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Background: Patients with posttraumatic stress disorder Key Words: Positron emission tomography, memory,
(PTSD) show a reliable increase in PTSD symptoms angbostttraumatic stress disorder, frontal cortex, cingulate,
physiological reactivity following exposure to traumatic function

pictures and sounds. In this study neural correlates of

exposure to traumatic pictures and sounds were measured

in PTSD. _

Methods: Positron emission tomography and?[4°0] Introduction

were used to measure cerebral blood flow during exposur sttraumatic stress disorder (PTSD) is characterized
to combat-related and neutral pictures and sounds i”ﬁy recurrent trauma-related memories, and increased
Vietnam combat veterans with and without PTSD. fear responding and physiological reactivity to reminders
Results: Exposure to traumatic material in PTSD (but not of the trauma, coupled with sleep disturbances, night-
non-PTSD) subjects resulted in a decrease in blood flow imares, avoidance, increased startle, and other symptoms
medial prefrontal cortex (area 25), an area postulated tothat can persist for many years after the original traumatic
play a role in emotion through inhibition of amygdala g\ent (Pitman 1989; Bremner et al 1995a). The failure of
rgspo|n5|veness. Non-PTSD SUbJeCéS actlvart]ed anteriolytinction of fear responsiveness to “cues” related to the
Cgt?gn?;e 'I'(r?(;?: vggr)e tgls?) gi:‘(fa(frt:rzcese%;eie:ez?al Pt;ll_gc?doriginal trauma can be modeled in laboratory animals and
b ) Is an important part of the clinical presentation of PTSD

flow response in areas involved in memory and visuospa-

tial processing (and by extension response to threat),pat'ems' Abnormal traumatic recall and fear responding,

including posterior cingulate (area 23), precentral (mo- Which can be reliably provoked with trauma-related pic-
tor) and inferior parietal cortex, and lingual gyrus. There tures and sounds or traumatic scripts, are associated with
was a pattern of increases in PTSD and decreases i increase in physiological reactivity, including increased
non-PTSD subjects in these areas. heart rate and blood pressure, in PTSD patients (Blanchard
Conclusions: The findings suggest that functional alter- €t &l 1982; Malloy et al 1983; Pitman et al 1987; reviewed
ations in specific cortical and subcortical brain areas i Prins et al 1995).
involved in memory, visuospatial processing, and emotion Regulation of these peripheral markers of physiological
underlie the symptoms of patients with PTSBiol Psy-  responsiveness by cingulate and amygdala raises the
chiatry 1999;45:806—-816 €999 Society of Biological possibility that alterations in function in these brain areas
Psychiatry may be associated with PTSD symptoms. Early studies
showing an increase in fear-related behaviors following
removal of cerebral cortex in cats also led to the hypoth-
esis that these areas, in addition to thalamus, hypothala-
_ mus, hippocampus, and adjacent cortex, regulate emotion
T e g S, 055 nd Pepermert 'and the stress response (MacLean 1049). These brain areas
New Haven, Connecticut; National Center for Posttraumatic Stress Disorder@re functionally interrelated, and via pathways through the
szer’a‘gf)”ﬁnecgmc?jg;’(3325;Syjev gﬁfghi;ﬁf’\l’éﬁfuf; Center, —on hypothalamus and medial prefrontal cortex (area 25) effect
Connecticut (JDB); VA Connecticut Healthcare Center, West Haven, Connectthe peripheral stress response in increased heart rate, blood
D S ocein v edial Cener Bosor, Massachuselipressure, peripheral catecholamines, and cortisol (Vog et
setts (DK). al 1992; LeDoux 1993; Devinsky et al 1995).
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tation of patients with PTSD. PTSD patients demonstratenental imagery (Shin et al 1997). Provocation of PTSD
deficits in verbal declarative memory, which are associ-symptoms with the pharmacologic agent yohimbine
ated with a reduction in volume of the hippocampus, a(which stimulates brain norepinephrine release) resulted in
brain area involved in learning and memory (Squire anda relative failure of orbitofrontal cortex activation in PTSD
Zola-Morgan 1991) (reviewed in Bremner et al 1995a). Onpatients relative to control subjects, as well as differential
the other hand, PTSD is characterized by intensification ofunctional responses to challenge in temporal, parietal, and
nonverbal aspects of memory, including “hypermne-prefrontal cortex. These findings were consistent with
monic” visual memory traces related to traumatic eventdgncreased noradrenergic responsiveness to yohimbine in
(Pitman et al 1993; Bremner et al 1996a). The excessiv€TSD (Bremner et al 1997a).
vigilance seen in PTSD may be associated with increased The purpose of the present study was to use PET in the
demands on brain areas involved in visuospatial aspects @xamination of neural correlates of exposure to traumatic
memory function and in integration with evaluation of pictures and sounds in Vietnam combat veterans with and
stimuli for potential threat and planning of response towithout PTSD. Traumatic pictures and sounds represent a
stimuli. Based on this we have hypothesized that increasestandardized and well-established paradigm for the prov-
activity in cortical brain areas involved in memory and ocation of PTSD symptoms that have several advantages
visuospatial processing, including prefrontal and parietapver other techniques for induction of PTSD symptoms
cortex (Bremner et al 1995a) (in addition to limbic areas),(Kaloupek and Bremner 1996; Prins et al 1995). They
underlies the symptoms of PTSD. Medial prefrontal cor-have ecological validity, resembling “traumatic cues” that
tical areas also modulate fear responding through inhibipatients encounter in their environment, complete with the
tory connections with the amygdala that are involved incomplex interplay of visual and auditory stimuli. In
the fear response as well as through effecting peripheraddition, traumatic pictures and sounds (unlike individu-
sympathetic and hormonal responses to stress (Vogt et alized scripts) can be presented in an identical fashion to
1992; LeDoux 1993; Devinsky et al 1995). We haveall subjects in a research study. We hypothesized that
hypothesized that dysfunction of these areas plays a role ifiXposure to traumatic pictures and sounds would result in
failure of extinction to fear in PTSD (Bremner et al greater activation in cortical and subcortical brain areas
1996a). A complete understanding of functional connecimplicated in memory, emotion, and the fear response,
tions of cortical and subcortical brain areas involved inincluding amygdala, hippocampus and adjacent cortex,
emotion and memory is important in constructing a modelcingulate, and prefrontal and parietal cortex, in combat
for neural correlates of PTSD. veterans with PTSD relative to those without PTSD. We
Recent advances in neuroimaging technology havdurther hypothesized a relative failure of activation in
made it possible to study central brain correlates of pTspmedial prefrontal cortical areas involved in modulation of
Reduced volume of the hippocampus measured Witﬁfear responsiveness through inhibition of amygdala func-
magnetic resonance imaging (MRI) was found in severaf'on.
populations of PTSD patients, possibly secondary to
stress-induced atrophy (Bremner et al 1995b, 1997bMethods and Materials
Gurvits et al 1996; Stein et al 1997). Decreased metabo- ) i )
lism measured with positron emission tomography (PET)Subjects in the study were Vlanam combat veterans with PTSD
was found at baseline in temporal and prefrontal cortex irfn = 10) and comparison subjects, who were Vietnam combat

