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Background: Repetitive recall of traumatic memories and Introduction
chronic intermittent hyperarousal are characteristic of , , . ) .
posttraumatic stress disorder (PTSD). Hyperarousal and eurobiologic research in posttraumatic stress dlsor(jer
memory dysfunction implicates “limbic” brain regions, (PTSD) has been focused on the aberrant regulation
including the amygdaloid complex, hippocampal forma-of the sympatoadrenal system and the hypothalamo-
tion, and limbic cortex, such as the orbitofrontal and pituitary-adrenal (HPA) axis (Kosten et al 1987; Murburg

anterior cingulate areas. To investigate the neurobiologic1994; Yehuda et al 1993). While much has been learned
role of these brain regions in PTSD, we measured regionahbout neuroendocrine and psychophysiologic aspects of
cerebral blood flow in PTSD with single photon emissionthe stress response in this condition, the neuroanatomic
computerized tomography (SPECT) during a symptomnderpinning of PTSD symptomatology remains un-

provocation paradigm. known. The characteristic symptoms of PTSD, such as
Methods: Fourteen Vietnam veterans with PTSD, 11 intrusive memories, recurrent dreams, and “flashbacks” of
combat control subjects, and 14 normal control subjectsthe traumatic event (American Psychiatric Association

were studied with %QTTC]HMPAO in two sessions 48 1987) suggest abnormalities in the processing of memo-
hours apart: one session after exposure to white noise a”?&/—memory associated with traumatic, emotional mate-

the other following exposure to combat sounds. SI('r}ial. Thus, investigations of the neurobiology of PTSD

conductance, heart rate, and subjective experience Werghould logically seek to understand the neuroanatomic
recorded at the time of the studies. 9 y

Results: Activation for all th din th regions involved in memory and emotional regulation, in
g P gyrus. stress response.

the region of the left amygdala/nucleus accumbens was Th led “limbic” . f the brain h |
found in PTSD patients only. Deactivation was found in all € so-called Timbic” regions ot the brain have fong
three groups in the left retrosplenial region. been associated with both memory and emotion. A broad
L - I . concept, the limbic brain generally refers to amygdala,
Conclusions: These findings implicate regions of the . )
hippocampal formation, hypothalamus, thalamus, and

“limbic” brain, which may mediate the response to ) . o
aversive stimuli in healthy individuals and in patients N€&rby “paralimbic” cortex, such as the anterior cingulate

suffering from PTSD. Biol Psychiatry 1999:45:817—826 cortex, orbitofrontal cortex insula, and temporal poles
© 1999 Society of Biological Psychiatry (Mesulam 1985; Nauta and Domesick 1982). Given the

role of aberrant, intrusive, emotional memory in PTSD
Key Words: Neuroanatomy, rCBF, amygdala, limbic, symptoma_ltology, the limbic brain pleflnes an obvious
combat target of investigation; however, evidence linking these
structures to specific PTSD symptoms is just emerging.
Recent findings of structural abnormalities in the hip-
pocampus of PTSD patients (Bremner et al 1995; Bremner
et al 1997b; Gurvits et al 1996) support a strategy of
investigating the functional integrity of these brain regions
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PTSD (Blanchard et al 1991; Pitman 1987). Similarly, by Table 1. Subject Characteristics
studying regional cerebral blood flow (rCBF) in PTSD

. : - . Normal Combat
patients during exposure to a trauma-specific narrative and PTSD Control  Control
a narrative describing neutral events, Rauch and col- Subjects  Subjects  Subjects
leagues found activation in the right amygdala, anterior (n=11) (n=14) (n=11)
cingulate cortex, and several other cortical areas (Rauch &fean age (sD) 46.9(.89) 45.4(6.1) 51.2(L7)
al 1996). However, in the absence of a control group, theethnicity
specificity of these findings to PTSD could not be ascer- Wwhite 10 11 9
tained. In a somewhat different imagery paradigm, Shin P/ack 1 2 2

L . . Hispanic 0 1 0
and co-workers found activation in the right amygdala ofy,_ .- sarus
7 PTSD patients (Shin et al 1997), but only during the givorcedssingle 2 6 2
mental imagery and not during the perception of combat married 9 8 9
images. As Shin and colleagues pointed out, these resulfgmorbid Diagnoses
are difficult to interpret. They also reported that during MDD® 5 0 0
. . . . panic disorder 3 0 1
imagery of combat material, PTSD subjects activated the ¢ .- abuse/dependénce 7 5 1
ventral anterior cingulate cortex (ACC) whereas controlptsp symptoms
subjects recruited the superior ACC, relative to perception impact of events 48 (2) 7 (10) 11 (4)
of combat material. Therefore, while preliminary findings  Mississippi 133 (5) 63 (4) 67 (4)
support the involvement of limbic structures in PTSD '\D"gg"PTSD 2431((2; 2((;; 1; 8
symptom generation, questions remain about the extent, g pg 49 (10) 26 (5) 19(7)
the diagnostic specificity, and the functional role of these —
findings. 2ln remission.

