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Objective: The purpose of this study was to determine whether anterior limbic and para-
limbic regions of the brain are differentially activated during the recollection and imagery of
traumatic events in trauma-exposed individuals with and without posttraumatic stress dis-
order (PTSD). Method: Positron emission tomography (PET) was used to measure nor-
malized regional cerebral blood flow (CBF) in 16 women with histories of childhood sexual
abuse: eight with current PTSD and eight without current PTSD. In separate script-driven
imagery conditions, participants recalled and imagined traumatic and neutral autobio-
graphical events. Psychophysiologic responses and subjective ratings of emotional state
were measured for each condition. Results: In the traumatic condition versus the neutral
control conditions, both groups exhibited regional CBF increases in orbitofrontal cortex and
anterior temporal poles; however, these increases were greater in the PTSD group than in
the comparison group. The comparison group exhibited regional CBF increases in insular
cortex and anterior cingulate gyrus; increases in anterior cingulate gyrus were greater in
the comparison group than in the PTSD group. Regional CBF decreases in bilateral ante-
rior frontal regions were greater in the PTSD group than in the comparison group, and only
the PTSD group exhibited regional CBF decreases in left inferior frontal gyrus. Conclu-
sions: The recollection and imagery of traumatic events versus neutral events was accom-
panied by regional CBF increases in anterior paralimbic regions of the brain in trauma-ex-
posed individuals with and without PTSD. However, the PTSD group had greater increases
in orbitofrontal cortex and anterior temporal pole, whereas the comparison group had
greater increases in anterior cingulate gyrus.

(Am J Psychiatry 1999; 156:575-584)

Posttraumatic stress disorder (PTSD) is character- onstrated that individuals with PTSD are physiologi-
ized in part by intense psychological distress and phys- cally more responsive to the recollection and imagery
iologic reactivity upon “exposure to internal or exter- of traumatic events than are trauma-exposed individu-
nal cues that symbolize or resemble an aspect of the als without PTSD (1-3). For example, using the script-
traumatic event” (DSM-1V). Several studies have dem- driven imagery paradigm (2, 4, 5), Orr and colleagues
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(1) found that women with PTSD linked to histories of
childhood sexual abuse had greater heart rate re-
sponses while recalling and imagining abuse-related
events than did abused women without PTSD.

Little is currently known about the patterns of brain
activation associated with the recollection of traumatic
events in individuals with PTSD. Rauch and colleagues
(6) used positron emission tomography (PET) to ex-
amine regional cerebral blood flow (CBF) in eight in-
dividuals with PTSD. In separate conditions, subjects
(with eyes closed) recalled and imagined neutral and
traumatic autobiographical events. Heart rate and rat-
ings of anxiety, fear, sadness, disgust, anger, and guilt
were significantly greater in the traumatic condition
than in the neutral control condition. In addition, re-
gional CBF increases occurred in anterior limbic and
paralimbic structures (i.e., amygdala, anterior cingu-
late cortex, anterior temporal pole, insular cortex, and
orbitofrontal cortex) and in visual cortex; regional
CBF decreases occurred in left inferior frontal gyrus
(Broca area). Whether similar patterns of activation
occur in trauma-exposed individuals without PTSD is
currently unknown.

Only one published functional neuroimaging study
of PTSD has included trauma-exposed individuals
without PTSD. Our group (7) studied visual percep-
tion and mental imagery of standardized combat-re-
lated photographs in seven combat veterans with
PTSD and seven combat veterans without PTSD. Dur-
ing imagery of combat-related photographs, only the
PTSD group exhibited regional CBF increases in right
amygdala and ventral anterior cingulate cortex; fur-
thermore, during perception of combat-related photo-
graphs, only the PTSD group exhibited regional CBF
decreases in Broca’ area. Fischer et al. (8) examined
regional CBF in six bank officials who had witnessed
an armed bank robbery but did not meet diagnostic
criteria for PTSD (M. Fredrikson, personal communi-
cation, September 1997). In separate conditions, the
bank officials viewed a videotape of the witnessed
robbery and a neutral control videotape. During the
robbery video, in comparison with the neutral video,
regional CBF increases occurred in orbitofrontal cor-
tex, and regional CBF decreases occurred in Broca
area.

The purpose of the current study was to use PET and
script-driven imagery to determine whether trauma-
exposed individuals with and without PTSD related to
childhood sexual abuse exhibit differential regional
CBF increases in anterior limbic and paralimbic re-
gions of the brain during the recollection and imagery
of traumatic events. In the script-driven imagery para-
digm, audiotaped narratives (i.e., scripts) describing
autobiographical events prompt subjects to recall and
imagine those events. Our limbic and paralimbic re-
gions of interest included the amygdala, anterior cin-
gulate gyrus, anterior temporal pole, insular cortex,
and orbitofrontal cortex; previous studies have found
regional CBF increases in all of these regions in indi-
viduals with PTSD (6, 7). These regions appear to be
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involved in the processing of emotional stimuli and in
the modulation of heart rate, blood pressure, and res-
piration through projections to autonomic centers of
the brainstem (9-11); therefore, they should be acti-
vated in individuals with PTSD who experience emo-
tional and psychophysiologic responses during the rec-
ollection of traumatic events. Because trauma-exposed
individuals without PTSD are typically less emotion-
ally and psychophysiologically reactive to the recollec-
tion of traumatic events (1-3), they may exhibit
smaller or no regional CBF increases in limbic and
paralimbic regions.

