 24.60 < .001
DMN vs. CEN 21.13 < .001
SN vs. CEN 0 1

Lateral Prefrontal Cortex (lPFC) 10 4 4 2
Χ2(1) p

DMN vs. SN 0 1
DMN vs. CEN 0.24 0.626
SN vs. CEN 0.24 0.626

Hippocampus/Parahippocampus 8 7 0 1
Χ2(1) p

DMN vs. SN 9.14 0.003
DMN vs. CEN 6.25 0.012
SN vs. CEN 0 1

Medial Prefrontal Cortex (mPFC) 5 1 3 1
Χ2(1) p

DMN vs. SN 0.42 0.519
DMN vs. CEN 0 1
SN vs. CEN 0.42 0.519
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limitations of sbFC and univariate activation models discussed above,
namely the introduction of bias from choosing targets a priori and the
resulting narrowed scope of investigation into simplistic circuits. The
utilization of these methods for understanding the brain in health and
disease has gleaned important insights into neural correlates underlying
psychological disorders. To date, researchers have utilized two main
tools for network-based analysis on neuroimaging data: Independent
Component Analysis (ICA) and graph theory. From these studies, the
functional structure of the human brain and its networks has been re-
vealed. A 2011 study by Power and colleagues was one of the first to
employ graph theoretical network principles to functional brain ima-
ging to define a reliable set of nodes that fall consistently into large-
scale networks within the healthy young adult brain (Power et al.,
2011). The authors found that functional nodes of the brain do indeed
fall into reliable subgraphs with high agreement between subjects and
certain networks. The visual, default mode, central executive, and
dorsal and ventral attention networks are particularly reliable in their
partitioning between subjects and iterations (Power et al., 2011). This
study was an important validation for graph network methods in neu-
roimaging, from which more precise conclusions can be drawn about
normative and deviant structure.

Evidence suggests that functional organization follows a develop-
mental trajectory such that children demonstrate less structurally
(Baum et al., 2017) and functionally (Chen and Deem, 2015) segregated
brain networks than young adults. Subsequently, older adults demon-
strate more functional integration than do middle-aged adults (Onoda
and Yamaguchi, 2013), indicating that brain network segregation may
reach a peak during young adulthood and decline with normal ageing.
While network organization follows a general developmental trajec-
tory, the configuration of functional brain networks adjusts dynami-
cally to meet the demands of cognitive tasks. Many networks that are
involved in the execution of cognitive functions have a highly-con-
nected node structure to coordinate with other functional networks to
meet the demands of the task at hand (Power et al., 2011). Additionally,
the number of functional networks that are involved in the execution of
tasks increases with the cognitive demand of the tasks, likely facilitated
by the highly-connected nodes found in networks that respond to high
cognitive demands (Bertolero et al., 2015). Similarly, global functional
connectivity adapts dynamically to tasks, decreasing during standard N-
Back and sequence-tapping tasks (Cohen and D’Esposito, 2016) and
during target detection (Godwin et al., 2015) to reduce network seg-
regation and become more integrative to respond to the changing
cognitive environment. Importantly, task performance may also be re-
lated to successful shifting of connectivity structure, as participants
with more functionally segregated brains perform better on simple or-
ienting tasks (Yue et al., 2017) while functional segregation was found
to be negatively correlated with accuracy on complex tasks (Cohen and
D’Esposito, 2016; Yue et al., 2017). These findings indicate that proper
segregation and integration within and between functional networks is
important for accurately meeting environmental demands. While the
normative organization and development of large-scale brain networks
at rest and during task is still under further investigation, the evidence
garnered from individuals without psychopathology forms a crucial
baseline from which deviations can be attributed to disordered func-
tioning in PTSD.

The following sections describe the basic concepts behind both ICA
and graph theory applications to fMRI, as well as discussion of the
extant literature on network-based approaches in subjects with trauma
exposure and PTSD. Subsequently, the evidence from this body of lit-
erature will be discussed in light of the central themes from each model
of PTSD neural circuitry (i.e. classical univariate activation and net-
work models). If the themes from the classical model are reliably de-
tected in PTSD network literature, PTSD groups will display dominance
of the amygdala and the mPFC in the altered neural profile. This may be
observed through enhanced integration of the amygdala or reduced
integration of the mPFC into large-scale networks of interest, or

alterations in node characteristics such as clustering or participation
coefficient of these two nodes. If the central themes of the network
model reliably characterize PTSD neural circuitry, PTSD groups will
demonstrate altered global connectivity patterns in the whole brain
network, including changes in modularity or small-worldness.
Additionally, a network model would predict reduced connectivity
profiles of the DMN and CEN in PTSD groups, as well as enhanced
connectivity of the SN.