.veterans without PTSDn( = 10). Subjects were recruited

combat-related PTSD (Bremner et al 1997a) and in parlfhrough a VA Medical Center PTSD program and newspaper

etal cortex in patients with PTSD and comorbid substanceqyertisement. To identify the subgroup of PTSD patients who
dependence (Semple et al 1996). are reactive to the types of traumatic stimuli used in this study
Exposure of PTSD patients to traumatic scripts resulteqBlanchard et al 1982; Kaloupek and Bremner 1996; Malloy et al

in increased blood flow in limbic regions (right amygdala, 1983; Pitman et al 1987; Prins et al 1995), subjects underwent a
insula, orbitofrontal cortex, and anterior cingulate), andscreening to determine emotional and psychophysiological reac-
decreased blood flow in middle temporal and left inferior tivity. Subjects were determined to be reactivefvat5 beats per

frontal cortex, as measured with PET (Rauch et al 1996)Minute increase in heart rate and a 50 points increase in
This study did not involve a control group, however, so itSubjectlve Units of D|§tress (SUD§) scale. score (descrlped
is not possible to determine whether the changes arBEIOW) for the comt;at slide prese_ntatlon relative to neutral ;Ild_e
specific to PTSD. A second PET study that did utilize presentation. Out of 13 PTSD patients screened, 10 met criteria,

i : ; . while all of the non-PTSD veterans met these criteria.
control subjects found increased blood flow in right  yjietnam veterans were included in the PTSD group who: 1)

