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Abstract: Previous studies have shown that people who develop psychopathology such as posttrau-
matic stress disorder (PTSD) following stress exposure are characterized by reduced hippocampal
(HC) volume and impaired HC functional connectivity with the ventromedial prefrontal cortex
(vmPFC). Nevertheless, the exact interrelationship between reduced HC volume and HC-vmPFC con-
nectivity deficits in the context of stress has yet to be established. Furthermore, it is still not clear
whether such neural abnormalities are stress induced or precursors for vulnerability. In this study, we
combined measurements of MRI, functional MRI (fMRI), and diffusion tensor imaging (DTI) to pro-
spectively study 33 a priori healthy Israeli soldiers both pre- and post-exposure to stress during their
military service. Thus, we were able to assess the contributions of structural and functional features of
the HC and its connectivity to the onset and progression of maladaptive response to stress (i.e.,
increased PTSD symptoms post-exposure). We found that soldiers with decreased HC volume follow-
ing military service (i.e., post-exposure) displayed more PTSD-related symptoms post-exposure as
well as reduced HC-vmPFC functional and structural connectivity post-exposure, compared to soldiers
with increased HC volume following military service. In contrast, initial smaller HC volume pre-expo-
sure did not have an effect on any of these factors. Our results therefore suggest that reduction in HC
volume and connectivity with the vmPFC together mark a maladaptive response to stressful military
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service. As stress-induced HC volume reductions were previously shown to be reversible, these local-
ized biological markers may carry valuable therapeutic potential. Hum Brain Mapp 00:000–000,
2012. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Psychological stress affects both the structure and func-
tion of the brain [Sapolsky, 1992]. Stress-related structural
impairments have been especially documented in the hip-
pocampus (HC) perhaps because of its important role in
stress regulation, as reflected, for example, in its high
number of cortisol receptors [McEwen, 1999]. A large crop
of animal studies has shown how exposure to stress can
damage the HC structure by atrophying its dendritic proc-
esses, causing neuronal loss and suppressing its synaptic
plasticity and neurogenesis [Diamond et al., 1994; Gould
et al., 1997; Joels et al., 2004; Magarinos et al., 1996; Pav-
lides et al., 2002; Sapolsky et al., 1990; Shors and Thomp-
son, 1992; Uno et al., 1989]. In humans, reduced HC
volume has been the most commonly found neural struc-
tural abnormality in people who were exposed to trau-
matic stress and consequently develop an anxiety disorder
such as posttraumatic stress disorder (PTSD) [Brambilla
et al., 2002; Smith, 2005].

Considering the critical role that the HC plays in learning
and memory [Zola-Morgan and Squire, 1990), its volume
reduction was associated with the various memory deficits
that PTSD patients suffer from [Bremner et al., 1993;
Yehuda et al., 1995]. One specific memory process in which
a deficit seems highly relevant to the development and
preservation of stress-related anxiety is fear extinction
[Charney and Bremner, 1999; Shekhar et al., 2001]. Extinc-
tion of conditioned fear is an essential need for adaptive re-
covery from traumatic experience and involves the
unlearning of fear reaction to situations that were previ-
ously associated with negative outcome but currently can
be considered as safe [Rothbaum and Davis, 2003]. Indeed,
PTSD patients are known to suffer from impaired ability to
extinguish fear [Blechert et al., 2007; Peri et al., 2000], and
furthermore, exaggerated and persistent fear responses to
reminders of the traumatic event is one of the main clinical
characteristics of PTSD [DSM-IV-time repetition (TR), 2000].

