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Abstract
Background—Neuroimaging studies report that individuals with posttraumatic stress disorder
show abnormal responses in the amygdala and medial prefrontal cortex (mPFC)/anterior cingulate
cortex (ACC) during exposure to traumatic reminders. However, neural responses arising in the early
aftermath of a traumatic event have not been studied.

Methods—Twenty-two motor vehicle-collision survivors and 12 non-traumatized controls
participated. Regional cerebral blood flow (rCBF) was measured using [15O]-H2O PET at rest and
as subjects listened to scripts of traumatic and neutral events. Self-report measures rated emotional
responses to the scripts; standardized assessments (Impact of Events-Revised) evaluated acute stress
symptoms at scanning and at 3-month follow-up. Most subjects improved symptomatically.

Results—At rest, trauma subjects showed hyperperfusion in right mPFC/ACC and hypoperfusion
in right amygdala compared with controls. In trauma subjects, listening to trauma-scripts versus
neutral-scripts resulted in decreased flow in the right amygdala and left amygdala/perirhinal cortex,
and symptom scores correlated negatively with right hippocampal flow changes. Symptom
improvement at 3 months correlated negatively with rCBF changes in right perirhinal cortex and
hippocampus during the trauma versus neutral script contrast. Subjective disturbance during the
trauma versus neutral contrast correlated positively with rCBF changes in right amygdala and left
mPFC. Functional connectivity analyses of rCBF changes during trauma versus neutral scripts
demonstrated left amygdala coupling with right ACC and bilateral anterior insula, and coupling
between the amygdala and contralateral hippocampus.

Conclusions—In recently traumatized subjects functional interactions between the amygdala,
perirhinal cortex and ACC/mPFC that occur during exposure to traumatic reminders may underlie
adaptive/recuperative processes.
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Background
Functional neuroimaging studies in PTSD show abnormal neurophysiological responses when
subjects are exposed to reminders of their traumatic experience. Research supports the
involvement of the medial prefrontal cortex (mPFC), amygdala, hippocampal/
parahippocampal areas and anterior insula in the pathophysiology of PTSD(1–3). However,
no study has examined individuals in the acute aftermath of traumatic events to understand
early functional alterations in these or other brain regions. Approximately 15% of motor vehicle
collision (MVC) survivors meet DSM-IV criteria for acute stress disorder (ASD)(4) and two
thirds of these individuals go on to develop posttraumatic stress disorder (PTSD)(5).
Understanding alterations in cortical-limbic circuits in early stages of adaptation to trauma is
critical for understanding and ameliorating posttraumatic responses.

Relative to controls PTSD subjects show exaggerated amygdala hemodynamic responses to
trauma-related, aversively-conditioned or fearful-face stimuli (3,6–9). Amygdala stimulation
or activation is associated with fear responses and anxiety in humans and experimental animals
(10). Additionally, studies show reduced hemodynamic activity in response to traumatic
reminders in mPFC, including the anterior cingulate cortex (ACC), which are known to
modulate function in the amygdala and other limbic structures during emotional processing
(3,8,9). One model of PTSD suggests that the mPFC and hippocampus inadequately inhibit
neural responses mediated through the amygdala, potentially accounting for the
hyperresponsiveness of the amygdala and the hyporesponsiveness of the mPFC during fear
provocation(1,3,11). Less is known about the adaptive, healthy response to trauma exposure,
however. One study demonstrated that individuals exposed to trauma who did not develop
chronic PTSD showed decreased rather than increased amygdala activity in response to
traumatic reminders(12). This suggested that recovery from trauma may involve successful
inhibition of amygdala reactivity.

We used [15O]-H2O PET to assess neurophysiological responses to traumatic reminders in
individuals who recently experienced serious MVCs. This was the first study to investigate
functional brain alterations before the diagnosis of PTSD is applicable, since PTSD cannot be
diagnosed until one month post-trauma. We hypothesized that increased activity in the mPFC
and reduced activity in the amygdala would occur in trauma-exposed individuals who were
successfully adapting to their exposure.