?mY_gdma and anterior cing_ulatg, and decreased.blood floWere demonstrated to be reactive to combat slides and sounds
in middle temporal and left inferior frontal cortex in PTSD using the psychophysiology screening procedure outlined above;
patients relative to control subjects during trauma-relatecind 2) met criteria for current combat-related PTSD as assessed
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by the Structured Clinical Interview for DSM-IV (SCID) (Spitzer (Southwick et al 1993), Clinician Administered Dissociative
et al 1987). Vietnam veterans were included in the comparisorStates Scale (CADSS), a reliable and valid 27-item scale for the
group who did not meet these three criteria and did not have ameasurement of current dissociative states (Bremner et al 1998),
Axis | psychiatric disorder based on the SCID. All subjects hadanother SUDs scale, and a visual analogue scale (scored from O
combat exposure, which involved being in firefights (gun battles)to 100) for the assessment of fear (Southwick et al 1993).
with the enemy, being wounded, or seeing others killed orSubjects also underwent baseline measurement of heart rate and
wounded. All subjects gave written informed consent for partic-blood pressure.
ipation, were free of major medical illness on the basis of history Subjects then underwent scanning under neutral and traumatic
and physical examination, lab testing, and electrocardiogram(combat slide) conditions. No “resting” scans (i.e., scans in the
were not actively abusing substances or alcohol (past 6 monthsibsence of any stimulation) were performed, as there is evidence
and were free of all medications for at least 4 weeks prior to thefor an increase in frontal lobe activity in the absence of
study. Subjects were not taken off of medication for the purposestimulation, which could interfere with the study results. A fixed
of participating in the study. order (two presentations of neutral slides and sounds followed by
Subjects were excluded with a serious medical or neurologicatwo presentations of combat slides and sounds) was used for all
illness, organic mental disorders or comorbid psychotic disor-subjects, to prevent anxiety elicited by the combat slides from
ders, current alcohol and/or substance abuse or dependence (ppstsisting into neutral slide presentations. Combat and neutral
6 months), retained metal, a history of head trauma, loss oslides and sounds from an ongoing multisite VA Cooperative
consciousness greater than 10 min, cerebral infectious disease, 8tudy on the psychophysiology of PTSD were used for the
dyslexia. There was no difference in age between the PTS[presentation materials. Neutral slides were of winter scenes, with
patients (mean= 47 years, SD= 3) and comparison subjects nonverbal music. Combat slides were actual photographs from
(mean= 50 years, SD= 3). Nine out of 10 of the PTSD patients Vietnam, and included scenes such as a male soldier throwing a
were white, 1/10 black; 9/10 of the comparison subjects werehand grenade, a sniper in the bushes, and evacuation of wounded
white, 1/10 black. All of the subjects, both PTSD and comparisonsoldiers, accompanied by appropriate sounds, such as machine
subjects, were male and right-handed. gun fire, the sound of the jungle, and of helicopters, respectively.
Seven out of 10 PTSD patients (70%) fulfilled criteria for a Each scan condition involved four slides presented over a total of
lifetime history of major depression and 3 (30%) for currenta 2-min period. One minute into the presentation subjects
major depression based on the SCID interview. One patienteceived a bolus injection of 30 mCi ot*D]H?0 immediately
(10%) met criteria for current dysthymia, and 1 (10%) for followed by a PET scan acquisition, which was 1 min in length.
lifetime bipolar disorder. Two out of 10 (20%) patients fulfilled PET imaging was performed on a Posicam PET camera (Positron
criteria for lifetime history of panic disorder with agoraphobia, Corp) (in plane resolution after filtering, 6 mm full width at half
and 1 (10%) for current panic disorder with agoraphobia; 1maximum). Subjects then underwent measurement of heart rate
(10%) met criteria for lifetime and current history of panic and blood pressure, as well as behavioral ratings for the time of
disorder without agoraphobia. One out of 10 (10%) fulfilled the presentation, including PASS, CADSS, SUDs, fear analogue,
criteria for current agoraphobia without panic disorder, 2 (20%)and PTSD Symptom Scale.
for current social phobia, 2 (20%) for current simple phobia, 1 Images were reconstructed and analyzed on a SunSparc
(10%) for current obsessive—compulsive disorder, and 1 (10%Workstation using statistical parametric mapping (spm95). Im-
for lifetime generalized anxiety disorder. Six patients (60%)ages for each patient set were realigned to the first scan of the
fulfilled criteria for a lifetime history of alcohol dependence, and study session. The mean concentration of radioactivity in each
1 (10%) for lifetime alcohol abuse. There were no patients withscan was obtained as an area-weighted sum of the concentration
substance abuse or dependence other than alcohol. of each slice and adjusted to a nominal value of 50 mL/min/100
Each subject underwent four scans on a single day. The subjegt The data underwent transformation into a common anatomical
was placed in the scanner with his head held in a holder tespace and was smoothed with a three-dimensional gaussian filter
minimize motion and positioned with the canthomeatal lineto 16 mm full width at half maximum. The study design involved
parallel to an external laser light. Electrocardiogram leads were comparison of regional blood flow during traumatic vs. neutral
attached to the chest in standard positions for measurement abnditions in PTSD and comparison subject groups examined
heart rate and cardiovascular function, and a dinemap cuff waseparately, and the interaction between group (PTSD vs. com-
attached to the left arm for measurement of blood pressure. Aparison subjects) and condition (combat vs. neutral presenta-
intravenous line was inserted for administration &6f0[H0. tions) with global blood flow considered as a confounding
Following positioning within the camera gantry, a transmissioncovariate. Statistical analyses yielded image data sets in which
scan of the head was obtained using an extetf@hf®Ge rod  the values assigned to individual voxels correspontistiatistic
source, to correct emission data for attenuation due to overlyingFriston et al 1991). Statistical images were displayed with
bone and soft tissue. SUDs scale ratings (a visual analogue scalalues ofZ score units. A threshold score of 3.00§ < .001)
scored from 0 to 100 for the assessment of current subjectivevas used to examine areas of activation within hypothesized
level of distress) were performed every 5 min until three areas. Location of areas of activation were identified as the
successive ratings were unchanged, indicating that the subjedistance from the anterior commissure in mm, with x-, y-, and
had adapted to the study setting. Baseline subjective ratings wemecoordinates, using a standard stereotaxic atlas (Talairach and
then collected, including a 17-item PTSD symptom scale (SouthTournoux 1988).
wick et al 1993), the Panic Attack Symptom Scale (PASS) Behavioral (PASS, PTSD, CADSS, SUDs, and analog rating
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Tabel 1. Psychophysiological and Behavioral Ratings in PTSD Patients and Comparison Subjects

PTSD patientsr( = 10) Comparison subjects & 10)

Baseline  Neutral-1 Neutral-2 Combat-1 Combat-2 Baseline  Neutral-1  Neutral-2 Combat-1 Comﬁa&g%o);is

