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         Neurobiology of PTSD: 
A Review of Neuroimaging Findings

Neuroimaging serves as an effec-
tive way to investigate the neu-
rocircuitry involved in the de-

velopment of posttraumatic stress disorder 
(PTSD).1-3 A number of models describing 
functional neuroanatomy of PTSD symp-
tom development emerged over the past 
decade, inspired by both basic animal re-
search and an increasing number of human 
neuroimaging studies. These models have 
traditionally conceptualized PTSD as a 
state of heightened responsivity to threat-

ening stimuli and later as a state of insuf-
fi cient inhibitory control over-exaggerated 
threat-sensitivity. They emphasize the cen-
trality of threat-related processing in the 
pathophysiology of PTSD and therefore 
account for the “hypersensitivity to threat,” 
which is highly characteristic of PTSD 
(such as hypervigilance and hyperarousal). 
Neuroimaging fi ndings in PTSD lend cre-
dence to incorporating “hypersensitivity 
to threat” within the conceptualization of 
PTSD, and these fi ndings will be discussed 
within this review.

It is becoming increasingly appar-
ent, however, that the “hypersensitivity to 
threat” models do not fully capture the full 
complexity of PTSD, nor the complexity of 
changes associated with, trauma exposure 
and PTSD development. For instance, im-
portant phenomena associated with PTSD, 
such avoidance and numbing, generaliza-
tion of fear, vulnerability, and resilience 
factors, all need to be further understood in 
terms of underlying psychological mecha-
nisms and their neurobiological substrates. 
The dysfunction of neuronal regions in 

PTSD, and the implication this has for the 
disruption of cognitive and psychological 
processes, will also be discussed.

This review summarizes the neuroimag-
ing fi ndings pertaining to PTSD and PTSD 
vulnerability and will focus on a few key 
regions known to be particularly implicat-
ed in PTSD pathophysiology, specifi cally 
amygdala, nucleus accumbens (ACC), 
medical prefrontal cortex (mPFC), and 
hippocampus. It will fi rst start by review-
ing key structural alterations associated 
with PTSD, and then progress to discuss-
ing functional abnormalities, with a par-
ticular emphasis on symptom provocation 
studies, cognitive activation studies, and 
functional connectivity analyses. Finally, 
neurochemical differences, as revealed via 
receptor imaging, will be addressed fol-
lowed by a discussion of potential future 
directions for PTSD research.

Different neuroimaging modalities, 
such as single-photon emission tomogra-
phy (SPECT), positron emission tomog-
raphy (PET), magnetic resonance spec-
troscopy (MRS), magnetic resonance 
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imaging (MRI), and functional MRI 
(fMRI) have all been used in conjunc-
tion with PTSD research. This article 
will incorporate many of these modali-
ties, with a particular emphasis on MRI 
in the structural section, and fMRI when 
dealing with functional studies.

STRUCTURAL ABNORMALITIES 
ASSOCIATED WITH PTSD

Structural neuroimaging studies have 
originally focused on hippocampal vol-
ume in PTSD patients, although emerging 
evidence suggests structural alterations are 
also present in other regions. The follow-
ing section will outline key structural al-
terations associated with PTSD and PTSD 
vulnerability focusing on the hippocampus, 
ACC, and amygdala.

Hippocampus
The hippocampus is a known target 

for stress hormones,4 and abnormalities in 
hippocampal volumes had been reported 
in conditions associated with HPA abnor-
malities like depression and Cushing’s 

disease.5,6 Although PTSD has not been 
associated with hypercortisolemia, studies 
of structural brain abnormalities in PTSD 
have originally focused on the hippocam-
pus, which is also known to be involved 
in explicit/declarative memory, working 
memory, episodic/autobiographical mem-
ory and contextual learning/memory.7,8 
Individuals with PTSD perform poorly on 
neuropsychological memory tasks9,10 and 
are impoverished in their autobiographical 
memories for positive events.11 A number 
of structural MRI studies reported de-
creased hippocampal volumes in individu-
als with PTSD.9,12-15 MRS studies have re-
ported decreased N-acetylaspartate (NAA) 
levels in the hippocampus, interpreted as 
refl ecting decreased neuronal integrity.16,17 
Reductions in hippocampal volumes have 
ranged from 5% to 26%, and have tended 
to be found bilaterally across studies.18 It 
should be noted, however, that a number of 
studies have not replicated the fi nding of de-
creased hippocampal volumes in PTSD.19-

