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Alterations in Brain Structure and Function 
Associated With Post-traumatic Stress 
Disorder 
J Douglas Bremner 

Neuroimaglng studies in post-traumatic stress disorder 
(PTSD) have revealed changes in brain structure and 
function that may underlie the symptoms of PTSD. Two 
brain areas that have been consistently implicated in 
PTSD include the hippocampus and prefrontal cortex. 
Several studies showed that PTSD is associated with 
reduction In volume of the hippocampus, a brain area 
involved in learning and memory, as measured with mag
netic resonance imaging (MRI). Positron emission to
mography (PET) studies showed dysfunction of medial 

R ecent studies have show n great promise in 
applying neuroimaging to the study of posttrau

matic stress disorder (PTSD). These studies have shown 
alterations in stm cn1re and function of the hippocam
pus, a subcortical brain area that mediates declarative 
memory function, and the medial prefrontal cortex, 
which is involved in emotional regulation. Changes in 
these brain areas may underlie symptoms of PTSD. 

Neuroimaging studies provide information about the 
stmcture and function of the brain. The first radiological 
sn1dies in trauma patients used pnemnoencephalog
raphy, w hich involves the injection of air into the cere
brospinal space, and imaging w ith the use of simple 
radiographs. Magnetic resonance imaging (MIU) is a 
technologically more advanced method of imaging than 
radiograph-based techniques such as pneumoencepha
lography. MRI uses a powerful magnet to throw the 
electrons and protons that make up brain tissue out of 
their normal patterns, and measures the time it takes 
for them to return to their normal "resting" state. This 
"relaxation time" provides information about the con
tent of the tissue, which can be used to create an image 
of the brain. MRI images are obtained from successive 
slices that move through the entire volume of the brain 
a few millimeters at a time. With specialized image 
p rocessing software on the computer, the outline of 
individual brain regions can be traced and the volume 
quantitated. These techniques have provided a wealth 
of information about brain stm cture in psychiatric disor
ders in general, and more recently in the field of PTSD. 

Positron emission tomography (PEl) can provide 
measures of brain function as assessed by brain blood 
flow and metabolism. Glucose is the primary energy 
source of the brain, and when there is an increase in 
firing of the neurons in a specific brain region, there 
is an increase in glucose uptake in that region to meet 
the demand. Similarly, w ith increased glucose demand 
there is an increase of brain blood flow to that region. 
With a regional increase in neuronal activity (for in-

and orbital prefrontal cortex during PTSD symptom 
provocation and in response to traumatic reminders. 
Decreased benzodiazepine receptor binding was found 
in the medial prefrontal cortex as measured with neuroi
maging in PTSD. The hippocampus and medial prefron
tal cortex play important roles in memory and emotional 
regulation, and dysfunction in these areas may underlie 
memory deficits and pathological emotions in PTSD. 
Copyright © 1999 by W.B. Saunders Company 

stance, in the visual cortex following exposure to a 
bright light), there is a shunting of glucose and blood 
flow towards that region that can be measured with 
PET as a measure of brain function. Glucose and water 
can be made radioactive and injected immediately into 
the patient for imaging of brain metabolism and blood 
flow. Brain blood flow is measured with radioactive 
water H2[0-15), and brain metabolism with radioactive 
glucose ([18F]2-fluoro-2-deoxyglucose, or FDG). These 
substances emit positrons in the course of radioactive 
decay, which collide with electrons in the brain, creat
ing 2 beams of light that travel away from each other 
and are detected by the camera. Comp uters then use 
this information to reconstmct an image of the brain's 
metabolism or blood flow patterns. 

The first use of neuroimaging in trauma survivors 
occurred in the aftermath of the Second World War. 
Pneumoencelography was used in the assessment of 
concentration camp survivors seeking compensation 
for disability. Although quantitative methods were not 
used, d1e authors did observe abnormalities based on 
regular radiological interpretation of the studies. The 
authors reported "[cerebral] atrophy of varying de
grees" and "diffuse encephalopathy" in up to 81% of 
cases, based on their visual interpretation. 1 