. MDD, Major Depressive Disorders; DES, Dissociative Experiences Scale;
To address some of these questions, we performesups, Subjective Units of Distress Scale (at baseline).

single photon emission computerized tomography

(SPECT) scanning of PTSD patients and two control

groups to measure regional cerebral perfusion in twoweeks prior to the study (6 weeks in the case of fluoxetine).
settings: 1) immediately after exposure to a provocativeControl subjects were administered the nonpatient form of the
stimulus; and 2) after a nonprovocative, control stimulus.SCID to exclude any active Axis | condition (schizophrenia or

As the provocative stimulus, we used combat sounds (e.gother psychotic disorders, affective disorders, anxiety disorders,

helicopter sounds, small arm fire, etc.) which allowed thedementia, substance abuse, or dependence). Combat control

generation of images from the patient's own experienceSUP/ects had no past history of PTSD. Head CT scans were
erformed prior to the study to exclude structural abnormalities.

For thg no!’lprovocatllve s'Flmqus,_we presente.d. the SUUE\II subjects gave written informed consent to participate in the
jects W|_th simple, white noise. During both con<_j|t|on_s, We s1dy, which was approved by the Ann Arbor VAMC subcom-
also simultaneously recorded psychophysiologic rejttee on human subjects.
sponses. Given the functional role of limbic and paralim-
bic cortex, we tested the hypothesis that the PTSD patien
would show excitation of these regions in response t rocedure
traumatic stimuli. Subjects were studied in two sessions on separate days, 48 hours
apart, in counter-balanced order. One session consisted of expo-
sure to nonspecific arousing stimuli (white noise), and the other
Methods and Materials to trauma-related stimuli (combat sounds). After securing intra-
. venous access and electrophysiologic “hook-up,” subjects were
Subjects allowed a 30 min adaptation period. Physiologic indices of heart
Thirty nine subjects were recruited using advertisements withirrate and skin conductance were collected during this adaptation
the hospital, local newspapers, churches, and veterans magperiod and throughout the duration of the session. Subjective
zines. Fourteen Vietnam veterans with posttraumatic stresdistress pre- and post-stimulus administration was measured on
disorder, 11 Vietnam veterans without PTSD (combat controls)100 mm subjective units of distress scale (SUDS).
and 14 nonveteran male control subjects participated in this study For the activation scan, a 3-min audiotape of combat sounds
(Table 1). The diagnosis of PTSD was established according tde.g., helicopter sounds, explosions, and small arms fire) at
DSM-III-R criteria using the Structured Clinical Interview for gradually increasing volume (up to 75 dB) was played, according
DSM-III (SCID; Spitzer and et al 1990), administered by a to the method of Blanchard and colleagues (Blanchard et al
trained clinician. Subjects with a history of psychotic disorders or1982). For the baseline scan, an audiotape of white noise with the
dementia were excluded. Subjects with histories of substanceame frequency spectrum was played at the identical, ramped
abuse were in remission for at least 6 months. All subjects weréntensity. The subjects closed their eyes to facilitate imagery
right-handed and free of psychotropic medication for at least 4during the specific uptake phase. Although some groups reported
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greater variability of blood flow when subjects close their eyes,subject serves as his own control in the subtraction analysis,
these findings occur when mental activity is not constrained by esmall differences in performance of the imaging devices are far
particular task; furthermore, work from our center shows noless important sources of variation than the biologic differences.
significant difference in the coefficient of variation of occipital SPECT data were collected from 64 projections and recon-
blood flow (Cameron et al 1990). Following the termination of structed into a 128< 128 image matrix. Each projection was
the auditory stimuli, subjects were instructed to remain seate@cquired for 30 sec and a Butterworth filter (cutoff 0.2/order 5.0)
and to continue to imagine whatever came to mind for approx-with analytic y-axis filtering and Chang’s attenuation correction
imately 5 additional min. This 5 min period covered the uptake (mu value for attenuation coefficient 0.15) was employed for
phase of the radioligand in the brain (Lassen et al 1988; Murasémage reconstruction to full width half, maxima of 9.5 mm.

et al 1992).

