ORIGINAL ARTICLE

Magnetic Resonance Imaging of Hippocampal
Subfields in Posttraumatic Stress Disorder

Zhen Wang, MD; Thomas C. Neylan, MD; Susanne G. Mueller, MD; Maryann Lenoci, MA; Diana Truran, MS;
Charles R. Marmar, MD; Michael W. Weiner, MD; Norbert Schuff, PhD

Context: Most neuroimaging studies of posttraumatic
stress disorder (PTSD) have focused on potential abnor-
malities in the whole hippocampus, but the subfields of
this structure, which have distinctive histological char-
acteristics and specialized functions, have not been in-
vestigated. Studies of individual subfields may clarify the
role of the hippocampus in PTSD.

Objective: To determine if PTSD is associated with struc-
tural alterations in specific subfields of the hippocam-
pus.

Design: Case-control study.

Participants: A total of 17 male veterans with combat
trauma and PTSD (mean [SD] age, 41 [12] years) and 19
age-matched male veterans without PTSD who were re-
cruited from the outpatient mental health clinic of the
San Francisco Veterans Affairs Medical Center and by ad-
vertising in the community.

Interventions: High-resolution magnetic resonance
imaging at 4 T.

Main Outcome Measure: Volumes of hippocampal
subfields.

Resuvlis: Posttraumatic stress disorder was associated
with 11.4% (1.5%) (P=.02) smaller mean (SD) cornu
ammonis 3 (CA3)/dentate gyrus subfield volumes, irre-
spective of age-related alterations, whereas other sub-
fields were spared. Age was associated with reduced
volume of the CA1 subfield (P=.03). Total hippocam-
pal volume was also reduced in PTSD by a mean (SD)
of 6.5% (0.6%) but, related to both PTSD (P=.05) and
age (P=.01), was consistent with the measurements in
the subfields.

Conclusions: The findings indicate for the first time
in humans that PTSD is associated with selective vol-
ume loss of the CA3/dentate gyrus subfields, consis-
tent with animal studies, implying that chronic stress
suppresses neurogenesis and dendritic branching in
these structures.

Arch Gen Psychiatry. 2010;67(3):296-303

Author Affiliations: Shanghai
Mental Heath Center, Shanghai
Jiao Tong University, School of
Medicine, Shanghai, China

(Dr Wang); Center for Imaging
of Neurodegenerative Diseases
(Drs Mueller, Weiner, and
Schuff, and Ms Truran) and
Mental Health Service

(Drs Wang, Neylan, and
Marmar, and Ms Lenoci),
Department of Veterans Affairs
Medical Center, San Francisco,
California; and the Departments
of Psychiatry (Drs Wang,
Neylan, and Marmar, and

Ms Lenoci) and Radiology
(Drs Mueller, Weiner, and
Schuff), University of
California, San Francisco.

OSTTRAUMATIC STRESS DISOR-

der (PTSD) is a debilitating

condition that can affect in-

dividuals who have been ex-

posed to severe emotional or
physically life-threatening traumatic
events.! The National Comorbidity Sur-
vey estimates that the lifetime prevalence
of PTSD is 8% in the general population
and 24% in persons exposed to trauma.’
Some symptoms of PTSD may be related
to alterations in brain structure that might
be detectable with neuroimaging.

Most neuroimaging studies of PTSD
have focused on potential abnormalities
in the hippocampus, which plays a major
role in memory processing and, there-
fore, is thought to be functionally impor-
tant in interaction with the amygdala for
the pathogenesis of the persistent reexpe-

riencing of symptoms in the context of
trauma. The hippocampus is also known
to play a crucial role in the biological re-
sponse to stress.’ Several magnetic reso-
nance imaging (MRI) studies reported
smaller hippocampal volumes in patients
with PTSD compared with patients with-
out PTSD or controls,*? though the find-
ings differed as to whether the effect in-
volved the left or right side or was bilateral.
Other studies found no evidence of hip-
pocampal volume deficits in PTSD.'*"
Similarly, longitudinal MRI studies also
found no evidence of hippocampal vol-
ume loss over time in PTSD.**!® Other MRI
studies have tried to divide the hippocam-
pus into anatomical sections such as the
head, body, and tail and reported selec-
tive volume deficits of the hippocampal
head'’ or tail'® in PTSD but others failed
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to replicate such results.”!'> However, lack of a clear con-
sensus on what actually comprises the anatomical sec-
tions of the hippocampus might have compromised the
findings. In general, the discrepant findings using MRI
have made it difficult to identify the precise role of the
hippocampus in PTSD.