Several PET studies of psychiatrically healthy indi-
viduals (12-15), however, have found activation in
some paralimbic structures during the recollection of
emotional events. For example, Pardo et al. (14) found
regional CBF increases in orbitofrontal cortex in seven
healthy subjects while they recalled sad events, and
Lane et al. (15) reported regional CBF increases in an-
terior temporal poles in 12 healthy individuals while
they recalled emotional events and viewed emotional
film clips. Thus, trauma-exposed individuals without
PTSD may also exhibit regional CBF increases in some
paralimbic regions. No previous functional neuroim-
aging studies have used a symptom provocation para-
digm to study adult female survivors of childhood sex-
ual abuse with and without PTSD. However, we
hypothesized that the regional CBF responses of PTSD
subjects with histories of childhood sexual abuse
would be similar to those of PTSD subjects with other
types of trauma histories.

Additional regions of interest were visual cortex and
left inferior frontal gyrus (Broca area). Previous re-
search has revealed regional CBF increases in visual
cortex during visual mental imagery in healthy individ-
uals (16, 17) and in individuals with PTSD (6); thus,
regional CBF increases in visual cortex may occur dur-
ing traumatic imagery in subjects with and without
PTSD. Given the results of two previous PET studies of
PTSD (6, 7), subjects with PTSD should exhibit re-
gional CBF decreases in left inferior frontal gyrus
(Broca area) during the traumatic condition.

METHOD

The subjects of this study were 16 women who had experienced
penetrative sexual abuse before the age of 16 by a perpetrator who
was at least 5 years older than they were. Fourteen of the subjects
were recruited from a group of survivors of childhood sexual abuse
who had previously participated in psychophysiologic studies of
PTSD at the Manchester, N.H., Veterans Affairs Research Service
(1). Two of the subjects were recruited from the greater Boston area
through newspaper advertisements. Laboratory tests confirmed
that none of the subjects was pregnant at the time of participation.
In addition, the subjects had been free of psychoactive medications
for at least 2 weeks (and free of selective serotonin reuptake inhib-
itors for at least 2 months) prior to PET scanning. None of the sub-
jects had a major nonpsychiatric medical illness or a history of clin-
ically significant head injury. All subjects were strongly right-
handed (18). After a full explanation of the procedures, subjects”
written informed consent was obtained. All procedures were ap-
proved by the Committee on the Use of Human Subjects at Harvard
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University and the Subcommittee on Human Studies at the Massa-
chusetts General Hospital.

A psychologist (N.B.L.) used the Clinician-Administered PTSD
Scale (19, 20) to establish PTSD diagnoses. The PTSD group con-
sisted of eight women who currently met DSM-III-R criteria for
PTSD and were psychophysiologically responsive to imagery of au-
tobiographical abuse-related events. The comparison group con-
sisted of eight women who currently did not meet diagnostic criteria
for PTSD and were not psychophysiologically responsive to imagery
of autobiographical abuse-related events. The mean age at onset of
abuse was similar in the PTSD and comparison groups (mean=8.3
years, SD=3.2, range=4-14; and mean=8.9 years, SD=3.1, range=4—
12, respectively; F=0.2, df=1, 14, p=0.70). The mean duration of
abuse was also similar in the PTSD and comparison groups (mean=
4.0 years, SD=3.6, range=1 week to 9 years; and mean=4.3 years,
SD=3.6, range=6 months to 12 years, respectively; F=0.02, df=1, 13,
p=0.90). Data on duration of abuse were missing for one PTSD sub-
ject. The perpetrator was a family member in seven of eight cases in
both groups. Thirteen subjects had continuous memories of abuse,
and three (PTSD) subjects had recalled memories of abuse after years
of not thinking about it; corroboration of abuse was obtained in two
of these three cases.

A psychologist (N.B.L.) used the Structured Clinical Interview for
DSM-I1I-R (21) to determine other psychiatric diagnoses. Subjects in
the PTSD group met criteria for the following current comorbid dis-
orders: major depression (N=5), dysthymia (N=1), cyclothymia (N=
1), panic with agoraphobia (N=1), panic without agoraphobia (N=
1), generalized anxiety disorder (N=1), somatoform disorder (N=1),
and bulimia (N=1). In the comparison group, one subject had a cur-
rent diagnosis of simple phobia. One PTSD subject and one compar-
ison subject had met diagnostic criteria for alcohol dependence in
the past, and one PTSD subject had met criteria for alcohol abuse in
the past. According to the Clinician-Administered PTSD Scale, three
subjects in the comparison group had met criteria for PTSD in the
past; the current scores of those three comparison subjects on that
scale were similar to those of the comparison subjects who had never
had PTSD (mean=9.0, SD=4.0, and mean=7.2, SD=2.4, respectively;
F=0.17, df=1, 6, p=0.70).

All subjects completed the Beck Depression Inventory (22), the
State-Trait Anxiety Inventory (23), and the Vividness of Visual Im-
agery Questionnaire (24, 25).