Methods and Materials
Participants & Setting

Participants were 37 right-handed volunteers with no history of significant head injury or major
medical illness. Twenty-five MVC subjects were recruited consecutively from a local
community hospital trauma service, and from police MVC reports. All MVCs were serious
with an ambulance called to the scene, evacuation to hospital of a victim (not necessarily the
subject), and at least one vehicle rendered non-drivable (not necessarily the subject’s). In
addition to single and multiple vehicle MVCs, one subject was a bicyclist hit by a car, one a
pedestrian hit by a car, one a motorcyclist who collided with a car, and one a car driver who
seriously injured a pedestrian. Twelve healthy controls (HC) free from significant lifetime
traumatic events were also studied.
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Exclusion criteria for all subjects were: significant closed head injuries (i.e., abnormalities on
CT or MRI, neurological abnormality upon emergency room evaluation or loss of memory
greater than a few seconds; subjective report of momentary memory loss after the MVC was
permitted since this can occur from psychological causes); substance dependence within the
previous year or any lifetime psychiatric hospitalization. Past psychiatric outpatient treatment
was permitted in MVC subjects so that people vulnerable to PTSD were not excluded. Written
informed consent was obtained as approved by the IRBs of all institutions involved.

There was no significant difference in age or gender between groups (table 1). No HC took
psychoactive medication in the month prior to study. MVC subjects were asked to abstain from
opioid analgesics, muscle relaxants and other psychoactive drugs for at least 3 days prior to
scanning, but use of non-steroidal analgesics and acetaminophen was permitted. Three MVC
subjects failed to comply and were dropped from participation. Results of the remaining 22
MVC subjects are reported. Of these, 11 (50%) had taken opiates and/or muscle relaxants up
to 72 hours before scanning.

Psychometric Measures
Subjects underwent the Structured Clinical Interview for Diagnosis-DSM-IV (SCID) upon
enrollment. The presence of ASD was evaluated using the ASD SCID module on the scan day.
Severity of posttraumatic symptoms was evaluated using the Impact of Events Scale-Revised
(IES-R)(13). Mean time of IES-R administration before the scan was 4.6±3.1 (range 0–14)
days. Other psychometric evaluations included the Beck Depression Inventory (BDI)(14), the
Social Readjustment Rating Scale (SRRS)(15), and the Trauma History Questionnaire (THQ)
(16). The impact of the event was evaluated using the Physical & Mental Health Summary
Scales, Short Form (SF-36)(17). Three months after their MVC the BDI and IES-R were
repeated for the MVC subjects. The Clinician Administered PTSD Scale (CAPS) also was
administered to MVC subjects at 3-month follow-up.

Scripts
Prior to scanning, the MVC subjects described their accident to generate a personalized
traumatic-reminder script, incorporating descriptions of 3–5 sensory experiences. Scripts were
tape-recorded, but not played for the subjects until the scan. A standardized trauma script was
utilized from one of the MVC subject’s scripts as the trauma condition for all HCs. Subjects
also described a neutral event, incorporating 3–5 sensory descriptors, of an activity in which
they participated regularly. Finally, a standardized neutral script was created, which described
the subject tuning a piano—an activity no one had performed. Scripts used second-person
pronouns and active verb tense, and were 36–45 seconds long, with all three scripts for each
subject varying from one another by no more than 1 second. Each of the three script-types was
played twice in sequence during scanning.

Scanning Procedure
Mean time from MVC to scanning was 20±4.5 days (range 10–29). Regional cerebral blood
flow (rCBF) was assessed using [15O]-H2O PET, and a GE Advance scanner (GE Medical
Systems, Waukesha, WI; 35 slices, 4.25 mm thick; reconstructed transverse and in-plane spatial
resolution was 6 and 4.25 mm FWHM, respectively). Transmission scans were obtained,
followed by seven emission scans at 8-minute interscan intervals. Following I.V. bolus infusion
of 10 mCi of [15O]-H2O (18), each 40 second emission scan was initiated when the rise in
whole brain true-coincident radioactive events exceeded 30,000 counts-per-second above
background. Head movement was restricted with a thermoplastic mask. Scans were obtained
parallel to the canthomeatal line. MRI scans were obtained to define the anatomical frame-of-
reference for PET analyses using a GE 1.5T scanner (SPGR sequence; voxel size
1.2×0.86×0.86 mm).
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Scan sessions consisted of one resting scan, obtained as subjects rested with eyes-closed,
followed by pairs of the neutral and trauma scans. Trauma-script scans were obtained last so
that persistent emotional reactions would not influence the reaction to neutral scripts. The order
of the personalized-neutral and standardized-neutral script pairs was counterbalanced across
subjects. During the resting scan the vascular transit time (time for the [15O]-H2O bolus to
travel from peripheral vein to brain) was recorded. Using this transit time, scripts were initiated
such that the 15O bolus would reach the brain within 1–3 seconds after the script ended, to
assay the early neural response to hearing the entire script.