The hippocampus is composed of several subfields with
distinctive histological characteristics and specialized func-
tions such as the subiculum, the cornu ammonis sectors
(CA1-CA3), and the dentate gyrus (DG)." Compared with
division of the hippocampus into head, body, and tail,
there is greater consensus on the boundary definitions
of the hippocampal subfields. Moreover, animal studies
found that stress-related damage to the hippocampus
mainly happens in certain subfields**?® including, spe-
cifically, the DG, which contains multipotent adult neu-
ral stem cells and is a key site of neurogenesis,”” and the
CA3 region, which is a major target of glucocorticoids,
a class of steroid hormones that are elevated under con-
ditions of stress.?® Studies of individual subfields may
therefore clarify the role of the hippocampus in PTSD.

Recently, we developed a protocol for acquiring and
tracing the major hippocampal subfields on high-
resolution MRI for studies of neurodegenerative dis-
eases such as Alzheimer disease,®* exploiting the in-
creased sensitivity and contrast of MRI at high magnetic
fields (4 T). In this study, we used an MRI protocol to
study the volumes of hippocampal subfields in PTSD. Spe-
cifically, we hypothesized that chronic PTSD selectively
affects the DG and CA3 while sparing other subfields,
consistent with observations in animals suggesting that
chronic stress suppresses neurogenesis in the DG and den-
dritic branching in the CA3 region."**2>31.32

- EEETTEES

PARTICIPANTS

Subjects were recruited from the outpatient mental health clinic
of the San Francisco Veterans Affairs Medical Center and by
advertising in the community. After a complete description of
the study was given to the participants, written informed con-
sent was obtained. All procedures were approved by the Com-
mittees of Human Research at the University of California and
the Veterans Affairs Medical center.

The study design required recruitment of 2 groups: veterans
with current PTSD and healthy veterans without PTSD. Veter-
ans participating in the study were evaluated by a clinical inter-
viewer using the Structured Clinical Interview for DSM-IV Diag-
nosis® and the Clinician Administered PTSD Scale (CAPS),** and
classified into groups. We used an interview version of the Life
Stressor Checklist-Revised® to determine exposure to traumatic
events. The Life Stressor Checklist-Revised assesses 21 stressful
life events (eg, experiencing or witnessing serious accidents, ill-
nesses, sudden death, and physical and sexual assault). The Struc-
tured Clinical Interview for DSM-IV Diagnosis was used to rule
out individuals with a lifetime history of psychotic or bipolar dis-
orders and alcohol abuse or dependence within the previous 12
months and drug abuse or dependence within the previous 6
months. Veterans with past but not current PTSD or current sub-
syndromal PTSD were also excluded. Other exclusion criteria were
neurological illness, head trauma with loss of consciousness greater
than 10 minutes, medical disorders affecting brain function, and
conditions ineligible for MRI.

Table 1. Demographic Data

Characteristic PTSD Control P Value
Sample, No. 17 19

Trauma exposed, No. 17 14 0.82
Age, mean (SD), y 41 (12) 38 (15) 0.5
CAPS score, mean (SD)P 61 (14) 8(7) <.001
ICV, mean (SD), 10° X cm®  1.61 (0.12)  1.71 (0.15) .04

Abbreviations: CAPS, clinician-administered PTSD scale; ICV, intracranial
volume; PTSD, posttraumatic stress disorder.

aUsing a x? test, all other comparisons used ¢ tests.

bScale ranged from zero to 136, with higher scores indicating greater
PTSD severity.3

Twenty participants with PTSD and 20 without PTSD re-
ceived MRI. All subjects with PTSD had traumatic exposure re-
lated to combat. The trauma histories of those without PTSD
included 14 individuals who served in combat, 5 without a trau-
matic life event, and 1 who experienced a traumatic military
accident. Four subjects (3 with PTSD and 1 control) had to be
excluded because their MRI data showed substantial move-
mentartifacts that led to difficulty visualizing the subfields. Thus,
the final analysis included 17 participants with PTSD and 19
control subjects. The groups included a mix of Vietnam (23%),
Gulf War (16%), Iraq (54%), and Afghanistan (7%) theater ex-
posure—too few to make much inference about subgroups. Five
patients with PTSD were taking antidepressant medications,
whereas the other patients and all control subjects were medi-
cation free. In addition, 6 patients with PTSD and 3 controls
reported a history of drug or alcohol abuse or dependence. Those
episodes had occurred an average of 13.6 years (range, 1-40
years) before the study, and none had occurred within a year.
The demographics and clinical characteristics of the partici-
pants are listed in Table 1.