21 These discrepancies suggest that smaller 
hippocampi may be restricted to subgroups 

of PTSD, may be secondary to comorbid 
conditions, or that hippocampal pathology 
may be subtle and not always detectable 
using standard morphometric MRI proce-
dures.18 Furthermore, it has not been clear 
whether reported hippocampal changes are 
acquired signs of PTSD, or potential pre-
disposing factors. Finally results of a recent 
meta-analysis further support the presence 
of smaller hippocampal volumes in PTSD 
patients relative to controls with and with-
out trauma exposure.22

A twin study of Vietnam veterans has 
helped to clarify the question of whether 
the hippocampal fi ndings refl ect predis-
posing factors or acquired signs of PTSD. 
Gilbertson et al studied monozygotic 
twins discordant for trauma exposure, 
with and without PTSD, and found that 
both twins with PTSD and their trauma 
unexposed twin had smaller hippocampi 
relative to trauma exposed non-PTSD 
twins and their co-twin.23 Moreover, the 
same group, both PTSD and trauma non-
exposed co-twin, showed impaired hip-
pocampus-mediated spatial processing, 
using a cue confi guration task.24 These 
fi ndings offer compelling evidence for 
reduced hippocampal size serving as a 
preexisting and potentially vulnerability 
or predisposing factor for PTSD.

Anterior Cingulate Cortex
Increasing attention is being devoted 

to the anterior cingulate cortex (ACC) and 
the potential role it may play in PTSD.2 
Signifi cantly, the ACC shares close neuro-
anatomical relationships with subcortical 
components of the “central fear system.”25 
There is emerging evidence of structural 
impairment of the ACC associated with 
PTSD. Manual tracing of the ACC has 
demonstrated it to be smaller in patients 
with PTSD, relative to control partici-
pants.25 Voxel-based morphometry studies 
have shown reduced grey matter density 
in the ACC,26 and a recent meta-analysis 
of these studies confi rmed the presence 
of signifi cantly smaller anterior cingulate 
cortex volume in PTSD patients relative 
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to trauma-exposed controls.22 Kasai et al 
performed a VBM analysis in the twin co-
hort in search of structural abnormalities. 
They found a signifi cant PTSD diagnosis 
by exposure interaction in the pregenual 
ACC, such that combat-exposed PTSD 
twins were found to have lower gray matter 
density than their combat-unexposed co-
twins and lower than the combat-exposed 
twins without PTSD and their co-twins.27 
This supports the inference that pregenual 
ACC gray matter reduction is likely an ac-
quired sign of PTSD as opposed to a pre-
morbid vulnerability factor. In accordance 
with these structural fi ndings, there is also 
evidence to suggest that ACC function in 
PTSD is impaired, and this will be ad-
dressed in the following section.

Amygdala
There is equivocal evidence to sug-

gest reduced bilateral amygdala volume 
is associated with PTSD, as studies dif-
fer markedly in results obtained.19,28 A 
meta-analysis, including data from both 
adults and children with PTSD from dif-
ferent types of trauma, demonstrated 
some evidence of smaller left amygdala 
in PTSD subjects compared with healthy 
controls,22 at the same time highlighting 
the controversial fi ndings present in the 
literature. There are a few studies inves-
tigating amygdala volume in children 
with maltreatment-related PTSD, which 
tend to mirror the inconclusive fi ndings 
obtained in adults. In one study, no glob-
al volume differences between PTSD 
and control groups were obtained.21 In 
contrast, Carrion et al found a 5.1% re-
duction in the volume of the amygdala 
in children with maltreatment-related 
PTSD compared with healthy controls, 
although this result became non-signifi -
cant when scores were adjusted for total 
brain gray matter.20 A recent meta-anal-
yses investigating amygdala volumes 
in individuals with childhood maltreat-
ment-related PTSD in both child and 
adult populations did not fi nd PTSD-re-
lated reductions in amygdala volume.29