More recently advanced technologies of MRI have 
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been applied to d1e study of PTSD. MRI studies have 
measured volume of d1e hippocampus, a brain structure 
involved in learning and memory. Aninlal studies have 
shown that high levels of glucocorticoids (cortisol in 
humans) seen in stress are associated with damage to 
the CA3 region of the hippocampus. 2-1 Glucocorticoids 
exerted their effect through disruption of cellular me
tabolism,5 increasing the vulnerability of h.ippocampal 
neurons to a variety of insults, including endogenously 
released excitatory amino acids6•7 and augmenting extra
cellular glutamate accumulation.8 Stress-induced h.ippo
campal atrophy was also associated with deficits in 
memory function.9 Initially deficits in neuropsychologi
cal measures of verbal declarative memory function 
(but not IQ) were found in patients with combat-related 
PTSU.10

•
11 PTSU patients showed deficits on delayed 

paragraph recall and word list learning, measured with 
tests (Wechsler Memory Scale Delayed Recall, and Selec
tive Reminding Test) that have been shown to correlate 
with loss of neurons in the CA3 region of d1e hippocam
pus in patients undergoing surgical removal of the hip
pocampus for the treatment of epilepsy. Other studies 
also found deficits in verbal declarative memory in Viet
nam combat veterans with PTSD 11

•
12 and Gulf War veter

ans w ith PTSD (Vasterling], personal communication, 
Feb 31, 1998). We used MRI to quantitate hippocampal 
volume in patients with a history of traumatic stress and 
the diagnosis of PTSD. We first looked at h.ippocampal 
volume in Vietnam veterans w ith combat-related PTSD. 
Healthy controls were matched for age, race, years of 
alcohol abuse, years of education, height, weight, and 
socioecono mic status. Measurements of the hippocam
pus were performed using a reliable technique for mea
surement of h.ippocampal volume. We found an 8% 
decrease in MRI-based measurement of right hippocam
pal volume in patients with PTSD (n = 26) in compari
son to matched controls (n = 22, 1184 vs. 1286 mm3, 

95% confidence interval (CI), 10-195 mm3, P < 0.05). 
Images of a typical PTSD patient and a control subject 
are displayed in Fig 1. Decreases in right h.ippocampal 
volume in the PTSD patients were associated with defi
cits in short-term memory as measured by the Wechsler 
Memory Scale (WMS)-Logical, percent retention sub-

Figure 1. MRI scan of the hip
pocampus in a normal control 
(left) and patient with PTSD 
(right). There is a visible reduc
tion in hippocampal volume in 
the PTSD patient (right). 

component (r = 0.64; P < 0.05) (Fig 2). There was 
no difference .in volume of bilaterdl left temporal lobe 
(minus hippocampus), amygdala, or caudate between 
patients and controls in this study. 13 Multivariate analy
ses continued to show a significant difference between 
patients and controls controlling for potential con
founders. Gurvits et al14 compared h.ippocampal volume 
in 7 patients with Vietnam combat-related PTSD with 
7 Vietnam combat veterans w ithout PTSD and 8 healthy 
nonveteran controls. The authors found a 26% bilateral 
decrease in hippocampal volume that was statistically 
significant for both left and right hippocampal volume 
considered separately. Although subjects were not case
matched for alcohol abuse, there continued to be a 
significant difference in hippocampal volume after ad
justing for years of alcohol abuse using analysis of covari
ance. There was no difference in ventricular, amygdala, 
or whole bra.in volume between the groups. Th.is sntdy 
also found a significant correlation between level of 
combat exposure (measured with the Combat Exposure 
Scale) and hippocampal volume, as well as visual de
layed recall errors. 
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Figure 2. Relationship between hippocampal volume and 
memory in PTSD. There was a significant correlation be
tween smal ler right hippocampal volume and deficits in hip
pocampal-sensitive measures of verbal declarative memory 
in patients with combat-related PTSD (delayed recall of para
graph on Wechsler memory scale [r = .64; P < .01)). 
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Table 1. Volume of the Hippocampus (mm3} in Abuse Patients and Controls 

Patients (n = 17) Controls (n = 17) 

Brain Region Mean SD Mean SD F P value 

Left Hippocampus 1,050 152 1,193 142 8.07 0.0077 
Right Hippocampus 1,062 169 1, 11 6 190 0.74 0.40 
Mean Hippocampus 1,056 160 1,155 160 3.57 0.07 

Abbreviations: SD, standard deviation; F, F-statistic associated with analysis of variance. 