MRI ACQUISITION
AND DATA PROCESSING

Magnetic resonance imaging scans were performed at the Cen-
ter for Imaging of Neurodegenerative Diseases at the San Fran-
cisco Veterans Affairs Medical Center using a Bruker/Siemens Med-
Spec 4T MRI system (Bruker BioSpin, Ettlingen, Germany)
equipped with an 8-channel array receiver coil. The MRI scan pro-
tocol consisted of a high-resolution T2-weighted fast spin echo
sequence (repetition time, 3500 milliseconds; echo time, 19 mil-
liseconds) with a train of 15 spin-echoes per k-space segment,
160° refocusing pulses, and 100% oversampling in the phase-
encoding direction to avoid aliasing, yielding a nominal inplane
resolution of 0.4 X 0.5 mm. Twenty-four contiguous slices, each
2-mm thick, were acquired in interleaved fashion. The coronal
oblique slices were angulated perpendicular to the long axis of
the hippocampal formation to achieve consistent images of hip-
pocampal subfields from subject to subject.” The total acquisi-
tion time of the sequence was about 5 '~ minutes. In addition, a
volumetric T1-weighted magnetization prepared gradient echo
sequence (repetition time, 2300 milliseconds; time following
inversion pulse, 950 milliseconds; echo time, 4 milliseconds;
7° excitation pulses; 1 X 1 X 1 mm?’ resolution) was acquired to
determine total hippocampal volume and a volumetric T2-
weighted turbospin echo sequence (repetition time, 3000 milli-
seconds; echo time, 356 milliseconds; 109 echoes per k-space seg-
ment with variable flip angles; 1 X 1 X 2-mm nominal resolution;
120 slices; acquisition time, 3.40 minutes) was collected to mea-
sure intracranial volume.

The method used for manual marking of subfields has been
described in detail by Mueller et al.*® In brief, after carefully
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Figure 1. High-resolution magnetic resonance images of the hippocampus. A, A high-resolution (0.4 X 0.5-mm inplane), T2-weighted magnetic resonance image
of the brain shows a coronal section through the hippocampus. The zoomed-in image shows a view of the subfields (B) with the tracings in color superimposed
(C). CA indicates cornu ammonis; DG, dentate gyrus; ERC, entorhinal cortex; and S, subiculum.

aligning the high-resolution images perpendicular to the long
axis of the left or right hippocampus, separately, the tracing of
the subfields starts on the first slice on which the head of the
hippocampus is no longer visible. On this slice, the hippocam-
pal subfields, subiculum, and entorhinal cortex (ERC) are
marked (Figure 1 shows the starting slice). In addition, the
ERC is marked on the 2 slices anterior to this starting slice, and
the subiculum and the other hippocampal subfields are marked
on the 2 slices posterior to the starting slice. Altogether, the
hippocampal subfields are marked on 5 consecutive slices, ie,
over a length of 10 mm in the rostral part of the hippocampus.
The most medial point of the temporal cortex is chosen as the
medial border of the ERC, and the medial end of the collateral
sulcus is chosen as its lateral border. The CAl/subiculum bor-
der is determined by drawing a line perpendicular to the edge
of the subiculum, touching the medial border of the hippo-
campus. The CA1/CA2 border is determined by dividing the
line along the longest diameter of the hippocampus by 2 and
drawing a line perpendicular to this line. The small region rep-
resenting CA2 is marked in a squarelike manner, ie, its height
at the CA1/2 boundary also determines its length, while its over-
all shape is determined by the course of the outer boundary of
the hippocampus and a hypointense line representing myelin-
ated tissue in the strata moleculare/lacunosum. Because the CA2
is likely to have some overlap with the dorsomedial part of CA1,
we considered this region to be a CA1 to CA2 transition zone
rather than CA2 exclusively. This represents the only devia-
tion from the original marking protocol.*® The remainder of the
hippocampal formation consisting of CA3 and the DG is marked
as 1 region (CA3/DG) because there are no reliable landmarks
to distinguish between the two structures. In summary, the
traced subfields included the left and right ERC, the subicu-