Insula
The insula is highly interconnected with 

cortical and limbic regions implicated in 
PTSD30 and is involved in key processes 
(eg, emotional processing)31 that are linked 
to PTSD pathophysiology; however, to 
date, only limited evidence suggests the 
presence of structural abnormalities in the 
insula in PTSD. One recent study used vox-
el-based morphometry (VBM) to explore 
structural differences in gray or white mat-
ter volume between subjects with and with-
out PTSD.32 The PTSD group had lower 
gray matter density in insula bilaterally as 
compared with controls. Differences were 
also obtained in the left hippocampus and 
left ACC. These results are in accordance 
with an earlier whole-brain VBM study 
that showed PTSD subjects had lower gray 
matter density in the left insula relative to 
healthy controls.26

FUNCTIONAL STUDIES
Functional neuroimaging studies have 

the potential to identify regions involved 
in the pathophysiology of PTSD, due to 
the altered function of these regions, like 
mPFC, ACC, and amygdala. It is impor-
tant to note that functional imaging experi-
ments in individuals with PTSD fall within 
two categories: those which utilize symp-
tom provocation, and those which rely on 
cognitive activation probes. Studies utiliz-
ing symptom provocation to investigate 
PTSD do so by employing autobiographi-
cal stimuli, which are trauma-related (eg, 
narrative scripts of personal trauma), or al-
ternatively are more general in nature, em-
ploying generally evocative but not neces-
sarily autobiographically relevant pictures 
and sounds. Such studies were the fi rst to 
emerge, were the fi rst to provide relatively 
stable and replicable fi ndings, and are still 
the most common studies in the PTSD 
functional neuroimaging literature. In con-
trast, cognitive activation studies assess 
specifi c impairments in neuronal process-
ing associated with PTSD via a neurocog-
nitive task (a ‘‘probe’’) that is expected to 
selectively activate neural circuits implicat-

ed in task-related processing. Selectively 
activating a circuit without eliciting symp-
toms has a substantial advantage in that this 
elicits a large number of more general or 
nonspecifi c trauma-related responses. In-
vestigators have used cognitive activation 
strategies to further examine a number of 
regions implicated in PTSD by symptom 
provocation studies, such as the mPFC, 
amygdala, ACC, and hippocampus.

ACC and mPFC
The ACC is a region that has been ac-

tivated by many functional neuroimaging 
studies and has been implicated in differ-
ent processes involving cognitive-emotion 
interactions. A variety of evidence supports 
the existence of functional subdivisions in 
the ACC, with dorsal ACC supporting cog-
nitive control and error-related processing, 
while rACC is involved in the assessment 
of salience of emotional information and 
the regulation of emotional responses.33 
Reduced activation of the ACC in PTSD 
patients, relative to both control partici-
pants with and without trauma exposure, 
has been repeatedly shown in a variety of 
symptom provocation studies. Rauch and 
colleagues used combat-related, emotion-
ally negative, and neutral pictures paired 
with verbal descriptions (imagery) in 
combat veterans with and without PTSD. 
Combat veterans with PTSD had increased 
rCBF in ventral anterior cingulated cortex 
(ACC) and right amygdala when generat-
ing mental images of combat-related pic-
tures, but had deceased rCBF in the ACC 
in the combat image viewing versus neutral 
image viewing contrast.34 Another study 
using combat-related pictures and sounds 
and PET in 10 combat veterans with and 
10 without PTSD revealed decreased blood 
fl ow in mPFC (area 25) and other areas in 
response to traumatic pictures and sounds 
in PTSD patients. However, non-PTSD 
control subjects activated the anterior cin-
gulate (area 24) to a greater degree than 
PTSD patients.35 The same group also stud-
ied childhood sexual abuse (CSA) subjects 
(22 women, 10 of whom had PTSD) with 
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exposure to traumatic and neutral scripts and PET. The PTSD 
group showed rCBF increases in posterior cingulate (area 31) 
and superior and middle frontal gyri bilaterally (Brodmann ar-
eas 9 and 10). The PTSD group also showed deactivation in the 
subcallosal anterior cingulate (area 25) and decreased activation 
in an adjacent portion of anterior cingulate (area 32).35 Using 
PET and script-driven imagery in 16 subjects with CSA (8 with 
PTSD), Shin and colleagues also reported deactivation of the 
medial prefrontal and as well as left inferior frontal (Broca’s) 
areas in the PTSD group.36 We recently reported the results of 
a [15O] H2O PET, script-driven imagery study of emotionally 
evocative and neutral autobiographic events in 16 combat veter-
ans with PTSD (PTSD patients [PP], 15 combat veterans with-
out PTSD (combat controls [CC]), and 14 healthy, age-matched, 
control subjects (noncombat controls [NC]) that allow to isolate 
changes that are trauma related (PP versus NC, and CC versus 
NC) and PTSD specifi c (PTSD versus CC). Although all sub-
jects deactivated the mPFC and activated the insula for traumat-
ic scripts, the PP deactivated the rostral anterior cingulate cortex 
(rACC) more than both control groups (CC and NC), but did not 
demonstrate ventromedial PFC (vmPFC) deactivation observed 
in controls. The fi ndings observed only in the PTSD group (de-
activation of the rACC, and higher vMPFC activity) may refl ect 
neural substrates specifi c to PTSD.37

