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Posttraumatic stress disorder (PTSD) is a highly disabling condition that is associated with intru-
sive recollections of atraumatic event, hyperarousal, avoidance of clues associated with the trauma,
and psychological numbing. The field of neuroimaging has made tremendous advances in the past
decade and has contributed greatly to our understanding of the physiology of fear and the pathophysi-
ology of PTSD. Neuroimaging studies have demonstrated significant neurobiol ogic changesin PTSD.
There appear to be 3 areas of the brain that are different in patients with PTSD compared with thosein
control subjects: the hippocampus, the amygdala, and the medial frontal cortex. The amygdala ap-
pearsto be hyperreactive to trauma-related stimuli. The hallmark symptoms of PTSD, including exag-
gerated startle response and flashbacks, may be related to a failure of higher brain regions (i.e., the
hippocampus and the medial frontal cortex) to dampen the exaggerated symptoms of arousal and dis-
tress that are mediated through the amygdala in response to reminders of the traumatic event. The
findings of structural and functional neuroimaging studies of PTSD are reviewed asthey relate to our
current understanding of the pathophysiology of this disorder.

P osttraumatic stress disorder (PTSD) isachronic, de-
bilitating condition in which memories of traumatic
events become uncontrollable, intrusive, and disabling.
An understanding of the neurobiology of the response to
traumais key to the development of preventive and thera-
peutic interventionsfor patients with PTSD. Posttraumatic
stress disorder has been studied using different neuro-
imaging techniques that provide a view of the structural
and functional changes in the living brain. Neuroimaging
studies have been useful in generating hypotheses on the
neurobiology of normative human responses to trauma
and of pathologic responses in patients with PTSD. The
purpose of this article is to review current understanding
of the pathophysiology of PTSD as informed by the find-
ings of neuroimaging studies.
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NORMATIVE RESPONSE TO TRAUMA
AND HYPOTHESES OF BRAIN DYSFUNCTION
IN PTSD

The locus ceruleus and higher brain areas, such as the
thalamus, are involved in the gating of sensory input and
are critical to the experience of trauma. Fear, which is a
normative response to a traumatic event or other threaten-
ing situation, involves activation of the hypothalamic-
pituitary-adrenal (HPA) axis. Stimulation of the hypothal-
amus by either the thalamic, limbic, or locus ceruleus
circuits activates the stressresponse, resulting in rel ease of
corticotropin-releasing factor and other neuroendocrine
mediators.

The emotional and somatic contents of memories
are associated via the amygdala; this process is modul ated
by serotonin and norepinephrine, and is thus influenced
by output from nuclei regulating ascending aminergic
transmission, such as the locus ceruleus (Figure 1). Other
factual contents of the memory, including associated
cues, are registered in the cortex and hippocampus. In
nonpathological responses to trauma (as in acute stress re-
actions), the capacity of various stimuli to trigger fear or
alerting responses decreases with time, and little or no
dissociation is experienced for the index event. In patho-
logical states, however, dysregulation in the processing of
sensory input and memories is believed to contribute to
the pathophysiology of PTSD.! This abnormal process
includes continued dissociative experiences and inappro-
priate generalized vigilance.
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Figure 1. Brain Pathways That Process Responses to Stress®
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aAdapted with permission from Nutt.

Abbreviations: GABA = y-aminobutyric acid, 5-HT = serotonin,
NE = norepinephrine, SSRIs = selective serotonin reuptake
inhibitors.

The medial prefrontal cortex modulates cognitive con-
trol of the anxiety response and is probably essential
for habituation in normative stress reactions. Detail of me-
dial prefrontal influence on other brain areasis still some-
what uncertain, but it is likely that its input into limbic
structures decreases their responsivity. However, as stress
or anxiety increase, this mechanism may become impaired,
resulting in unmodified limbic activity and thus exagger-
ated responses. In this model, anxiety occurs when the
emotional circuits that are mediated through the amygdala
override prefrontal cortex behavioral controls.? At abehav-
ioral level, this seemsto be confirmed in PTSD as patients
with this disorder exhibit slowed extinction after fear
conditioning.®

Further dyscontrol may result from stress-induced brain
damage. Studies in anima models of stress suggest that
experimentally induced stressors result in structural and
functional damage to brain regions, including the hip-
pocampus.*® It has been postulated that hippocampal dam-
age disrupts the normal negative feedback of the HPA axis,
resulting in excessive exposure to cortisol and related cel-
lular toxicity. These hypotheses are as yet unproven and
are the basis for an active ongoing field of study.