lum, CA1, CA1/2 transition, and CA3/DG. In addition, the vol-
umes of the left and right total hippocampus were determined
automatically using the brain parcellation features provided by
the FreeSurfer software (Athinoula A. Martinos Center for Bio-
medical Imaging, Charlestown, Massachusetts),*® which uses
a probabilistic brain atlas as input for labeling brain struc-
tures. Automatic labeling of the hippocampus with FreeSurfer
has been validated® and tested on different brain patholo-
gies.’” The hippocampal masks derived from FreeSurfer were
further visually checked for accuracy and manually refined if
necessary. The total intracranial volume (ICV) was deter-
mined from the T2-weighted image using the BET (brain ex-
traction tool) program (www.fmrib.ox.ac.uk/fsl; FMRIB Im-
age Analysis Group, Oxford University, Oxford, England ). The
subfield tracings were performed by an experienced reader
(Z.W.) and inspected by a second reader (S.M.). The within-
reader reliability of subfield tracings in terms of an intraclass
correlation coefficient was better than 0.95 for the CA3/DG re-
gion, subiculum, CA1, and ERC, and 0.79 for the CA1/2 tran-
sition, which is by far the smallest subfield region. Both read-
ers were blinded to any clinical information.

STATISTICAL ANALYSIS

Hippocampal subfields volumes and whole-hippocampal vol-
ume were analyzed using a linear model, accounting for the
effects of PTSD diagnosis, age, and an interaction between PTSD
and age. The volumes were corrected for ICV by cross-
correlation, in which the regression coefficient between the vol-
umes and ICV was used to correct individual volumes as a func-
tion of each subject’s ICV relative to the mean ICV of all subjects.
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Figure 2. Scatterplots of volumes of hippocampal subfields and entorhinal
cortex by group. All volumes are corrected for variations in intracranial
volume between subjects. The CA1/2 transition is not listed because the
volumes are very small and difficult to trace compared with the other
subfields. CA, cornu ammonis; DG, dentate gyrus; and PTSD, participants
with posttraumatic stress disorder.

The brain hemisphere was initially added into the model as co-
variate to account for left-right differences but, when no sig-
nificant lateralization effects were found, left and right vol-
umes were averaged. F tests were used to determine if factors
added explanatory power and were therefore appropriate for
inclusion in the model. Three nested models were fitted by maxi-
mum likelihood: the first (base) model included age, and the
subsequent models added a PTSD effect and then a further PTSD
X age interaction, respectively. The resulting fits were com-
pared sequentially via F tests to determine whether PTSD, age,
or an interaction between PTSD and age added significant
(P<.05) explanatory power to the base model. No correc-
tions for multiple comparisons were applied for tests involv-
ing the subfields because we had an a priori hypothesis for a
PTSD effect on a specific subfield (CA3/DG). To further dem-
onstrate that the results are not biased by the inclusion of 5
control subjects without trauma exposure, we performed the
analysis with and without the unexposed group included. Fi-
nally, we used Spearman rank correlations to determine if sub-
field volumes in PTSD are associated with PTSD severity, as
measured by CAPS scores, using Bonferroni corrections to ac-
count for multiple tests of correlations.

BN RESULTS R

The 2 groups were comparable in age (P=.5, t test). Dif-
ferences in the number of trauma-exposed subjects in the
2 groups were not significant (P=.8, x* test). As ex-
pected, subjects with PTSD had significantly higher CAPS
scores than those without PTSD (P=.001, ¢ test). Some-
what unexpectedly, subjects with PTSD had smaller ICV
values than subjects without PTSD (P=.04, t test).

The scatter plots in Figure 2, A and B, depict vol-
umes (left and right side are averaged and adjusted for
ICV) of hippocampal subfields by group, and the scatter
plot in Figure 3 shows the corresponding total hippo-
campal volumes. The effects of PTSD and age on sub-
fields and whole hippocampal volumes adjusted for ICV
are summarized in Table 2. The subfield CA3/DG was
about a mean (SD) of 11.4% (1.5%) smaller in subjects
with PTSD than in controls (F, 5,=5.7; P=.02), yielding

Figure 3. Scatterplot of total hippocampal volume by group. The volumes
are corrected for variations in intracranial volume between subjects.
PTSD indicates participants with posttraumatic stress disorder.