Studies using populations of abuse survivors also 
showed memory deficits and smalle r hippocam pal vol
ume in PTSD patients. Defic its in verbal declarative 
me mo ry function in patients w ith childhood abuse
related PTSD were found based on sinillar measures 
to those used for combat veterans. Deficits in verbal 
declamtive memory in the childhood abuse patie nts 
were significantly correlated with level of abuse as mea
sured with the composite severity score on the Early 
Trauma Inventory (r = - 0.48 ; P < 0.05).15 Using MIU, 
we measm ed hippocampal volum e in 17 male and fe
male adults with a history of severe childhood physical 
and/or sexual abuse and PTSD, w ho were compared 
w ith 17 healthy controls matched on a case-by-case 
basis for age, sex, handedness, race, years of education, 
and years of alcohol abuse. There was a l 2% reduction 
in left hippocampal volume in the patients with abuse
re lated PTSD in relation to comparison subjects, w hich 
was statistically significant (P < 0 .05) . A 3.8% reductio n 
in volume of tl1e right hippocampus w as not significant 
(Table 1) . Multivariate iurnlyses using stepw ise linear 
regression continued to show a significant relationship 
between PTSD and decreased hippocampal volume 
afte r controlling for differences in potential confo und
ers not accounted for by the matching strategy. There 
were no significant differences between patients and 
controls for temporal Jobe, caudate , o r amygdala vol
umes in this study. 16 

Stein and colleagues 17 found a statistically significant 
5% reduction in left hippocampal volume in 21 sexually 
abllsed women re lative to 21 nonabused female con
trols . Hippocampal atrophy in this study was correlated 
with level of dissociative symptomatology in tl1e abused 
wo men (r = - 0.73; P < 0.05). Most (although not all) 
of the abused women had a current diagnosis of PTSD. 
In summary, there are now 4 replicated studies showing 
smalle r volume of the hippocampus in PTSD, and sev
eral studies showing defic its in verbal declarative mem
ory function. 

Various hypotheses have been advanced to exp lain 
hippocampal volume reduction in PTSD.18

•
19 High levels 

of glucocorticoids seen in stress may lead to atrophy 
or neuronal loss in the hippocampus in PTSD patients. 
Evidence in support of glucocorticoid mediated toxic ity 
in humans comes fro m studies in patients with abnor
m al elevations of cortisol because of Cushing's disease 

showing hippocampal atrophy and cognitive memory 
deficits. 20 Elevated concentrations of corticotropin re
leasing factor (CRF) in the ce rebrosp inal fluid o f pa
tients with PTSD" and blunted adrenoco rticotrophic 
hormone (ACTH) response to CRF22 are consistent w ith 
excessive ac tivity of the hypothalamic-pituitary-adrenal 
(HPA) axis . The hippocampus has an inhibitory effect 
o n release of CRF from the hyp othalamus in PTSD,23 

and elevated levels of CRF support the hypothesis of 
hippocampal dysfunctio n in PTSD. Peripheral levels of 
cortisol were not, however, consistently elevated , and 
several studies ac tually found lower cortisol levels in 
chronic PTSD24 (although emerging data in acute PTSD 
are more consistent w ith hypercortisolernia).25 Studies 
looking at rape survivors used measures of cortisol ob
tained 12 to 48 hours or mo re after the trauma,26 and 
these canno t be viewed as true reflections of cortisol 
release at the time of the trauma. These studies found 
that previo us trauma history was associated with low 
cortisol 12 to 48 hours after rape, however, cortisol 
levels did not predict the development of PTSD. We 
have hypothesized that co1t isol re lease at the time of 
the stressor, or differences in glucocorticoicl recepto r 
sensitivity, may result in hippocampal damage in PTSD 
with associated volume reduction.27 O ther fac tors be
sides glucocorticoids may represent the cause of hippo
campal volume reduction in PTSD. Stress w as associated 
with decreased levels of brain-derived neurotrophic fac
tor (BDNF), w hich may also p lay a role in hippocampal 
damage. An alte rnative hypothesis for hippocampal vol
ume reductio n is that small hippocampal volume , 
which is p resent from birth , is a risk factor for the 
development of PTSD. Regardless of the cause, the 
marked deficits in declarative memory as measured with 
tests that have been validated against neuronal loss is 
consistent witl1 a func tionally significant deficit in hip
pocampal function. Consistent w ith hippocampal dys
functio n are prelinlinary results from our group show
ing a failure of hippocampal ac tivation measured with 
PET during verbal memory tasks in PTSD. 