STRUCTURAL IMAGING STUDIES IN PTSD

Structural neuroimaging studiesin PTSD allow the test-
ing of hypotheses of an association between PTSD and loss
of gray matter. Finding such aloss speaks to either neuro-
toxic consequences of the condition or identification of
predisposing factors for the development of PTSD. Volu-
metric or quantitative magnetic resonance imaging (MRI)
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Figure 2. Relation Between Verbal Memory and Right
Hippocampal Volume in 26 Combat Veterans With
Posttraumatic Stress Disorder (PTSD)?
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3Reprinted with permission from Bremner et a.” There was a
significant correlation between deficitsin verbal memory, as
measured by alower score on the percent retention subscale of the
logical component of the Wechsler Memory Scale, and smaller right
hippocampal volume (r = 0.64, df = 20, p < .05).

studies allow such visualization of gross structural abnor-
malities and the measurement of brain structure volumes.®

Hippocampal Volume

Most findings of volumetric MRI studies in adult
victims of trauma or adults with a history of childhood
trauma demonstrate that patients with PTSD have reduced
hippocampal volume by the time they take part in such
imaging studies.”™ In contrast, a small study of children
with PTSD did not find shrinkage of the hippocampus,™
and Bonne and coworkers®? demonstrated that subjects
with PTSD did not differ from those without PTSD in hip-
pocampal volume (right or left) at 1 week or 6 months
after a severe traumatic event. Equally, there was no re-
duction in hippocampal volume in the subjects with PTSD
in this study between 1 week and 6 months.

Reductions in hippocampal volume may be related
to the neurotoxic effects of elevated concentrations of cor-
tisol, which occur following stress,**'* athough many
studies have shown that patients with PTSD are hypo-
cortisolemic. The hippocampus is involved in memory,
and patients with PTSD have been shown to have deficits
in short-term, declarative memory.”>™*" In a study of 26
combat veterans with PTSD, Bremner and associates’
demonstrated that mean right hippocampal volumes were
8% smaller compared with those of healthy veterans with-
out PTSD. Mean reductions in left hippocampal volumes
(3.8%) were not significantly different from controls. Of
note, short-term verbal memory deficits in patients with
combat-related PTSD correlated with smaller right-sided
hippocampal volumes (Figure 2).

Using quantitative MRI, the hippocampal volumes of
21 adult women with histories of severe childhood sexual
abuse (15 of whom fulfilled DSM-IV criteria for PTSD)
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Figure 3. Magnetic Resonance Imaging (MRI)-Derived

Hippocampal Volumes in 21 Women With Severe Childhood

Sexual Abuse (CSA) and 21 Nonabused Women (nCSA)?
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3Reprinted with permission from Stein et al.° Boxes include the
interquartile range (i.e., 25th to 75th percentile), with the horizontal
line within the box indicating the group median (+ indicates the
group mean).

were compared with nonabused matched control subjects.’
Left hippocampal volumes were significantly lower in
women with histories of abuse compared with those of
nonabused controls. Right hippocampal volumes were
also lower in women with histories of abuse, but between-
group differences were not statistically significant (Figure
3). Reductions in left-sided hippocampal volume corre-
lated with severity of dissociative symptoms, but not with
history of alcohol use, abuse characteristics, or memory.

In another study of adult survivors of childhood abuse,
significant reductions were noted in | eft-side hippocampal
volume (12%) compared with healthy controls who were
matched for alcohol abuse and other factors. There were
no between-group differences in the size of the amygdala,
temporal lobe, or caudate. In addition, there was no rela-
tionship between hippocampal volume reductions and de-
layed recall on the Wechsler Memory Scale.’® Villarrea
and associates,”® however, found bilateral reductions in
hippocampal volume and a generalized white matter atro-
phy. PTSD and depression scores correlated negatively
with left hippocampal volume, but PTSD scores were a
better predictor of total hippocampal volumes.