an effect size of 0.98. Age was associated with a mean
(SD) 2% (1%) volume loss per decade but this did not
significantly contribute to the volume reduction of
CA3/DG (F,34=2.1; P=.2). In contrast to CA3/DG, the
subfield CA1 was not significantly associated with PTSD
(F134=1.4; P=.3;mean [SD], 0.4% [2%] volume loss com-
pared with controls) but showed a significant relation-
ship with age (F, 34=5.1; P=.03; mean [SD], 3.0% [1.5%]
volume loss per decade). Similarly, the CA1/2 transi-
tion was not significantly associated with PTSD but also
showed a dependence on age (F,3,=8.9; P=.005; mean
[SD], 3% [2%] volume loss per decade). Relations be-
tween the volumes of subfields and ICV varied and
reached significance only for CA1/2 transition. Whole-
hippocampal volume showed an effect of PTSD (F, 34=4.2;
P=.05) as well as age (F;34=6.7; P=.01), with PTSD ex-
plaining 31% and age 56% of the total variance. No re-
gion showed a significant PTSD X age interaction, which
is not surprising given that the study was designed for
tests of additive effects, whereas interactions of more than
35% change only were detectable with 90% confidence.
The different effects of PTSD and age on CA3/DG and
CA1 are depicted in the regression plots of subfield vol-
umes vs age in Figure 4. A further analysis in which
controls without exposure to trauma were excluded did
not substantially alter the results. We also tested if sub-
field volumes or total hippocampal volume correlated with
severity of PTSD, as measured with CAPS scores, but
found no significant correlation for any of the volumes
(all P=.7). Lastly, taking drug or alcohol abuse or de-
pendence into consideration did not significantly alter
the effect of PTSD on CA3/DG.

B cooient [

We have 3 major findings. First, PTSD was associated with
reduced volumes of the CA3/DG, regardless of age or when
limited to trauma-exposed individuals, while other sub-
fields were spared. This finding is in agreement with our
a priori hypothesis and is also consistent with animal stud-
ies suggesting that chronic stress suppresses neurogen-
esis and dendritic branching in these regions. Second, age
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Table 2. Volumes of Subfields and Total Hippocampus in Subjects With PTSD and Controls and Associations With PTSD and Age
Mean (SD) Volume, mm?
Subfield PTSD Control Contrast F Value? P Value
CA3/DG 109 (15) 123 (16) PTSD 572 .02
Age 213 A7
CA1 170 (20) 177 (17) PTSD 1.4 24
Age 5.16 .03
CA1/2 transition 7(0.7) 7(0.8) PTSD 0.17 68
Age 8.92 .005
Entorhinal cortex 105 (41) 103 (22) PTSD 0.02 .89
Age <.01 .98
Subiculum 105 (21) 106 (16) PTSD 0.22 .62
Age 1.24 27
Hippocampus 2035 (234) 2178 (181) PTSD 4.21 .05
Age 6.73 .01

Abbreviations: CA, cornu ammonis; PTSD, posttraumatic stress disorder.
2 Ftests by maximum likelihood with 34 df for each test.
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Figure 4. Depiction of the dissociation between the effects of posttraumatic
stress disorder (PTSD) and aging on subfields, separately for cornu
ammonis 1 (CA1) and CA3 and the dentate gyrus (CA3/DG). The solid and
dashed lines represent regressions of subfield volumes against age by group.
This shows a PTSD effect on CA3/DG but not on CA1 after accounting for age.

was associated with reduced volumes of the CAl and
CA1/2 transition, consistent with previous subfield MRI
studies in aging.*® Third, both PTSD and age contrib-
uted to the total hippocampal volume reduction. Our find-
ings suggest that PTSD is associated selectively with vol-
ume loss of the CA3/DG subfield.

Our finding of reduced CA3/DG subfield volumes in
PTSD is consistent with studies in animals suggesting that
stressful conditions can induce structural remodeling of
the interconnected CA3/DG fields of the hippocampus.
The main processes that are thought to be involved in
stress-related remodeling include suppression of neuro-
genesis, reduced branching of dendrites, and reduced syn-
aptic and neuronal plasticity. First, suppressed neuro-
genesis could explain the volume reduction of CA3/DG
in PTSD because the DG is one of the few regions of the
adult brain where neurogenesis occurs.*® Neurogenesis