Before each script subjects were instructed: “close your eyes, don’t fall asleep, and focus on
the contents of the script”. After each scan subjects rated subjective disturbance from the script
on a 0–100 Likert scale. At baseline and after each scan subjects used a similar scale to rate
their experiences of anxiety and pain.

Data Analysis
Psychometrics—Analyses were performed in either Microsoft Excel or SPSS (Chicago,
IL). The BDI, SRRS and THQ ratings were compared between the MVCs and HCs using t-
tests. The THQ was analyzed without the item related to MVC involvement, to compare the
groups’ trauma backgrounds prior to the index event.

Imaging—Images were preprocessed and analyzed using SPM2
(www.fil.ion.ucl.ac.uk/spm)(19). For each subject, PET images were realigned to remove
interscan movement, spatially normalized into standard Montreal Neurological Institute (MNI)
space using the subject’s MRI, and smoothed with an isotropic 10 mm FWHM kernel. MNI
coordinates were transformed to the stereotaxic array of Talairach and Tournoux(20). Images
were proportionally normalized to global blood flow using the default gray/white-matter
separation estimate of 80% of the whole brain mean.

Differences in resting rCBF between the MVC and HC groups were detected using the SPM2
two-sample t-test. Changes in rCBF during trauma versus neutral provocations were identified
using a random-effects ANOVA comparing the first and second trauma script exposures to the
first and second standardized or personalized neutral script exposures within each group.
Difference images between the personalized or standardized neutral-script image pairs and the
trauma-script image pairs of rCBF changes were computed in MEDx as: (Tra1+Tra2)−(Neu1
+Neu2). The specificity of resulting findings in either group was investigated post hoc by
comparing the two groups in direct comparisons at voxels of relevance using a random effects
model (p<.05 uncorrected). Difference images were also correlated with initial IES-R,
improvement in IES-R and changes in self-rated emotional disturbance after listening to the
scripts. Improvement on the IES-R was calculated as: initial IES-R minus 3-month IES-R
(positive scores signified improvement). Because sex-differences in resting rCBF and task-
related perfusion changes have been reported(21), gender was covaried out of all SPM
correlations. Functional connectivity between flow changes in the amygdala and those in other
brain areas was explored by sampling mean activity from the blood-flow-difference images
within the amygdala/periamygdaloid ROI template from the WFU Pickatlas(22). This subject-
wise vector was then entered as a covariate-of-interest into a voxel-wise regression analysis
using the rCBF difference images.

Voxel-wise analyses were conducted in five regions-of-interest (ROIs) selected on the basis
of previous literature(23,24). Correction for multiple comparisons within these ROI was
performed using the Familywise Error (FWE) adjustment within the small volume correction
(SVC) option provided with SPM software(25). Five ROI templates were defined bilaterally
using Pickatlas(22)(figure 1): amygdala/periamygdaloid cortex, hippocampus and insula ROI
(“aal” library)(26), and the medial prefrontal conglomerate (mPFC) and ACC (Talairach
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Daemon library)(27). The mPFC ROI spanned from a ventral border at the gyrus rectus through
the ACC and medial frontal gyrus dorsally to a horizontal plane 2 cm above the bicommissural
plane. Each peak resulting from the SVC analyses was checked against the Talairach atlas
(20). Local maxima at or near an edge of its respective WFU template were also checked against
the full-brain map to determine whether the true local maxima were situated outside the
template. In such cases the coordinates and Z-score for the true maxima were reported, with
spatial extent stated as the number of contiguous voxels within the SVC template at threshold
p<0.005.

Results
Psychometrics

Nine MVC subjects met DSM-IV criteria for past psychiatric conditions including social
phobia (n=3), specific phobia (n=4), OCD (n=1), major depressive disorder (n=3), and alcohol
abuse (n=1). Four subjects had current diagnoses of social phobia (n=2) and specific phobia
(n=2). No HC met criteria for any psychiatric disorder.