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean ir8BF

Systolic BP  130.9 9.5 1354 17.1 130.2 9.1 1335 7.3 137.1 11.8 1285 12.1 133.1 16.2 1314 16.3 129.0 115 131.3 141 0.2
DiastolicBP 788 56 803 74 806 63 846 80 860 68 775 51 790 49 803 6.0 801 68 792 798 086

Pulse 69.0 156 68.6 13.2 654 120 66.3 11.3 66.6 120 679 11.8 67.1 100 66.0 100 652 81 66.2 93 0.0
CADSS 19 26 36 43 75 77 71 88 123121 18 41 39 66 14 28 19 32 10 19*294
PASS 288 21 294 22 327 59 355 83 418 137 274 1.0 286 34 274 07 272 06 276 1B 478

PTSD Scale 153 11 165 25 195 73 255 65 325 7.7 140 00 141 03 141 03 145 13 142 06 151
Fear analogue  0.05 0.11 0.05 0.10 0.03 0.08 0.15 0.17 0.26 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 4.33
SUDs 13.0 120 11.0 11.0 15.0 170 33.0 16.0 420 280 10 30 40 130 30 80 3.0 80 00 00 5.58

CADSS, Clinician Administered Dissociative States Scale; PASS, Panic Attack Symptom Scale; SUDs, Subjective Units of Distress scale.
2Significant main effect for diagnosip (< .05).

bSignificant time by diagnosis interactiop  .05).

°Duncan’s multiple range test showed significant increase during combat slides relative to neutral slides and baseline in the PTSP gafé&)ts (

scores) and psychophysiological (heart rate and blooql pressurebght anterior cingulate, left visual association cortex, left
measures were compared between PTSI? and comparison subjepiddle frontal gyrus, and right middle temporal gyrs (
groups using repeated-measures analysis of variance (ANOVAY-qre> 3.00;p < .001) (Table 2). Exposure to traumatic

with time as the repeated measure. When there was a Signiﬁcarﬂ)tictures and sound in combat veterans with PTSD resulted
main effect for time, Duncan’s multiple range test was performed.

to determine what time points showed significant differencesIn decreased blood flow in bilateral rrl1ed|al prefronta}I
from the baseline measures. cortex (subcallosal gyrus, or Brodmann’s area 25), adja-

cent areas of left anterior cingulate, left thalamus, left
visual association cortex, and superior temporal and left
Results middle temporal cortex. In combat veterans without

Repeated-measures ANOVA for diastolic blood pressurd®TSD, traumatic pictures and sounds were associated with
(DBP) demonstrated a significant main effect for diagno-decreased blood flow in left superior temporal cortex, left
sis, with higher DBP in PTSD relative to comparison Precentral (motor) cortex, left inferior parietal lobule,
subjects (Table 1), but not a significant main effect for midcingulate, cerebellum, and right lingual gyrug (
time (F = 1.63;p = .17). PTSD patients had relatively score> 3.00;p < .001) (Table 3).
greater increases with traumatic slides than comparison There was a significant difference in pattern of cerebral
subjects (significant time by diagnosis effect), for PTSD,blood flow response to traumatic pictures and sounds
anxiety, and dissociative symptoms, as well as subjectivéetween veterans with and without PTSD (i.e., significant
distress and fear (Table 1). interaction between condition and PTSD diagnosis) in left
Combat veterans with PTSD had increased blood flowinferior parietal lobule, posterior cingulate (area 23), left
with traumatic pictures and sounds in cerebellum, rightmotor cortex (precentral gyrus), right lingual gyrus, and an
inferior frontal gyrus, and midbrain. Combat veteransarea that included dorsal pons and lateral cerebellum, but
without PTSD had increased blood flow in cerebellum,also portions of parahippocampal gyrusgcore> 3.00;

Table 2. Areas of Increased Blood Flow with Combat-Related Slides and Sounds Relative to Neutral Slides and Sounds in PTSD
Patients and Comparison Subjects

PTSD f = 10) Comparison subjects = 10)
Talairach coordinates Talairach coordinates
Z score X y z Brian region Z score X y z Brain region
4.89 24 -82 —28 R. cerebellum 5.25 —34 —78 —24 L. cerebellum
4.53 12 -92 -20 4.23 4 -82 -16 R. cerebellum
4.24 2 -80 -12 411 -10 —86 -8 L. visual association cortex (18)
3.62 50 28 0 R. interior frontal (47) 3.75 -30 12 28 L. middle frontal (9)
3.58 52 20 4 3.67 12 38 20 R. anterior cingulate (32)
3.27 12 -30 -8 R. midbrain 3.27 44 —66 12 R. middle temporal gyrus (39)

Z score> 3.00,p < .001.
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Table 3. Areas of Decreased Blood Flow with Combat-Related Slides and Sounds Relative to Neutral Slides and Sounds in PTSC
Patients and Comparison Subjects
PTSD patientsr{ = 10) Comparison subjects (= 10)
Talairach coordinates Talairach coordinates

Z score X y z Brain region Z score X y z Brain region

5.04 -50 -10 0 L. superior temporal pole (22) 580 —-58 -—32 20 L. superior temporal gyrus (41)