Lanius and colleagues reported two fMRI studies where they 
used a script-driven symptom provocation paradigm. They also 
observed signifi cantly decreased blood-oxygen-level depen-
dent (BOLD) signal in the ventral ACC (Brodmann area 32) 
and the thalamus in the PTSD group to both the traumatic and 
nontraumatic emotional states conditions, suggesting that the 
earlier neuroimaging fi ndings related to these areas in PTSD 
may not be specifi c to traumatic stimuli.38,39

There is also empirical evidence to suggest that reduced 
activation of the ACC may also be characteristic of pediatric 
PTSD. To date, the majority of studies have been performed 
in adult PTSD populations; only limited studies have been 
performed in children and/or adolescents with PTSD to inves-
tigate the neural correlates induced by symptom provocation. 
One small study examined brain responses during visual per-
ception and imaginary recollection of traumatic reminders of 
adolescents (12 to 14 years) who developed PTSD versus those 
who did not after experiencing an earthquake.40 Sample size 
was limited (fi ve with PTSD versus six trauma-exposed PTSD-
negative individuals). During earthquake perception relative to 
neutral perception, the control group showed activation of the 
ACC, but the PTSD group did not. Additional analyses dem-
onstrated that intergroup differences were signifi cant, provid-
ing preliminary evidence that neurobiological alternation of the 
ACC in adolescence with PTSD are similar to those occurring 
in adult PTSD populations.40
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Cognitive activation studies have also 
repeatedly demonstrated ACC to be im-
plicated in the neurocircuitry associated 
with PTSD. Bremner et al used the modi-
fi ed Stroop task (color Stroop, emotional 
Stroop, and control task) and [15O] H2O 
PET to probe ACC function in 12 women 
with early CSA-related PTSD and nine 
CSA women without PTSD. The PTSD 
group demonstrated a relative decrease in 
ACC blood fl ow during the emotional but 
not the color Stroop task, which elicited 
increased rCBF in the ACC (BA 24 and 
32) in both groups.41 Shin et al also inves-
tigated ACC functioning in 16 Vietnam 
combat veterans (eight with PTSD) using 
fMRI and an emotional counting Stroop 
paradigm. Subjects were asked to count 
the number of combat-related, generally 
negative and neutral words while being 
scanned. In the comparison of combat re-
lated to generally negative words, the non-
PTSD group showed signifi cant BOLD 
signal increases in rACC but the PTSD 
group did not.42 In addition, to assess 
interference processing and inhibitory 
control, tasks commonly associated with 
ACC function, a version of the counting 
Stroop task incorporating only effectively 
neutral words, also demonstrated hypo-
activation of the ACC in patients with 
PTSD. This task requires participants to 
count the number of identical words pre-
sented on the screen, and to press a button 
corresponding to the correct number. In 
the interference condition, the presented 
word, a numerical value, is an “incorrect” 
response. This task was performed in 26 
trauma exposed men, 13 of whom met 
diagnosis for PTSD. The PTSD group 
exhibited less deactivation in subgenual 
ACC and more deactivation in the insula 
as compared with controls during interfer-
ence minus neutral task.43 Taken together, 
these data provide compelling evidence 
that functional impairments of the ACC 
and mPFC are associated with the neu-
rocircuitry implicated in PTSD, and this 
holds for both symptom provocation and 
cognitive activations studies.