3.1. Independent Component Analysis (ICA)

The development of Independent Component Analysis (ICA)
methods for psychiatric neuroimaging has proven particularly ad-
vantageous, as this method allows for the isolation of neural networks
in tasks with unknown neural models (please see the Supplemental
Material for a description of ICA methodologies). Accordingly, ICA can
be used in exploratory analyses to find large-scale neural correlates of
health and disease without the need to rely on established paradigms.
ICA can be used in the study of PTSD to isolate spatially-distributed
networks during the same emotion- and threat-processing tasks used to
develop the classical circuitry models as well as at rest. As such, ICA
adds an additional tool for use in understanding the neural organization
of PTSD whereby researchers can examine the function of spatially-
distributed neural networks that may be driving the neural circuitry
patterns observed in classical models.

Several studies have utilized ICA to understand alterations in
functional networks in PTSD, starting with the canonical networks
(DMN, CEN, and SN; Table 5). Within the DMN, PTSD is correlated with
increased connectivity of the network at rest, the strength of which is
also positively correlated with re-experiencing symptoms in PTSD pa-
tients (Patriat et al., 2016). During a threat-processing task, Rabellino
and colleagues also observed increased connectivity with the DMN, in
this case indicating higher integration of the amygdala with the DMN
during subliminal threat processing (Rabellino et al., 2015). Alter-
natively, other groups have found evidence for decreased DMN func-
tional connectivity during resting state in PTSD (Reuveni et al., 2016;
Shang et al., 2014; Zhang et al., 2015), with one study observing an
inverse association between DMN coupling and depersonalization and
derealization symptoms (Tursich et al., 2015). In the Zhang et al. study,
the authors observed decreased functional connectivity between the
DMN and the SN, drawing an important link to the SN’s differential
connectivity in PTSD. Because the SN is thought to facilitate the switch
between the DMN and CEN to meet external cognitive demand (Menon,
2011; Menon and Uddin, 2010), the finding of decreased functional
connectivity between the DMN and SN in PTSD indicates an impaired
ability to switch out of the self-referential state and into a state of
cognitive control or vice versa. During an emotional faces eye-gaze
task, Thome and colleagues found more evidence for altered SN func-
tional connectivity when they observed increased integration of the left
amygdala and right insula into the SN of the PTSD group during direct
eye gaze and a positive association between PTSD symptom severity
and integration of the mid-cingulate into the SN (Thome et al., 2014).
Finally, some evidence from ICA indicates decreased coupling and
connectivity of certain regions of the CEN during threat-processing
(Rabellino et al., 2015) and at rest (Shang et al., 2014) in PTSD, with
one study identifying increased excitatory connections between the
CEN and the posterior DMN in subjects with PTSD (Ke et al., 2018)
adding to the picture of PTSD as a neural disorder associated with al-
tered connectivity within and between major functional networks.

3.2. Graph theory

Several principles of graph theory have been applied to investiga-
tions of brain network communication and dynamics. When using
graph theory methods for fMRI analysis, investigators conceptualize the
timecourse of functional activity within each brain region (or “node”)

M.C. Ross and J.M. Cisler NeuroImage: Clinical 27 (2020) 102319
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as one large, interconnected graph. The graph can then be analyzed in
terms of local connectivity (i.e. connectivity profiles of individual nodes
or circuits) and global connectivity (i.e. large-scale organization of the
entire graph). The relevant definitions for local connectivity measures
are located within Table 6. Please see the Supplemental Material for
further descriptions of graph theory concepts and methods.

