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Review
Glossary

Genetic polymorphism: existence of more than one form of the same gene

within the population. Each of those gene forms is called an ‘allele’.

Fear conditioning: laboratory fear conditioning is an experimental paradigm

used to teach animals or humans to form an association between a neutral

stimulus (e.g., a light or a tone) and an aversive unconditioned stimulus (US;

e.g., a mild electric shock). The presentation of the now-conditioned stimulus

(CS) triggers the organism to exhibit several physiological responses. Most

commonly measured conditioned responses are freezing and potentiated

startle in rodents, and skin conductance and potentiated startle responses in

humans.

Fear extinction: a training phase in conditioning studies that occurs after fear

conditioning. During fear extinction, the cue (the CS) is repeatedly presented in

the absence of the US. This extinction training (or within-session extinction

learning) leads to decrement of the conditioned responses over trials.

Subsequent test of the extinction learning after a delay (i.e., 24 h) is referred

to as an extinction recall (or retention) test.

Functional connectivity: a measure of the level of activation synchronization

between two or more brain regions as inferred from common changes in their

activation over time. Functional connectivity may reflect either an excitatory or

inhibitory link between those brain regions in a direct or indirect pathway.

PTSD: an anxiety disorder that may develop following exposure to a traumatic
Discriminating neural abnormalities into the causes
versus consequences of psychopathology would en-
hance the translation of neuroimaging findings into
clinical practice. By regarding the traumatic encounter
as a reference point for disease onset, neuroimaging
studies of post-traumatic stress disorder (PTSD) can
potentially allocate PTSD neural abnormalities to either
predisposing (pre-exposure) or acquired (post-exposure)
factors. Based on novel research strategies in PTSD
neuroimaging, including genetic, environmental, twin,
and prospective studies, we provide a causal model that
accounts for neural abnormalities in PTSD, and outline
its clinical implications. Current data suggest that ab-
normalities within the amygdala and dorsal anterior
cingulate cortex represent predisposing risk factors for
developing PTSD, whereas dysfunctional hippocampal–
ventromedial prefrontal cortex (vmPFC) interactions
may become evident only after having developed the
disorder.

Translating neuroimaging findings into clinical practice:
post-traumatic stress disorder as a unique opportunity
Extensive neuroimaging work over the past three decades
has been devoted to the identification and characterization
of functional and/or structural brain abnormalities of in-
dividuals with mental disorders, aiming to enhance the use
of evidence-based practice in psychiatry [1]. However,
given that most neuroimaging studies are conducted fol-
lowing the diagnosis of a given psychiatric disorder, it is
impossible practically to determine whether the observed
brain differences between psychiatric patients and healthy
controls are causes, or consequences, of the psychopathol-
ogy. In other words, it is unclear if any demonstrated
between-group neural abnormalities reflect predisposing
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vulnerabilities to developing the disorder, or acquired
deficits that represent the destructive effect of the disorder.
As a result, early or even preventive treatments have
rarely been implemented in psychiatry despite their po-
tential efficacy [2].

Exposure to psychological stress plays a major role in
the neurobiological manifestation of psychiatric disorders.
On the one hand, exposure to stress is a trigger predicting
the development or aggravation of many psychopatholo-
gies, such as anxiety, depression, and psychosis [3,4],
whereas on the other hand, abundant animal and human
literature has demonstrated how exposure to psychological
stress can lead to long-lasting effects on brain function and
structure [5]. Notably, according to epidemiological stud-
ies, approximately 50% of the individuals in the population
will be exposed at least once in their lives to severe,
event that involves actual or threatened death, serious injury, or a threat to the

physical integrity of oneself or others, to which the person responded with

intense fear, helplessness, or horror. Formal diagnosis of PTSD includes three

symptom clusters: (i) re-experiencing the original trauma(s), such as through

flashbacks or nightmares; (ii) avoidance of stimuli associated with the

trauma(s); (iii) and hyperarousal in the form of irritability, hypervigilance,

and exaggerated startle.
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Box 1. Neurocircuitry of PTSD

Early structural neuroimaging studies of PTSD focused on hippo-

campal volume, guided by much evidence from animal studies

demonstrating in various ways how stress can have a destructive

effect on the hippocampus. Indeed, human studies frequently

reported reduced hippocampal volume in patients with PTSD.

Considering the critical role the hippocampus is considered to play

in learning and memory, abnormal hippocampus was suggested to

mediate PTSD-related deficits in appreciation of safe contexts and

contextual memory. The most consistent functional abnormality in

human PTSD studies is a hyperactive amygdala in response to

emotional stimuli, either trauma specific or not. In accordance with

animal studies pointing to the pivotal role of amygdala within the

fear circuit, hyperactive amygdala was associated with the heigh-

tened fear and hyperarousal of patients with PTSD. The PFC was

found to display abnormal function and structure in such patients,

especially in its medial sections: mPFC and ACC. Both the mPFC and

ACC were repeatedly implicated in various strategies of emotional

regulation and, thus, abnormal mPFC and ACC processing in PTSD

was associated with patients’ deficits in emotional regulation.