Amygdala
Another region implicated in the patho-

physiology of PTSD is the amygdala. The 
amygdala is integral to the generation 
and maintenance of emotional responses, 
and this has been shown in both animal 
and human studies.44-46 In one of the fi rst 
functional imaging symptom provocation 
studies, Rauch and colleagues47 used indi-
vidualized trauma scripts and [15O] H2O 
PET in a small and heterogeneous group 
of eight PTSD subjects. They demonstrat-
ed increased regional cerebral blood fl ow 
(rCBF) in anterior paralimbic (right pos-
terior medialorbito frontal cortex [OFC], 
insular, anterior temporal polar, and me-
dial temporal cortex) and limbic structures 
(amygdala) in the provoked versus control 
contrast group. In an ensuing study, our 
group exposed three groups of subjects 
(14 combat PTSD subjects, 11 combat-
exposed subjects without PTSD, and 11 
combat unexposed healthy subjects) to 
combat sounds or white noise in two coun-
terbalanced sessions and studied rCBF 
with 99mTc hexamethylpropyleneamine-
oxime (HMPAO) SPECT. Only the PTSD 
group showed increased rCBF in the left 
amygdaloid region.48

Cognitive activation studies have also 
demonstrated the hyperresponsivity of the 
amygdala in PTSD. The amygdala is a 
region implicated in rapidly assessing the 
salience of emotional and especially threat-
related stimuli.49 A number of studies have 
presented fearful faces to individuals with 
PTSD using various exposure durations, 
and these have converged upon increased 
amygdala responsivity in PTSD (especial-
ly when stimulus presentation is rapid).50-52 
Rauch et al compared amygdala responses 
in nine PTSD subjects versus eight com-
bat-exposed, non-PTSD subjects using a 
previously validated masked emotional 
faces paradigm. Contrasting fearful versus 
happy masked faces revealed exaggerated 
amygdala responses in the PTSD subjects. 
Furthermore, the magnitude of these re-
sponses distinguished PTSD subjects with 
75% sensitivity and 100% specifi city.52 

These fi ndings suggest that PTSD is associ-
ated with increased amygdala responsivity 
to threat-related (but not necessarily trau-
ma-related) stimuli. Another group used a 
similar masked emotional faces paradigm 
to examine 13 subjects with acute, rather 
than chronic PTSD.50 There was a positive 
correlation between the severity of PTSD 
and the difference in amygdala responses 
between masked fearful and happy faces. 
These fi ndings suggest that functional ab-
normalities in brain responses to emotional 
stimuli observed in chronic PTSD might be 
apparent already in the acute phase. In a re-
cent study, Bryant et al exposed 15 patients 
with PTSD and 15 age and sex-matched 
non-traumatized controls to fearful stimuli 
(16.7 ms) followed by a 163.3 ms neutral 
mask. They found signifi cantly greater left 
amygdala activity in the PTSD relative to 
the control group.53

Regarding overt presentation of fearful 
faces, heightened amygdala activity does 
not appear to be particularly robust dur-
ing this type of processing of fear stimuli, 
although differences have been obtained 
in some studies.51 In one study, Shin et al 
used overtly presented emotional facial 
expressions and fMRI to compare BOLD 
responses in 13 men with PTSD and 13 
trauma-exposed men without PTSD. The 
PTSD group showed increased amygdala 
responses and decreased mPFC responses 
to overt fearful (versus happy) facial ex-
pressions.54 The amygdala is known to 
be involved with the rapid assessment of 
threat, and so it appears amydgala-related 
hyperactivation associated with PTSD is 
more sensitive to subliminal exposure du-
rations in the region of 12-30 ms. Overt, 
longer duration exposure might lead to sig-
nal that integrates repeated stimulation and 
the habituation processes, and thus it might 
be less sensitive in picking up changes in-
volving a specifi c process.

