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Abstract
Background—Controversy exists over the nature and origin of reduced regional brain volumes in
post-traumatic stress disorder (PTSD). At issue is whether these reductions represent pre-existing
vulnerability factors for developing PTSD upon traumatic exposure or acquired PTSD signs due to
the traumatic stress that caused the PTSD and/or the chronic stress of having PTSD. We employed
a case-control design in monozygotic twin pairs discordant for combat exposure to address the pre-
existing vs. acquired origin of brain morphometric abnormalities in this disorder.

Method—We used voxel-based morphometry to search for gray matter density reductions in
magnetic resonance imaging (MRI) data obtained in a previous study of combat-exposed Vietnam
veteran twins with (n=18) vs. without (n=23) PTSD and their “high-risk” vs. “low-
risk” (respectively), identical, combat-unexposed co-twins.

Results—Compared to the combat-exposed twins without PTSD, the combat-exposed twins with
PTSD showed significant gray matter density reductions in four predicted brain regions: right
hippocampus, pregenual anterior cingulate cortex (ACC), and left and right insulae. There was a
significant PTSD Diagnosis × combat Exposure interaction in pregenual ACC, in which combat-
exposed PTSD twins had lower gray matter density than their own combat-unexposed co-twins as
well as than the combat-exposed twins without PTSD and their co-twins.

Conclusion—The results point to gray matter volume diminutions in limbic and paralimbic
structures in PTSD. The pattern of results obtained for pregenual ACC suggests that gray matter
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reduction in this region represents an acquired sign of PTSD that is consistent with stress-induced
loss.

INTRODUCTION
Several structural magnetic resonance imaging (MRI) studies employing anatomic
segmentation have found lower gray matter volumes in the hippocampus in post-traumatic
stress disorder (PTSD) stemming from various traumatic events (1). One segmentation study
found diminished gray matter volumes in pregenual anterior cingulate cortex (ACC) and
subcallosal cortex but not dorsal ACC (s), whereas another did find dorsal ACC reduction
(3). Decreased pregenual ACC activation in response to trauma-related stimuli is a prominent
functional neuroimaging finding in PTSD (4–5).

The technique of voxel-based morphometry (VBM) allows an automated examination of
structural brain differences using statistical parametric mapping techniques. The validity of the
VBM technique for assessing regional gray matter density has been confirmed in several
previous studies in comparison with conventional region-of-interest measurements (6–9).
Employing VBM, the first authors found reduced dorsal ACC gray matter density in victims
of an urban terrorist attack with PTSD (10). Another recent study that employed VBM found
gray matter density reduction in pregenual ACC but not dorsal ACC, although manual
segmentation did not confirm volumetric reduction in the former structure (11). That study
also found gray matter density reduction in left insula. Yet another recent PTSD VBM study
found gray matter density reductions in hippocampus, pregenual ACC, and insula (12).

Controversy exists over the nature and origin of reduced regional brain volume in PTSD. Thus
far the debate has focused on the hippocampus (13). At issue is whether reduced volume
represents an acquired PTSD sign, e.g., is due to the traumatic stress that caused the PTSD
and/or the chronic stress of having PTSD, or a pre-existing vulnerability factor for developing
PTSD upon traumatic exposure. We have been employing a case-control design in
monozygotic twin pairs discordant for combat exposure in Vietnam to address the pre-existing
vs. acquired origin of biological abnormalities found in PTSD (14). In a structural MRI study
that manually traced the outlines of the right and left hippocampus, we found that lower total
hippocampal volume constituted a “familial” vulnerability factor for PTSD, because it was
found in both the combat-exposed twins with PTSD and their “high-risk,” combat-unexposed
co-twins, whose hippocampal volumes were lower than those of the combat-exposed twins
without PTSD and their “low-risk,” combat-unexposed co-twins (15). (Note that the term
“familial” includes both heredity and shared environment, i.e., environmental experiences that
both members of a twin pair have had in common.)