Studies that utilize graph theory approaches have a distinct ad-
vantage over ICA-based approaches because the use of graph theory can
reveal information about the brain’s global connectivity in disease
states, while ICA is more limited to distinct network patterns of con-
nectivity. Using this data-driven approach, researchers have painted a
global picture of the brain’s networks and connectome in PTSD, from
which one can start to hypothesize whole-brain relationships with
symptoms of the disorder (Table 7). As mentioned previously, the
brain’s functional connectome is conceptualized as a small-world net-
work and deviations from this configuration, including reduced global
efficiency and reduced clustering, have been linked to trauma exposure
in youth (Cisler et al., 2018; Suo et al., 2015; Xu et al., 2018) and PTSD
in adults (Lei et al., 2015). Additionally, increased global modularity
has been found to be associated with early life trauma in adolescents
(Cisler, 2017; Cisler et al., 2018) and combat-related PTSD severity in
adults (Akiki et al., 2018). At the individual network level, altered
connectivity, decreased nodal and global efficiency, and increased
clustering has been found in the DMN of adults with PTSD (Akiki et al.,
2018; Zhang et al., 2017). Additionally, others have noted decreased
connectivity and connectional density within a hippocampal-PFC net-
work that could be predicted by re-experiencing symptom severity
within an adult group of PTSD patients (Spielberg et al., 2015). Ob-
servations such as these provide evidence for investigating PTSD and
similar pathologies as disorders of deviation from normative canonical
network structure, which might be driving the observations of de-
creased binodal functional connectivity in traditional neurocircuitry
models of the disorder. Taken together, findings from these studies
provide promising new outlets for research and evidence for re-
conceptualization of PTSD neural circuitry through a large-scale net-
work perspective.

3.3. Discussion and evaluation of models: Network-based literature

The extant body of literature utilizing network-based approaches to
investigate functional brain organization in subjects with trauma ex-
posure and PTSD provides limited support for the classical model of
PTSD neural circuitry. While the themes of the classical model would
predict the PTSD group to demonstrate altered connectivity profiles in
the fronto-limbic circuit primarily, evidence from the network litera-
ture provides little support for the dominance of this circuit in PTSD

groups. In fact, only two studies isolated the amygdala as having altered
connectivity at a network level in PTSD groups. In both studies, in-
vestigators observed increased integration of the amygdala with cano-
nical networks, one with the DMN during a threat-processing task
(Rabellino et al., 2015) and the other with the SN during a direct eye
gaze task (Thome et al., 2014). The latter finding of enhanced in-
tegration of the amygdala with the SN supports the classical model’s
characterization of PTSD as a disorder associated with hyperactive
amygdala and dACC; however, the former finding is not fully consistent
with the classical model’s characterization that PTSD is associated with
reduced mPFC activity, as enhanced integration of the amygdala with
the DMN would imply the existence of a robust, coordinated circuit.
The apparent lack of altered amygdala-mPFC connectivity in resting-
state, network-based analyses suggests that the classical model may
only be supported by task-related fMRI analyses in PTSD groups. Si-
milarly, the second prediction from the classical model of alterations in
nodal characteristics of the amygdala and mPFC in PTSD groups is not
supported by the network-based literature. While some studies in-
directly suggest altered node characteristics of the mPFC through its
integration with the DMN, no individual node was observed to have an
altered connectivity profile that drove connectivity changes in the
larger network structure. It is important to keep in mind, however, that
network-based literature has a different focus than uni- and bivariate
literature and therefore the lack of fronto-limbic connectivity revealed
in the network literature may be a question of resolution and does not
inherently imply a negation of classical models.

The network-based literature in PTSD patient groups provides sub-
stantive support for a network model of PTSD neural circuitry ac-
cording to the predictions evaluated in this report. Several studies ob-
served alterations in global connectivity patterns in the brain networks
of PTSD groups, including increased modularity (Akiki et al., 2018;
Cisler, 2017; Cisler et al., 2018), decreased global efficiency (Cisler
et al., 2018), alterations in clustering (Xu et al., 2018), and deviations
from small-world structure (Lei et al., 2015; Suo et al., 2015). Taken
together, these findings from both functional and structural con-
nectivity studies support a characterization of PTSD neural circuitry as
alterations in large-scale network connectivity structure. Additionally,
the network-based literature supports the prediction that a network
model of PTSD neural circuitry would be characterized by reduced
connectivity of the DMN. Evidence from ICA studies report decreased
within-network coupling of the DMN (Reuveni et al., 2016; Shang et al.,
2014) that was inversely related to depersonalization and derealization
symptoms (Tursich et al., 2015) and decreased FC between the DMN
and SN (Zhang et al., 2015) during resting-state. Three other studies
from the network literature observed alterations in the DMN in PTSD
groups, two of which suggested inverse associations between FC

Table 6
Definitions for relevant measures of local connectivity from graph theory analyses. Relevant references include: (Avena-Koenigsberger et al., 2018; Bassett et al., 2008;
Bassett and Bullmore, 2006; Power et al., 2013; Puetz et al., 2017; Sporns, 2014; Sporns and Betzel, 2016; van den Heuvel et al., 2008).