The PTSD and comparison groups did not differ in age (mean=
37.1 years, SD=13.5, range=19-54; and mean=37.5, SD=8.3, range=
30-56, respectively; F=0.004, df=1, 14, p=0.95) or education
(mean=14.1 years, SD=1.9, and mean=14.8 years, SD=2.4, respec-
tively; F=0.3, df=1, 14, p=0.58). Not surprisingly, scores on the Cli-
nician-Administered PTSD Scale, which reflect frequency and sever-
ity of PTSD symptoms, were significantly higher in the PTSD group
than in the comparison group (mean=64.8, SD=20.3, and mean=7.9,
SD=5.6, respectively; F=58.2, df=1, 14, p=0.0001). Scores on the
Beck inventory tended to be higher in the PTSD group than in the
comparison group (mean=15.6, SD=14.5, and mean=5.0, SD=5.3,
respectively; F=3.8, df=1, 14, p=0.08). Trait anxiety, as measured by
the trait form of the State-Trait Anxiety Inventory, was significantly
greater in the PTSD group than in the comparison group (mean
score=50.6, SD=18.2, and mean=34.8, SD=10.0, respectively; F=4.7,
df=1, 14, p=0.05). The PTSD and comparison groups did not differ
with regard to state anxiety, as measured by the state form of the
State-Trait Anxiety Inventory (mean score=38.1, SD=10.1, and
mean=34.1, SD=8.9, respectively; F=0.7, df=1, 14, p=0.42). The
PTSD and comparison groups had similar scores on the Vividness of
Visual Imagery Questionnaire (mean=64.0, SD=7.1, and mean=
63.0, SD=8.7, respectively; F=0.06, df=1, 14, p=0.81).

Scripts

Prior to the PET scanning session, subjects provided written de-
scriptions of two neutral autobiographical events and their two most
stressful sexual abuse-related autobiographical events. After describ-
ing each event, subjects examined a list of bodily responses (e.g.,
“heart races,” “labored breathing™) and circled the responses (if
any) that they experienced during each autobiographical event.
Later, scripts describing each event were constructed according to

Am J Psychiatry 156:4, April 1999

SHIN, MCNALLY, KOSSLYN, ET AL.

established procedures (2) and were written in the second person,
present tense. The scripts included up to five of the bodily responses
that each subject selected. The mean number of words per script did
not differ between groups (F=1.2, df=1, 14, p=0.30) or type of con-
dition (neutral versus traumatic; F=0.03, df=1, 14, p=0.87). The
scripts were read and tape recorded in a neutral female voice for
playback in the PET scanner.

Imagery Procedures

Each subject participated in three conditions (neutral, teeth-
clenching neutral, and traumatic) with two scans (i.e., replicates) per
condition, yielding a total of six scans per subject. During each scan
in the neutral and traumatic conditions, subjects recalled and imag-
ined the contents of a neutral and a traumatic script, respectively. In
the teeth-clenching neutral condition, which was implemented to
control for any spontaneous contraction of the jaw muscles during
the traumatic condition, subjects recalled and imagined the contents
of a neutral script while clenching their teeth. The two scans within
a particular condition were always presented sequentially (i.e., neu-
tral scan 2 always immediately followed neutral scan 1). However,
the order of conditions was counterbalanced across subjects, and
subjects in the PTSD group received the same orders as subjects in
the comparison group.

Before each scan, the subject was instructed to close her eyes, lis-
ten carefully to the script, and imagine the described event as vividly
as possible, as if she were actually participating in the event. The
PET camera was turned on when the script started playing. Thirty
seconds later, the script ended and [1°0]CO; administration began.
During the next 60 seconds, the subject continued to recall and
imagine the event while PET data were acquired. Then [°0]CO ad-
ministration and PET data acquisition were terminated, and the sub-
ject was instructed to stop imagining the event. After a 2-minute re-
laxation period, the subject gave ratings of her emotional state and
imagery during the scanning period (see Emotional State and Imag-
ery below). PET scans were separated by at least 10 minutes to allow
for radiation decay.

Psychophysiology

Subjects”heart rate and blood pressure were measured with a fin-
ger photoplethysmograph (Finapres, Ohmeda 2300). An inflatable
cuff was placed on the middle finger of each subject left hand.
Heart rate and blood pressure readings were recorded every 15 sec-
onds during the following periods: 1 minute before the reading of
each script (baseline), 1 minute during each scan (imagery), and 2
minutes following each scan (recovery). Within the baseline and im-
agery periods (within each scan), readings were averaged. For each
scan, the values of the baseline period were subtracted from the val-
ues of the imagery period. These change scores (i.e., responses) were
averaged across scans within the same condition.

Emotional State and Imagery

After each scan, subjects rated the intensity of their fear, sadness,
anger, guilt, disgust, shame, happiness, amusement, and arousal us-
ing separate visual analog scales (6) (O=none, 10=the most you can
imagine). Subjects also rated the overall valence (-5 to 5) of their
emotional state during each scan.

Subjects also rated (on a scale of 0-10) the vividness of their im-
agery and the amount of imagery experienced in each sensory mo-
dality (visual, auditory, tactile, olfactory, and gustatory). In addi-
tion, we asked subjects whether they were aware of their
surroundings during each scan and whether they felt as though the
imaged event was happening again.

PET Procedures

The PET equipment and procedures have been described previ-
ously (6, 7, 17). PET data were gathered by a 15-slice, whole-body
tomograph (Scanditronix PC 4096, General Electric, Milwaukee,
Wis.). The camera produced contiguous slices 6.5 mm apart, with
axial resolution at 6.0 mm full width half maximum (axial field=
97.5 mm). Images were reconstructed with the use of a measured at-

577



CBF DURING SCRIPT-DRIVEN IMAGERY

FIGURE 1. Changes in Heart Rate and Blood Pressure During
Audiotaped Scripts of Emotionally Neutral Events, Neutral
Events With Teeth Clenching, and Traumatic Events in Sub-
jects Who Did and Did Not Have PTSD?
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2 Psychophysiologic responses were calculated by subtracting the
mean resting measurement before PET scanning from the mean
measurement during PET scanning in a particular condition.
Heart rate responses (top) in the traumatic condition were signifi-
cantly greater in the PTSD group than in the comparison group
without PTSD (F=11.0, df=1, 14, p=0.005; effect size r=0.66).

tenuation correction and a Hanning-weighted reconstruction filter
set to allow for 8-mm in-plane spatial resolution (full width at half
maximum). Corrections were made for scattered radiation, random
coincidences, and counting losses resulting from dead time in the
camera electronics.