In the present study, we applied a VBM analysis to MRI data from the same twin sample to
conduct a search throughout the entire brain for regional gray matter structural differences.
Based upon the published structural imaging studies reviewed above, we predicted lower gray
matter density in combat-exposed twins with PTSD compared to combat-exposed twins
without PTSD in the following regions: hippocampus, dorsal ACC, pregenual ACC,
subcallosal cortex, and insula. In an attempt to clarify the origin of any such differences, we
used the data from the combat-unexposed co-twins. Gray matter diminution that confers
familial vulnerability to PTSD would be expected in the high-risk, compared to the low-risk,
combat-unexposed twins. In contrast, diminution that reflects acquired damage in PTSD would
be expected to be manifest in a Diagnosis × combat Exposure interaction, in which the combat-
exposed twins with PTSD had lower gray matter density than their own high-risk, combat-
unexposed co-twins as well as the combat-exposed twins without PTSD and their low-risk co-
twins.
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METHODS AND MATERIALS
Subjects

The strategy for subject ascertainment and recruitment has been presented elsewhere (16). The
present sample was described in detail in the report of our previous hippocampus manual
tracing study (15). The present study reanalyzed the same MRI scans from the same subjects.
In the previous study, one combat-exposed twin with PTSD and his combat-unexposed co-
twin were removed from the analysis because the former was an extreme, asymmetrical outlier
for manually traced hippocampal volume. This subject and his co-twin were included in the
current study. (Exclusion of this pair did not alter the conclusions.) The protocol was approved
by the institutional review board of the Manchester, NH VA Medical Center. All subjects had
previously given written informed consent prior to participation after a complete description
of the procedures.

MRI data pre-analysis
The MRI acquisition techniques were described in the previous report (15). The methods used
to analyze these data in the present study were similar to those reported elsewhere (10). Image
analysis was performed using ANALYZE PC 3.0 (Mayo Foundation, Rochester, MN, USA)
and SPM 99 software (Wellcome Department of Cognitive Neurology, Institute of Neurology,
London, UK) running in MATLAB 6.1 (Mathworks, Sherborn, MA). In ANALYZE, image
data were resampled using an algorithm to make them isotropic, with the sides measuring
0.9375 mm, and then stored. Resampled images were first spatially normalized into the
standard MNI152 template (17–18). Normalized images were then segmented into gray matter,
white matter, cerebrospinal fluid, and skull/scalp compartments using an automated, operator-
independent process (19). The segmentation step also incorporated an image density non-
uniformity correction to address image density variations caused by different positions of
cranial structures within the MRI head coil (20). The spatially normalized segments of the gray
matter were smoothed with a 12 mm full-width at half-maximum isotropic Gaussian kernel to
accommodate individual variability in sulcal and gyral anatomy. For medial temporal regions,
e.g., hippocampus, a 4 mm smoothing kernel was used instead, as has been recommended
(21). By smoothing the data, the partial volume effect was used to create a spectrum of gray
matter densities. Gray matter density is equivalent to the weighted average of the gray matter
voxels located in the volume defined by the smoothing kernel. Because previous studies have
shown a fair correlation between regional gray matter density determined by VBM and
structural volumes measured by conventional, manual tracing (7,9,22), the regional gray matter
density can be considered to represent the local volume of gray matter.

Statistical analyses
Demographic and psychometric data were analyzed by means of a mixed model that treated
Diagnosis (in the combat-exposed twin) as a between-pairs fixed effect, combat Exposure as
a within-pairs fixed effect (repeated measure), and pairs as a random effect (16). This model
analysis yields a t statistic. Gray matter density was estimated on a voxel-by-voxel basis using
SPM 99 (23). Contrasts were made between the 18 combat-exposed twins with PTSD and the
23 combat-exposed twins without PTSD, and separately between their high- and low-risk co-
twins, using independent t-tests, adjusted for individual intracranial volume. Diagnosis ×
Exposure interactions were evaluated by means of a mixed, multi-group (Diagnosis),
conditions (combat Exposure), and covariates (intracranial volume) model in which one twin
pair was treated as though one subject with two conditions. In this analysis, 82 covariates were
entered corresponding to 82 images ([18 + 23] × 2). For each of the foregoing analyses, a
statistical parametric map (SPM) of the t-statistic (SPM{t}) was created, and the SPM{t} values
were transformed to the normal distribution (SPM{z}). The statistical significance threshold

Kasai et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2009 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was set at p< 0.05 corrected for multiple comparisons using the False Discovery Rate (FDR)
(24).