Based on these findings, it is possible to speculate that
unilateral structural differences in the hippocampus of
persons who have been exposed to severe trauma may be
associated with specific forms of functional impairment.
For example, reductionsin right hippocampal volume may
be associated with memory deficits, and |eft-sided damage
may be linked to increased symptoms of dissociation. An
aternative explanation is that reductions in hippocampal
volume are bilateral, but that smaller studies are biased to
detect unilateral damage.

Although these changes may be germane to PTSD, the
fact that they do not occur in children and the observation
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Figure 4. Peak-Area Ratio N-Acetyl-L-aspartic Acid/Creatine
(NAA/Cr) for Right and Left Medial Temporal Lobes in 21
Patients With Combat-Related Posttraumatic Stress Disorder
(PTSD) and 8 Age-Matched Control Veterans Without PTSD*
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3Reprinted with permission from Freeman et al.*®

that they may not occur in the first 6 months after a trau-
matic event may instead indicate that decreased hip-
pocampal volume is an epiphenomenon associated with
prolonged disease or other related factors, such as in-
creased a cohol use. Further studies are thus needed to ex-
clude the role of confounding factors, such as psychiatric
comorbidity (e.g., depression) and substance abuse. Until
a number of longer-term longitudinal studies are con-
ducted, it isnot possible to determineif the changesin hip-
pocampal volume seen in these studies are concomitant
with the development of PTSD or are a response to some
associated features or if the observed structural changes
represent the expression of a pre-existing vulnerability to
PTSD after exposure to trauma.®*?

Hippocampal Neuronal Loss

Freeman and associates™® used proton magnetic reso-
nance spectroscopy (MRS) to determine if combat-related
PTSD was associated with right-sided neuronal loss or
damage. Proton MRS measures specific compoundsin the
brain, such as N-acetyl-L-aspartic acid (NAA), choline,
creatine (Cr), and myoinositol, as markers for neuronal
density. Reduction in the signal of atarget compound indi-
cates neuronal loss or damage. Freeman and colleagues™®
compared the proton MRS scans of 21 combat veterans
with PTSD with those from 8 control veterans without
PTSD. Compared with controls, the patients with PTSD
demonstrated significantly lower ratios of NAA/Cr for the
right versus left medial temporal lobe, indicating neuronal
loss in the hippocampus (Figure 4). In a small study,
Villarreal and associates® also found reduced hippocam-
pal NAA and Cr in PTSD, but on the left side as opposed
to theright side.

These findings support the hypothesis that PTSD is as-
sociated with structural damage to the hippocampus. L at-
eralization may be related to specific symptom patterns
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and may speak to an interaction between abnormal neuro-
nal activity and an altered endocrine milieu. Thisis highly
speculative, as our understanding of the pathophysiology
of PTSD and related structural changesinthebrainisinits
infancy. A true understanding of the organic changes that
are associated with PTSD will not be achieved until struc-
tural changes in the entire brain are measured in healthy
subjects and in the entire spectrum of psychiatric disor-
ders. Longitudinal studies related to symptom patterns
also are essential in this area.

FUNCTIONAL
NEUROIMAGING STUDIES IN PTSD

Positron emission tomography (PET), single photon
emission computed tomography (SPECT), and functional
MRI (fMRI) have shed light on the neuronal activity of the
brain and have augmented the findings of animal model,
neuroendocrine, and postmortem studies in elucidating
function and pathology. PET and SPECT measure dy-
namic patterns of brain capillary perfusion and glucose
metabolism as markers for neuronal activity. In addition,
PET and SPECT are used to measure neurotransmitter
receptors and transporters viaradio-labeled ligands or pre-
cursors of neurotransmitters. Functional MRI determines
changes in regional cerebral blood oxygenation that are
associated with neuronal activity.**

PTSD is asuitable illness for functional neuroimaging
studies because symptoms can be dependably provoked
by certain stimuli. Most functional imaging studies in
PTSD compare symptomatic states with neutral or base-
line states. Experimentally, PTSD symptoms have been
evoked by script-driven imagery, sounds (e.g., combat
sounds), images, virtual-reality devices, cognitive activa-
tion paradigms, and administration of anxiogenic pharma-
cologic agents.