After entering the scanner, each subject was fitted with a thermo-
plastic custom-molded face mask, an overlying face mask attached to
a vacuum, and nasal cannulae that delivered the [*°0]CO3. (The con-
centration of the [1°0]CO, was 2960 MBg/liter; the flow rate was 2
liters/min.) The subject head was aligned in the scanner relative to
the canthomeatal line. After the subject was positioned in the scanner,
transmission measurements were made with an orbiting pin source.
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A total of 15 measurements were made within each data acquisi-
tion run: the first three (10 seconds each) occurred immediately be-
fore administration of [1°0]CO,, and the final 12 (5 seconds each)
occurred during [®0]CO; administration. After reconstruction,
measurements 4—15 were summed to form images of CBF. Terminal
count rates were between 100,000 and 200,000 events per second.
Acrterial lines were not used in view of their invasiveness and previ-
ous research in our PET laboratory indicating that integrated counts
over periods of up to 90 seconds are a linear function over the flow
range of 1-130 ml/min per 100 g (N.M. Alpert, unpublished data,
1991).

The PET images were corrected for interscan head movement and
were transformed to the coordinate system of Talairach and
Tournoux (26). The images were smoothed and scaled with the use
of a two-dimensional Gaussian filter of 20-mm width (full width at
half maximum).

Statistical Analysis

Statistical analysis of the PET data was conducted following the
theory of statistical parametric mapping (27, 28). Data were ana-
lyzed with the SPM95 software package (Wellcome Department of
Cognitive Neurology, London). At each voxel the PET data were
normalized by the global mean and fitted to a linear statistical
model by the least squares method. The analysis of variance
(ANOVA) (conducted separately within each group) considered
scan condition as the main effect and subjects as a block effect.
Planned contrasts at each voxel were conducted; this method fits a
linear statistical model, voxel by voxel, to the data. Hypotheses
were tested as contrasts in which linear compounds of the model
parameters were evaluated by means of t tests. Data from all three
conditions (including the replicates per condition) were used to
compute the contrast error term. The data from both groups to-
gether were also analyzed with SPM95 and a linear model with
group (PTSD, comparison) and scan condition as main effects and
subjects as a block effect. Planned contrasts at each voxel were
conducted to examine the interaction of group and condition.
Three replicate scans (two in the PTSD group and one in the com-
parison group) were removed from the dataset before data analysis
because of poor image quality (i.e., having fewer than 1 million
events per slice).

Regions containing foci of activation with z scores greater than
3.09 are reported. For our a priori regions of interest, a z score
threshold of 3.09 (p<0.001, one-tailed, uncorrected for multiple
comparisons) was selected because we had strong and directional
a priori predictions about regional CBF increases in limbic, paral-
imbic, and visual areas and regional CBF decreases in Broca™ area
in the traumatic condition compared with the neutral conditions.
These strong predictions were based on the results of our previous
neuroimaging studies of PTSD (6, 7). For the sake of completeness
and in order to obviate bias, we also report other (nonpredicted)
regions that exhibited regional CBF increases with z scores greater
than 3.09. However, because of the post hoc nature of those find-
ings, we advise the reader to use caution in interpreting them.
With regard to the condition-by-group interaction, given that no
previous functional neuroimaging study of PTSD has reported
such an analysis, our hypotheses did not specify the direction of
the differential changes between groups. Thus, we used a more
conservative z score threshold (z=3.30, p<0.001, two-tailed) for
this analysis.

RESULTS
Psychophysiology

Heart rate and blood pressure (systolic and diastolic)
responses were submitted to separate 2 (group: PTSD,
comparison) ~ 3 (condition: neutral, teeth-clenching
neutral, traumatic) ANOVAs (figure 1). Heart rate re-
sponses increased across conditions (F=21.6, df=2, 28,
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TABLE 1. Ratings of Intensity of Emotional States During Audiotaped Scripts of Neutral Events and Traumatic Events in Sexually

Abused Subjects With PTSD (N=8) and Without (N=8)

Teeth-Clenching

Neutral Condition

Neutral Condition

Traumatic Condition Condition-by-

Subjects Comparison Subjects Comparison Subjects Comparison ~ 8roup Interaction
With PTSD Subjects With PTSD Subjects With PTSD Subjects F
Variable? Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD (df=2, 28) p
Fear 0.3 0.5 0.3 0.7 04 0.9 0.0 0.0 6.7 2.6 6.4 3.3 <1 n.s.
Sadness 0.8 14 0.0 0.0 0.5 1.0 0.0 0.0 7.7 2.8 5.1 3.9 14 n.s.
Anger 0.2 0.5 04 11 0.2 0.5 0.6 1.8 7.9 3.6 4.8 3.9 25 n.s.
Guilt 11 1.7 0.1 0.2 0.8 11 0.1 0.4 700 29 2.6 3.7 5.4 0.02
Disgust 0.6 1.6 04 11 0.1 0.4 04 11 9.3> 1.0 6.9 3.0 45 0.02
Shame 04 11 0.0 0.0 04 11 0.0 0.0 7.5 2.7 5.8 3.6 <1 n.s.
Happiness 3.0 1.8 45 3.0 29 1.8 3.8 2.8 0.0 0.0 0.1 0.4 <1l n.s.
Amusement 29 2.2 21 1.9 29 2.0 2.3 1.8 0.0 0.0 0.0 0.0 <1 n.s.
Arousal 3.6 24 3.9 3.0 29 3.0 35 2.7 8.1 1.9 5.6 34 3.7 0.04
Overall valence
of emotions 21 1.9 1.6 1.6 21 2.0 16 16 49 02 -38 1.3 2.3 n.s.