_ _ _ Image Analysis
Psychophysiologic Measures and Recording Data analysis was performed using fully automated routines

Equipment developed at the University of Michigan for analysis of PET
Psychophysiologic data were recorded using an 1-330 Interfacactivation studies (Minoshima et al 1993a) and adapted for
System § & J Enterprises, Poulsbo, WA). Skin conductance (SC)SPECT image data. This image registration method has been
was recorded using Ag/AgCl electrodes attached to the secongreviously validated with brain SPECT images (Bartenstein et al
digit of the first and third fingers of the nondominant hand. Thesel997). Others have also demonstrated that methods originally
were connected to a T-601 Electrodermograph Module of thedeveloped for PET and fMRI studies can be successfully applied
I-330 System, which utilized a constant voltage procedure (0.1660 SPECT activation data (Matthew and Hill 1998). The proce-
volts DC), with a range of 0 to 50 micromhos. Heart rate (HR) dure involves the following steps.

was recorded with a photoplethysmograph attached to the second

digit of the second finger of the nondominant hand, connected to 1. Intrasubject image registration: The two image sets ob-

a P-401 Plethysmograph Module. Interpeak interval data was
converted to beats per min, with a range of 40 to 200 bpm. Heart
rate and skin conductance were sampled at 17 Hz. An IBM-
compatible microcomputer running USE softwade&(J Enter-
prises) controlled the data acquisition. Mean electrophysiologic
scores were computed for a baseline period prior to the onset of
audiotaped sounds (PRE; duratien 120 sec), and imagery
period following termination of audiotaped sounds (duration
150 sec).

Brain Scintigraphy—Acquisition

For each SPECT study, subjects were injected intravenously with
30 mCi [P°"Tc]HMPAO, 30 sec prior to the end of the auditory
stimulus. Since psychophysiologic data indicate that in PTSD
patients, the effects of the traumatic stimulus persist for several
minutes (Pitman 1987), we timed the arrival of t&"Tc]HM-

PAO to the brain to correspond with termination of the auditory
stimulus. To minimize extracranial blood flow to the temporal
muscles from teeth clenching, subjects were instructed to keep
their mouths open during injection and for 10 minutes thereafter,

as suggested by Drevets and colleagues (Drevets et al 1992).

SPECT acquisition began approximately 60 min after tracer
injection to maximize brain-to-soft tissue ratios. A Siemens
MultiSPECT 3 triple-headed gamma camera with low-energy,
high-resolution collimation was used for the first four PTSD
patients acquired. Subsequent PTSD patients and all control
subjects were imaged on an ADAC Genesys Vertex dual-head
camera using ultrahigh-resolution collimators. We adjusted the
acquisition duration to match the total number of counts acquired
for the different systems. Technical performance parameters,
such as spatial resolution (between 8 and 9 mm for both systems)
and image uniformity, as well as the collimators employed for
the studies were very similar between cameras, indicating that
the data could be pooled. Most importantly, however, since each

tained from the same subject on different days were
realigned to a common orientation using an automated
computer algorithm (Minoshima et al 1992). During this
coregistration step, each image was also normalized to
uniform whole brain activity.

. Anatomic standardization: All image sets were trans-

formed to a standard stereotactic coordinate system using
an algorithm based upon detection of the midsagittal plane
and the line passing through the anterior and posterior
commissures (Minoshima et al 1993b). This was followed
by anatomic standardization via linear scaling and nonlin-
ear shape deformation (Minoshima et al 1994), smoothing
with a Gaussian kernal (9 mm at full width, half maxi-
mum) and finally voxel-by-voxel analysis across multiple
subjects.

. Image averaging: A “difference” image set (combat

sounds vs white noise) was created for each subject, and
then the subtraction image data were averaged across
multiple subjects for each subject group. Using the inter-
subject variance averaged across all analyzed voxels
(pooled variance), mean differences in CBF were con-
verted toZ-statistic maps (Worsley et al 1992).