The anatomical locations of peak coordinates were initially defined using the latest version of
Talairach Daemon Client (25). These localizations were then confirmed by visually inspecting
the coordinates overlaid on the mean structural image of the study sample. For peaks located
within predicted brain regions, small volume correction was applied using the following a priori
volume approximations from the literature: hippocampus 3.5 ml each side; insula 8 ml each
side; dorsal ACC 10 ml bilaterally; pregenual ACC 5 ml bilaterally; and subcallosal cortex 5
ml bilaterally (total volume of predicted brain regions = 43 ml). For peaks located outside
predicted regions, correction for whole brain was employed. Because the predictions were
directional, viz. lower gray matter density in combat-exposed subjects and PTSD pairs, the
tests were one-tailed, and only results in the predicted direction(s) are reported.

RESULTS
Demographics and psychometrics

Group mean age, Combat Severity score (26), total Clinician-Administered PTSD Scale
(CAPS) score (27), number of potentially traumatic lifetime non-combat events (16), total
Michigan Alcoholism Screening Test (MAST) score (28), and Symptom Check List-90-
Revised (SCL-90-R) Depression scale score (29), along with statistical analyses, are presented
in Table 1. It may be seen that age was similar among subject groups. Combat-exposed twins
with PTSD had more severe combat exposure than combat-exposed twins without PTSD. As
expected by virtue of selection, the former had greater combat-related symptom severity on
the CAPS. PTSD twin pairs (i.e., twin pairs in which the combat-exposed twin was diagnosed
with current, combat-related PTSD) reported more potentially traumatic lifetime non-combat
events than non-PTSD pairs (i.e., twin pairs in which the combat-exposed twin was diagnosed
with neither current nor past, combat-related PTSD). Combat-exposed twins also reported more
potentially traumatic lifetime non-combat events than their combat-unexposed co-twins.
Combat-exposed twins with PTSD had more severe alcoholism histories than the other three
groups. Combat-exposed twins with PTSD also reported more depression than the other three
groups. The Pearson correlation between total CAPS score and SCL-90-R Depression was very
large (r=0.86) in the PTSD pairs but negligible (r=−0.06) in the non-PTSD pairs.

Gray matter density
Table 2 presents the results of the contrasts between combat-exposed twins with vs. without
PTSD. For the sake of a complete exposition of these data, all results statistically significant
at the liberal threshold of uncorrected p<0.001 with spatial extent of k>10 voxels are shown.
Of the seven peaks that met this threshold, four were located in predicted brain regions, viz.,
right hippocampus, pregenual ACC, right mid insula, and left anterior insula (shown in Figure
1). Each of these four peaks also met the statistical significance threshold of p<0.05 with small
volume correction for the a priori size of the structure (as shown in the second column of Table
3). No voxels in non-predicted brain regions met the threshold of p<0.05 corrected for whole
brain in these, or any other, analyses.

At the right hippocampus, pregenual ACC, left anterior insula, and right mid insula loci shown
in Table 2, within the 18 PTSD combat veterans, we examined the correlations between gray
matter density and total CAPS score, as well as SCL-90-R Depression score. Because these
analyses involved single voxels, the significance threshold was p<0.05 uncorrected. None of
these correlations were significant. We also performed the same correlations for CAPS A (re-
experiencing), B (avoidance/numbing) and C (hyperarousal) symptom cluster subscores; for
these analyses we applied a Bonferroni correction to the significance threshold, viz. p<0.017
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(0.05/3). The only significant correlations were between symptom cluster B (re-experiencing)
and gray matter density in pregenual ACC (r=−0.57, p=0.008), left anterior insula (r=−0.53,
p=0.0130 and right mid insula (r=−0.59, p=0.006).