2The rating scale was -5 to 5 for valence and 0 to 10 for all other categories.
b Significantly different from the corresponding mean of the comparison group (t32.17, df=14, p£0.05).

p=0.0001), and the magnitude of this increase differed
between the PTSD and comparison groups (F=11.3,
df=2, 28, p=0.0003). Planned comparisons revealed
that the PTSD group had greater heart rate responses
during the traumatic condition than did the compari-
son group (figure 1); the two groups did not differ with
regard to heart rate responses in the neutral condition
(F=0.6, df=1, 14, p=0.47; effect size r=0.20) and the
teeth-clenching neutral condition (F=0.1, df=1, 14, p=
0.72; effect size r=0.08).

The PTSD group had higher systolic blood pressure
responses than did the comparison group (F=4.7, df=1,
14, p=0.05), and systolic blood pressure responses dif-
fered among conditions (F=4.3, df=2, 28, p=0.03).
Planned comparisons revealed nonsignificant differ-
ences between groups in systolic blood pressure re-
sponses in the traumatic condition (F=3.4, df=1, 14, p=
0.09; effect size r=0.44), the neutral condition (F=2.4,
df=1, 14, p=0.15; effect size r=0.38), and the teeth-
clenching neutral condition (F=1.8, df=1, 14, p=0.21,
effect size r=0.34).

Diastolic blood pressure responses increased across
conditions (F=5.9, df=2, 28, p=0.008), and the magni-
tude of this increase differed between the groups (F=
4.1, df=2, 28, p=0.03). Planned comparisons revealed
nonsignificant differences between groups in diastolic
blood pressure responses in the traumatic condition
(F=3.9, df=1, 14, p=0.07; effect size r=0.47), the neu-
tral condition (F=0.8, df=1, 14, p=0.40; effect size r=
0.23), and the teeth-clenching neutral condition (F=
0.6, df=1, 14, p=0.45; effect size r=0.20).

The p values reported above for the between-group
contrasts (within each condition) were not adjusted for
multiple comparisons because they reflected planned
comparisons. If the p values had been Bonferroni ad-
justed (for three comparisons multiplied by three psy-
chophysiologic variables, or a total of nine compari-
sons), the between-group difference in heart rate
responses during the traumatic condition would have
remained significant (alpha=0.05/9=0.0055).
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Emotional State

Table 1 shows the mean ratings of emotional states
in the PTSD and comparison groups. Group differ-
ences in changes in emotional state across conditions
were assessed by means of F tests for the condition-by-
group interaction. For each dependent variable, if the
condition-by-group interaction was significant, then a
t test between groups in the traumatic condition was
conducted.

Overall, the patterns of ratings for the PTSD and
comparison groups appeared quite similar, except that
the PTSD group showed greater increases in arousal,
guilt, and disgust across conditions than did the com-
parison group. Within the traumatic condition only, t
tests revealed that the PTSD group gave significantly
higher ratings of guilt and disgust than did the compar-
ison group. If the p values associated with these t tests
were adjusted for multiple comparisons, these two
group differences would not remain significant.

Imagery

Table 2 shows the mean imagery ratings in the PTSD
and comparison groups. Data analysis procedures
were similar to those used to examine the data on emo-
tional state. Neither group had significant changes in
the reported amount of visual or auditory imagery
across conditions. The PTSD group had greater in-
creases in rated vividness and amount of tactile, olfac-
tory, and gustatory imagery across conditions than did
the comparison group. Within the traumatic condition
only, t tests revealed that the PTSD group reported
more olfactory and gustatory imagery than did the
comparison group. If the p values associated with these
t tests were adjusted for multiple comparisons, these
two group differences would not remain significant.

One PTSD subject had a flashback during the trau-
matic imagery condition. After the scan, she reported
that she felt as though the event was happening again
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TABLE 2. Ratings of Imagery During Audiotaped Scripts of Neutral Events and Traumatic Events in Sexually Abused Subjects

With PTSD (N=8) and Without (N=8)

Teeth-Clenching

Neutral Condition

Neutral Condition

Traumatic Condition

Condition-by-
Subjects Comparison Subjects Comparison Subjects Comparison ~ 8roup Interaction
With PTSD Subjects With PTSD Subjects With PTSD Subjects F
Variable? Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD (df=2, 28) p
Vividness of im-
agery 6.7 2.1 8.2 1.2 6.6 1.9 7.8 15 8.8 11 8.2 0.8 43 0.03
Amount of visual
imagery 7.0 1.9 8.3 11 6.8 25 8.2 1.3 7.6 3.2 7.7 15 1.2 n.s.
Amount of audi-
tory imagery 4.3 24 4.9 2.6 4.3 2.9 3.3 24 5.0 3.8 29 3.8 1.9 n.s.
Amount of tactile
imagery 3.6 2.9 5.6 3.1 4.2 2.3 3.7 24 8.0 1.8 5.8 24 5.1 0.02
Amount of olfac-
tory imagery 1.9 24 2.6 3.6 1.0 1.2 17 3.1 46> 34 0.9 15 5.2 0.02
Amount of gusta-
tory imagery 16 2.0 0.8 1.3 0.8 15 0.8 11 38" 38 0.6 1.6 4.0 0.03

2The rating scale was 0-10.

b Significantly different from the corresponding mean of the comparison group (13 2.2, df=14, p£0.05).