Connectivity studies, either functional or structural, have shown

deficient connectivity between the amygdala and/or the hippocam-

pus to the frontal lobe, supporting the idea that frontal-limbic circuit

failure is involved in the difficulties that patients with PTSD have in

integrating cognitive control over the emotional neural system.

Findings regarding the insula in PTSD are not as common as the

above-mentioned brain regions, but they do suggest hyperactive

insula in response to a variety of negative stimuli. The insula has a

known role in monitoring internal bodily states and, thus, its

abnormality in PTSD was associated with the patient’s altered

interoception of somatic state.

To conclude, based on extensive animal and human studies, the

neural abnormalities underlying PTSD were suggested to include

structure, function, and connectivity of brain regions involved in

emotional expression and regulation: the amygdala, hippocampus,

insula, mPFC, and ACC [11–19].
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potentially traumatic, psychological stress, such as a
threat to life or serious injury [6,7], with approximately
20% of exposed individuals developing the anxiety disorder
PTSD (see Glossary) following such exposure [8,9]. In fact,
uniquely to PTSD, the mere diagnosis of the disorder
depends on the occurrence of such external traumatic
events, accompanied by intense fear, helplessness, or hor-
ror [10]. Therefore, by regarding the external traumatic
event as a reference point for the onset of the disorder,
neuroimaging studies of PTSD have a unique opportunity
to disentangle predisposing (pre-exposure) from acquired
(post-exposure) neural abnormalities.

Previous work has described in great depth the neural
abnormalities underlying PTSD (see, for example, [11–
19]). This corpus of knowledge has been obtained mostly
by conducting cross-sectional studies that compare
patients with PTSD to healthy controls who were either
exposed to stress but did not develop the disorder or were
not exposed. Given that this is not the focus of the current
review, we only briefly summarize these findings here (Box
1). At a glance, neurocircuitry models of PTSD suggest the
involvement of abnormal function, structure, and connec-
tivity of limbic, paralimbic and frontal brain regions in the
disorder. These regions include the amygdala, hippocam-
pus, insula, and various regions in the medial wall of the
prefrontal lobe [including the dorsomedial prefrontal cor-
tex (dmPFC), vmPFC, orbitofrontal cortex (OFC), rostral
anterior cingulate cortex (rACC), and dorsal anterior
cingulate cortex (dACC)] [11–19].
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In the following sections, we account for findings from
recent efforts to disentangle PTSD neural abnormalities
into predisposing versus acquired neural abnormalities
using novel research strategies in PTSD neuroimaging,
including genetic, environmental, twin, and prospective
studies (Figure 1). Although evidence from each of those
independent neuroimaging approaches can initiate a
knowledgeable discussion on causality in PTSD, by itself,
none of these strategies can fully capture the complexity of
the question in hand. For example, genetic and environ-
mental studies can only infer predisposing elements,
whereas in twin and prospective studies, a seemingly
predisposing feature cannot be associated to either genetic
or environmental origin. Thus, we gathered evidence here
from all of the above strategies to provide a uniform causal
model accounting for neural abnormalities in PTSD.

Although the data are limited in number, consistent
findings across different research strategies point towards
the possibility of allocating at least some PTSD neural
abnormalities to either predisposed or acquired factors.
Specifically, much evidence supports the abnormal struc-
ture of the amygdala and dACC, and their heightened
responsivity to emotionally negative stimuli, as predispos-
ing neural risk factors that increase PTSD likelihood
following exposure to stress. By contrast, reduced volume
of a mPFC structure that is more rostroventral to the
dACC (i.e., rACC–vmPFC–OFC), as well as reduced
vmPFC structural and functional connectivity with the
hippocampus, seems to represent neural abnormalities
that, if acquired following stress exposure, may lead to
PTSD susceptibility. Considering the emotional-cognitive
functions that these different brain circuits are suggested
to sub serve [18,20,21], we further propose that hyper-
arousal, one of the three symptom clusters in PTSD, may
represent a predisposing phenotype, whereas the other two
symptom clusters (re-experiencing and avoidance) might
be acquired. To conclude, we discuss the considerable
clinical implications of our model as well as point towards
future research directions that would be needed to validate
and extend it.