The contrasts between the high-risk, combat-unexposed co-twins of the combat-exposed twins
with PTSD vs. the low-risk, combat-unexposed co-twins of the combat-exposed twins without
PTSD did not identify any voxels that met the statistical significance threshold of p<0.05, even
with small volume corrections. The only statistically significant Diagnosis × Exposure
interaction was found in pregenual ACC ([8 50 12], z=3.32, k=16, p=0.02 corrected for the a
priori size of this structure). The location of this cluster is shown in Figure 2. Scatterplots of
individual subjects’ values at the [8 50 12] pregenual ACC locus are shown in Figure 3. There
were no significant correlations between gray matter density in the 18 PTSD combat veterans
minus gray matter density in their combat-unexposed co-twins, and total CAPS score, SCL-90-
R Depression, or (with Bonferroni-corrections) any of the CAPS symptom cluster subscores.

The mixed model and t-test analyses that yielded the statistically significant results described
above were repeated entering the following possibly confounding variables into the respective
models as covariates: age, combat severity (in the exposed twin), number of potentially
traumatic lifetime non-combat events, MAST score, and SCL-90-R Depression score. To
control for a possibly confounding role of childhood physical or sexual abuse, the data were
re-analyzed deleting pairs within which either member had such a history. All these results are
shown in Table 3.

DISCUSSION
Of the seven loci at which combat-exposed twins with PTSD had lower gray matter density
than combat-exposed twins without PTSD at a liberal threshold of p<0.001, four were located
in predicted brain regions, viz., right hippcocampus, pregenual ACC, and left anterior and right
mid- insulae, even though the predicted brain regions occupy less than 10% of total gray matter
volume. This regional specificity supports the validity of the present results and implicates
limbic and paralimbic structures as the major sites of gray matter density reductions in combat-
related PTSD. Gray matter reductions in pregenual ACC and both insulae significantly
correlated only with the cluster B “re-experiencing” symptoms of PTSD.

The ACC, especially its pregenual, or “affective,” division, and insula are components of the
anterior “paralimbic belt,” are strongly interconnected to each other and to the amygdala, and
are highly involved in emotional aspects of brain function (30–32). Impaired pregenual ACC
function is one of the most robust neuroimaging findings in PTSD (4–5). A neurocircuitry
model of PTSD posits that the ventromedial prefrontal cortex, including pregenual ACC,
inhibits the expression of classically conditioned fear responses by the amygdala (33). Thus
impairment in this brain region might be expected to most affect the DSM-IV symptoms that
are putatively most closely related to conditioned fear, viz., the cluster B symptoms (especially
B.4 and B.5, viz., intense psychological distress [and/or] physiological reactivity on exposure
to internal or external cues that symbolize or resemble an aspect of the traumatic event). To
the extent that diminished structure implies diminished function, reduced pregenual ACC gray
matter density is consistent with this neurocircuitry model.

Functional neuroimaging studies of the hippocampus in PTSD are less common, but they too
support impairment in this brain region (34–36). Hippocampal impairment may contribute to
PTSD by reducing the ability to construct declarative narratives that bind the affect associated
with the traumatic event (37), or by the ability to recognize safe contexts (33), or by other
unknown mechanisms. The reduced gray matter density found in bilateral insulae is
paradoxical in light of studies that have generally found hyperactivity in this brain region in
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PTSD (38) and other anxiety conditions (39). One model of anterior insula function posits that
this structure detects the difference between an observed and expected body state and generates
an interoceptive prediction signal that triggers anxiety (39). A structurally compromised insula
may be less inhibited in generating such signals in PTSD, but this is in the realm of speculation.