Local Connectivity Measure Definition

Assortativity Correlation between the degree of a node and the mean degree of its nearest neighbors; positive correlations indicate that the given node is likely to
be connected to other nodes of the same degree

Betweenness Centrality Measure of a node’s influence in a network based on the proportion of shortest paths that connect through that node; the number of times a node
acts as a bridge between shortest paths of other nodes

Clustering Coefficient Measure of the connectedness of a node to its nearest neighbors; nodes with high clustering coefficients are have neighbors that are mutually
connected into communities

Efficiency Metric of information transfer; inversely proportional to the average minimum path length
Hub Highly clustered, central node that facilitates communication within and between functional brain networks
Node Degree Measure of the number of edges that connect to each node. High-degree nodes have many edges connected to other nodes
Node Strength Measure of the strength of the correlation between a node and other nodes based on its edge weight
Participation Coefficient Measure of the distribution of a node’s connections across communities. Nodes with a high participation coefficient have connections across all

communities in the network
Path Length Determined by the number of edges between two mediating nodes; shorter path lengths facilitate efficient information transfer
Transitivity Measure of the proportion of complete node triangles within a network; networks with high values of transitivity have many edges connected to

many other nodes

M.C. Ross and J.M. Cisler NeuroImage: Clinical 27 (2020) 102319
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coherence within the DMN and PTSD symptoms (Akiki et al., 2018;
Zhang et al., 2017). Conversely, other studies provide evidence that
fails to support the prediction of reduced connectivity in the DMN, with
observations of enhanced clustering (Akiki et al., 2018) and increased
FC strength (Patriat et al., 2016) of the network associated with PTSD
symptoms. Similarly, though two studies do suggest decreased coupling
of CEN nodes in PTSD groups (Rabellino et al., 2015; Shang et al.,
2014), and two suggest enhanced integration of the SN during task
(Rabellino et al., 2015; Thome et al., 2014), other studies in this lit-
erature have contrasting observations about the connectivity profiles of
these networks in PTSD patient groups. Though the evidence is mixed
for a network model of PTSD neural circuitry, in regard to the specific
predictions discussed in this report, patterns of larger network con-
nectivity emerge in support of network model.

4. Conclusions

To our knowledge, this review is the first of its kind to summarize
over a decade’s worth of functional connectivity (FC) MRI research in
PTSD. Studies utilizing bivariate seed-based FC approaches, a circuit-
based method that bridges univariate and network-based investigations
in fMRI, were used to evaluate the evidence for classical and network
models of PTSD-related neural circuitry. Interestingly, two patterns
emerge when examining bivariate seed-based functional connectivity in
the disorder: overall reduced connectivity to targets in PTSD groups and
disproportionate membership of altered FC targets within the default
mode network. Results from network-level investigations reflect these
bivariate findings by providing evidence for increased modularity and
alterations in connectivity of the DMN in PTSD patients. This replica-
tion of findings provides an imperative for studying the directionality of
bivariate FC alterations in PTSD, as the traditional models may be in-
dicating dysfunctional connectivity between large-scale networks or
altered graph structure rather than individual nodes contained within
those networks. ICA and graph-theory based approaches can provide
this information about the function of larger brain circuits and overall
functional organization, which bivariate approaches are unable to
provide.

Univariate activation models have dominated our understanding of
PTSD neural circuitry for several decades. Though this “classical model”
of a hyperactive amygdala and hypoactive mPFC is essential to un-
derstanding the foundations of PTSD neural circuitry, it may be overly
simplistic when examining the breadth of the functional brain organi-
zation literature. Though some bivariate FC literature demonstrates
reduced connectivity from the mPFC to limbic regions, and some bi-
variate findings suggest evidence for enhanced amygdala connectivity
to the dACC and anterior insula, network-based studies fail to isolate
these circuits as consistently altered in PTSD groups. Conversely, neural
circuitry literature in trauma-exposed and PTSD patient groups pro-
vides better support for an integrated model of PTSD neural circuitry
that both conceptualizes functional organization through a network
perspective and also retains the finer spatial resolution of specific re-
gional activation patterns specified by the classical model. Bivariate FC
studies reveal a global pattern of reduced FC throughout the brain as
well as dominance of a coordinated default mode network that shows
altered connectivity from various seeds in the PTSD group. These pat-
terns reflect global patterns of connectivity that a univariate model
inherently cannot predict. The network-based literature also provides
evidence for connectivity alterations within and between canonical
networks, lending support to a neural network model of PTSD neural
circuitry. Because the evidence from the seed-based FC and network-
based organization literature lacks total cohesion, it is likely the case
that PTSD neural circuitry is best represented through an integrative
framework of regionally-specific alterations along with larger-scale
changes in functional organization at the network level.
Reconceptualizing neural deficits at this level in PTSD may be useful for
shifting clinical focus away from the narrowed model of deficient fearTa
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processing and towards interventions that target widespread processing
impairments in trauma-exposed patients.