Insula
The insula is a large cortical structure com-

posed of anatomical subdivisions that have 
distinct major afferent and efferent projec-
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tions; the anterior insula connects reciprocally 
with the amygdala, while the posterior insula 
connects reciprocally with the secondary pri-
mary sensory cortex and receives input from 
ventral posterior thalamic nuclei. The insula 
likely cannot be viewed as a single entity, as 
the anatomical subdivisions are thought to 
provide the basis for functional sub-regions. 
Meta-analysis of Wager and Barrett55 suggests 
that the ventral anterior insula is important for 
core affect and associated consciousness of 
subjective feelings.56 The dorsal anterior in-
sula is thought to be involved in developing 
and updating motivational states, in autobio-
graphical memory,57 cognitive control, elicit 
affective processing, and pain.55 In contrast, 
the posterior insula, including SII and portions 
of parietal operculum, are particularly special-
ized to convey homeostatic information such 
as pain, temperature, and sensual touch.58

Abnormal functioning of the insula 
has been linked to anxiety, with hyper-
activation of the anterior insula dem-
onstrated in highly anxious individuals 
when anticipating the arrival of aversive 
stimuli.59 Imaging studies specifi cally 
within PTSD populations have implicat-
ed the insula as one of the key regions 
involved in PTSD, particularly in re-
gard to the anterior insula. For example, 
symptom provocation experiments have 
shown that during script-driven imagery 
with traumatic scripts (relative to neu-
tral scripts), individuals with PTSD had 
higher anterior insula activation.60 This 
occurs in the region previously shown to 
be involved in interopceptive awareness 
of psychological and emotional states61 
and autobiographical memory.57 Inter-
estingly, a study investigating the infl u-
ence of comorbid depression on the neu-
rocorrelates of traumatic imagery found 
that individuals with PTSD but without 
comorbid depression had higher insula 
activation relative to a PTSD group with 
comorbid depression.62

Functional Connectivity Analyses
The introduction of functional connec-

tivity studies refl ects a growing awareness 

that complicated brain processes rely on 
the orchestrated interactions of distributed 
brain networks, rather than, or in addition 
to, activation of individual brain regions. 
Consequently functional connectivity 
analysis, which refers to the application 
of specifi c statistical methods to func-
tional neuroimaging data sets to identify 
correlated brain activity across various re-
gions,63,64 is a particularly relevant and use-
ful technique. Several recent studies have 
applied functional connectivity analysis 
to neuroimaging studies of PTSD. Gilboa 
et al studied 20 individuals with a history 
of civilian trauma (10 with PTSD), using 
symptom provocation (autobiographical 
trauma-related and neutral scripts) and 
[15O] H2O PET. A multivariate analysis 
technique (partial least squares) was used 
to identify brain regions whose activity co-
varied with two reference (‘‘seed’’) voxels, 
one in right PFC (BA 10) and the other in 
right amygdala. Amygdala activity was 
found to signifi cantly infl uence activity in 
the visual cortex, subcallosal gyrus, and 
anterior cingulate in the PTSD subjects but 
not in the trauma-exposed controls.65 These 
fi ndings indicate that blood fl ow measures 
refl ect infl uence of the amygdala on medial 
frontal regions in PTSD, rather than a fail-
ure of mPFC inhibition of the amygdala. 
In addition, correlational analyses did not 
lend support for the failure of inhibition of 
the ACC over the amygdala.

Lanius et al used functional connectiv-
ity analyses on data gathered during fMRI 
script-driven symptom provocation experi-
ments in 11 subjects with PTSD from sex-
ual abuse/assault or motor vehicle accident 
(MVA), and 13 trauma-exposed subjects 
without PTSD. Connectivity maps for right 
ACC showed greater correlations in PTSD 
subjects (versus controls) in the right poste-
rior cingulate cortex (PCC) (BA 29), right 
caudate, right parietal lobe (BA 7 and 40), 
and right occipital lobe (BA 19). Subjects 
without PTSD had greater correlations of 
ACC with left superior frontal gyrus (BA 
9), left anterior ACC (BA 32), left striatum 
(caudate), left parietal lobe (BA 40 and 43), 

and left insula (BA 13).66 These fi ndings 
are intriguing; however, our understand-
ing of functional neural networks both 
in health and disease is still very limited. 
As methods for the analysis of functional 
connectivity continue to develop, and the 
knowledge base regarding coordinated ac-
tivation of brain regions grows, these ap-
proaches will likely play an increasingly 
important role in delineating functional 
relationships between regions implicated 
in the pathophysiology of PTSD.