Research strategies to disentangle predisposed from
acquired neural abnormalities in PTSD
Studies of genetic factors

A genetic profile may appear at first glance as the hallmark
of predisposing vulnerability. PTSD was indeed found to be
moderately heritable, with genetic influence accounting for
30–70% of the likelihood to develop PTSD following expo-
sure to stress [22,23]. Association studies found up to 20
different genetic polymorphisms that are evident more
frequently in patients with PTSD than in healthy controls,
suggesting that those genes encompass genetic stress sus-
ceptibility (reviewed in [24–27]). The most studied gene in
PTSD is the serotonin transporter-linked polymorphic
region gene (5-HTTLPR) that encodes a serotonin trans-
porter. 5-HTTLPR relevance in the context of PTSD stems
from early findings in healthy individuals showing that
polymorphism of a 5-HTTLPR short (s) compared with a
long (l) allele is associated with greater anxiety tendency
[28,29]. Indeed, several PTSD studies found higher fre-
quency of the (s) genotype among patients with PTSD
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Figure 1. Research strategies to disentangle predisposed from acquired neural abnormalities in post-traumatic stress disorder (PTSD). (A) Studies of genetic factors can tie

a specific genetic polymorphism (e.g., polymorphism A) to a localized neural abnormality in PTSD {i}, in contrast to a different polymorphism (e.g., polymorphism B) {ii},

suggesting that polymorphism A predisposingly moderates the relation between PTSD and such brain abnormality. (B) Studies of environmental factors examine brain

abnormalities in healthy participants that were previously exposed to adversity; as such, abnormality may represent predisposed vulnerability upon re-exposure to trauma.

(C) Studies of twin samples can identify predisposed vulnerability as brain abnormalities that are present in both the twin with stress-exposure PTSD and their unexposed

identical co-twin, but not in another pair of healthy identical twins where one twin had stress-exposure {i}. Acquired neural deficits can be found by comparing the twin with

stress-exposure PTSD to their own unexposed co-twin {ii}. (D) Prospective studies can identify predisposed vulnerability as brain abnormalities that exist pre-exposure to

stress and predict PTSD post-stress exposure, whereas brain abnormalities that become evident only after having developed PTSD post-exposure may represent acquired

deficits.
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compared with healthy controls [30–36]. Nevertheless,
contrasting evidence was also reported [37,38]. Further-
more, 5-HTTLPR polymorphism was also mentioned in
regard to other anxiety disorders as well as major depres-
sion, questioning its specificity [24–27].

By tying a specific genetic polymorphism to a localized
neural abnormality, imaging genetic studies enable the
identification of an intermediate phenotype, thus clarify-
ing the functional link between genes and disease. This
approach may further allow the integration of candidate
vulnerability genes into a neural model of the disorder. To
the best of our knowledge, until now, only two pioneering
studies were able to demonstrate an interaction between
the presence of a specific genetic polymorphism and neural
abnormality in PTSD. A structural genetic neuroimaging
study found smaller ACC volume in patients with PTSD
than in controls, but this difference interacted with a
catechol-O-methyltransferase (COMT) Val158Met genetic
polymorphism [39], known for its effect on dopaminergic
signaling in the mPFC [40]. Patients with PTSD who
carry two Val alleles compared with PTSD Met allele
carriers were associated with a greater difference in ACC
volume compared with the controls [39]. A functional
MRI (fMRI) genetic imaging study found that post-9/11
veterans with PTSD who carry the (s) allele on the
5-HTTLPR gene exhibited increased amygdala and
ventrolateral prefrontal cortex (vlPFC) activation in
response to trauma-related images compared with
patients with PTSD with the (l) allele [41]. Neuro-
imaging studies in healthy populations further support
the association between (s) allele carriers on the 5-
HTTLPR gene and increased reactivity of the amygdala
to emotional stimuli [42,43]. Therefore, and considering
the major role of the amygdala within the neural fear
circuit [18,21,44], it has been suggested that (s) allele
carriers on the 5-HTTLPR gene are prone to express
enhanced fear and arousal upon stress exposure, predis-
posing them to increased risk of developing PTSD [45].
339
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Figure 2. Amygdala as a marker for predisposing stress vulnerability. (A–D, left

side) Coronal views of brain activation showing amygdala activation in response to

diverse negatively valenced emotional tasks in healthy individuals. (A,B, right side)

Scatter plots and regression lines showing the positive relation between these

amygdala activations pre-exposure to stress (X-axis) and the level of post-

traumatic stress disorder (PTSD) symptoms post-exposure to stress (Y-axis). (C,D,

right side) Scatter plots and regression lines showing positive relation between

these amygdala activations (X-axis) and the magnitude of childhood maltreatment

(Y-axis). Adopted, with permission, from [60,61,75,76].
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Studies of environmental factors