Thisis an emerging field of endeavor, and the findings
of functional neuroimaging studies in PTSD are interest-
ing, but somewhat inconsistent. Due to the heterogeneous
nature of trauma associated with PTSD, it can be difficult
to evoke emotional responses in control subjects that
match the symptom responses in patients with PTSD. Fu-
ture studies will benefit by inclusion of larger sample
sizes, multicenter sites, and hypothesis-driven designs that
utilize identical methods of symptom provocation and
neuroimaging.

Of particular interest are imaging studies involving
combat veterans or women with histories of childhood
sexual abuse. In these studies, fMRI, PET, or SPECT were
used to measure the effects of script-driven imagery or
cognitive activation in patients and trauma-matched con-
trols with and without PTSD.??* The findings of these
studies implicate the paralimbic structures, the amygdala,
and the cingulate cortex in pathophysiologic responses to
trauma.
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Figure 5. Increased Relative Activity in Left Amygdala in
Combat Veterans With Posttraumatic Stress Disorder (PTSD)
but not in Veterans Without PTSD or Normal Controls in
Response to Neutral and Combat-Related Sounds*
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3Reprinted with permission from Liberzon et al.?*

Paralimbic Cortex

In one early, uncontrolled study of combat veterans,
Rauch and coworkers® used PET and script-driven imag-
ery of combat trauma to demonstrate increased regional
cerebral blood flow (rCBF) in the right-side visual cortex
and in the limbic and paralimbic structures. In a later
study,” task-related increases in cerebral perfusion in ar-
eas such as the orbitofrontal cortex and anterior temporal
poles were also shown in healthy controls presented with
the same material. Nevertheless, such increases remained
larger in PTSD patients.

Amygdala

In afollow-up study of combat veterans with PTSD and
control veterans without PTSD who visualized images of
combat scenarios, rCBF increased in the ventral anterior
cingulate gyrus and right amygdala in subjects with
PTSD, but not in healthy controls.?® However, such in-
creases were not seen on direct viewing of the images
when patients with PTSD showed decreases in Broca's
area, a finding replicated in some other studies. Liberzon
and colleagues® used SPECT scanning of combat veterans
with and without PTSD and healthy control subjects to
show that listening to neutral “white noise” sounds did not
activate the amygdala. However, in response to combat
sounds, only patients with PTSD demonstrated marked ac-
tivation of the left amygdala (Figure 5). Pissiota and col-
leagues™ also described right amygdala, periagueductal,
sensory cortex, and cerebellar activation following expo-
sure to combat sounds.

It is of interest that amygdala activation has not been
reported in any of the paradigms involving direct visual
stimulation or autobiographical scripts, but that it seemsto
be more prominent in situations where more indirect or
partial stimuli are presented. In an elegant experiment,
Rauch’s group® demonstrated that patients with PTSD
responded to the presentation of masked fearful faces with

J Clin Psychiatry 2004;65 (suppl 1)



greater amygdala activation than controls. The fact that
this response was triggered by masked stimuli demon-
strates that this process is “automatic” and not linked to
“conscious’ control.

Taken together with the other activation studies, these
findings may speak to PTSD patients showing a decreased
threshold for amygdala activation and thus an abnormal
generation of strong emotional associations with sensory
stimuli. This abnormal mechanism may relate to the chro-
nicity of PTSD as an increasing number of new sensory
triggers are linked with vivid memories of the traumatic
events.