Receptor Imaging
Insight into which regions differ in ac-

tivity as a function of PTSD can be gauged 
with fMRI, as BOLD signal is likely to re-
fl ect changes in neuronal fi ring or postsyn-
aptic activity. In contrast, differences that 
may exist in functional neurochemistry 
between those with and without PTSD can 
be gauged using in vivo receptor imaging. 
Only a few studies to date have used recep-
tor imaging to investigate neurotransmitter 
abnormalities associated with PTSD. Pre-
vious research in both animals and humans 
has implicated GABA, the principle inhibi-
tory neurotransmitter within the brain, to 
be involved in both the pathogenesis and 
pathophysiology of PTSD.67,68 In a recent 
study, Geuze et al used [11C]fl umazenil 
and PET to assess differences in the ben-
zodiazepine-GABAA receptor complex in 
veterans with and without PTSD.69 Geuze 
et al found reduced binding potential of 
[11C]fl umazenil in veterans with PTSD 
relative to control veterans without PTSD, 
specifi cally in the hippocampus, thalamus, 
and throughout the cortex, including the 
frontal, temporal, parietal, and occipital 
cortex.69 This suggests that these specifi c 
regions may be associated with pre-morbid 
differences in the composition/expression 
of GABAA-benzodiazepines receptors in 
PTSD patients, or a disease-induced mod-
ulation and/or downregulation of the GAB-
AA receptor complex. Consistent with 
this study is a previous [123I]iomazenil 
SPECT study in Vietnam veterans, which 
also found decreased volume of distribu-
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tion of [123I]iomazenil in the prefrontal 
cortex in Vietnam veterans with PTSD rel-
ative to healthy controls.70 It should be not-
ed, however, that another study also using 
[123I]iomazenil and SPECT was unable to 
fi nd any differences in volume distribution 
of [123I]iomazenil between Gulf War vet-
erans with and without PTSD.71

In a recent study, our group investigated 
altered mu-opioid receptor binding in PTSD 
using PET and the selective mu-opioid ra-
diotracer [11C] carfentanil.72 We had previ-
ously demonstrated endogenous opioids to 
be involved in inhibiting and modulating 
emotional responses in healthy humans,73 
and this was the fi rst study to provide direct 
evidence of alterations in mu-opioid recep-
tor in vivo availability in PTSD. We demon-
strated signifi cant differences in the regional 
mu-opioid receptor BP2 between both the 
trauma-exposed groups and normal controls, 
as well as between PTSD patients and trau-
ma exposed individuals who did not develop 
PTSD. These differences between the groups 
indicate mu-opioid receptor alterations arising 
from trauma can be differentiated from those 
specifi cally associated with PTSD. Changes 
were principally located in limbic forebrain 
and cortical regions known to be involved in 
emotion regulation, which likely refl ect adap-
tive changes resulting from trauma exposure 
or stress, as well as maladaptive alterations as-
sociated with PTSD pathophysiology.72

Both receptor imaging and fMRI ap-
proaches have implicated similar brain 
regions in the pathophysiology of PTSD 
(eg, prefrontal cortex, amygdale, and hip-
pocampus), yet reconciling the fi ndings 
of these two methodologies poses a chal-
lenge. The receptor imaging data sug-
gests decreased GABA binding potential 
in prefrontal regions in PTSD, suggest-
ing potentially lower inhibitory tone, and 
therefore, enhanced reactivity. In contrast, 
the fMRI data indicates hypoactivation of 
cortical regions (specifi cally mPFC) as-
sociated with PTSD. Alternatively, if the 
decreased GABA binding potential refl ects 
a decreased number of GABAA receptors 
on the inhibitory interneurons, this could 

explain overall higher inhibitory tone in 
the mPFC. Furthermore, although BOLD 
activity likely refl ects overall neuronal ac-
tivity within a particular region, changes 
both in inhibitory and excitatory neuro-
transmission can contribute to the overall 
BOLD output. Thus, the changes in one 
particular neurotransmitter system should 
not be interpreted as defi ning the overall 
changes in BOLD signal. Moreover, given 
the complex interconnectivity of the PFC, 
its heterogeneity, and its broad functional-
ity, it is possible that PTSD is associated 
with both increased and decreased activity 
within distinct regions of the PFC. To date, 
receptor imaging in PTSD has focused on 
inhibitory systems (GABA and opioids) 
and a focus for future research on gluta-
matergic (excitatory) systems, as well as 
other neurotransmitters/neuromodulators 
implicated in PTSD, such as serotonin,74 
central catecholamines,75 and corticotro-
phin-releasing hormone,76 will further help 
elucidate the molecular basis of altered 
brain function associated with PTSD.