TABLE 3. Brain Regions of Eight Sexually Abused Subjects
With PTSD That Showed Changes in Cerebral Blood Flow in
Response to Audiotaped Scripts of Traumatic Events Relative
to Neutral Events

Coordinate of
Activation Focus

7 (mm)?
Region Score X y z
A priori regions of interest
Increases in blood flow
Orbitofrontal cortex 4.55 26 38 -16
Anterior temporal pole 3.19 29 15 -24
3.38 -28 8 -24
Decreases in blood flow
Inferior frontal gyrus 3.50 -43 35 12
Primary visual cortex (17°) 3.19 -4 -99 -4
Visual association cortex (19°) 4.33 -16 -80 28
3.40 32 -82 20
Other regions: decreases in blood
flow
Superior frontal gyrus (10°) 3.24 -20 62 12
Middle frontal gyrus
8b 414 34 32 40
b 3.44 -3 32 32
b 3.65 50 24 36
10P 3.88 44 48 8
10P 3.72 -38 42 12
Middle temporal gyrus 4.05 60 -16 -12
3.57 -50 -34 -12
Inferior parietal lobule 3.25 62 -36 32
Superior parietal lobule 3.19 -28 -58 40

2x>0 is to the right of the midsagittal plane; y>0 is anterior to the
anterior commissure; z>0 is superior to the anterior commissure/
posterior commissure plane.

b Approximate Brodmann area.

and that she had little awareness of her current sur-
roundings.

Regional Cerebral Blood Flow

Within each group, regional CBF images of the trau-
matic condition were compared with those of the neu-
tral condition, teeth-clenching neutral condition, and
both of these neutral control conditions combined.
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The results of these comparisons were quite similar,
and the addition of the teeth-clenching task did not
alter regional CBF results in our a priori regions of
interest. Because of space limitations, we report only
the comparisons between the traumatic condition
and both neutral control conditions combined; this
type of comparison is the most statistically stable be-
cause the neutral images represent data gathered dur-
ing four scans (two neutral and two teeth-clenching
neutral scans). Data from other comparisons are
available from the first author on request. In addi-
tion, regional CBF images reflecting the interaction
of condition and group were examined; this analysis
revealed regions in which changes in regional CBF
across conditions differed between groups. For the
condition-by-group analysis, SPM95 yielded two ta-
bles: one listing the regional CBF changes that were
greater in the PTSD group and another listing the re-
gional CBF changes that were greater in the compar-
ison group. Because these tables did not indicate
which of those changes were regional CBF increases
and which were regional CBF decreases, we con-
sulted the contrasts conducted within each group in
order to distinguish between the increases and de-
creases. We used this information to categorize the
activations.

Patterns of blood flow results in the comparison
group did not change when the three comparison sub-
jects with past PTSD were removed from the analyses;
in order to maximize statistical power, all comparison
subjects were retained in the analyses reported below.

Traumatic versus neutral control conditions. Table
3 displays regions with CBF changes (increases and de-
creases) in the PTSD group in the traumatic condition
relative to the neutral control conditions. Table 4 dis-
plays the regions with CBF changes in the comparison
group. In both groups, regional CBF increases oc-
curred in orbitofrontal cortex and anterior temporal
poles. Only the comparison group exhibited regional
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TABLE 4. Brain Regions of Eight Sexually Abused Subjects
Without PTSD (Comparison Subjects) That Showed Changes
in Cerebral Blood Flow in Response to Audiotaped Scripts of
Traumatic Events Relative to Neutral Events

Coordinate of
Activation Focus

7 (mm)2
Region Score X y z
A priori regions of interest
Increases in blood flow
Orbitofrontal cortex 4.05 -22 18 -16
3.13 16 19 -16
Anterior cingulate gyrus 3.38 3 31 20
Anterior temporal pole 3.13 24 15 -28
Insular cortex 3.13 -39 11 0
Decreases in blood flow
Primary visual cortex (17°) 4.30 -8 -68 12
Secondary visual cortex (189) 3.68 -16 -100 0
3.10 30 -94 12
Other regions
Increases in blood flow
Medial frontal gyrus 4.55 6 42 20
Thalamus 4.18 6 -4 4
Inferior frontal gyrus 3.38 52 20 8
Cingulate gyrus (middle) 3.40 -6 -14 32
Decreases in blood flow
Middle frontal gyrus (10P) 3.50 34 46 -4
Precentral gyrus 3.46 -52 -2 16
Inferior parietal lobule 3.45 46  -30 48
Superior parietal lobule 3.94 -20 -72 48
3.29 18 -68 48
Fusiform gyrus 3.78 36 -54 -8
Cerebellum 3.86 -36 -78 -16

x>0 is to the right of the midsagittal plane; y>0 is anterior to the
anterior commissure; z>0 is superior to the anterior commissure/
posterior commissure plane.

b Approximate Brodmann area.

CBF increases in anterior cingulate gyrus and insular
cortex. Both groups exhibited regional CBF decreases
in visual cortex and related visual areas. Only the
PTSD group exhibited regional CBF decreases in left
inferior frontal gyrus.

Teeth-clenching neutral condition versus neutral
condition. The PTSD group exhibited no changes in
regional CBF between these two neutral control condi-
tions. In the comparison group, regional CBF increases
during the teeth-clenching neutral condition occurred
in somatosensory cortex (postcentral gyrus) (z score=
3.14; x, y, and z coordinates=-58, —20, and 40); re-
gional CBF decreases occurred in orbitofrontal cortex
(z score=3.69; X, y, z coordinates=3, 15, and —16).