The HC is but one structure involved in complex mem-
ory processes as fear extinction, interacting with a cluster
of different structures of the limbic system, notably the
amygdala and the ventromedial prefrontal cortex (vmPFC)
[LaBar et al., 1998; Phelps et al., 2004]. Specifically, a recent
functional MRI (fMRI) study suggested that the involve-
ment of both the HC and vmPFC is important for adequate
fear extinction [Milad et al., 2007]. This is also supported
by animal findings showing that low frequency stimulation
of the HC immediately after extinction training suppresses

long-term potentiation induction in the HC-vmPFC path-
ways and disrupts extinction [Farinelli et al., 2006]. Stress
was also shown to have an effect on structural connectivity
within this network when the integrity of the uncinate fas-
ciculus (UF) fiber, which is the white matter fiber tract that
anatomically connects the HC to the vmPFC [Carpenter,
1983], was reduced in a group of children with early depri-
vation stress [Eluvathingal et al., 2006].

Taken together, these studies suggest that reduced HC
volume and insufficient HC-vmPFC connectivity may be
involved in stress vulnerability; yet, to the best of our
knowledge, no study has addressed the nature of the
interrelationship between HC volume and properties of its
functional and structural connectivity with the vmPFC in
the context of stress in humans. Furthermore, because of
conflicting evidence, it is not clear whether reduced HC
volume is stress induced or a precursor for vulnerability
[Gilbertson et al., 2002; Vermetten et al., 2003]. To address
those issues, we prospectively followed a group of 33 a
priori healthy soldiers throughout their combative military
service in the Israeli Defense Forces (IDF). Specifically, the
study’s first time point was immediately before the begin-
ning of the military draft while participants were still civil-
ians but already recruited to the military, and the second
time point was 18 months later while participants were
serving in front line combative IDF units. In previous
fMRI studies using the same study population, we found
that such combative military service in the IDF includes
exposure to multiple real-life stressful events [Admon et
al., 2009; Admon et al., 2012]. In this study, however, we
combined various MRI measurements [structural MRI,
fMRI, and diffusion tensor imaging (DTI)] to assess the
soldiers’ HC volumes as well as the strength of their HC-
vmPFC functional and structural connectivity at each time
point. We hypothesized that reduced HC volume would
be related to weaker functional and structural HC-vmPFC
connectivity and, furthermore, that this relation would
constitute a neural marker for either induced or predispos-
ing maladaptive response to stress.

MATERIALS AND METHODS

Participants

Of the initial 37 participants in Admon et al. [2009], four
participants had to be excluded in this study because of
coregistration artifacts. Thus, this study group comprised
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33 healthy 18-year-old soldiers (18 male), recently drafted
to mandatory military service to serve as combat paramed-
ics in the IDF. To be drafted for an elite IDF unit as com-
bat paramedics, a recruit must first pass a series of mental
and physical tests as well as an examination by both a
physician and a psychiatrist. These processes are meant to
rule-out, among other things, any history of psychiatric or
neurological disorders, past or present use of psychoactive
drugs, or exposure to trauma. Since at the first time point
of this study our participants were already recruited for
the combat paramedics unit and had passed all of the
above selection criteria, we can rule-out the existence of
any of these factors in our sample before entering the
study. Finally, all participants provided written informed
consent approved by both the Tel Aviv Sourasky Medical
Center and the IDF ethics committees.

PTSD-Related Symptom Evaluation

We used the Posttraumatic Stress Diagnostic Scale (PDS)
questionnaire to yield quantified severity measures of
PTSD-related symptoms at each time point [Foa et al.,
1997]. This formal self-reported questionnaire of stress-
related experience and symptoms also contains an open
question regarding the type and frequency of stressful
experiences. We instructed the participants to complete
the questionnaire in regard to the past 18 months, and
thus we were able to evaluate post-exposure both the type
and frequency of individual experiences endured during
their military service as well as to quantify the severity of
symptoms that were developed following such experiences
(Supporting Information Table 1). Indeed, during the 18
months of their military service, all of the soldiers were
exposed to multiple stressful experiences that, as a direct
outcome of their shared role as combat paramedics, were
highly comparable and included mostly repeated events of
treating a fellow soldier with severe injury sustained dur-
ing combat. Because our definition of maladaptive
response to stress was based on self-reports following the
stress exposure, nevertheless, a complete clinical assess-
ment would be necessary to validate the PDS score.