. A priori regions: We identified an a priori search area in

parts of the limbic brain and paralimbic cortex thought to
be important for memory and regulation of anxiety, based
on findings available at the initiation of the study (Baxter
et al 1987; Baxter et al 1988; George et al 1995; Pardo et
al 1993). This included subcortical limbic structures of the
medial temporal lobes (amygdala and hippocampus) and
paralimbic cortex (parahippocampal gyrus, orbitofrontal
cortex, and medial temporal poles). Using the Talairach
and Tournoux atlas coordinates, we defined the medial
temporal lobe region-of-interest as beginning 20 mm
anterior to and 10 mm inferior to the anterior commissure,
and terminating 40 mm posterior to the anterior commis-
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SUD ( Difference)

. Image-wide search: To explore brain regions outside of th

. Testing for group differences: We localized the atlas
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sures. We defined an anterior frontal region, including Results
orbitofrontal cortex and inferior medial frontal cortex, as . L .
anterior to the anterior commissure 10 mm, and 10 mmPSychophysiology and Subjective Distress
inferior to the bicommissural line. Within these areas, we pTgpD subjects had significantly higher heart rate (repeat-
accepted as significant any focus with a maximum voxeled measure ANOVA effect of group, F [2,28]3.48,p <
lzevil cz)f.g,;:o(r)r%sggnded to an uncorrected significance gy higher skin conductance (trend level, F [2,34]

' ' e2.95,p < 0.07), andsubjective distress (F [2,28} 2.97,
a priori regions-of-interest and to identify common areasP < 0.06), allscgr’npared tp either control QYOUF’- There
of activation across all three experimental groups, weWas also a significant main effect of condition (combat
searched the averaged difference image for each groufounds vs white noise) on skin conductance (F [1:31]
images and a composite averaged-image of all threel8.8, p < 0.001) andsubjective distress (F [1,31F
groups. We calculated the corrected probability threshold36.8,p < 0.001).PTSD patients had significantly larger
for activation, accounting for the effective number of subjective distress and skin conductance responses to
comparisons performed over the entire image set. Withcombat sounds relative to white noise, compared to either
this procedure, & score of approximately 4.4 corre- gntrol group (group by condition interaction, F [2,3%]
sponded to a false-positive expectation of 0.05 (Fristo.n eTG.lG, p < 0.006 and FA2,31] = 3.35,p < 0.05, for
al 1991;.Worsley et al 1992); and we report statlstlcaISUDS and SC respectively). Mean SUDS and skin con-
trends withZ > 4.0. -

ductance responses are presented in Figures 1 and 2. There

coordinates of foci in the image for the combined groupWas no S|gn|f|car.1t d.|fferen.ce between the two contrql
and then centered a spherical volume of interest on thos@fOUP responses in either distress levels or psychophysio-
coordinates in the anatomically standardized images of0gic measures. The observed HR response occurred in the
each subject. Using a simple pairetest, we tested for a same direction as SC; however, the between-group differ-
significant differencey < 0.05) between the white noise ences did not reach statistical significance (data not
and combat sounds conditions. Because of reported strusshown).
tural differences in the medial temporal lobes of patients
with PTSD, we chose not to use a voxel-by-voxel group
comparison of warped, anatomically standardized images.CerEbraI Blood Flow
It is the experience of our lab that warping may not One of our PTSD subjects experienced a full-blown
perform unbiased adjustments where group structural dif*flashback” during the presentation of the combat sounds.

ferences exist. He exhibited an unusual pattern of rCBF, with a dramatic
Subjective Distress kin Con nce Respon
Response
80 - 8 -
White noise White noise
Combat sounds -] Combat sounds

N

PTSD PTSD NC

Group Group

Figure 1. The change in subjective distress (SUD—subjectiva-igure 2. Skin conductance response to white noise and combat
units of distress) in response to white noise and to combat soundsounds in PTSD patients, combat control subjects, and normal
in PTSD patients, combat controls and normal controls. Baselineontrol subjects. The baseline measure is subtracted from the
score is subtracted from the post-stimulus score. averaged skin conductance during the imaging period.
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Table 2. Regional CBF Peaks and Their Coordinates

PTSD Patients Combat Control Subjects Healthy Control Subjects Composite Image

Region (X, v,z  Z Scor& vy, 2P Z Scoré xy, 2P Z Scoré (X, ¥,z  Z Score

Activation within a priori regions

Left amygdaloid region €21,3,-9) 2.65 — — — — — —
Activation outside a priori regions

Relative increase

Anterior cingulate/Medial (3, 46, 11) 2.71 (6, 48, 2) 2.66 (1, 50, 0) 3.12 (3,48, 2) 4.18
prefrontal cortex (6, 68,—4) 3.18
Relative decrease
Right retrosplenial region (15;49,—-9) —4.44  (15,-58,-2) —2.79 (6,—49,-9) —2.87 (15,—-49,-7) —4.45

2Stereotactic coordinates from Talairach and Tournoux atlas (1988), left/right, anterior/posterior and superior/inferior, respectively.