can produce a large pool of new granule cells in the DG,*
which is considered essential for the formation of
memory,* and memory plays an important role in de-
velopment of PTSD. Repeated restraint stress in rats sup-
pressed neurogenesis and significantly reduced the total
number of granule cells and the granule cell layer vol-
ume of DG.** In another study on Swiss albino mice, the
expression of brain-derived neurotrophic factor in DG
decreased after 5 weeks of a chronic mild stress proce-
dure.*' Reduced brain-derived neurotrophic factor may
inhibit neurogenesis because it is associated with the
growth and differentiation of stem cells into neurons in
hippocampus.* The physiological effects of stress have
also been shown to inhibit the process of neurogenesis
in primates.”* Although it is not clear if suppressed neu-
rogenesis leads to measurable effects in humans, our find-
ing of smaller CA3/DG volumes in PTSD is consistent
with depressed neurogenesis.

Second, diminished dendritic branching could also be
responsible for the reduction of CA3/DG volumes in
PTSD. The hippocampus is characterized by a relative
abundance of glucocorticoid receptors®** and is espe-
cially vulnerable to elevated levels of glucocorticoids. Pro-
longed high levels of glucocorticoids may have direct and
indirect neurotoxic effects on the hippocampus.** A ma-
jor target for glucocorticoids in the hippocampus is the
CA3 region. Rats that were subjected to physical re-
straint daily for a period of 3 to 4 weeks had significant
atrophy and reduced branching of apical dendrites in py-
ramidal neurons of the CA3 region.”**" These changes
can be blocked by glucocorticoid inhibitors. Chronic psy-
chosocial stress also led to a decrease in the number of
branch points and total dendritic length in the apical den-
dritic trees of CA3 pyramidal neurons.?>* Alterna-
tively, insufficient glucocorticoid signaling can also have
damaging effects either via decreased neurotrophic ef-
fects on neurons*®* or promoting inflammatory re-
sponses in the brain.”

Third, diminished synaptic or neuronal plasticity could
be responsible for reduced CA3/DG volumes in PTSD.”!
A number of studies have described changes in synaptic
plasticity and neuron density in response to repetitive

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 67 (NO. 3), MAR 2010

300

WWW.ARCHGENPSYCHIATRY.COM

©2010 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ on 03/07/2022



stress including suppression of long-term potentiation
in DG granule cells and CA3 pyramidal neurons®*?
and retraction of thorny excrescences” in the CA3
region. Stress-induced elevation of glucocorticoid lev-
els cause pronounced loss of synapses in the CA3.%2%*
The prolonged stress of emotional pain*® or immobili-
zation™ also leads to a decrease in neurons in the CA3
subfield in rats.

Although our results of reduced CA3/DG volumes in
PTSD are, overall, consistent with the results of stress stud-
ies in animals, implying that trauma exposure caused the
reduction in PTSD, it is also possible that vulnerability
to PTSD exists before trauma exposure. An MRI study
of homozygous twins discordant for trauma exposure
found that hippocampal volumes were smaller in both
the exposed and unexposed members of the twin pairs
in which one of the twins developed PTSD compared with
twin pairs without PTSD.° This implies that a smaller hip-
pocampus constitutes a risk factor for the development
of stress-related psychopathology. Our finding of a de-
creased ICV in PTSD, consistent with the finding by
Woodward et al,”® would add further support that ab-
normalities in brain structure may increase vulnerabil-
ity to developing PTSD. In particular, a smaller ICV could
potentially indicate adverse early brain development that
might predispose to PTSD. However, the volume reduc-
tion of CA3/DG in PTSD cannot simply be explained as
bias toward a smaller ICV because the other subfields
showed no significant effect of PTSD. A prospective study
is necessary to elucidate cause or effect of PTSD on vol-
ume reductions. Furthermore, the finding that subjects
with PTSD had smaller ICV values than those without
PTSD warrants further studies on a larger population.

Another finding was that the volume reduction of CA1
was associated with aging but not significantly with PTSD.
The finding of a selective age effect on CA1 replicates prior
MRI studies of subfields in aging from our laboratory.*
The CA1/2 transition region showed similar results to the
CA1 region, but the CA1-2 transition is very small com-
pared with the other subfields and difficult to measure
precisely. It is possible that greater PTSD severity leads
to more widespread damage, eventually involving also
the CA1 region and other subfields. Given the number
of subjects in this study, we had the sensitivity to detect
about 15% volume difference in subfields between the
groups with 90% power and an a=.05. Nonetheless, the
findings suggest that CA3/DG is more selectively vul-
nerable to PTSD than other subfield regions.