4.88 -10 -22 12 L. Thalamus 5.66 —52 -6 8 L. precentral (6)

4.42 -36 —32 12 L. superior temporal (41) 5.09 -50 0 24

4.59 8 20 —-12 R. Mesofrontal (25) 477 —46 —4 24

4.36 -8 18 —12 L. Mesofrontal (25) 414 -40 -—28 28 L. inferior pariental lobule (40)

4.23 -34 —-86 16 L. visual area (19) 4.13 56 -6 8 R. superior tempral pole (22)

3.60 —-22 —-90 20 3.06 62 —34 8

3.98 -8 52 0 L. anterior cingulate (32) 3.61 2-12 32 Posterior cingulate (23)

3.87 50 -4 0 R. superior temporal gyrus (21) 3.53 12-54 —4 R. cerebellum

3.66 -56 —32 —4 L. middle temporal gyrus (21) 3.09 18 -50 -—12

3.05 8 —56 0 R. posterior parahippocampus (lingual) (19)

Z score> 3.00,p < .001.

p < .001) (Table 4, Figures 1 and 2). The significant (Z score> 3.00;p < .001) (Table 4, Figures 1 and 3). The
interaction was related to a pattern of increase in PTSDarea of significant difference in medial prefrontal cortex
and decrease in non-PTSD, or the combination of the twowas immediately adjacent to and in fact merged into
In general the PTSD patients showed a tendency t@nterior cingulate (area 24 and 32). In this area differences
increase blood flow, whereas control subjects showed aetween groups were due to activation in non-PTSD (but
significant decrease in blood flow (Table 3), in these areasnot PTSD) veterans.
The exact percentage of change in these areas in PTSD
and non-PTSD groups is shovx_/n in Figure 1. In the area Obiscussion
dorsal pons/cerebellum/parahippocampal gyrus PTSD pa-
tients showed an increase in blood flow, whereas inVietham veterans with combat-related PTSD compared to
non-PTSD veterans there was a decrease in blood flow.combat veterans without PTSD showed significant differ-
There were also significant differences in pattern ofences in cerebral blood flow response to traumatic pictures
cerebral blood flow response to traumatic pictures andand sounds in cortical and subcortical regions involved in
sounds between veterans with and without PTSD (i.e.memory, visuospatial processing, and emotion that are
significant interaction between condition and PTSD diag-hypothesized to play a role in the generation of symptoms
nosis) in bilateral medial prefrontal cortex (subcallosalof PTSD. PTSD patients (but not non-PTSD veterans)
gyrus; Brodmann’s area 25), and bilateral middle temporatlemonstrated a decrease in blood flow in medial prefrontal
gyrus, primarily due to deactivation in the PTSD patientscortex (subcallosal gyrus; Brodmann’s area 25) and mid-

Table 4. Areas of Significant Interaction between Condition (Combat Slides and Sounds versus Neutral Slides and Sounds) and
PTSD Diagnosis in Vietnam Combat Veterans with and without PTSD

Areas with Patterns of Increased Blood Flow in hon-PTSD
and Decreased Blood Flow in PT8D

Areas with Patterns of Increased Blood Flow in PTSD
and Decreased Blood Flow in non-PTSD

Talairach coordinates Talairach coordinates

Zscore X y z Brain region Z score X y z Brain region
3.36 —-40 -—28 28 L. inferior parietal Louule (40) 4.12 8 20—12 Medial prefrontal (subcallosal gyrus) (25)
3.22 8 —56 0 R.lingual gyrus (parahippocampus) (19) 3.32 -8 18 -12
3.17 8 —40 —-20 R. cerebellum/pons/parahippocampus 3.24 4466 12 R. middle temporal gyrus (39)
3.17 2 12 32 Mid cingulate (23) 323 —-56 —32 —4 L. middle temporal gyrus (21)
300 -46 -4 24 L. precentral gyrus (motor cortex) (6) 299 —-12 -22 12 L. thalamus

Z score> 3.00;p < .001.

aSignificance of interaction term could be related to either increases in PTSD or decreases in non-PTSD, or a combination of the two.

bSignificance of interaction term could be related to either increases in non-PTSD or decreases in PTSD, or a combination of the two (see Figure 1).

Other areas of interaction significant at the< .01 level included: (greater increase in PTSD) cerebelldracpre= 2.64; x= —20,y = —66, z= —28), (greater
decrease in non-PTSD) right superior temporal gydisqore= 2.54; x= 60, y = —34, z= 12), (greater increase in non-PTSD) right anterior cingulatscpre 2.83;
x = 12,y = 44, z= 12), (greater increase in non-PTSD) left visual association cortex Z18¢dqre 2.37; x= —30, y = —88, z= 16).
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and inferior to anterior cingulate (Brodmann’s areas 24

Brain Activation with Traumatic Cues in PTSD and 32) and superior to posterior orbitofrontal cortex. This
foetso area plays an important role in emotion, social behavior,

eriioiag and endocrine and autonomic responses to stress (Sesack
3.00% - etal 1989; Vogt et al 1992; Morgan et al 1993; Carmichael
1.00% , and Price 1994, 1995; Damasio et al 1994; Morgan and
1.00% ' LeDoux 1995; Devinsky et al 1995; George et al 1995).