PFoci listed as significant ifZ > 2.6 (uncorrectegp < 0.005) in apriori regions, orZ score> 4.4 (p < 0.05, corrected for image wide search) BrscoreZ >
4.0 (trend level). Sub-threshold activation foci in brackets are listed for purposes of comparison when a supra-threshold focus appearegrougrmtiethe composite
image.

alteration in cortical relative to subcortical flow. This Activation Within A Priori Defined Regions

pattern was not consistent with the global depression iRre oniy activation foci exceeding statistical thresholds in
CBF that one might observe during hyperventilation.y,q o oriori limbic area occurred in the PTSD group (Table

v diff for thi q h?) Figure 3 shows patterns of differential rCBF in all three
extremely different CBF pattern for this scan compared tq roups, which included a focus in the region of the left

all other scans, we omitted his data from this analysis an mygdala, extending into the nucleus accumbens of the
reported his results separately (Liberzon et al 1997). Th%TSD gro’up. Because of the limited resolution of this

scans from two other subjects could not be effectively. aging modality and the neuroanatomic proximity of

: i

analyzed together with the rest of the scans, because Orp . . .
. . T . small structures in this area, sometimes referred to as

tracer uptake in extracerebral tissue, creating image dis;

tortion and rim artifacts. Therefore, these subjects’ dat extended amygdala” (Alheid and Heimer 1988; Paxinos

(both scans and psychophysiology) were excluded fro a1990), we referred to this focus in general terms as the
psychophy 9y rT‘]amygdaloid region,” without implying a more specific

the analysis.

Activation in limbic regions

PTSD o
pmi(_-m_g- b ul : ) Figure 3. The image depicts relative activa-
' : tion (combat sounds compared to white noise)
in limbic regions in PTSD patients, and com-
bat and normal control subjects. The a priori
. : region of interest is indicated by the yellow
Normal ) Viial. i border. The images show Z-values 1.65
! : ! (uncorrected) superimposed on a reference
MRI image in atlas space and in radiological
orientation (left/right reversed). The level be-
low the bicommissural line, in mm, is indi-
cated beneath the bottom row of images.

controls

Combat
controls
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1600 - foci adjacent to the temporal poles as likely artifacts due to
contraction of the temporalis muscle and other extracere-

1575 —Q~— PTSD patients o
bral muscle activity.

—{1 Combat controls

1550 1 —/x~ Normal controls

g 1525 Relative Deactivation

§ 1500 We found a significant “deactivation,” where normalized

.% wars flow was less in the combat sounds condition compared to

s A\ the white noise condition, in the right retrosplenial region
1450 in all three subject groups. The magnitude of the deacti-

vation in the PTSD group appeared larger than that
observed in the combat or normal control grougs =

1400 y 4.40 compared to 2.79 and 2.87, respectively; Table 2).

White Combat
noise sounds

1425 -

Figure 4. Activity in the region of the left amygdala was Correlation

approximately equal in all three groups during the presentation ofVe examined potential relationships between psychophys-
white noise and then rose sharply during combat sounds, only fol'rologic responses, subject ratings, and cerebral perfusion

the PTSD group. Relative activity was measured at a spherical,, o |ating Pearson correlation coefficients for rCBF

18 mm VOI centered on the coordinates of the peak present in . .
PTSD group. changes and changes in heart rate, skin conductance, and
SUDS. Regional CBF changes were calculated within

. . . . volumes of interest centered on the activation and deacti-
structure. For illustrative purposes, Figure 4 shows relative