Mean scores on the BDI, SRRS and THQ appear in Table 1. BDI scores were significantly
higher in the MVC group than the HC group, although the mean for MVC subjects was below
the threshold for mild depression. The highest scores were 14 (n=3) and 17 (n=1), in the range
of mild depression. At three-month follow-up, the mean BDI score decreased to 4.5±5.3 (range
0–20) and mean improvement was significant (p<0.0005). One subject rated moderate
(BDI=20) and one mild (BDI=15) depression.

On the day of scanning, 4 subjects met criteria for ASD by SCID; 2 subjects denied all ASD
symptoms; others endorsed symptoms in each of the 4 ASD symptom-clusters. Initially, the
mean IES-R score was 25±17 (range 0–60). Four subjects had IES-R scores below 10 and were
considered psychiatrically unaffected; 12 had IES-R scores ≥23, in the clinically significant
range(28). At three-month follow-up, the mean IES-R score was lower (14.±15; range 0–49;
p<0.0005). Four subjects had clinically significant PTSD symptoms per IES-R. In one of these
subjects the CAPS score at three-months supported a diagnosis of PTSD.

Regarding the physical impact of the MVC, nine subjects (41%) had SF-36 physical
functioning scores that were more than 1 standard deviation below U.S. normative values on
initial evaluation. In six subjects (27%) scores were greater than 2 standard deviations below
this mean.

Imaging
The mean emotional disturbance reported by MVC subjects was 56±29 and 58±35 after the
first and second personalized trauma-script scans, respectively. The HC’s disturbance scores
were 45±30 and 56±32 for the standardized-trauma script pairs (no group difference). All
subjects rated neutral-script scans as having zero disturbance except one MVC subject who
rated one personalized neutral scan as 20% disturbing.

Resting State Group Differences—Relative to HCs, MVC subjects showed higher resting
flow in a right mPFC area situated in the anterior cingulate sulcal cortex (Brodmann area [BA]
9/32)(29) and lower flow in the right amygdala (table 2).

Trauma versus personalized- and standardized-neutral scripts—Table 3 shows
results of these analyses for both MVC and HC subjects. Figure 2 shows MVC’s significant
decrease in rCBF between conditions in the right amygdala. Figure 3 illustrates the mean rCBF
values in right amygdala for each script condition in MVC subjects to demonstrate the
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specificity of the response to the trauma-script condition. Each significant rCBF difference in
table 3 was analyzed post hoc for specificity between subject groups, as indicated in table 3.

Correlation of symptoms with rCBF—Correlations between rCBF and initial IES-R
scores, IES-R improvement at follow-up, and subjective disturbance in MVCs are reported in
table 4. These analyses were not conducted in HCs since they did not complete the IES-R.
Improvement in IES-R score at three-month follow-up correlated negatively with ΔrCBF in
the right perirhinal cortex (figure 4,figure 5). In the trauma versus personalized-neutral
comparison anxiety ratings correlated positively with rCBF in right amygdala/claustrum in
HCs (30,−4,−10; Z=3.90) and right hippocampus in MVCs (30,−18,−11; Z=3.58).

Amygdala connectivity analyses—Results of the correlational analyses using right and
left amygdala seed regions in the MVC group are presented in table 5. No significant
correlations were found in the HC group.

Discussion
This study was the first to investigate neurophysiological responses to traumatic reminders
during the acute aftermath of a traumatic event, before a diagnosis of PTSD is applicable. MVC
subjects’ initial IES-R mean was above the threshold for clinical significance. Over 40% of
subjects reported marked negative health effects from their MVC. At three-month follow-up
only four subjects continued to show elevated IES-R scores and one of these met criteria for
PTSD. Thus, most of the MVC subjects were “resilient”—they experienced a traumatic event,
showed a transient stress response, and went on to recovery. These recovering trauma survivors
demonstrated physiological changes in limbic and frontal regions-of-interest consistent with
our hypotheses.