Recent studies have also shown decreased function in this
part of the medial prefrontal cortex in patients with
depression (Drevets et al 1997), suggesting correlates with
pathological emotional states in other psychiatric disor-
ders. Lesions in this area in animals resulted in a failure of
extinction to fear responding (Morgan et al 1993) (al-
Figure 1. Percent change in globally normalized regional cerethough see Gewirtz et al 1997). This finding may be
bral blood flow with exposure to traumatic cues (Combat SlideSSecondary to arelease of |nh|b|tory inputs to the amygdala’

and sounds) relative to the neutral condition (neutral slides and, . : " : ”» .
sounds) in Vietnam combat veterans with PTSD and compariso%hICh plays a critical role in conditioned fear responding

subjects, showing regions in which there were significant grou -Davis- 1992; LeDoux 1993). A faiIurg O_f extinction to.fear
by condition interactionsp(< .001). is an important component of the clinical presentation of
patients with PTSD, which we have hypothesized to be

dle temporal gyrus. The area of deactivation in mediaisecondary to a failure of medial frontal cortex inhibition of
prefrontal cortex was immediately adjacent to an area ofh€ amygdala (Bremner et al 1995a); however, it should be
right anterior cingulate (areas 24 and 32) in which therenoted that according to our model, one might predict
was greater activation in the non-PTSD control subjectsgreater activation of amygdala in PTSD, which unlike
There were also significant differences in posterior cingufrior PTSD studies (Rauch et al 1996; Shin et al 1997) was
late (area 23), inferior parietal cortex, lingual gyrus, andnot found in the current study.
left precentral gyrus (motor cortex). Differences in pattern This area merged into another portion of anterior
of activation in these areas were primarily related tocingulate (area 24 and 32) in which differences in blood
significant decreases in non-PTSD subjects, although therow were primarily related to greater activation in non-
was a tendency to increase in PTSD patients. PTSD subjects compared to PTSD. This portion of ante-
The area of medial prefrontal cortex (subcallosal gyrusyior cingulate is functionally connected with area 25 and is
or Brodmann’s area 25) implicated in this study is adjaceninvolved in emotion, evaluation of stimulus/response, and

-3.00% +

-5.00%

% Change in Normalized Blood
Flow

L Inf
Parietal

R Post
Parahipp
R Mid
Temporal

-7.00% -

L Precentral
R Medial
Prefrontal
L Medial
Prefrontal
L Mid
Temporal

Dorsal Pons
Mid Cingulate

Figure 2. Statistical parametric map of areas of significant interaction between PTSD diagnosis and condition. Areas of white and gra
represent regions in which there were significant interactions between condition (traumatic versus neutral) and group (PTSD verstL
comparison subjectsy(score> 3.00; p < .001). Statistical significance is related to patterns of increased blood flow in PTSD,
decreased blood flow in non-PTSD, or some combination of the two. Cer, cerebellum; PH, parahippocampal gyrus; Li, lingual gyrus;
PrC, precentral gyrus; IPL, inferior parietal lobule; Ci, posterior cingulate.
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Figure 3. Statistical parametric map overlaid on a magnetic resonance image template of areas of significant interaction between PTS
diagnosis and condition. Areas of white and gray represent regions in which there were significant interactions between conditior
(traumatic versus neutral) and group (PTSD versus comparison subjgstg)ré> 3.00;p < .001). Statistical significance is related

to deactivation in the area of medial prefrontal gyrus (area 25) (large white area in frontal cortex) and bilateral middle temporal cortex.
Several slices above the large medial frontal deactivation is a smaller area of significant difference in the area of right anterior cingulat
(image'’s right is patient’s right), which is secondary to activation seen in non-PTSD (but not PTSD). AC, anterior cingulate (area 24
and 32); MPfc, medial prefrontal cortex (area 25); MTG, middle temporal gyrus.