Cingulate and Medial Prefrontal Cortex

Functional neuroimaging also has been used in studies
of combat veterans or women who were sexually abused
as children to assess whether higher brain structures are
involved in controlling symptomatic responses in a “top-
down” manner. Patients with PTSD were compared with
trauma-matched controls without PTSD. PET scanning
was used in one study of combat veterans to measure neu-
ral correlates associated with viewing traumatic sounds
and images.?® In another study of combat veterans, fMRI
was used to measure changes in activation of the anterior
cingulate cortex in response to a cognitive activation
model .?® Patients with PTSD demonstrated decreased ac-
tivity in the medial prefrontal cortex® or rostral anterior
cingulate cortex® compared with that in controls. In con-
trast, another series of SPECT studies of combat veterans
did not differentiate patients with PTSD from control sub-
jects on the basis of anterior cingulate or medial prefrontal
cortex activation, and although they found increased me-
dial prefrontal cortex activation, this had no correlation
with symptoms.®

Two studies of women with histories of childhood
sexual abuse used PET scanning to measure changes in
rCBF in response to script-driven imagery of neutral and
abuse-related events.?? Patients with PTSD exhibited
significantly greater symptoms compared with control
subjects while listening to scripts that were related to their
sexual abuse experiences (Figure 6). Script-driven imag-
ery prompted memories of the abuse experiences in all
subjects and resulted in increased activation of the poste-
rior cingulate and motor cortex but no activation of the
medial prefrontal cortex or anterior cingulate in women
with PTSD compared with controls.? Similarly, Shin and
associates?’” found increased activation in the orbitofrontal
cortex and anterior temporal poles in both patients with
PTSD and control subjects. However, only patients with
PTSD exhibited afailure to activate theleft inferior frontal
gyrus (i.e., Broca's area) and the anterior cingulate gyrus.

The interpretation of data relating to medial prefrontal
cortex is that patients fail to modulate neuronal activity in
this area when experiencing anxiety and thus do not ha-
bituate to the stimuli. In contrast, understanding failure of
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Figure 6. Posttraumatic Stress Disorder (PTSD) Symptom
Scale Scores for Women With and Without PTSD at Baseline
and During Readings of Neutral Scripts and Scripts Related
to Their Childhood Sexual Abuse Experience®
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3Reprinted with permission from Bremner et al. >3
bGroup-by-time interaction: F = 7.88; df = 4,80; p < .01.

activation in the anterior cingulate is more difficult, espe-
cially in light of early script-driven studies® that demon-
strated increased activity in this area and the fact that
many anxiety-provocation studies also show increased ac-
tivity in this brain region. Possible confounds, such as
greater regional anatomical variability, decreased novelty,
or high baseline values are fully discussed by Shin and
colleagues.®

Ligand Neuroimaging

The use of ligand neuroimaging in PTSD is an emerg-
ing field of study. Growth of knowledge in this area of re-
search islimited in part by the discovery of useful ligands
or tracers. Animals exposed to chronic inescapable stres-
sors exhibit global reductions in benzodiazepine receptor
binding that is maximal in the frontal cortex and hip-
pocampus,®* which suggests that changes in the benzo-
diazepine receptor may be related to symptoms of anxiety
and PTSD. The radiolabeled tracer [**I]-iomazenil has
been used to image the central benzodiazepine receptor
in patients with panic disorder.® In the first study of
PTSD, Bremner and coworkers® used [***|]-iomazenil and
SPECT to measure changes in central benzodiazepine
binding in combat veterans with PTSD and in healthy,
matched control subjects. The distribution volume in the
prefrontal cortex, which is a measure of benzodiazepine
receptor binding, was 41% lower in patients with PTSD
compared with controls (Figure 7). Between-group differ-
ences in benzodiazepine receptor binding in other areas of
the brain were not observed. These findings could be inter-
preted to suggest that benzodiazepine receptors are down-
regulated in PTSD. Alternatively, combat exposure could
result in stress-related changes in the benzodiazepine
receptor or in g-aminobutyric acid (GABA)-ergic neuro-
transmission in the prefrontal cortex. Another possible
explanation is that persons with low levels of benzodiaze-
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Figure 7. Benzodiazepine Receptor Binding in the Prefrontal
Cortex of 13 Patients With Posttraumatic Stress Disorder
(PTSD) and 13 Healthy Controls®*
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3Reprinted with permission from Bremner et al .
bSignificantly lower mean distribution volume in patients than in
controls (z=3.56, p < .01).

pine receptors are at greater risk for developing PTSD. To
date, the final possible explanation of the atrophy of me-
dial prefrontal cortex is not supported by volumetric MRI
studies. However, it is possible that benzodiazepine recep-
tor density is a more sensitive measure of interneuronal
loss than gray matter measurements on MRI. Any of these
explanations, however, speak again to adysfunctional me-
dial prefrontal cortex that may be unable to modulate inap-
propriate limbic activity. Additional studies are required to
answer these questions.