PET has shown functio.nal abnormalities in patients 
with PTSD. Semple and coUeagu es28 studied 8 PTSD 
patients with comorbid substance abuse and 8 normal 
subjects and found decreased resting blood flow in pari
etal cortex normalized to w hole brain blood flow. Find
ings in patients with comorbid PTSD-substance abuse 
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are not generalizable to other PTSD studies performed 
to date, in which patients do not have a history of current 
substance abuse. Bremner and colleagues29 found a de
crease in resting metabolism measured w ith PET FOG in 
temporal and prefrontal cortex in 10 combat veterans 
with PTSD compared with 10 healthy subjects. 

PET has also been used to study neural correlates 
of symptom provocation in PTSD. Bremner et al29 used 
PET and FOG in the measurement of cerebral glucose 
metabolic rate after administration of the alpha-2 norad
renergic receptor antagonist, yohimbine (which stimu
lates norepinephrine release in the brain and provokes 
symptoms of PTSD), and placebo in 1 O Vietnam combat 
veternns with PTSD and 10 healthy contro ls. Norepi
nephrine has a U-shaped curve type of effect on brain 
function, with lower levels of release causing an in
crease in metabolism, whe reas very high levels of re
lease actually cause a decrease in metabolism.;!() We 
hypothesized that yohimbine would cause a relative 
decrease in metabolism in patients with PTSD in cortical 
brain areas that receive noradrenergic innervation. Con
sistent with this hypothesis , yohimbine resulted in dif
ferences in metabolism in orbitofrontal, temporal, pari
etal, and prefrontal cortex, in PTSD patients relative to 
controls, with PTSD show ing a pattern of decreased 
and normals a p attern of increased metabolism in these 
areas (Fig 3). PTSD patients (but not normals) had de
creased hippocampal metabolism w ith yohimbine.29 

These findings are consistent with an increased release 
of norepinephrine in the brain after yohimbiJ1e in PTSD. 

Several sn1dies have now used PET H20[150] to look 
at brain blood flow during cognitive challenge to pro
voke PTSD symptoms and traumatic remembrance. 
Rauc h and colleagues31 used PET and H20[150] to look 
at blood flow during exposure to traumatic and neutral 
scripts in a group of 8 patients w ith PTSD related to a 
variety of different traumas. Exposure to traumatic 
scripts resulted in an increase in brain blood flow in 
limbic regions (right amygdala, iJ1sula, orbitofrontal cor-

Placebo Yohimbine 

Figure 3_ Metabolic response 
to yohimbine and placebo in or
bitofrontal cortex in PTSD pa
tients (left) and controls (right). 
There was significant differ
ence in metabolic response to 
yohimbine, with controls in
creasing metabolism, and 
PTSD patients showing a pat
tern of decrease. 

tex, and anterior cingulate), and decreased blood flow 
in the middle temporal and left inferior frontal cortex. 
This study did not have a control group, and therefore 
does not permit conclusions about the specificity of 
findings to PTSD. Bremner et al32 studied 10 Vietnam 
veterans with PTSD and 10 Vietnam veterans without 
PTSD during exposure to combat-related and neutral 
slides and sounds. Vietnam veterans with combat
related PTSD (but not non-PTSD) showed a decrease in 
blood flow in the medial prefrontal cortex (Brodmann's 
area 25, or subcallosal gyrus) and middle te mporal cor
tex (auditory cortex) during exposure to combat-related 
slides and sounds. Exposure to combat slides resulted 
in differences in blood flow response between PTSD 
and non-PTSD in lingual gym s (posterior parahippocam
pus), and posterior cingulate, as well as the left iJuerior 
parietal and left motor cortex, and the dorsal pons. 
PTSD patients in general showed a pattern of increased 
blood flow in these areas, and non-PTSD patients 
showed no change or decreased blood flow . Shin et 
aP3 used PET and H20[150] du1fag exposure to neutral 
and combat trauma related pictures (without sounds) 
and neutral and combat-related mental iJnagery iJ1 pa
tie nts with PTSD (n = 7) and healthy combat exp osed 
controls (n = 7). This sn1dy found increased blood 
flow in anterior cillgulate durillg combat versus neutral 
iJnagery iJ1 PTSD. Blood flow was also increased in the 
right amygdala during combat imagery versus exposure 
to combat-related pictures iJ1 PTSD, whereas controls 
(but not patients) had increased blood flow in the 
orbitofrontal and medial prefrontal cortex during these 
conditions. Patients (but not controls) also had de
creased blood flow iJ1 the middle temporal and left 
inferior frontal cortex during exposure to traumatic 
mental imagery. This study did not, however, involve 
a comparison of patients with controls. 