Treatment Studies and PTSD
There is a growing appreciation that bio-

markers that predict treatment response have 
the potential to signifi cantly advance treat-
ment of PTSD, and that neuroimaging is one 
of the key methodologies in search of those 
biomarkers. Moreover, insight into brain 
changes that occur after treatment can help 
elucidate the biological mechanisms involved. 
Consequently, treatment studies in PTSD pa-
tients that utilize neuroimaging are a rapidly 
growing area, although, only very limited evi-
dence has been published so far. In one study, 
14 treatment-seeking participants who were 
survivors of interpersonal violence (n = 9) or 
motor vehicle accidents (n = 5) received eight 
once-weekly sessions of CBT.77 Prior to treat-
ment, participants viewed rapidly presented 
faces (fear and neutral) in a backwards masked 
paradigm. Increased bilateral amydala activity 
during fear processing prior to treatment was 
associated with poor response to CBT. Prior 
evidence suggests that adequate management 
of anxiety during therapy is required for CBT 

to be effi cacious, despite CBT requiring acti-
vation of fear networks.78 Larger studies, us-
ing a variety of treatment strategies, can help 
reveal the generalizability and reliability of 
these fi ndings.

SUMMARY OF NEUROIMAGING 
STUDIES IN PTSD

The studies reviewed above involve dif-
ferent cohorts (combat and CSA-related 
PTSD), different paradigms (symptom 
provocation versus cognitive activation), 
and different modalities (fMRI, PET, and 
SPECT) to assess structural, functional, 
and receptor alterations associated with 
PTSD. Despite these variations, the fi nd-
ings repeatedly converge on a number of 
key structures such as the amygdala, ACC, 
mPFC, insula, and hippocampus. Taken to-
gether, the fi ndings lend tentative support 
to a neurocircuitry model that emphasizes 
the role of dysregulation in threat-related 
processing in PTSD. According to this 
model, trauma exposure sets off a cascade 
of neural changes that culminates in a state 
of amygdala hyperresponsivity to trauma 
reminiscent and other threat-related stimuli 
that mediates symptoms of hyperarousal 
and vigilance associated with PTSD. The 
model also proposes associated inadequate 
top-down control by the mPFC and ACC 
that maintains and perpetuates the state 
of amygdala hyperresponsivity, and also 
helps mediate the failure to suppress atten-
tion to trauma-related stimuli. Consistent 
with this model, several studies have dem-
onstrated reduced activation of the mPFC 
(BA 10 and 11) and ACC (BA 32) in PTSD 
subjects compared with traumatized con-
trols.36,38,39,42,79 Other studies have reported 
increased responsivity of the amygdaloid 
region,45,47,52 although some have not.36,39,79 
Although conceptualizing of PTSD-related 
pathophysiology as emphasizing the role 
of threat-related processing has some em-
pirical support, there is clearly a need for a 
broader conceptualization of the processes 
implicated in the disorder. This is because 
defi cits in threat-related processing ex-
plain only some aspects of PTSD, and 
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other signifi cant manifestations of PTSD 
remain unexplained by this model. These 
include emotional numbing, generalization 
of vigilance and avoidance from the initial 
traumatic event to other less closely related 
events, sensitization, and fi nally vulner-
ability and resilience factors.

To understand these complex phenom-
ena, future neuroimaging research needs to 
focus on additional relevant mechanisms 
that may assist in understanding the com-
plex phenomenology of PTSD such as fear 
conditioning and cognitive-emotion inter-
actions. For example, behavioral and emo-
tional avoidance associated with PTSD 
may be manifestations of underlying emo-
tion dysregulation. The mPFC is a region 
known to be involved in emotion regula-
tion,80 and evidence suggests that emo-
tion regulation may be disrupted in PTSD. 
Posttraumatic stress symptoms have been 
associated with dysfunctional emotional 
processing strategies, such as impulse-con-
trol diffi culties, limited access to effective 
emotion regulation strategies, and lack of 
emotional clarity.81
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