In the right amygdala/parahippocampal cortex MVC subjects demonstrated lower resting blood
flow than non-trauma-exposed HCs. Additionally, the MVC group showed a deactivation of
the bilateral amygdalae/perirhinal cortex upon hearing the trauma- compared with the
personalized-neutral script and deactivation in left hippocampus in the trauma versus
standardized-neutral script comparison. In general, patients with anxiety disorders(30–33) and
individuals with anxious temperaments(34) show increased amygdala activity during exposure
to fear- or trauma-related stimuli relative to controls. Britton et al. showed that non-trauma-
exposed controls had increased rCBF with scripts describing stressful but non-traumatic events
at nearly identical coordinates [−28,2,−26] to our rCBF decreases between neutral and trauma
conditions [−28,1,−27](12). In contrast, and consistent with our findings, they also
demonstrated that trauma-exposed subjects who did not develop PTSD showed decreased
activity in the left amygdala while listening to trauma-related scripts(12). Thus, the reduction
in amygdala blood flow during rest and trauma-script exposure found here may be specific to
the “recovery” response to traumatic reminders following trauma in contrast to either trauma
followed by pathology or non-exposure.

Greater symptom improvement over three months correlated with decreases in rCBF in the
trauma- versus neutral-script comparison in right perirhinal cortex (figure 5). Perirhinal cortex
is involved in multiple aspects of memory(35–41) including multimodal representations and
abstractions such as the attribution of meaning(42). Lesions in perirhinal cortex in rats
selectively lead to complete obliteration of fear-potentiated startle in pre-conditioned animals
—an effect not seen following lesions of the prefrontal, insular or visual cortices(43). Our
findings in this region may, therefore, represent an adaptive, modulatory response that
terminates or prevents fear-potentiation in trauma survivors who proceed to recovery. This
conceivably may involve an attenuation of fear responses to traumatic reminders, with reduced
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secondary neuronal atrophy from interactive effects of elevated corticosteroid secretion and
repeated stress-induced over-stimulation(44,45).

Decreased activity within the anterior hippocampus in the trauma-versus the neutral-script
conditions (a contrast intended to control for declarative memory effects involved in recalling
each set of events) correlated with initial and ΔIES-R scores. This may represent a process of
the hippocampus being taken “off line” to suppress neurotransmission to the amygdala about
the context of the traumatic event relative to that of the current experiment (traffic scene versus
PET suite)(46).

The changes in right amygdala rCBF correlated positively with subjective disturbance ratings
during PET scanning in the MVC subjects. This is consistent with literature demonstrating
amygdala activation during fear and stress states(46), but contrasts with the deactivations/
inverse correlations in right amygdala with symptoms near the time of scanning in our other
analyses. Importantly, we found no correlation between subjective disturbance and IES-R
scores (p≥0.2 for initial and follow-up IES-R), suggesting that these two variables assessed
distinct subjective and neurobiological processes in these subjects.

Under resting conditions rCBF in the right ACC/mPFC (BA9/32) was increased in the MVCs
compared with HCs. This findings appeared compatible with prior research showing that
during exposure to traumatic reminders rCBF increased in ACC/mPFC regions in trauma-
exposed subjects without PTSD, but either decreased or showed attenuated elevation in PTSD
subjects(47,48). These areas share extensive anatomical connections with the amygdala(33)
(49), and in rats the projections from the infralimbic portion of the ACC to the amygdala have
been shown to play major roles in fear extinction(50,51). Neuroimaging studies in humans
have also identified mPFC areas where physiological activity increases in direct relation to
fear during extinction learning(52,53). In our MVC subjects the reciprocal pattern of lower
rCBF in the amygdala and higher rCBF in the ACC/mPFC may reflect cortical-limbic
interactions involved in modulating emotional behavior either as an acute response to the mild
stress associated with scanning or as a tonic change resulting from the recent traumatic exposure
to prevent reactivity to emotional events in general. In either case, this increased
neurophysiological activity within the ACC/mPFC, taken together with the excellent recovery
shown by most of our subjects, supports our original hypothesis that enhanced activation of
the ACC/mPFC coupled with attenuated activity in the amygdala after serious trauma holds
positive prognostic significance.