(CBF for each group at a spherical VOI centered on th vation peaks. No correlation with< 0.01 waddentified

coordinates of the PTSD group. Activity during the white etween rCBF change' and these a”C'”?‘ry measures, nel-
) o . . . . ther when all the subjects were examined together nor
noise condition is approximately identical in all three when groups were analyzed separately
groups, but rises sharply in the PTSD group only. Al- '
though no comparable activation appeared above thresh-
old in this region in either of the two control groups, the Discussion
VOI analysis (18 mm diameter sphere) of this focus, usin
stereotactic coordinates from the composite image, did n
show significant differences in activation between the
groups. We did not identify any supra-threshold foci for b : X
any group along the length of the parahippocampal for! the literature (Pitman 1987; E|tman etal 1990_). We also
mation and overlying gyrus. found that the F_’TS_D pat|§nt§ mcreas_e_d erBF in relevant
areas of the limbic brain in the vicinity of the left
R . amygdala/nucleus accumbens. No comparable activation
Activation Peaks from Image-wide Search was found in either control group. All three groups
In the image-wide search, we found a trend-level activa-exhibited a response in the anterior cingulate/medial pre-
tion focus in the anterior cingulate/medial prefrontal cor-frontal cortex, suggesting that at least some of the response
tex for the composite image. Examination of the averagedo the potent auditory stimuli is not specific to PTSD.
image for each group separately revealed similar activaGiven the role these neuroanatomic structures play in the
tion foci in this region, aZ values less then our image- regulation of mental processes important to PTSD, our
wide threshold Z = 2.6 to 3.12; see Table 2 and Figure findings support and extend the existing evidence of
5). In addition, we found activation peaks in the vicinity of limbic system and extended amygdala involvement in
the right and left temporal poles in all three groups of PTSD symptomatology.
subjects. Activation in the left temporal pole appeared Activation in the region of the extended amygdala in
larger and more dorsal in the PTSD patients, as compare@sponse to traumatic stimuli is entirely consistent with the
groups to combat and normal control groups. Howeverrole of this area in emotion. Of the variety of emotional
the local maxima for all of these activations mapped toresponses which implicate the amygdala, fear and avoid-
outside of brain tissue (X, y, z coordinate foci: 60,80 ance behavior stand out prominently (Davis 1992b; Le-
and —62, 14, 2 for PTSD group; 66;1, —16 and—51, Doux 1992). As a part of the limbic brain, it forms one part
21, —18 for control groups), close to the location reportedof a network including the hypothalamus, septal nuclei,
by other groups for teeth clenching. (Drevets et al 1992hippocampal formation, substantia innominata, midbrain,
Rauch et al 1996). Thus, we interpreted these activatiomucleus accumbens, and medial thalamic nuclei (Alheid

gpuring exposure to traumatic stimuli, the PTSD patients
demonstrated the characteristic exaggerated psychological
and psychophysiologic responses, similar to those reported
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Activation of Anterior Cingulate/Medial Prefrontal
Cortex by Combat Sounds

Figure 5. Activation peaks projected to the
medial aspect of the cortex show activation in
the anterior cingulate/medial prefrontal cortex
of all three groups. Display conventions are as
in Figure 3.