Previous stress exposure is a major risk factor for PTSD
upon re-exposure to trauma [46]. For example, Vietnam
veterans with PTSD had higher rates of childhood physical
abuse and of total traumatic events before joining the
military than did Vietnam veterans without PTSD [47].
Early adversities can thus be considered as environmental
experiences that may lead to predisposed stress vulnera-
bility upon re-exposure to trauma later on in life. In
support of this notion, a large number of neuroimaging
studies have demonstrated dramatic long-term effects of
childhood adversity on neural function and structure and
their relation to psychopathology (reviewed in [48,49]). For
example, two recent structural neuroimaging studies
reported increased amygdala volumes in children and
adolescents who had experienced early institutionalization
and subsequent adoption [50,51]. Notably, in both studies,
the effects are observed years after termination of the
adversity. Children exposed to adverse rearing conditions
associated with maternal depressive symptoms were also
shown to exhibit increased amygdala volume [52]. Two
functional neuroimaging studies that investigated the ef-
fect of caregiver deprivation and emotional neglect on
healthy youths found amygdala hyperactivation in re-
sponse to emotional faces as a marker of childhood mal-
treatment [53,54]. Taken together, evidence from
neuroimaging studies of environmental factors in children
and adolescents suggest that childhood adversity results in
increased amygdala volume and hyper-responsivity to
emotional stimuli. Studies in animals have also shown
that early adversity is associated with structural abnor-
malities in the amygdala [55], and greater amygdala re-
sponse to stress [56], resulting in higher anxiety levels.
Following these, and other findings, it has been suggested
that stress endured in early life, a critical period in neuro-
nal development, results in a persistent sensitization of the
neural stress circuitry to even mild stress in later life,
predisposing to psychopathology [57].

To investigate the effect of childhood maltreatment in
an adult cohort, several neuroimaging studies compared
adult patients with PTSD and childhood abuse to either
patients with PTSD but without abuse or to healthy adults
with childhood abuse (see, for example, [58,59]). Neverthe-
less, isolating the predisposing component that is contrib-
uted by the adverse environment, as is the goal of the
current review, can only be achieved by comparing healthy
adults with and without childhood adversity. Examining
adult individuals with childhood abuse who have PTSD
currently, or those who were found to have PTSD at some
point in their life would not allow the desired disentangle-
ment. Obviously, such a cohort is difficult to find, which
may explain the paucity of studies.

By adopting a continuum approach towards the abuse
(i.e., using the magnitude of abuse as assessed by a self-
report questionnaire), two recent functional neuroimaging
studies investigated a large cohort of 150 healthy adults
with various degrees of childhood maltreatment. Both these
studies found a positive correlation between amygdala acti-
vation in response to negative emotional faces (e.g., fearful
or sad) and the magnitude of childhood maltreatment
[60,61] (Figure 2). These findings not only further support
340
hyper amygdala activation as a marker of childhood abuse,
but also suggest that such abnormality persists for pro-
longed periods of time, acting as a predisposing neural
mediator between the experiences of adversities during
childhood and the development of PTSD upon re-exposure
to stress in adulthood.

Gene � environment interaction

The significance of gene � environment (G�E) interaction
is well recognized. For example, (s) allele carriers on the 5-
HTTLPR polymorphism were found to be at an increased
risk of PTSD only in high-risk environments (e.g., high
crime, unemployment rates, natural disaster, low social
support, or childhood adversity), and not in low-risk envir-
onments [33–36]. Recent evidence suggests that such G�E
interaction in PTSD is mediated by specific DNA demethy-
lations affecting gene expression levels [62,63]. Another
relevant G�E interaction may stem from a familial origin
(i.e., first-degree relatives of patients), because the pres-
ence of a psychopathological parent was suggested to
mediate increased PTSD vulnerability in children [64].
Imaging studies attempting to explore this interaction
have only been performed within the depression context
[65,66], and we encourage PTSD researchers to pursue this
direction.

Studies of twin samples

A unique and highly valuable sample for probing causality
of PTSD neural abnormalities is represented by identical
twin pairs in which one twin suffers from combat PTSD
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while their co-twin had neither combat exposure nor
PTSD, along with identical twin pairs where one twin
had combat exposure without PTSD and their co-twin
had no combat exposure or PTSD. Predisposed vulnerabil-
ity may be identified as abnormalities that are present in
both the twin with PTSD and their unexposed co-twin, but
not in the other pair of twins. Indeed, the first neuroimag-
ing study using such an approach demonstrated that re-
duced hippocampal volume, the most common structural
abnormality found in patients with PTSD [14,19], might
constitute such a predisposing factor [67]. A second struc-
tural study from the same research group suggested that a
reduction in gray matter density of the rACC is an acquired
deficit of PTSD, because it was found in combat-exposed
twins with PTSD compared with their own unexposed co-
twins [68]. More recently, two neuroimaging studies using
PET and fMRI found increased dACC activation at rest
and during a cognitive task in both patients with PTSD and
their twins compared with the other pair of twins [69,70],
suggesting that elevated activity of the dACC represents a
predisposing risk factor. Whether twin studies support the
predisposing role of hyperactive amygdala awaits the
implementation of emotional tasks within this cohort.