Condition-by-group interaction. Table 5 shows the
regions in which CBF changes in the traumatic condi-
tion versus the neutral control conditions differed be-
tween groups. Regional CBF increases in both orbito-
frontal cortex and anterior temporal pole were greater
in the PTSD group than in the comparison group. Re-
gional CBF decreases in widespread regions of frontal,
temporal, and parietal cortex were greater in the PTSD
group than in the comparison group. Regional CBF in-
creases in anterior cingulate gyrus were greater in the
comparison group than in the PTSD group.
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TABLE 5. Brain Regions of Sexually Abused Subjects With
PTSD (N=8) and Without (N=8) That Showed Significantly Dif-
ferent Changes in Cerebral Blood Flow in Response to Audio-
taped Scripts of Traumatic Events Relative to Neutral Events
(Condition-by-Group Interaction)

Coordinate of
Activation Focus

7 (mm)a
Region Score X y z
Greater increases in PTSD group
Orbitofrontal cortex 3.98 26 38 -16
3.48 26 30 -20
3.50 4 10 -20
Anterior temporal pole 331 -24 15 -28
Greater decreases in PTSD
group
Middle frontal gyrus
46° 4.48 42 46 8
9/10° 3.69 -24 52 12
Superior frontal gyrus
b 4.43 14 50 28
10P 3.52 -20 48 24
Inferior frontal gyrus 3.96 48 16 8
Superior temporal gyrus 4.64 -40 -52 16
4.03 48 22 0
Middle temporal gyrus 4.64 62 -12 -8
Parahippocampal gyrus 3.70 -20 -20 -12
Inferior parietal lobule 3.69 60 -36 32
3.67 26 -56 36
3.52 -44 46 32
Greater increases in comparison
group
Anterior cingulate gyrus 331 7 38 0
Posterior cingulate gyrus 3.55 4 -52 24

2x>0 is to the right of the midsagittal plane; y>0 is anterior to the
anterior commissure; z>0 is superior to the anterior commissure/
posterior commissure plane.

b Approximate Brodmann area.

DISCUSSION

The PTSD group had larger heart rate responses dur-
ing the traumatic condition than did the comparison
group. In the traumatic condition versus the neutral
control conditions, both groups exhibited regional
CBF increases in orbitofrontal cortex and anterior
temporal poles; however, these increases were greater
in the PTSD group than in the comparison group. The
comparison group exhibited regional CBF increases in
insular cortex and anterior cingulate gyrus; increases
in anterior cingulate gyrus were greater in the compar-
ison group than in the PTSD group. Regional CBF de-
creases in bilateral anterior frontal regions were
greater in the PTSD group than in the comparison
group, and only the PTSD group exhibited regional
CBF decreases in left inferior frontal gyrus. Regional
CBF decreases in visual cortex occurred in both groups.

The finding of regional CBF increases in orbitofron-
tal cortex and anterior temporal poles in the PTSD
and comparison groups is consistent with the results
of previous functional neuroimaging studies of PTSD
(orbitofrontal cortex: X, y, and z coordinates=21, 10,
and —16; anterior temporal pole: X, y, and z coordi-
nates=43, -2, and —12 [6]) and studies of normal emo-
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tion in nonclinical study groups (13-15, 29, 30) (e.g.,
anterior temporal pole: X, y, and z coordinates=36, 10,
and —20 [15]). In the current study, however, regional
CBF increases in orbitofrontal cortex and anterior
temporal pole were greater in the PTSD group than in
the comparison group. Larger heart rate responses
and greater increases in self-reported arousal, guilt,
and disgust in the PTSD group may explain these
greater regional CBF increases in the PTSD group.
However, activation in orbitofrontal cortex and ante-
rior temporal poles per se is not specific to PTSD,
since trauma-exposed comparison subjects and pa-
tients with other anxiety disorders have exhibited ac-
tivation in these regions as well (31, 32).

In previous neuroimaging studies of emotion, re-
gional CBF increases in temporal poles were attributed
to extracranial artifacts of jaw muscle contraction (33,
34). Several findings suggest that the temporal pole ac-
tivations in the present study were not attributable to
these artifacts. Any jaw muscle contraction in the trau-
matic condition was controlled for by the teeth-clench-
ing neutral condition; furthermore, the temporopolar
activations were within the brain, and their coordi-
nates were very different from those of activations due
to extracranial artifacts.

The regional CBF increases in anterior cingulate gy-
rus and insular cortex in the comparison group are
consistent with the results of recent studies of healthy
individuals during recollection of sad events (insular
cortex: X, y, and z coordinates=—42, 12, and 4; anterior
cingulate: x, y, and z coordinates=2, 44, and 12 [13]),
performance of the Emotional Counting Stroop task
(anterior cingulate: x, y, and z coordinates=—3, 39, and
15 [35]), procaine-induced fear (29), and imagery of
aversive stimuli (17). Why significant activations in an-
terior cingulate gyrus and insular cortex did not occur
in the PTSD group is unclear.

No regional CBF increases in the amygdala were ob-
served in either group in any comparison. This result
differs from those of previous PET studies of PTSD (6,
7). The reason for the lack of amygdalar activation in
the traumatic condition is unclear. However, com-
pared with the subjects with PTSD studied by Rauch et
al. (6), the subjects with PTSD in the current study had
smaller increases in reported fear and greater increases
in disgust, guilt, and anger during the traumatic condi-
tion. Activation in the amygdala may be more easily
detected during conditions evoking fear rather than
these other emotions. Indeed, the amygdala appears to
play a central role in fear conditioning (10, 36) and in
the processing of fear-related stimuli (37—-39).