PTSD

and Heimer 1988; Paxinos 1990). With the limited reso-left. Future studies will be needed to explore the functional
lution of our imaging technique, we cannot distinguish significance of this laterality.
activation in the nucleus accumbens from an adjacent While our results may suggest involvement of the
activation in a medial forebrain structure such as theamygdaloid region in the generation of PTSD symptoms,
substantia innominata, but it is clear that the activationalternative interpretations should be considered. Perhaps
focus shown in Figure 3 falls well within the borders of most importantly, a failure to demonstrate an activation
this functional network. Relevant for PTSD, the amygdalafocus is not the same as the demonstration of the absence
and associated structures modulate memory acquisition aff activation. We cannot rule out the possibility that our
salient stimuli, particularly with aversive content. In ani- control subjects did recruit limbic structures in response to
mal models of fear-conditioned responses, lesions of théhe combat stimuli. However, the difficulty of demonstrat-
amygdala block the acquisition of conditioned responseing group differences in image-averaged, statistical para-
to fear-associated stimuli (Adolphs et al 1995; Davismetric maps prevented us from showing a statistically
1992a; LeDoux 1992). Finally, recent functional neuroim- significant difference between groups. We would expect
aging studies in humans have identified activation of thethat larger sample sizes should eventually demonstrate
extended amygdala in response to affective visual stimulspecific patterns of activation in PTSD subjects.
(Taylor et al 1998; Breiter et al 1996; Reiman et al 1997). Another issue arises with the confounding of emotional
Our results also partially replicate and extend priorcontent and episodic personal memory. For instance,
functional neuroimaging work with PTSD patients. As evocation of meaningful personal memory in general, not
observed in the study by Rauch and co-workers, (Rauch etpecifically associated with PTSD, might have produced
al 1996), we found activation of the amygdaloid regionthe activity in the region of the left amygdala. To distin-
during imagery, even though Rauch and co-workers useduish these possibilities, the presence of a control group
personalized scripts to induce imagery, while we usedvith a similar personal experience, i.e., exposure to
generic combat sounds. In contrast to their study, the&eombat, is needed. Thus, the absence of activation in
present study employed two distinct control groups, neidimbic regions in both control groups is consistent with the
ther of which exhibited activation patterns similar to that conclusion that the activation of the amygdaloid region in
shown by the patient group, suggesting that this activatiofPTSD patients could be a specific response. Alternatively,
pattern might be specific to PTSD. Shin and colleague®ne might interpret this activation as reflecting a more
also found activation in the amygdaloid region of PTSDintense emotional response in the PTSD patients. As the
patients and not in their control group (Shin et al 1997).psychophysiologic data indicated, the PTSD patients ex-
However, no activation was detected during the presentdhibited greater arousal, and this could have caused the
tion of traumatic material, which complicates the interpre-activation in the amygdaloid region, unrelated to the
tation of their finding as an activation associated withevocation of traumatic memory. In PET studies of normal
emotion. Both earlier studies found activation in PTSD incontrol subjects exposed to strong negative affect (Taylor
the right amygdala, while we observed activation on theet al 1998b), we did find activation of the left amygdaloid
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region in the initial but not in subsequent exposuresobserved psychophysiologic changes. This is not entirely
to negative stimuli. We interpreted this as evidence of asurprising since psychophysiologic measures often do not
habituation process. If this interpretation is accurate, theorrelate well with other neurobiologic responses, such as
activation we found in the amygdaloid region of PTSD catecholamine secretion or HPA axis activity (Malarkey et
subjects might reflect their “failure to habituate” to trau- al 1995). It is also possible that a larger sample size is
ma-related cues. From this experiment alone, we cannateeded to obtain a significant correlation for rCBF and
conclude whether the amygdaloid activation representpsychophysiologic responses.
the response to a more intense experience of the PTSD Our subjects exhibited a relative decrease in CBF in the
patients or a causal agent of the disorder. right retrosplenial region. The significance of these deac-
Activation in the ACC (plus medial prefrontal cortex) tivations is not entirely clear. The larger relative decrease
was found in all three groups of subjects. These findingdor the PTSD group could reflect traumatic experience
are consistent with the role of ACC in emotional process-nducing a true “deactivation” in these regions, but we
ing, which exchanges projections with medial thalamiccannot determine from this data set alone whether this
nuclei (Alexander et al 1986) and has significant connectepresented rCBF decrease during the combat sounds
tions with the amygdala (Devinsky et al 1995; Mesulamcondition or CBF increase during the white noise condi-
1985). Considered a part of the paralimbic cortex, thetion. The retrosplenial and parietal regions have been
ACC is thought to play a critical role in the assignment of frequently activated during recall of episodic memories,
motivational significance. ACC activation has been dem-along with the precuneus (Andreasen et al 1995; Fletcher
onstrated in tasks requiring the recognition of facialet al 1995; Kapur et al 1995), and we did find a relative
emotion (Bremner et al 1997a), self-induced dysphoriadecrease in the precuneus, but witkcores just below our
(George et al 1995), phobic anxiety (Rauch et al 1995)¢cutoff threshold. While it may seem counterintuitive that
and obsessive compulsive symptom provocation (Rauch eecall would occur during the condition without the
al 1994). Previous neuroimaging studies in PTSD patientprovocative stimulus, the absence of differentiated stimuli
have reported anterior cingulate activation (Rauch et aimay have caused our subjects to recall more diverse
1996; Shin et al 1997), although under different condi-experiences. However, the speculative nature of these
tions. It is possible that ACC activation is associated withinterpretations will require additional studies to test the
a “nonspecific” anxiety state. The fact that both controlcompeting hypotheses, e.g., comparison with a third,
groups found combat sounds disturbing (evident from thé&neutral” task condition.
increase in SUDS ratings) further supports this interpreta- The methodology of this study entails certain limita-
tion. tions. Measurement of cerebral perfusion was done qual-
We interpreted activation located on the edge of thdtatively and normalized for uniform global activity.
temporal poles as reflecting extracranial muscle activityGlobal decreases in CBF during acute anxiety have been
during the active scan condition. While it is possible thatreported in the literature (Mountz et al 1989; Stewart et al
extracranial activity masked true activation foci in the 1988), results usually attributed to hyperventilation and
temporal poles, we suggest the more cautious interpretaesulting hypocapnia (Mathew and Wilson 1990). In the
tion. The bilateral appearance, the coordinates of locadbsence of quantitative protocol for measurement of CBF,
maxima falling outside brain tissue, and the prior work ofthe [P°"Tc]JHMPAO SPECT technique, as typically ap-
other laboratories with teeth clenching paradigms build glied, will not detect global CBF changes. However, these
strong case that these peaks represent extracerebral abuld not have induced the regionally specific rCBF
fact. During symptom provocation paradigms, PTSD pa-changes we observed. Another potential confound was that
tients showed greater activity of the facial muscles whilefour subjects in this study were imaged with a Siemens
experiencing stimuli relevant to their trauma, compared tccamera and the remaining 32 with an ADEC camera.
neutral conditions and to normal control subjects (Blan-While this could contribute additional variability to the
chard et al 1991; Pitman 1987), a fact which could explaindata, the main analysis in this study involved within-
the larger foci observed in the PTSD group. Even oursubjects analysis of difference images. In this sense, each
control subjects reported more arousal during the activesubject served as his own control, and camera-specific
condition, congruent with a larger skin conductance re-contributions to the change measures are canceled out in
sponse. Although our subjects held their mouths open athe subtraction. Nevertheless, we also analyzed the data
instructed, this tactic apparently did not ensure the absenaexcluding the four PTSD subjects who were imaged with
of increased muscle tension during the more anxietythe Siemens camera. This did not change our results,
provoking exposure to combat sounds. except for lower degrees of freedom and less robust
We did not find any significant correlations between thestatistical significance (as expected with fewer subjects).
blood flow changes at the activation peaks and theTherefore, while some limitations exist in use of two
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cameras, they would not appear to explain or seriously responses in the diagnosis of posttraumatic stress disorder in
confound our results. Vietnam veterans] Nerv Ment Dis179:97-101.