Bremner and colleagues have used PET to study cere
bral blood flow correlates of exposure to personalized 
scripts of childhood sexual abuse in women with histor-
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ies of chilclhoocl abuse with (n = 10) ancl without (n 
= 12) PTSD. PTSD women showed decreased b lood 
flow in the medial prefrontal cortex (area 25) and failure 
of activation in anterior cingulate, with increased b lood 
flow in the posterior cingulate and motor cortex (repli
cating findings in combat-related PTSD) and the antero
lateral prefrontal cortex. PTSD women also had de
creased blood flow in the right hippocampus, parietal, 
ancl visual association cortex (Bremner et al , unpub
lished data, Dec 20, 1998). 

These fmclings point to a network of related regions 
as mediating symptoms of PTSD. Two or more PET 
studies performed to elate showed increased activation 
in posterior cingulate ancl motor cortex, failure of activa
tion in the anterior cingulate ancl decreased blood flow 
in the medial prefrontal cortex (area 25, or subcallosal 
gyrus), the hippocampus, middle temporal cortex, and 
visual association cortex with traumatic stimuli in PTSD. 
The posterior c ingulate p lays an .important role in visuo
spatial processing34•35 and is therefore an important com
ponent of preparation for coping with a physical threat. 
The posterior cingulate has functional connections with 
the hippocampus and adjacent cortex, which led to its 
original classification as part of the "limbic brain". 36 

PTSD may represent a dysfunction in the brain's re
sponse to coping with stress ancl potential threat, w hich 
involves excessive recrnitment in brain areas responsi
ble for visuospatial processing, attention, and memory, 
in addition to attaching an effective valence to stimuli. 
Motor cortex activation may represent the neural corre
late of preparation for action (ie "fight or tlight")Y The 
hippocampus is involved in declarative memory as well 
as contexnial fear. 38 The motor, parietal, visual associa
tion cortex, and posterior cingulate are invo lved in a 
functional network w ith connections to portions of the 
prefrontal cortex (middle frontal gyrus).39 

A number of PET studies have now implicated the 
medial prefrontal cortex in both normal ancl pathologi
cal responses to stress and emotion. In the 2 PET studies 
conducted by Bremner and colleagues there was a fail
ure of activation of the anterior cingulate and decreased 
blood flow in the medial prefrontal cortex (subcallosal 
gym s) during exposure to traumatic stimuli in PTSD. 
A third study by Bremner and colleagues using symptom 
provocation with yohimbine showed a failure of activa
tion in the medial and orbitofrontal cortex in PTSD. 
PET snidies in normal subjects, using a variety of para
digms to stimulate intense emotions, have consistently 
shown activation of the anterior cingulate (areas 32 and 
24). Human subjects with lesions of medial prefrontal 
cortical areas (eg the famous case of Phineas Gage4°) 
have deficits in interpretation of e motional situations 
that are accompanied by impairments in social relat
edness. Lesions of this area in animals result in impair
ments in mounting the peripheral glucocorticoid and 
sympathetic response to stress.34·35·