MRI Data Acquisition

At both time points MRI scans were performed on a
3.0-T MRI scanner (GE Signa EXCITE, Milwaukee, WI)
with a standard eight-channel head coil. Identical anatomi-
cal 3D spoiled gradient-echo sequences for the whole brain
were obtained with high-resolution isotropic 1-mm slice
thickness field of view (FOV): 25 � 18; matrix: 256 � 256;
and TR/time echo (TE): 7.3/3.3). fMRI was performed with
gradient echo-planar imaging (EPI) sequence of functional
T1*-weighted images (TR/TE/flip angle ¼ 2,500 ms/35
ms/90�, with FOV 20 � 20 cm and matrix size 64 � 64) di-
vided into 44 axial slices (thickness: 3 mm with no gap)
covering the entire brain. DTI was performed with a spin-

echo diffusion-weighted EPI sequence (FOV: 20 � 20; ma-
trix: 128 � 128; and TR/TE ¼ 12,000/97) divided into 48
axial slices of 3-mm thickness with no gap covering the
entire brain. Images were obtained with both 19 directional
diffusion encoding (b ¼ 1,000 s/mm2 for each direction)
and no diffusion encoding (b ¼ 0 s/mm2). To ensure high
data reliability, a high signal-to-noise ratio was achieved
by repeating the DTI scan twice and averaging the images.

HC Volume Estimation

HC volume segmentation was performed using a stand-
ardized and validated manual segmentation protocol
[Pruessner et al., 2000]. Before segmentation, several algo-
rithms were used to prepare the images for manual seg-
mentation. This included correction for magnetic field
nonuniformities [Sled et al., 1998], linear stereotaxic trans-
formation [Collins et al., 1994] into coordinates based on
the Talairach atlas [Talairach and Tournoux, 1988], and
resampling onto a 1-mm rectangular voxel grid using a
linear interpolation kernel. To minimize variation induced
by the repeated scanning, we performed intraindividual
coregistration between the two scans of each subject, after
linear registration of the first time point. Volumetric analy-
sis was then performed with the interactive software pack-
age DISPLAY developed at the Montreal Neurological
Institute. This program allows visualization of MR images
in all orientations and rotations. Volumes of the HC were
then measured using manual segmentation guidelines as
previously described [Pruessner et al., 2000]. HC estima-
tion included the HC proper (dentate gyrus and the cor-
pus ammoni substructures), alveus/fimbria region, the
subiculum, and the uncus. Segmentation was performed
on coronal images and was cross checked in the horizontal
and sagittal orientation except for the head of the HC,
where the horizontal orientation was primarily used. All
segmentations were performed three times, each time with
a separate and independent rater who was blind to the
time of testing and subject characteristics. Although three
raters performed the initial segmentation, all labels were
validated and if necessary revised by the original author
of the segmentation protocol (JCP) before statistical analy-
sis. Intrarater and inter-rater reliability for this protocol
has been established previously [Pruessner et al., 2000].

HC-vmPFC Functional Connectivity

In a previous study, we used HC time course as a
regressor in a whole-brain voxel-based correlation analysis
to show that the HC-vmPFC functional connectivity
increases post-exposure to stress relative to pre-exposure
in response to reminders of the stress. We then calculated
the strength (i.e., correlation coefficient) of this functional
connectivity between the HC and the vmPFC for each sol-
dier at each time point of pre-exposure and post-exposure
to stress [Admon et al., 2009]. Because this study group
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was already involved in our previous study, we were able
to use in here those previously reported individual meas-
ures of HC-vmPFC functional connectivity strengths of
pre-exposure and post-exposure.