However, in the left mPFC another anterior cingulate sulcal cortex area (BA 9/32) was
identified where rCBF correlated positively with subjective disturbance during the trauma-
script versus neutral-script comparison. This area (x=−12, y=47, z=16) was separated from the
area where resting CBF was higher in MVC subjects than controls (x=6, y=40, z=20) by a
distance greater than the spatial resolution of the image data, suggesting these were distinct
regions. The left mPFC region was within the vicinity of areas where physiological activity
increased in subjects with a history of depression in direct relation to depressive symptoms
induced via catecholamine and serotonin depletion(54–56). Both subject groups demonstrated
flow increases in separate regions of the left mPFC in the trauma-versus standardized-neutral
script contrast. The preclinical literature shows that emotional expression is inhibited by some
mPFC regions, but facilitated or enhanced in other mPFC regions(57). For example, in contrast
to the inhibitory role of the infralimbic cortex on fear expression described above, prelimbic
cortex neuronal activity enhances fear expression mediated through the amygdala(58–60).
Because hemodynamic activity predominantly reflects local synaptic activity, functional
imaging assessments have limited capability to distinguish such functional relationships. Thus,
the rCBF findings in the mPFC may reflect activation either in response to the experience of
such emotions in order to modulate their expression, or to enhance the fear/distress response.
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Amygdala Connectivity
The amygdala connectivity analyses identified several regions that were functionally
associated with left amygdala, specific to the MVC subjects, including the right hippocampus,
right ACC and bilateral anterior insula. Right amygdala activity was associated with left
hippocampal activity. The implicated “pregenual” region of the ACC and the anterior
(agranular) insula share extensive reciprocal, anatomical connections with the amygdala(29,
61). The anterior insula has been shown to participate in the modulation of contextual fear
(62,63) and lesions there reduce fear reactivity to contextual stimuli, but do not affect
conditioned stimulus acquisition or response extinction(63). Anterior insular areas also
participate in modulating peripheral responses to stress, including heart rate and blood pressure
(61,64), and have been implicated in processing emotional stimuli and experience(65,66).

Amygdala connectivity analyses additionally implicated the hippocampus. Projections from
the hippocampal formation to the amygdala have been specifically associated with spatial
contextual conditioning(67,68). Lesioning these projections in rats prevents fear conditioning
to spatial locations where aversive stimulation previously occurred(68–71). Thus, our
amygdala functional connectivity findings of trauma exposed subjects comparing trauma-
script versus neutral-script conditions confirms previous literature involving fear processing.
The specificity of our amygdala connectivity findings to the MVCs may be due to fact that
while the (standardized) trauma-script did induce subjective disturbance, it did not involve a
contextually-significant, fearful memory for those subjects. Alternatively, the smaller number
of HC subjects may have limited the power of those analyses.

Limitations
The smaller n for the HC group may have led to the absence of comparable findings to the
MVC group in several analyses. In addition, the MVC group differed from the HC group by
having more psychiatric diagnoses currently and historically, potentially contributing to
baseline neurophysiological differences. Interestingly, only one of the four MVC subjects with
elevated symptoms on follow-up had past or active psychiatric diagnoses on enrollment and
this was not the subject who developed PTSD.

Some MVC subjects had taken opiates and/or muscle relaxants as recently as 3 days before
scanning. These subjects had taken such agents only since the MVC and were unlikely to have
developed physical dependence. Nevertheless, drug exposure over 72 hours before scanning
may conceivably have produced confounding neurophysiological and cerebrovascular effects
on PET measures.

Anxiety ratings during scanning were non-significantly higher in MVC compared to HC
subjects (p=0.10), while resting pain ratings did not differ significantly (p=0.2). When anxiety
was covaried from the imaging analysis, the peak Z-scores corresponding to resting rCBF
differences between groups decreased only slightly in mPFC (from 4.96 to 4.70) and amygdala
(from 3.59 to 3.28), suggesting that state anxiety alone did not account for these differences.

MVC subjects had significantly higher initial BDI scores than controls. The items endorsed
by the MVC subjects (e.g., increased effort in work activities, sleep problems, fatigue,
excessive worry, decreased sexual interest) may have reflected pain and physical impairment
rather than depression per se. They generally denied depressed mood or anhedonia. Two
subjects had clinically significant BDI scores at follow-up. The highest BDI scorer was the
individual diagnosed with PTSD and the second highest also had a clinically significant IES-
R score at follow-up. Previous research has suggested a role of depression in ASD and PTSD
(72–74) and these disorders may be neurophysiologically related.
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Finally, responses to each script-type was imaged only twice to reduce effects of habituation
and slow termination of arousal states(75). Consequently, we selected PET with the bolus
administration technique because of its superior sensitivity for providing valid and reliable
CBF measures to events that happen only one or two times over a short interval(62). Under
such conditions BOLD-fMRI is less sensitive since it depends upon imaging similar events
repeatedly to permit signal averaging across many trials.