41 

Findings from imaging studies may also be relevant 

to the failure of extinction to fear responding that is 
characteristic of PTSD and other anxiety disorders. After 
the development of conditioned fear, as in the pairing 
of a neutral stimulus (bright light, the conditioned stim
ulus) with a fear-inducing stimulus (electric shock, the 
unconditioned stimulus), repeated exposure to the con
ditioned stimulus alone normally results in the gradual 
loss of fear responding. The phenomenon is known as 
extinction to conditioned fear and is mediated by the 
central nucleus of the amygdala.42•43 The extinguished 
memory is rapidly reversible after reexposure to the 
conditioned-unconditioned stimulus pairing even up to 
1 year after the original period of fear conditioning, 
suggesting that the fear response did not disappear, but 
was merely inhibited. Recent evidence suggests tl1at 
extinction is mediated by cortical inhibition of amygdala 
responsiveness. The medial prefrontal cortex (area 25) 
or the adjacent medial prefrontal regions (anterior cin
gulate, area 24 and 32, and orbitofrontaJ cortex) have 
inhibitory connections to the amygdala34•35•

44 that play 
a role in extinction of fear responding,45•

46 an important 
component of the symptom profile of PTSD. PET snidies 
in PTSD during traumatic reminders reveiwed above 
showed decreased blood flow of the medial prefrontal 
cortex (area 25), witl1 failure of activation of the anterio r 
cingulate and medial orbitofrontal cortex. Based on 
these fmdings, we previously argued that the anterior 
c ingulate (area 32) activation represents a "normal" 
brain response to traumatic stimuli that serves to inhibit 
feelings of fearfulness w hen there is no trne threat. 
Failure of activation in this area and/or decreased blood 
flow in the adjacent medial prefrontal cortex (area 25) 
in PTSD may lead to increased fearfulness that is not 
appropriate for the context, a behavioral response that 
is highly characteristic of patients with PTSD. 

Studies are using neuroimaging to examine central 
benzodiazepine receptor function in anxiety disorders. 
Animal snidies showed that chronic stress leads to a 
decrease in benzodiazepine receptor binding in frontal 
cortex. Our group and others have developed methods 
for quantitation of benzodiazepine receptor binding in 
living human brain using both PET and single photon 
emission to mography (SPEC!). We used SPECT with 
[ 123I]lomazenil to quantitate benzodiazepine receptor 
binding in patients w ith panic disorder and controls. 
This study found a reduction in benzodiazepine recep
tor binding in left hippocampus and p recuneus in panic 
disorder. Elevated levels of panic anxiety were corre
lated witl1 decreased binding in the frontal cortex 
(Bremner et al, unpublished data, Jan 12, 1999). Using 
sinlilar methods we recently found a decrease in benzo
diazepine receptor binding in medial prefrontal cortex 
(Brodmann's area 9) in 13 patients with combat-related 
PTSD compared with 13 case-matched healthy controls 
(Bremner et al, unpublished data, Dec 2 , 1998) (Fig 4). 
These findings were consistent w ith animal studies of 
stress showing decreased binding in the frontal lobe. 
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Figure 4. Statistical parametric map overlaid on an MRI for 
demonstration of anatomical detail showing area of de
creased benzodiazepine receptor binding in combat-related 
PTSD (n = 13) compared with case-matched healthy con
trols (n = 13). A decrease was found in medial prefrontal 
cortex (area 9) (z score > 3.00; P < .001). 

Neuroimaging has made great progress in recent 
years in mapping out changes in brain function and 
strucn1re in PTSD. Four replicated sn1dies have shown 
smaller volume of the hippocan1pus based on MRI in 
PTSD. Deficits in verbal declarative memory support a 
role for dysfunction of this area. Preliminary PEI' blood 
flow data from our site are also consistent with a failure 
of hippocampal activation during the performance of 
memory tasks in women with childhood sexual abuse
related PTSD. Functional imaging sntdies of symptom 
provocation were consistent with dysfunction of both 
the hippocampus and medial prefrontal cortex in PTSD. 
Dysfunction of the hippocampus may underlie memory 
deficits in PTSD, w hereas medial prefrontal cortical dys
function may represent the mechanism of a failure of 
extinction to fear responding and emotional dysregula
tion in PTSD. A decrease in benzodiazepine receptor 
binding in medial prefrontal cortex may contribute to 
increased anxiety and other pathological emotions in 
PTSD. Fun1re studies should apply specific probes of 
brain areas implicated in PTSD, including hippocan1pus 
and medial prefrontal cortex, as well as quantitative 
measures of neuroreceptor binding in PTSD. 
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