selection for action (Vogt et al 1992; Devinsky et al 1995).a robust increase in metabolism in this area. In addition,
Rauch et al (1996) found anterior cingulate activation withwe found a pattern of lower orbitofrontal metabolism
traumatic scripts in a sample of PTSD patients. This studyeing associated with greater panic anxiety in the PTSD
did not involve a comparison, however, with normal patients (Bremner et al 1997a). We also did not find
control subjects, which is significant since anterior cingu-deactivation of left inferior gyrus, unlike prior studies
late activation is a well-replicated finding in normal (Rauch etal 1996; Shin et al 1997). Differences in findings
subjects as demonstrated with a number of paradigms fdsetween studies may be related to multiple factors includ-
induction of emotional states (George et al 1993, 1994ing study population and paradigms for symptom induc-
1995; Benkelfat et al 1995; Lane et al 1997; Reiman et ation (Mayberg et al 1997). Prior studies that found inferior
1997). Emerging data from several groups are showindrontal gyrus deactivation (but not the current study)
activation in anterior cingulate with traumatic scripts or included tasks requiring encoding and processing of verbal
sounds in normal subjects that are equal to or greater thamaterial, a function that is mediated by this region. The
those seen in PTSD (L. Shin, personal communicationgcurrent study was consistent with previous investigations
11/23/97; |. Liberzon, personal communication, 11/23/97;(Rauch et al 1996; Bremner et al 1997a; Shin et al 1997)
Rauch et al 1997). The data therefore suggest that anteriam finding a decrease in middle temporal gyrus blood flow
cingulate activation is a “normal” brain response to trau-during PTSD symptom provocation. The middle temporal
matic stimuli, and that a relative failure of activation is cortex (in addition to medial prefrontal cortex) plays a role
characteristic of PTSD. Lesions of anterior cingulate inin the extinction of fear through inhibition of amygdala
rats resulted in an increase in fearfulness (Morgan andunction (Jarrell et al 1987; Romanski and LeDoux 1993).
LeDoux 1995). One might speculate that hypofunction ofDecreased middle temporal gyrus blood flow has also
this area is related to the increased fearfulness seen imeen consistently seen in PET studies of functional corre-
PTSD. Decreased function in anterior cingulate (area 24)ates of verbal declarative memory tasks (Tulving et al
was also found in patients with depression (Mayberg et all994).
1997) and schizophrenia (Andreasen et al 1992; Taminga Exposure to combat-related slides and sounds resulted
et al 1992). in differences in blood flow in several subcortical and
The current study differed from other published studiescortical areas involved in memory and visuospatial pro-
of PTSD in not finding activation of gyrus rectus and cessing. These included lingual gyrus, an adjacent area
medial orbitofrontal cortex (Rauch et al 1996; Shin et althat included a portion of lateral cerebellum merging with
1997); however, in our prior study of PTSD symptom dorsal pons and parahippocampal gyrus (note this was
induction with the noradrenergic agent, yohimbine, weadded after display of spm on magnetic resonance tem-
found a failure of activation in orbitofrontal cortex/gyrus plate), posterior cingulate (area 23), and inferior parietal
rectus in PTSD, whereas healthy control subjects showelbbule. The lingual gyrus has been implicated in visual
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memory and memory for faces (Kapur et al 1995).connections with hippocampus and adjacent cortex (para-
Parahippocampal gyrus is adjacent to lingual gyrus andhippocampal gyrus) [which led to its original classification
has also been implicated in emotion and anxiety (Nordahls part of the “limbic brain” (Gray 1982)] as well as
et al 1990; Reiman et al 1984, 1986) as well as symptomparietal cortex. These areas (posterior cingulate, parahip-
of PTSD (Rauch et al 1996; Shin et al 1997). Visuospatiapocampal gyrus, and parietal cortex, all of which are
processing [mediated by the inferior parietal corteximplicated in the current study) may act in concert to
(Jonides et al 1993; Pardo et al 1991; Posner et al 1988nediate cognitive functions of visuospatial processing and
Petersen et al 1988) and posterior cingulate (area 23nemory that are necessary for coping with threat (Vogt et
(Vogt et al 1992; Devinsky et al 1995)] is an important al 1992). PTSD may represent a dysfunction in the brain’s
component of preparation for coping with a physical response to coping with stress and potential threat, which
threat. We have hypothesized the involvement of thesénvolves excessive recruitment in brain areas responsible
areas in the neuroanatomical network mediating sympfor visuospatial processing, attention, and memory, in
toms of PTSD (Bremner et al 1995a). Consistent with thisaddition to attaching an affective valence to stimuli.
formulation, a recent PET study found increased bloodAccording to this model the symptoms of PTSD are
flow in posterior cingulate during exposure to films of a related to an abnormality in a functional network involv-
bank robbery in bank tellers who were victims of a banking multiple cortical and subcortical regions, rather than
robbery (Fischer et al 1996). one or two areas that specifically are responsible for the
Areas not hypothesized to show a difference betweemediation of “emotion.”
PTSD and control subjects included motor cortex, al- In the current study we included only combat veterans
though this area was previously implicated in PTSD bywho met specific inclusion criteria based on reactivity to
Rauch et al (1996) and has been consistently shown ttraumatic stimuli, therefore the results are not generaliz-
activate in studies of declarative memory. This area mayble to PTSD patients without psychophysiological re-
carry motor aspects of memory necessary for the orgarsponsivity. Although PTSD patients were included with a
ism’s preparation for action during the stress responséeart rate response to traumatic pictures and sounds of
(Squire and Zola-Morgan 1991; Lang et al 1983). PTSDgreater than 5 bpm, there was not a robust measured
patients showed greater activation in a portion of lateraresponse during the actual scan. Heart rate and blood
cerebellum, although a strong cerebellar activation wapressure were measured at the end of the stimulus presen-
seen in both veterans with and those without PTSDtation period. This may have limited our ability to detect
Recent PET studies have established a role for the ceraignificant increases. Although there was a robust behav-
bellum in attention and memory, probably mediated by itsioral effect, changes in SUDs ratings (as well as physio-
projections through the thalamus to prefrontal cortexlogical responses) were not as great as those previously
(Ashkoomoff and Courchesne 1992; Leiner 1989). Thereported with traumatic scripts. We used a fixed order of
area of greater activation in PTSD in lateral cerebellumpresentation of stimuli, to avoid contamination of the
merged with a portion of the dorsal pons, a major site ofcontrol condition by traumatic slides; however, this pro-
noradrenergic neurons in the brain that have projectionsocol could lead to order effects. Other possible limitations
throughout cortical and several subcortical regions. Thisare related to the pictures and sounds selected for this
system plays a critical role in stress and coping with threastudy. Brain activation may be related to factors related to
(Abercrombie and Jacobs 1987; Aston-Jones et al 199%he control condition (e.g., feelings of pleasantness during
Rasmussen et al 1986; reviewed in Bremner et al 1996kthe neutral condition). This is avoided, however, by
1996¢). Our own PET findings showing differences in statistical analyses examining the interaction between
metabolic response to yohimbine challenge in PTSD ara@liagnosis and condition, on which the primary conclusions
consistent with increased central noradrenergic responsisf the study are based. The use of pictures and sounds as
ity in PTSD (Bremner et al 1997a). presentation materials also has inherent strengths, in that
Findings in the current study are best interpreted ashey are similar to stimuli encountered in daily life, and
secondary to disturbances of a functional network ofthey can be standardized and validated as provocative
interrelated brain areas that mediate memory, visuospatiahaterial, and presented in an identical fashion to all
processing, and the emotional valence of stimuli. Motorsubjects involved in a study protocol. Measurements of
cortex (area 6), anterior (area 24) and posterior cingulateespiration or pC® were not performed to examine the
(area 23), lingual gyrus, visual association cortex (19)possibility that PTSD patients hyperventilated to a greater
superior temporal cortex, and thalamus all have projecdegree than non-PTSD patients, resulting in changes in
tions to both lateral prefrontal and parietal cortex pCO’and blood flow; however, it was not our observation
(Selemon and Goldman-Rakic 1988). The area of posteriathat PTSD patients hyperventilated during the study (as,
cingulate (area 23) implicated in this study has functionalfor instance, patients with panic disorder might be ex-
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pected to do). In any case pE@ould be expected to have monkeys suggests a role in vigilance. In:Barnes CD, Pom-
a global effect on blood flow, and the data analysis Pelano, edl'tors.Progre_ss in Brain ResearchiNew York:
performed involved a correction for variations in global  E'Sevier Science Publications, pp. 501-519. _