Prospective studies

Some prospective neuroimaging studies of PTSD investi-
gated brain structure and function immediately after
stress exposure, such as in emergency rooms following
car accidents, and then at follow-ups once or more for a
period of up to 6 months (see, for example, [71–73]).
Although insights into the peritraumatic response of the
brain to trauma are valuable for predicting the develop-
ment of psychopathology, such biological markers may still
constitute early indicators of the emerging disorder rather
than a true predisposing risk factor [74] and, thus, cannot
contribute to a causal model. An alternative prospective
strategy is to examine individuals before any exposure to
stress and then re-examine them following stress expo-
sure. Given that traumatic occurrences are rare and ran-
dom, such prospective studies must be conducted in
samples where their risk of exposure to stress is high
(e.g., new military, police, or firefighter recruits). Further-
more, even within those exposed to traumatic stress, only a
small subset of individuals will be found to have PTSD [8];
thus, prospective studies usually investigate interindivid-
ual variability in the magnitude of psychopathological
symptoms exhibited following trauma.

A recent set of studies adopted this framework by
examining new army recruits both pre- and 18 months
post-deployment to combat military service in front-line
combat units of the Israeli Defense Force (IDF). Impor-
tantly, because recruitment to the IDF is mandatory, the
study sample did not suffer from a potential selection bias.
Following stressful military service, up to 85% of the
soldiers exhibited an increase in PTSD symptoms, whereas
20% developed enough symptoms to reach the threshold for
mild PTSD, similar to the common ratio of vulnerability
upon exposure to stress [8]. Before any exposure to stress,
vulnerable individuals were characterized by heightened
amygdala activation in response to two diverse negatively
valenced emotional tasks [75,76] (Figure 2). Thus, these
data further support the suggested predisposing role of a
hyperactive amygdala.

By contrast, reduction in nucleus accumbens (Nacc)
response to reward following stress [75], as well as in
the functional connectivity between the hippocampus
and the vmPFC [76], represented acquired neural abnor-
malities associated with maladaptive response to stressful
military service. The acquired nature of the reduction in
hippocampal–vmPFC connectivity was further supported
by the finding that, following military stress, reduced
hippocampal–vmPFC structural connectivity (as mea-
sured by the integrity of the fiber tract anatomically con-
necting the hippocampus to the vmPFC, the uncinate
fasciculus) is also an acquired deficit [77].

In another structural prospective neuroimaging study,
more PTSD symptoms following a severe magnitude earth-
quake were found to be associated with decreased gray
matter volume in the ACC before the earthquake (i.e.,
predisposing), as well as with a reduction in gray matter
volume of the OFC after versus before the earthquake (i.e.,
acquired) [78]. Finally, a functional prospective neuroim-
aging study in a group of United Nations (UN) peacekeep-
ing force soldiers posted for 4 months to Afghanistan found
increased amygdala and insula reactivity to threatening
stimuli following military service as well as a perceived-
threat-dependent change in amygdala connectivity with
the dACC [79]. A follow-up examination of those soldiers
approximately 1.5 years after they had returned from
military deployment found that, in the absence of addi-
tional combat exposure, stress-induced amygdala hyper-
sensitivity normalized to the same level as before combat
service, whereas changes in amygdala connectivity per-
sisted [80]. Notably, the UN soldiers in this sample did not
display any increase in PTSD symptoms following their
military service and, thus, these neural changes do not
necessarily represent maladaptive patterns.

A causal model accounting for neural abnormalities in
PTSD
Table 1 summarizes the results of an increasing scientific
effort to allocate PTSD neural abnormalities into predis-
posing vulnerabilities versus acquired deficits. Figure 3
presents the results of the above functional studies overlaid
on a schematic model of common hyper- and hypo-activa-
tions in PTSD. Most of the cited literature has been pro-
duced during the past 3 years and, therefore, replications
will be needed before final conclusions can be reached.
Nevertheless, certain trends within the dimensions of the
complex issue of casualty in PTSD neural abnormality seem
to appear consistently across several research disciplines.
Two prospective studies in healthy soldiers found hyper
amygdala responsivity to emotionally negative stimuli,
the most common functional abnormality found in PTSD
[17], as a predictor for more PTSD symptoms following
subsequent real-life stress in the form of military service
[75,76]. Exposure to childhood adversity, a major risk factor
for PTSD, was repeatedly associated with elevated amyg-
dala activation to emotionally negative stimuli in healthy
youths and adults [53,54,60,61], as well as with increased
amygdala volume [50–52]. Twin studies found that, even
without exposure to stress, healthy identical twins of
341



Table 1. Causality in PTSD neural abnormalitiesa

Study Scientific

approach

Subjects (gender, N) Imaging

method

Task Predisposed

vulnerability

Acquired

deficits

[39] Genetic War veterans (M+F; 51, 48b MRI – # ACC volumee N/A

[41] Genetic Post-9/11 veterans (M+F; 22, 20b) fMRI Trauma-related

distractors

" Amy and

vlPFC functionf

N/A

[50] Environmental Adolescents who experienced orphanage

rearing (M+F; 14, 11c)

MRI – " Amy volume N/A

[51] Environmental Children who experienced orphanage

rearing (M+F; 34, 28c)

MRI – " Amy volume N/A

[52] Environmental Children exposed to maternal depressive

symptomatology (M+F; 17, 21c)