CONCLUSION

Neuroimaging technology has enabled great advances
in our understanding of the significant structural and func-
tional changes that occur in patients with PTSD. MRI has
demonstrated marked reductions in hippocampal volume
in a heterogeneous population of adults with PTSD. Even
greater progress has been achieved through the use of
functional imaging techniques, such as PET, SPECT, and
fMRI. Functional imaging studies that have used script-
driven imagery and other methods of provoking re-
experiencing symptoms of PTSD as well as studies using
cognitive activation models have, for the most part, dem-
onstrated a pattern of a hyperresponsive amygdala operat-
ing in the context of attenuated negative feedback from the
medial prefrontal cortex and the anterior cingulate gyrus.
Thesefindings are believed to be salient to the pathophysi-
ology of PTSD. The amygdala is involved in mediating
negative emotions and physical symptoms associated with
autonomic arousal. Failure of higher brain regions (e.g.,
prefrontal cortex) to extinguish conditioned fear responses
may in part explain the symptomatology associated with
PTSD.

How do the structural changes observed in the hip-
pocampus relate to the functional changesin the amygdala
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and cingulate cortex? We are not yet able to answer this
pivotal question. Although functional neuroimaging stud-
ies have not yet demonstrated hyporesponsivity in the
hippocampus, this structure also is believed to dampen
amygdala activity. There is alarge body of literature dem-
onstrating marked reductions in hippocampal volume in
patients with PTSD. Based on the findings of these stud-
ies, it could be specul ated that a smaller, or somehow dam-
aged, hippocampus is less able to control an overactive
amygdala. Such hypotheses require controlled study in a
functional neurcimaging trial in which the reduced vol-
ume of the hippocampus in patients with PTSD is shown
to correlate with functional changes.

The use of neuroimaging techniques remains a corner-
stone to our further understanding of the pathophysiology
of PTSD. These tools also offer the hope of direct clinical
application. Should a marker of brain structure or function
definitely be correlated with PTSD, then it is feasible that
neuroimaging could be used to identify persons at high
risk or to confirm the diagnosis of this disorder. Alterna-
tively, PET or SPECT could someday be used to determine
which patients are likely to respond to a given treatment or
to tailor treatment to individual patients. It is likely that
the first clinical application of PET or SPECT will be
related to the identification and design of new targets for
therapeutic intervention.
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Questions and Answers

Question: It appears that most of the neuroimaging
studiesin PTSD are cross-sectional. Have longitudinal
studies been conducted, and if so, what do the findings
of these studies suggest?

Dr. Nutt: Aswe interpret neuroimaging studiesin PTSD,
we must keep in mind that correlations do not necessarily
establish causal relationships. Thisis particularly true
when linking the putative effects of stress to the findings
of studies showing hippocampal volume reduction and
functional changes in other brain regions in patients with
PTSD. Until longitudinal or twin studies are conducted
that demonstrate hippocampal shrinkage and/or func-
tional changes in the amygdala and cingulate cortex oc-
curring after exposure to trauma, we cannot know with
certainty the role of observed changesin this disorder.

Question: Do you envision aclinical use for neuroimag-
ing in the care of patients with PTSD?

Dr. Nutt: Currently, neuroimaging has not found arolein
the clinical care of patients with PTSD. However, as the
field evolves, we expect that neuroimaging could have
several clinical applications. For example, if structural or
functional brain changes are found to be antecedent to the
development of PTSD, it is possible that at-risk patients
could be identified prior to the development of syndromal
PTSD. Ligand imaging studies also offer the hope of
identifying specific targets for pharmacotherapy of

PTSD. O
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