blood flow Benkelfat C, Bradwejn J, Meyer E, Ellenbogen M, Milot S,

In summary, the current study showed that exposure to Gj_edde A, et aI_ (1995): Functional neuroanatomy of CCK sub
. 0 X . 4-induced anxiety in normal healthy volunteefsn J Psy-
traumatic slides and sounds in PTSD subjects (but not chiatry 152:1180-1184.
non-PTSD subjects) resulted in a decrease in blood flow ifg|anchard EB, Kiolb LC, Pallmeyer TP, Gerardi RJ (1982): A
medial prefrontal cortex (subcallosal gyrus; Brodmann’s  psychophysiological study of posttraumatic stress disorder in
area 25) and middle temporal gyrus, and a failure in Vietnam combat veteran®sychiatr Q54:220-229.
activation in immediately adjacent right anterior cingulate Bremner JD, Krystal JH, Southwick SM, Charney DS (1995a):
(areas 24 and 32). There were also differences (primarily Functional neuroanatomical correlates of the effects of stress
related to significant decreases in non-PTSD subjects) in ©n Mmemory.J Trauma Stres§:527-554.
posterior cingulate (area 23), inferior parietal cortex,Bremner JD, Randall PR, Scott TM, Bronen RA, Delaney RC,
lingual gyrus, and left precentral gyrus (motor cortex). Seibyl JP, et al (1995b): MRI-based measurement of hip-

. . . . pocampal volume in posttraumatic stress disordem J
Several functional neuroimaging studies have now been  pgychiatry152:973-981.

perfqrmed .|n. pat.|ent.s with I_DTSD' Studies to d?‘te a'8remner JD, Krystal JH, Charney DS, Southwick SM (1996a):
consistent in implicating medial prefrontal cortex, includ-  Neural mechanisms in dissociative amnesia for childhood
ing anterior cingulate, in the pathophysiology of PTSD. In  abuse: Relevance to the current controversy surrounding the
spite of the clear role for the amygdala in conditioned fear False Memory SyndromeéAm J Psychiatryl 53:FS71-FS82.
responses in animals, there is some question whether tHiemner JD, Krystal JH, Southwick SM, Charney DS (1996b):
amygdala is involved in PTSD symptoms; however, dif- Noradrenergic mechanisms in stress and anxiety: I. Preclini-

ferences in study populations and study paradigms make it cal studies Synapse3:28-38.

difficult to interpret the findings from different studies. Bremner JD, Krystal JH, Southwick SM, Charney DS (1996c):
. . ) Noradrenergic mechanisms in stress and anxiety: Il. Clinical
The most important next step in the field would be to studies Synapse@3:39-51.

e§tabllsh similar st_udy pppulatlons and a s_tandard Par8s e mner JD, Innis RB, Ng CK, Staib L, Duncan J, Bronen R, et
digm for symptom induction study across sites, to estab- 5| (1997a): PET measurement of central metabolic correlates
lish with some degree of confidence neuroanatomical of yohimbine administration in posttraumatic stress disorder.
correlates for the symptomatology of PTSD. Arch Gen Psychiatr$4:246-256.
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