HC-vmPFC Structural Connectivity

We focused our analyses on average fractional anisot-
ropy (FA) value of the entire UF as it is considered the
most reliable measure of anatomical fiber tract integrity,
thus indicating on the strength of structural connectivity
[Lim and Helpern, 2002]. Tractography analysis was per-
formed using MRIStudio software (John Hopkins Univer-
sity, Baltimore, MD). Compact white matter fiber tracking
was performed based on the fiber assignment by continu-
ous tracking algorithm. Diffusion tensor tractography of
our predefined fiber of interest, the UF, was preformed
using anatomical landmarks as previously reported [Kier
et al., 2004]. Specifically, the UF tracking used an FA
threshold of 0.25 and angle threshold of 70�. The anterior
commissure as identified on a coronal DTI color-coded
plane was used as an anatomical landmark to identify the
two regions where the UF superior and inferior segments
traverse the coronal plane. A Boolean ‘‘OR’’ operation on
region 1 (lower portion of external capsule) combined
with an ‘‘AND’’ operation on region 2 (temporal lobe)
were sufficient to construct the UF while avoiding any
mixing with other tracts [Kier et al., 2004]. UF identifica-
tion was performed by an independent rater who was
blind to the time of testing and subject characteristics.
Once the UF fiber tract was reconstructed, its volume was
recorded and visualized in 3D and its mean diffusivity, ra-
dial diffusivity, axial diffusivity, and FA values were
extracted.

General Analysis Approach

As can be seen in Supporting Information Table 1, we
had insufficient variability in the level of PTSD symptoms
developed post-exposure, which severely hampers the
detection of a reliable relation to HC volume at the indi-
vidual level (i.e., a third of our sample exhibited no symp-
toms whatsoever following exposure). Therefore, to
compare different contributions of the HC to the severity
of PTSD-related symptoms post-exposure to stress, we
operationalized discrete measures for the effect of stress
exposure on HC volume and for the predisposing effect of
HC volume. Specifically, increased or decreased volume
post-exposure vs. pre-exposure was operationalized as a
categorical measure for the effect of stress exposure on HC
volume, whereas below or above the group median stand-
ardized HC volume pre-exposure constituted a measure
for the predisposing effect of HC volume. No direct rela-
tion was found between these two categorical factors
(Fisher’s exact; P ¼ 0.14). In both categorical factors, how-
ever, there was a direct relation between belonging to a

specific category in the left HC and belonging to the same
category in the right HC (Fisher’s exact; P < 0.001 for the
effect of stress exposure on HC volume and P < 0.005 for
the predisposing effects of HC volume). This, along with
the fact that our previous functional connectivity finding
was related solely to the left HC side [Admon et al., 2009],
led us to focus all our analyses in this study on the meas-
urements taken from the left HC side.

Statistical Analysis

To associate the change in HC volume with the severity of
PTSD-related symptoms pre-exposure and post-exposure to
stress, we used a repeated-measure analysis of variance
(ANOVA) in which HC increase or decrease in volume post-
exposure vs. pre-exposure constituted the categorical factor
and the severity of PTSD-related symptoms pre-exposure
and post-exposure was the dependent factor. Similar
ANOVAs were performed with the use of either the func-
tional or structural HC-vmPFC connectivity pre-exposure
and post-exposure as dependent factors as well as with the
initial standardized HC volume pre-exposure as a categori-
cal factor. In all analyses throughout the study, we controlled
for both the effects of gender and of the individual frequency
of stressful encounters (Supporting Information Table 1).

RESULTS

Maladaptive Behavioral Effects of

Stress Exposure

post-exposure to multiple stressful encounters through-
out their military service in the IDF, 20 soldiers (�60% of
the sample size) displayed PTSD-related symptoms to
some extent. For 19 of them, the severity of symptoms
increased compared with pre-exposure (Supporting Infor-
mation Table 1). Symptoms included nightmares of the
events, re-experiencing the events, trying to avoid think-
ing/talking of the events, high arousal, decreased concen-
tration, and others. Nevertheless, all soldiers stayed on-
duty and fully functional in their original role as combat
paramedics throughout the study.