MRI – " Amy volume N/A

[53] Environmental Healthy youths with a history of caregiver

deprivation and emotional neglect (M+F; 11,

19c)

fMRI Viewing neutral and

emotional faces

" Amy and

HC function

N/A

[54] Environmental Healthy youths who experienced

orphanage rearing (M+F; 28, 27c)

fMRI Go/No-go task with fearful

and neutral faces

" Amy function N/A

[60] Environmental Healthy adults exposed to various

childhood maltreatments (M+F; 145)

MRI and

fMRI

Matching threatening

angry and fearful faces to a

target face

" Amy function

# HC gray

matter volume

N/A

[61] Environmental Healthy adults exposed to various

childhood maltreatments (M+F; 150)

fMRI Viewing masked neutral

and emotional faces

" Amy function N/A

[67] Twin pairs Vietnam veterans (M; 17, 23d) MRI – # HC volume

[68] Twin pairs Vietnam veterans (M; 18,23d) MRI – # rACC gray

matter density

[69] Twin pairs Vietnam veterans (M; 14, 19d) PET Rest " dACC function

[70] Twin pairs Vietnam veterans (M; 12, 14d) fMRI Multi-source interference

(cognitive)

" dACC function

[75] Prospective IDF soldiers (M+F; 24) fMRI Playing a game with

threatening and rewarding

intervals

" Amy function # Nacc function

[76] Prospective IDF soldiers (M+F; 37) fMRI Viewing masked neutral

and stress-related pictures

" Amy function " HC function

# HC–vmPFC

functional

connectivity

[77] Prospective IDF soldiers (M+F; 33) MRI & DTI – # HC volume

# HC–vmPFC

structural

connectivity

[78] Prospective Healthy adolescents (M+F; 42) MRI – # ACC gray

matter volume

# OFC gray

matter volume

[79] Prospective UN soldiers (M+F; 33) fMRI Viewing angry and fearful

faces

" Amy and

insula functiong

" Amy–dACC

connectivityg

[80] Prospective UN soldiers (M+F; 23) fMRI Viewing angry and fearful

faces

" Amy–dACC

connectivityg

a#, decrease; ", increase.

bNumber of patients with PTSD and healthy controls, respectively.

cNumber of exposed and unexposed to childhood abuse, respectively.

dNumber of PTSD twin pairs and non-PTSD twin pairs, respectively.

eIn interaction with dopaminergic polymorphism.

fIn interaction with serotonin transporter polymorphism.

gNot necessarily a maladaptive response to traumatic stress.
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patients with PTSD displayed heightened dACC activation
[69,70]. Some environmental and prospective evidence sug-
gests that ACC predisposition also involves structural ele-
ments [60,78]. Finally, imaging genetic studies propose that
predisposition in either or both of those brain regions is
evident already at birth [39,41].

Taken together, abnormal structure of the amygdala
and dACC, and their heightened responsivity to emotion-
ally negative stimuli, may represent predisposing neural
abnormalities that exist before exposure to trauma and
increase the likelihood of developing PTSD following
342
exposure. The feasibility of this proposition is supported
by the vast PTSD neuroimaging literature pointing to
heightened amygdala and dACC activation as highly reli-
able neural abnormalities in PTSD [11–19]. Even further,
findings from childhood adversity studies suggest that
both functional and structural abnormalities in the amyg-
dala can be detected long after the stress has passed,
supporting the stable nature of such potential predisposi-
tion. The mechanism through which such predisposing
effect takes place may relate to the importance of the
amygdala and dACC as mediators of fear generation and
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expression [18,21,44]. These neural predispositions may
thus make individuals prone to express heightened fear
response upon stress exposure, reducing their chances to
cope adequately with the experience (Figure 4).

Less evidence exists regarding the acquired side of the
equation, relying solely on twin and prospective studies. The
current data suggest that reduced volume of a mPFC struc-
ture that is more rostroventral to the dACC (i.e., rACC–
vmPFC–OFC) [68,78], as well as reduced vmPFC structural
and functional connectivity with the hippocampus [76,77],
are neural abnormalities that, if acquired following trau-
matic exposure, may lead to PTSD susceptibility. These
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of PTSD. Finally, the model recognizes the contribution of additional brain regions as 

accumbens (Nacc), and dorsomedial prefrontal cortex (dmPFC), as well as hyperfunc