In summary, our findings suggest that activation pat-Breiter HC, Etcoff NL, Whalen PJ, et al (1996): Response and
terns seen in PTSD involve a number of functionally h??'t“.alt'on of the hKIma” aﬂYgga'aS‘é‘;””g visual processing
diverse regions. Activation of the ACC/medial prefrontal of facial expressionNeuron17:875-887.

. . . emner JD, Licinio J, Darnell A, et al (1997a): Elevated CSF
area may mediate a generalized, nonspecific response % corticotropin-releasing factor concentrations in posttraumatic

emotional experiences. Activation of the extended amyg-  stress disorderam J Psychiatryl54:624—629.

dala/medial fc.)r.ebrain region may rgflect emotional ,re'Bremner JD, Randall P, Scott TM, et al (1995): MRI-based
sponses specific to PTSD pathophysiology, but the failure  measurement of hippocampal volume in patients with com-
to find this activation in our control groups does not yet bat-related posttraumatic stress disordem J Psychiatry
establish a finding specific to PTSD. Finally, the relative =~ 152:973-981.

decreases that we observed in all three groups migHsremner JD, Randall P, Vermetten E, et al (1997b): Magnetic
suggest that some emotional responses are reflected both résonance imaging-based measurement of hippocampal vol-

S - . . o ume in posttraumatic stress disorder related to childhood
by activation of certain brain regions and deactivation of physical and sexual abuse—a preliminary repBitl Psy-

others. These interpretations are necessarily preliminary chiatry 41:23-32.

and additional data are needed Fo e>§clude alternati\{%ameron 0G, Modell JG, Hichwa RD, Agranoff BW, Koeppe
hypotheses. However, the data do identify neuroanatomic RA (1990): Changes in sensory-cognitive input: Effects on
regions where future work might examine the emotional cerebral blood flowJ Cereb Blood Flow Metalh0:38—42.

response to stressful stimuli and the phenomena of PTSbavis M (1992a): The role of the amygdala in conditioned fear.
In: Aggleton JP, editor.The Amydala: Neurolbiological
Aspects of Emotion, Memory and Mental Dysfunctidew
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