Contrary to predictions, regional CBF decreases oc-
curred in visual cortex and related visual areas during
the traumatic condition versus the neutral control con-
ditions in both groups. This result differs from the
findings of previous studies (6, 17). The subjects”imag-
ery ratings suggest that this finding cannot be ac-
counted for by relatively less visual imagery in the
traumatic condition than in the neutral control condi-
tions. However, subjects in this study indicated that
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their mental imagery during the traumatic condition
was most prominent in the tactile modality, whereas
subjects in the study by Rauch et al. (6) indicated that
their mental imagery was most prominent in the visual
modality. Qualitatively different imagery experiences
(i.e., tactile versus visual) may be related to different
patterns of brain activation and may in part account
for the discrepancy between the results of this study
and those of Rauch et al. (6).

Previous PET studies (6, 7) have revealed regional
CBF decreases in left inferior frontal cortex (Broca’
area) in individuals with PTSD. In the PTSD group of
the current study, we found regional CBF decreases in
a section of the left inferior frontal gyrus (pars triangu-
laris, Brodmann area 45/46) that corresponds to the
anterior portion of Broca area. The location of the
left inferior frontal gyrus deactivations in the current
study (X, y, and z coordinates=—43, 35, and 12) and in
that of Rauch et al. (6) (X, y, and z coordinates=—43,
42, and 8) are highly similar. The location of the left
inferior frontal gyrus deactivation reported in another
previous study of PTSD (7) is more posterior (X, y, and
z coordinates=—47, 5, and 16). In general, the left infe-
rior frontal gyrus appears to be involved in speech pro-
duction (40, 41), subvocal rehearsal (42), and inner
speech (43). Although the interpretation of this deacti-
vation remains difficult, regional CBF decreases in left
inferior frontal gyrus are consistent with diminished
linguistic processing during the recollection of trau-
matic events versus neutral events.

The finding of greater regional CBF decreases in ante-
rior frontal regions across conditions in the PTSD
group than in the comparison group was unexpected. In
a study of memory in healthy individuals, some of these
frontal regions (Brodmann areas 9 and 10) were acti-
vated during conditions that required effortful recall
(44). The deactivation of these structures in the current
study is consistent with the relatively effortless recollec-
tion of traumatic events versus neutral events in the
PTSD group. This post hoc explanation is consistent
with the “automatic™ nature of intrusive recollections.

An important limitation of this study is the relatively
small number of subjects tested. Small study groups
are common in neuroimaging research, but they may
increase the probability of type Il errors (i.e., false neg-
atives) (45). The lack of activations in insular cortex
and anterior cingulate gyrus in the PTSD group may
have reflected such errors. Thus, because of the rela-
tively small size of the study group, the results of this
study should be considered preliminary. Another limi-
tation is the presence of current comorbid disorders in
some of the subjects with PTSD. Unfortunately, co-
morbidity is exceedingly common in individuals with
PTSD (46, 47), and whether the presence of comorbid-
ity affected the results is unknown. Comorbidity may
be less likely to affect the results of PET studies involv-
ing within-subject comparisons of different conditions;
however, the presence of some comorbid disorders
(e.g., depression) in the PTSD group may have differ-
entially affected the blood flow responses to traumatic
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scripts or may have reduced the range of possible
blood flow changes between conditions. Another limi-
tation of this study was our relatively low degree of
control over the cognitive task that subjects performed
in the PET scanner. The script-driven imagery para-
digm does not yield behavioral data (i.e., response
times or error rates) that might help to assess subjects”
compliance with task instructions; however, psycho-
physiologic data suggest that the subjects were indeed
performing the task as instructed. There is no convinc-
ing way to determine whether the PTSD and compari-
son groups complied with task instructions to a similar
extent. One could argue that the study was further lim-
ited by our use of personalized, rather than standard-
ized, stimuli. However, previous research suggests that
psychophysiologic responses are more robust with the
use of personalized scripts than with standardized
scripts (2); hence, we used the former. We did not
match the groups on phase of the menstrual cycle, and
we do not know whether this affected between-group
differences. Limitations common to neuroimaging
studies in general also apply; for example, errors in
precise neuroanatomical localization can arise from
constraints set by the spatial resolution of PET, head
movement, or stereotaxic transformation. In addition,
normalizing whole-brain blood flow prevented us
from detecting any changes in absolute blood flow be-
tween conditions. Whole-brain blood flow may have
changed from one condition to another, and the nor-
malization process could have resulted in some artifac-
tual changes in regional CBF. We do not know whether
the normalization process yielded any such artifacts.
In summary, in the traumatic condition versus the
neutral control conditions, both groups exhibited re-
gional CBF increases in orbitofrontal cortex and ante-
rior temporal poles; however, these increases were
greater in the PTSD group than in the comparison
group. The comparison group exhibited regional CBF
increases in insular cortex and anterior cingulate gy-
rus; increases in anterior cingulate gyrus were greater
in the comparison group than in the PTSD group. Re-
gional CBF decreases in bilateral anterior frontal re-
gions were greater in the PTSD group than in the com-
parison group, and only the PTSD group exhibited
regional CBF decreases in left inferior frontal gyrus.
The results suggest that the recollection and imagery of
traumatic events is accompanied by increased regional
CBF in anterior paralimbic regions of the brain in
trauma-exposed individuals with and without PTSD;
however, the two groups show different patterns of
brain activation among these paralimbic regions.
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