processing, emotional regulation, and interoception, respectively.
findings are relevant within the framework of context-
dependent fear extinction, which is an essential need for
adaptive recovery from traumatic experience [81], and that
its impairment is a key feature of anxiety disorders, includ-
ing PTSD [82]. Indeed, vmPFC and OFC gray matter thick-
nesses, activation levels, and connectivity strength with the
hippocampus were repeatedly found to predict individuals’
ability to extinguish fear [83–87]. Therefore, a thicker, more
functional, and a stronger connected vmPFC to the hippo-
campus was suggested to confer better capacity to inhibit
and maintain (i.e., retain) fear responses [44]. Compromised
vmPFC structure and connectivity with the hippocampus
may thus represent acquired neural abnormalities that are
associated with maladaptive response to stress in the form
of failure to inhibit the fear response appropriately
(Figure 4). In support of the acquired nature of this deficit,
a behavioral study in the twin cohort showed that reduced
fear extinction was not evident in the healthy co-twins of
combat veterans with PTSD [88]. Notably, the association of
abnormalities within the dACC and rACC to different com-
ponents of the fear response (i.e., fear expression and its
inhibition, respectively), as suggested by our model, is sup-
ported by an extensive animal literature. By the use of
pharmacological, electrophysiological, lesion, and molecular
approaches, animal studies pointed to the prelimbic cortex,
for which the dACC is a putative human homolog, as a brain
region that facilitates the expression of conditioned fear,
whereas to the infralimbic cortex (i.e., rACC homolog), as
being crucial for fear inhibition [20].

The model presented is clearly a simplification of the
complex roles of either predisposing or acquired brain ab-
normalities within the PTSD psychopathology. Firstly, the
effects of predisposing and acquired neural abnormalities
are probably not discrete but rather interrelated. For exam-
ple, a neural abnormality such as reduced hippocampal
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Box 2. Outstanding questions

� What neural modifications occur during treatment of PTSD? What

differentiates successful from failed treatment? Do acquired

neural abnormalities exhibit more plasticity compared with

predisposing abnormalities? Would successful treatment result

in stronger hippocampal–vmPFC connectivity?

� Can we specifically target hippocampal–vmPFC connectivity

through neuromodulation? Could such manipulation, if accom-

panied by treatment, improve treatment outcome?

� Considering that women are more likely than men to develop

PTSD, do sex differences exist in the tendency to express fear and

the capacity to inhibit fear? If so, what neural circuits mediate such

sex differences?
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volume may predispose to PTSD [67], yet at the same time
PTSD can cause a secondary loss of volume over time [77].
This may explain why hippocampal volume is normal in
children with maltreatment-related PTSD, but is reduced in
adults with PTSD from childhood maltreatment [89].
Another interesting interaction may be exampled by the
finding that reduced hippocampal volume following stress
affects the magnitude of its connectivity with the vmPFC
[77]. Even further, amygdala reactivity before stress expo-
sure was found to predict a weaker increase of hippocampal–
vmPFC functional connectivity following exposure [76].
Therefore, we can speculate that an acquired maladaptive
response may interact to worsen the effect of pre-existing
vulnerability (i.e., reduced ability to inhibit fear further
increases the already exaggerated tendency to express fear),
causing a vicious cycle that yields PTSD.

Secondly, the contribution of additional PTSD-related
brain abnormalities should be considered. One such region
is the Nacc, in that a reduction in its response to reward
may constitute a maladaptive consequence of stress expo-
sure, although found in only one prospective study [75].
The reward circuitry, of which the Nacc is a core element
[90], has been somewhat overlooked within the PTSD
neuroimaging literature, yet the few studies that did ex-
plore this domain found reduced Nacc reward responsivity
in PTSD [91,92]. Furthermore, Nacc-related impaired re-
ward processing was described as a characterizing feature
of major depression [93], a psychopathology sharing high
comorbidity rates with PTSD [94]. Reduced reward respon-
sivity may contribute to PTSD symptoms of diminished
motivation and restricted affect range, in particular of
positive emotions. Other than the Nacc, hyperactive insula
and hypo-active dmPFC may also play a mediating role
within the complexity of PTSD neural abnormality, poten-
tially due to their suggested involvement in altered inter-
oception and emotional dysregulation in PTSD,
respectively [17,95] (Figure 4).

Lastly, even the brain regions that do appear in our
model, the amygdala, hippocampus, dACC, and vmPFC,
were all associated with additional tasks in humans and,
thus, abnormality in either one of these brain regions may
extend beyond fear expression and inhibition. For exam-
ple, dysfunctional hippocampus may contribute to PTSD
deficits in memory modulation [96], contextual processing
[18], overgeneralization of fear [97], and regulation of the
neuroendocrine hypothalamic–pituitary–adrenal (HPA)
axis response [98], whereas the amygdala has been linked
to generalization of loss associations [99], expectation pro-
cessing [100], and dealing with ambiguity [101]. Future
research will determine the exact psychological sequelae of
PTSD neural abnormalities and whether such deficits are
acquired or predisposing factors. Box 2 details specific
questions for future research.