In summary, our data showed that trauma-recovering subjects studied in the acute aftermath
of exposure were distinguished from non-trauma controls by reduced rCBF in mesiotemporal
limbic structures and increased flow in mPFC regions under multiple conditions. They suggest
an adaptive process in recovering individuals that involves deactivation of perirhinal cortex,
perhaps as a means of terminating or preventing fear-potentiating associations. The next step
in further characterizing these findings would be to prospectively compare a trauma-exposed
population who develop PTSD versus those who do not.
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Figure 1.
Wakeforest Pickatlas templates used for small volume correction of the SPM image analysis
results, depicted in MNI space within the SPM glass brain. For clarity, only one homologue is
shown here for each template pair: amygdala and anterior cingulate in the left hemisphere;
medial prefrontal cortex, hippocampus and insula in the right.
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Figure 2.
Statistical Parameteric Mapping (SPM) image sections showing voxels where normalized
rCBF decreased in MVC subjects in the personalized trauma relative to neutral scripts,
thresholded at T = 3.53 (p < .001). Sagittal and coronal (top row) and transverse (bottom row)
sections taken at the coordinate of maximally significant deactivation in the right amygdala
[26, −3, −17] are shown (coordinates shown by crosshairs are interpreted as in Table 3). An
extended area of decreased blood flow also is evident in the left medial temporal cortex, located
outside our a priori regions of interest. The implications of this observation will be pursued in
future studies.
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Figure 3.
Mean normalized rCBF within each condition in the 22 MVC subjects. The rCBF values across
time at the single voxel that was most significantly decreased during the trauma script versus
the personalized neutral script conditions (scan pairs collapsed for all but resting scan) in the
right amygdala (26 −3 −17) were used. Paired T-tests show trauma script condition
significantly decreased (*) from personalized neutral script condition (T = 4.55, p = .00002).
Blood flow did not differ significantly between standardized and personalized neutral script
conditions. Error bars represent standard error of the mean.

Osuch et al. Page 16

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
SPM image sections showing voxels where differences in rCBF in MVC subjects between
personalized neutral and trauma scripts were negatively correlated with improvement on the
IES-R at 3-month follow-up, thresholded at T = 3.58 (p < .001). Sagittal and coronal (top row)
and transverse (bottom row) sections are shown at the maximally significant coordinate (see
crosshairs) in the perirhinal cortex ventral to the right amygdala [30, −1, −25](76).
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Figure 5.
Eventual improvement on the IES-R among MVC subjects versus change in rCBF in the right
perirhinal cortex between personalized-neutral and trauma script conditions. Decreased
gender-adjusted blood flow in this voxel (30, −1, −25) correlated with improvement on the IES
at 3 months (r = −.727, p < .0005, N = 22). Subjects fell into four groups: unaffected (N = 4;
IES < 10 and IES F/U ≤ IES), shown as triangles; improved (N = 14; IES ≥ 10 and IES F/U <
IES), open circles; high IES F/U (N = 3; IES > 15 and IES F/U > 40), solid small circles; and
PTSD (N = 1; met diagnosis at 3 months per CAPS), solid large circle. When the four subjects
with significant symptoms at follow-up (“PTSD” and “high IES F/U”) are removed, the
relationship remains significant (r = −.606, p = .008, N = 18).
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Table 1
Demographics and Clinical Variables of Subject Groups [mean +/− SD (range)]

MVC Subjects (22) Non-trauma Controls (12) Significance (p)
Age 32.5 ± 12.8 (19–63) 34.9 ± 12.8 (19–61) n.s.
Gender 10 female/ 12 male 5 female/ 7 male
Beck Depression Score (BDI) 7.0 ± 5.1 (0–17) 0.4 ± 0.9 (0–3) 0.0005
Holmes and Rahe Social Readjustment Rating Scale (SD) 170 ±127 (20–561) 91 ± 108.5 (0–411) 0.08
Trauma History Questionnaire (sans MVC item) (SD) 5.9 ± 4.6 (0–19) 3.1 ± 2.5 (0–7) 0.06
MVC = motor vehicle collision
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Table 2
Areas where blood flow differed between the motor vehicle collision group (MVC) and the healthy control (HC) group
under resting conditions