The most interesting result from the present study is the significant Diagnosis × Exposure
interaction in the pregenual ACC, with combat-exposed PTSD twins having lower gray matter
density than their own combat-unexposed co-twins as well as than the combat-exposed twins
without PTSD and their co-twins, supporting the inference that pregenual ACC gray matter
reduction is an acquired sign of PTSD. In animals, exposure to chronic stress has been shown
to damage not only the hippocampus in rodents (40) and primates (41), but also the ACC in
rodents (42–43) and primates (44). It has been hypothesized that such damage may provide a
basis for structural changes observed in PTSD (42,45). A recent study of mentally healthy
persons that used automated segmentation found that those who reported early life stressors
had smaller ACCs than those who did not (46). However, causal inferences are difficult to
draw from the cross-sectional study of non-twins.

When the Diagnosis × Exposure interaction at [8 50 12] was adjusted for MAST score, its
statistical significance level was reduced to corrected p=0.10, which falls short of statistical
significance. We did not obtain data regarding recent alcohol consumption. This is a limitation
considering that imaging findings related to alcohol may be more sensitive to recent as opposed
to more remote intake. On the other hand, the likelihood that increased alcohol use by the PTSD
veterans accounts for the gray matter density reduction in their ACCs is diminished by the
consideration that if the PTSD subjects studied here had consumed enough alcohol to damage
their brains, evidence for this should have been found in other brain regions known to be
affected by alcohol, including superior, motor, and other areas of the frontal cortex and
cerebellum (47–48), none of which (except for a small cluster in left inferior frontal cortex)
showed volumetric reduction in the PTSD compared to the non-PTSD combat veterans at even
the liberal threshold of uncorrected p<0.001. Thus, the specificity of volumetric diminution to
our predicted brain regions argues against a global effect such as alcohol-induced brain damage.
Finally, a recent manual tracing study found comparably (and significantly) reduced ACC
volume in subgroups of PTSD veterans with and without a history of lifetime alcohol abuse
or dependence, in comparison to non-PTSD veterans (49).

When the Diagnosis × Exposure interaction in pregenual ACC was adjusted for number of
potentially traumatic lifetime non-combat events, its statistical significance level also was
reduced to corrected p=0.10. This means we cannot be fully confident that stressful events
other than military combat do not account for the reduced ACC gray matter density in the PTSD
veterans. However, even if such events did contribute, this would still not be inconsistent with
stress-induced diminution of this structure. When the Diagnosis × Exposure interaction in
pregenual ACC was adjusted for depression, it was no longer significant. This is not surprising
given the high association between depression and PTSD in the present sample, in which self-
reported depression appears to have been acquired along with PTSD, making the two likely
facets of the same post-traumatic psychopathology.

A limitation of the design employed here is that it cannot identify the specific environmental
difference(s) between the combat-exposed PTSD twins and their non-combat-exposed,
identical co-twins that is responsible for an acquired abnormality. However, because the most
salient, common difference in the present study was the presence of combat-related PTSD in
the former, and because as noted above the observed effects remained significant or nearly
significant after considering the contributions of several important potentially confounding
variables, it is reasonable to attribute this lower gray matter density to the presence of combat-
related PTSD.
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Combat-exposed twins with PTSD also had lower gray matter density than combat-exposed
twins without PTSD in right hippocampus and left anterior and right mid- insulae, as well as
at another site within pregenual ACC, replicating previous studies. These results could not be
explained by group differences in age, combat severity, number of potentially traumatic
lifetime non-combat events, alcoholism, or child abuse. Unfortunately, the analyses that
included the data from the combat-unexposed co-twins were unable to shed light on the origin
of these gray matter reductions in the combat-exposed twins with PTSD, because they failed
to yield either a significant difference between high- and low-risk combat-unexposed co-twins
(which would support a pre-trauma vulnerability factor) or a significant Diagnosis × Exposure
interaction (which would support an acquired abnormality). Finally, the present results were
unable to replicate previously reported segmentation and voxel-based morphometric findings
of gray matter reduction in subcallosal cortex and dorsal ACC.