Clinical implications
The clinical diagnosis of PTSD is dichotomous. Neverthe-
less, the disorder comprises a blend of several clusters of
symptoms that may be experienced at varying severities
across patients and time, yielding great challenges for
diagnostic and therapeutic efforts. Considering the impor-
tance of the amygdala and dACC in mediating fear
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generation and expression [18,21,44], it has been previous-
ly suggested that their abnormality mediates the symptom
cluster of hyperarousal in PTSD because it includes irrita-
bility, hypervigilance, and exaggerated startle [13]. Thus,
the first clinical relevance of our model is that hyperarous-
al might constitute a predisposing phenotype in PTSD and,
therefore, could be detected before exposure to trauma, as a
vulnerability indicator. In support of that, a recent behav-
ioral study in police academy cadets found that physiologi-
cal measures of the startle response upon exposure to a
threat of mild electrical shock, as well as the level of
subjective fear, were predictive of PTSD symptom severity
following 1 year of exposure to police-related trauma [102].
Animal studies have also shown that physiological mar-
kers of hyperarousal that are assessed before the stressful
situation takes place can predict the level of PTSD-like
symptoms following stress [103,104]. Notably, heightened
amygdala responsivity is a common feature of many psy-
chiatric disorders, especially within the anxiety domain
[17], and thus may reflect a more general vulnerability to
psychopathology upon stress. This, however, does not re-
duce its clinical relevance, because in most cases, PTSD is
accompanied by another condition, such as major depres-
sion, other anxiety disorders, or substance abuse [105].

It is clear that not all predisposingly vulnerable indi-
viduals will develop PTSD or any psychopathology follow-
ing stress. Indeed, hyperarousal, by itself, is insufficient for
the full clinical diagnosis of PTSD because it also requires
symptoms from the clusters of re-experiencing and avoid-
ance [10]. This in turn supports the idea that predisposing
neural abnormality may not elicit PTSD upon exposure to
stress, unless accompanied by additional, potentially ac-
quired, neural deficits. Notably, stress-induced reduction
in hippocampus–vmPFC connectivity that appear as ac-
quired abnormalities in our model may lead to failure to
inhibit fear appropriately [20], which in turn has been
associated with symptoms of re-experiencing and avoid-
ance. Specifically, the tendency to avoid fear-provoking
situations and stimuli was suggested to stem from dimin-
ished inhibition of the fear response [44], whereas re-
experiencing was discussed within the fear extinction
framework following the consideration that re-experienc-
ing symptoms include the recurrence of fear, either spon-
taneously, or upon cues that have been associated with the
traumatic event [15]. Therefore, the second clinical
relevance of our model is that PTSD symptom clusters
of re-experiencing and avoidance may represent acquired
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phenotypes that mark the consequences of a maladaptive
response to stress.

Taken together, the full symptomatic phenomenon that
entails clinical diagnosis of PTSD is potentially underlined
by a combination of predisposing and acquired elements.
The above cited evidence of interactions between predis-
posing and acquired neural abnormalities in PTSD may be
regarded as supporting such scenario. This framework, if
confirmed by future evidence, may carry specific clinical
implications. The current behavioral treatment of choice
for PTSD is exposure therapy, which attempts to expose
patients with PTSD to the feared object or context in a safe
environment to extinguish their fear response [106]. A
recent animal study showed that fear extinction training
is highly efficient if provided in the immediate aftermath of
the exposure to stress (i.e., within 1 h) because it leads to
complete extinction of the fear response [107]. By contrast,
extinction training provided 3 days after fear conditioning
resulted in robust recovery of the fear response, either
spontaneously or upon repeated exposure to the stressor
[107]. Studies in humans have also raised the possibility of
a ‘window of opportunity’ or ‘golden hours’ to help those
who are vulnerable to develop PTSD [108]. Indeed, a recent
behavioral study found that early exposure intervention
initiated within hours of the trauma in the emergency
department successfully reduced PTSD symptoms as mea-
sured 3 months after the trauma [109]. Accurately identi-
fying vulnerable individuals, based on predisposing
tendency such as hyperactive amygdala and dACC, could
therefore enable the implementation of early clinical in-
tervention to prevent the development of avoidance and re-
experiencing symptoms and, thus, of the consequent psy-
chopathology, potentially by avoiding the maladaptive
reduction in hippocampus–vmPFC connectivity.

Concluding remarks
Based on research from four novel and independent human
neuroimaging approaches, we have proposed a causal
model accounting for neural abnormalities of PTSD. The
model suggests that predisposing vulnerability is derived
from abnormal structure and function of the amygdala and
dACC. Specifically, it asserts that heightened responsivity
of these regions mediates exaggerated fear generation and
expression, and thus might underlie the symptom cluster
of hyperarousal in PTSD. By contrast, reduced vmPFC
volume, and its connectivity with the hippocampus, seems
to represent neural abnormalities that, if acquired follow-
ing stress exposure, may lead to impaired fear inhibition
and, thus, to PTSD susceptibility due to re-experiencing
and avoidance symptoms. The complexity of the PTSD
phenomena requires future efforts to validate and extend
the causal model proposed in this review (Box 2). It is our
hope that the ability to disentangle predisposing from
acquired neural abnormalities may pave the way for a
better utilization of neuroimaging findings in clinical
practice.
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