Brain Region (Brodmann Area) Talairach Coordinates Z-score k*
HC greater than MVC

Right amygdala 18, −6, −11 3.59 145
MVC greater than HC

Right ACC/mPFC (BA 9/32) 6, 40, 20 4.96 138
Coordinates [x, y, z] correspond to the stereotaxic spatial array of Talairach and Tournoux (1988) in which each voxel is located, in millimeters, relative
to the anterior commissure, with positive x= right, positive y = anterior and positive z = superior to a horizontal plane containing both the anterior and the
posterior commissures.

Correction for multiple comparisons within regions was performed by Familywise Error adjustment and small volume correction.

*
k = cluster size and is reported for the SVC analysis thresholded at 0.005.
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Table 4
Significant Positive (+) and Negative (−) Correlations Between rCBF Changes and Symptom Scores of MVC Subjects
in A Priori Regions-of-Interest

Brain Region (Brodmann Area) Talairach Coordinates Z-score k*
Trauma script vs. Personalized Neutral script rCBF with initial IES-R score

Right hippocampus (−) 24, −16, −11 4.88 66
Trauma script vs. Personalized Neutral script rCBF with ΔIES-R score

Right amygdala/perirhinal cortexa (−) 30, −1, −25 3.77 28
Right hippocampusb (−) 26, −12, −11 3.29 46

Trauma script vs. Personalized Neutral script rCBF with Subjective Disturbance
During Scan

Right amygdala (+) 26, −6, −13 3.20 9
Left mPFC (BA 9/32) (+) −12, 47, 16 4.28 159

Correction for multiple comparisons within regions was performed by Familywise Error adjustment and small volume correction.

MVC = motor vehicle collision group. IES-R = Impact of Events Scale-Revised. ΔIES-R = initial IES-R score minus 3-month follow-up IES-R score.

Initial IES-R score did not correlate with any significant rCBF finding in the MVC group in the resting state.

*
k = cluster size and is reported for the SVC analysis thresholded at 0.005.

a
In the whole brain analysis performed post hoc the peak voxel T-value within this cluster of similarly valenced T-values localized these coordinates to

the perirhinal cortex ventral to the amygdala.

b
The locus of these coordinates actually localize to the amygdala/ hippocampal junction.
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Table 5
Significant Positive (+) and Negative (−) Correlations Between rCBF and Amygdala Seed Regions During Trauma vs.
Personalized Neutral Script Listening in MVC subjects (no region was identified where rCBF correlated significantly
with amygdala flow in the healthy controls)

MVC Subjects
Seed Region Brain Region (Brodmann Area) Talairach Coordinates Z-score k*
Left Amygdala

Right hippocampusa (+)† 34, −13, −21 3.73 109
Right hippocampus (+)† 42, −18, −11 3.98 109
Right ACC (BA 24/32) (+)† 12, 36, 11 3.92 46
Right anterior insulab(+)† 38, 11, −14 4.04 30
Left anterior insula (+) −32, 18, 7 3.76 50

Right Amygdala
Left hippocampus (+)† −34, −16, −14 3.60 35

Correction for multiple comparisons within regions was by Familywise Error adjustment and small volume correction.

MVC = motor vehicle collision group. ACC = anterior cingulate cortex; mPFC = medial prefrontal cortex.

*
k = cluster size and is reported for the SVC analysis thresholded at 0.005.

a
This peak was first identified as right amygdala upon SVC analysis, but post hoc analysis revealed the whole brain peak to lie in the right hippocampus

at the coordinates described.

b
These coordinates localize to cortex along the Sylvian fissure at the junction of the insula and the temporal cortices.

†
Post hoc analysis using a random effects model (p < .05 uncorrected) directly comparing MVC and HC groups revealed a significantly greater correlation

between rCBF in the seed region and in the reported voxels in the MVC group relative to the HC group.
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