In the same twin sample studied here, we previously found manual tracing evidence that
diminished hippocampal volume represents a pre-trauma vulnerability factor for PTSD, rather
than an acquired PTSD sign (15). In contrast the present VBM results suggest that diminished
volume in pregenual ACC is acquired as a result of the combat exposure that led to PTSD and/
or the PTSD itself. We have no ready explanation as to why diminutions in these two structures
should have different origins. As noted, above, however, the origin of gray matter density
reduction in the pregenual ACC site other than the one that showed the significant interaction
could not be explicated by the present data; it is possible that it represents a PTSD vulnerability
factor. Additional techniques that may help to clarify this uncertainty in future studies include
cortical parcellation (segmentation) and magnetic resonance spectroscopy.

It has been suggested that VBM may not detect very small, localized gray matter volume
reductions, since false-negative VBM findings may arise from the changes in the shape or
displacement of structures in the course of spatial normalization (7). Additionally, VBM may
be biased against finding group differences in areas that are spatially complex (50). Inversely,
we cannot rule out the possibility that the abnormalities detected by VBM in the present study
reflected group differences in the shape of brain structures, rather than their volume (11),
although even shape differences may have functional consequences. The failure of VBM to
find a significant hippocampal gray matter reduction in the high- vs. low-risk, combat-
unexposed co-twins contrasts with our positive result in the same sample using manual
segmentation of hippocampus (15) suggests that the latter technique may be more sensitive to
reduced volume in this structure than the voxel-based approach. Similarly, we are unable to
rule out the possibility that subtle group differences in other brain regions in this study remained
below the sensitivity of VBM, or the detection power conferred by our sample.
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Figure 1. Brain regions showing diminution in gray matter density in combat-exposed twins with
PTSD versus without PTSD
A.) SPM analysis with 4-mm Gaussian smoothing kernel revealed statistically significant
reduced gray matter density shown in the axial projection. A-1.) Regional gray matter density
reduction in the right hippocampus is rendered onto orthogonal slices of the averaged magnetic
resonance image of the present study’s subjects. B.) SPM analysis with 12-mm Gaussian
smoothing kernel revealed statistically significant reduced gray matter density shown in the
axial projections. Regional gray matter density reductions in the following areas are rendered:
B-1.) Pregenual anterior cingulate cortex; B-2.) Left insula; B-3.) Right insula. Abbreviations:
L: left hemisphere, R: right hemisphere, ACC: anterior cingulate cortex.
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Figure 2. Brain region showing PTSD Diagnosis × combat Exposure interaction
Regional interaction for gray matter density in pregenual anterior cingulate cortex is rendered
onto orthogonal slices of the averaged magnetic resonance image of the present study’s
subjects. Cross hairs indicate the peak coordinate of the interaction ([ 8 50 12]). Abbreviations:
L: left hemisphere, R: right hemisphere.
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Figure 3. Scatterplots of individual subjects’ adjusted VBM responses
Shown at the site of the PTSD Diagnosis × Combat Exposure interaction in pregenual anterior
cingulate cortex ([ 8 50 12]). Means are represented by solid horizontal lines drawn on each
group’s distribution.
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Table 2
Loci showing gray matter density reductions in combat-exposed twins with vs. without combat-related PTSD that were
significant at uncorrected p<0.001

z psvc k [x y z] Brain Region

4.50 0.001 248 [44 −2 −14] right mid insula

4.47 145 [−62 −56 −4] left middle temporal gyrus

4.39 0.001 27 [34 −28 −16] right hippocampus

3.95 0.005 236 [−36 10 −4] left anterior insula

3.71 0.004 185 [0 46 10] pregenual anterior cingulate cortex

3.52 35 [−46 42 −14] left inferior frontal gyrus

3.47 22 [−64 −44 10] left superior temporal gyrus

psvc = significance level with small volume correction based upon the a priori size of the structure

k = cluster size

[x y z] = MNI coordinates of peak voxel

Predicted areas appear in boldface.
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