5. Limitations and considerations for future work

The qualitative method employed in this report has many strengths
in its ability to detect nuanced patterns of altered FC in PTSD; however,
this report is limited by the dichotomization of groups into “PTSD” and
“Controls.” This qualitative method was utilized for the sake of im-
proving our power to detect group differences in FC patterns, yet may
contribute to some ambiguity in conclusions. Similarly, one of the
limitations of the classical and network-based models is that these
models are often based on groups dichotomized into “PTSD” or
“Control” and rarely include a discussion of symptom severity or other
clinical factors of interest that may be related to alterations in neural
circuitry. Future work should consider the role of PTSD symptom se-
verity or symptom clusters in neural circuitry models of PTSD in order
to gain some understanding of the distinct neural signatures of clini-
cally-relevant symptoms. Finally, the integrative network model sup-
ported by the evidence examined in this report requires substantive
testing before conclusions can be made about the utility of network
models in PTSD. Future work might consider utilizing fMRI neuro-
feedback or connectome-wide approaches, similar to the methods de-
scribed by Misaki and colleagues (Misaki et al., 2018) to examine the
dynamic functional organization of large-scale networks during emo-
tional regulation tasks. These approaches could help to determine if
functional network organization can be targeted to modulate emotion
processing deficits in trauma-exposed patients or if changes in PTSD
symptom severity during clinical treatment are related to changes in
underlying functional network structure.

Despite the many merits of the classical and network-based models
of neural circuitry alterations in PTSD, some limitations and areas for
improvement still exist. Firstly, most of the literature covered in this
report discusses altered neural circuitry within the context of the adult
brain, resulting in a dearth of understanding about the potential role for
development in altered neural circuitry in PTSD. In fact, of the classical
models described in Section 1.1, only the Admon model directly con-
siders childhood trauma as a predisposing factor for altered neural
circuitry, leaving the role of development within the models of PTSD
neural circuitry unclear. Future work should rigorously investigate
patterns of altered functional organization within pediatric PTSD in a
similar manner to the adult-based models described in Section 1.1 in
order to develop a neural circuitry model specific to pediatric PTSD.
Additionally, conclusions drawn from combining bivariate FC in-
vestigations in PTSD are limited by methodological choices to trans-
form FC correlation values. The type of transformation used may vary
from study-to-study, preventing a comprehensive comparison of the
strength of FC alterations between clinical groups. Future work would
benefit from researchers providing raw correlation values to allow for
cross-study comparison of FC strengths. Finally, the question of power
in functional neuroimaging studies is an ever-present consideration. In
order to reduce the bias implemented from a priori ROI FC studies,
researchers should aim to conduct whole-brain analyses when power is
sufficient to do so. If a study is underpowered for a whole-brain ana-
lysis, researchers should provide strong theoretical justification for the
choice of ROIs and include appropriate corrections for multiple com-
parisons.

The development of methods for large-scale network models in
neuroimaging has expanded the depth of investigations into psycholo-
gical disorders. Using the brain’s small-world structure and canonical
networks as a model of normative organization, researchers have
identified new potential correlates for PTSD-related psychopathology in
the form of deviations in both global and individual network mod-
ularity, dysfunctional connectivity between and within large-scale
networks, and divergence from small-world structure and normative
node characteristics. However, some limitations exist in this nascent

field. In order to strengthen conclusions regarding neural dysfunction in
PTSD, steps must be made to improve consistency in methodology and
network definitions. Though the studies referenced in this review
follow similar conceptual techniques within ICA and graph-theory
methods, the execution of network modeling varies substantially from
group to group in image processing, statistical modeling, atlas selection,
module definition, treatment of correlation matrices, among other
factors. In light of growing concerns towards transparency and re-
producibility in neuroimaging, network-based methods must be stan-
dardized across the field in order to generate more confidence in our
results. The first step towards standardizing these methods is to re-
conceptualize the brain’s functional profile from one of simple activa-
tion in isolated brain regions to one of a network of interconnected
parts, dynamically communicating to properly meet internal and en-
vironmental demands. It is within this integrated framework that in-
vestigators should operate to strengthen inferences about the brain’s
functioning in health and affective psychopathologies.
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