Our results of independent effects of PTSD and age
on whole-hippocampal volume reduction in PTSD are
in agreement with our findings of the subfields that the
CA3/DG region is affected by PTSD and the CA1l by ag-
ing. A meta-analysis also suggested that smaller hippo-
campal volume may be related to PTSD duration or ag-
ing,”” and age-related hippocampal atrophy is well
documented.’®* Simultaneous effects of PTSD and ag-
ing on whole-hippocampal volume may, therefore, ex-
plain some inconsistencies in previous results of whole-
hippocampal volume loss in PTSD, especially when aging
was not fully taken into account. Similarly, age-related
volume changes of the hippocampus may have ob-
scured PTSD-related changes in studies that did not find

significant differences between PTSD and control sub-
jects. However, CA3/DG cannot account for all volume
effects of the whole hippocampus related to PTSD. First,
the whole hippocampus included the fimbria, a promi-
nent band of white matter that anatomically does not be-
long to any subfield, and second, our tracing of sub-
fields did not extend all the way to the hippocampal tail,
where the delineation of structures becomes increas-
ingly difficult. Moreover, CA1 and subiculum are also nu-
merically smaller—though not significantly—in PTSD,
adding to the overall difference between the volume ef-
fects on the CA3/DG and whole hippocampus related to
PTSD. Nevertheless, our data imply that the CA3/DG is
more affected in PTSD than the other subfields and, there-
fore, their assessment is likely more specific for PTSD than
assessments of whole hippocampus.

While our subfield findings are promising, several limi-
tations should be noted. First, the gene type of apolipo-
protein E (APOE), which plays a fundamental role in the
maintenance and repair of neurons,® has been associ-
ated with smaller CA3/DG volumes in normal aging and
in patients with Alzheimer disease.”” We do not have in-
formation about the participants’ APOE genotypes and
therefore cannot account for variations in APOE pro-
files. It is possible, then, that variations in the APOE pro-
file or an interaction between APOE and PTSD, and not
PTSD per se, are responsible for the volume variations
of CA3/DG. Second, we have no reliable information about
the duration of PTSD. Itis possible that the extent to which
PTSD is associated with reduced CA3/DG volumes may
be modulated by the duration of the disease. Further-
more, a few patients with PTSD were taking antidepres-
sant medication but we do not believe that the differ-
ence in medication exposure between the patients with
PTSD and controls explains the decreased hippocampal
volume in PTSD. If anything, more use of antidepres-
sants might introduce a negative bias to find less vol-
ume in PTSD given that there is evidence that antide-
pressant treatment increases the size of the hippocampus.®*
Third, we could not separate the effect of trauma expo-
sure because most of our subjects were trauma exposed.
To separate the effects of PTSD from those of trauma ex-
posure, 3 groups are needed, including trauma-exposed
controls and subjects with PTSD and non-trauma-
exposed controls. Finally, the number of subjects in this
study is relatively small, limiting generalization. The find-
ings need to be replicated in a new cohort of subjects.

In conclusion, the results of this study indicate for the
first time that PTSD is associated with a selective reduc-
tion of the CA3/DG subfield in the human hippocam-
pus, irrespective of age-related effects. Future studies are
required to clarify the potential role of APOE status and
PTSD duration on the CA3/DG volume reduction in
PTSD, and longitudinal studies should help determin-
ing causality.
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Announcement

Readers Reply

Archives of General Psychiatry is introducing a new feature,
Readers Reply, which will publish online readers’ dis-
cussions of articles published in the Archives. We hope
that this opportunity will stimulate interactions not only
between readers and the authors but also among the
readers. Letters can be submitted electronically via
the Readers Reply link that appears on the right side of
the article’s full-text page. Letters that are submitted
directly to the Archives for consideration for print and
online (archival) publication but are not accepted (as
space constraints limit our ability to publish most letter
submissions) will be returned to the authors for their sub-
mission to Readers Reply.

We are pleased to announce the appointment of
Peter Siekmeier, MD, MS, who will serve as the editor
of Readers Reply. Dr Siekmeier received his BSE from
Princeton University, an MS from Massachusetts Insti-
tute of Technology, and an MD from Yale University and
completed his residency training in psychiatry at the Mas-
sachusetts General Hospital-McLean Program.

We hope that this new feature further increases the
scientific impact of the Archives.
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