Effects of Stress Exposure on HC Volume

We divided the sample into two groups based on the
effects of stress exposure on left HC volume, which was
operationalized as the direction of the change in HC vol-
ume post relative to pre-exposure to stress. The individual
value of HC volume change was then normalized to per-
cent change relative to initial individual HC volume, thus
avoiding any effects of differences in initial HC volume.
This yielded a group of soldiers whose HC volume
decreased (n ¼ 22; average change in HC volume ¼
�1.8%) and a group whose HC volume increased (n ¼ 11;
average change in HC volume ¼ þ1.2%) following
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exposure to stress (see group distribution in Fig. 1A).
Repeated-measures ANOVA of this categorical factor (i.e.,
increase or decrease) revealed a significant interaction
with the severity of PTSD-related symptoms pre-exposure
vs. post-exposure (F ¼ 3.7; P < 0.05). Post hoc tests
assigned this effect to the increase in PTSD-related symp-
toms post-exposure that was evident only in soldiers with

decreased HC volume (P < 0.005; Fig. 1B). When evaluat-
ing the effect of change in HC volume on the strength of
HC-vmPFC functional connectivity pre-exposure- vs. post-
exposure, we first found a main effect of increased HC-
vmPFC functional connectivity post-exposure (F ¼ 51; P <
0.001), on which we reported previously [Admon et al.,
2009]. However, the change in HC volume also interacted

Figure 1.

Effects of stress exposure on HC volume. (A) The plot shows

the change in HC volume of each soldier postexposure vs. pre-

exposure to stress. Soldiers were divided into two groups based

on the direction of change (increased HC volume, white squares

and decreased HC volume, black squares). Group averages are

shown by gray cross. The individual value of HC volume change

was normalized to percent change by dividing it by the individual

initial HC volume, thus avoiding any effects of differences in ini-

tial HC volume. (B) Bar graphs representing the groups’ average

severity of PTSD-related symptom at each time point. Note that

the increase in symptom severity postexposure to stress was

evident only for the soldiers with decreased HC volume (P <

0.005). (C) Bar graphs representing the groups’ average strength

of HC-vmPFC functional connectivity at each time point. Note

the overall increase in HC-vmPFC functional connectivity post-

exposure to stress, which was more prominent for the soldiers

with increased HC volume (P < 0.01). (D) Bar graphs repre-

senting the groups’ average FA value of the UF (i.e., structural

integrity) at each time point. Note that soldiers with increased

HC volume had increased UF integrity postexposure relative to

pre-exposure (P < 0.05), whereas soldiers with decreased HC

volume had decreased UF integrity postexposure relative to

pre-exposure (P < 0.05). (HC, hippocampus; UF, uncinate fasci-

culus; FA, fractional anisotropy; N ¼ 33; error bars � SEM).
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with the strength of HC-vmPFC functional connectivity

pre-exposure vs. post-exposure (F ¼ 4.9; P < 0.05), as

more prominent connectivity post-exposure was found in

soldiers with increased HC volume (P < 0.01; Fig. 1C).

Finally, Figure 1D shows that the same analysis for the FA

value of the UF (i.e., structural integrity) also revealed a

significant interaction (F ¼ 9; P < 0.005), stemming from

the increase in UF integrity post-exposure vs. pre-exposure

in the group of soldiers with increased HC volume (P <

0.05) compared with the decrease in UF integrity in the

group with decreased HC volume (P < 0.05).

Predisposing Effects of HC Volume

By dividing the soldiers according to the predisposing
measure of below or above the group median left standar-
dized HC volume pre-exposure, we defined two new
groups of soldiers: below the median (n ¼ 17; standar-
dized HC volume pre-exposure ¼ 4,494 mm3) and above
the median (n ¼ 16; standardized HC volume pre-expo-
sure ¼ 5,526 mm3; see group distribution in Fig. 2A).
Repeated measures ANOVA of this categorical factor
revealed no significant interaction with either the severity
of PTSD-related symptoms (F ¼ 0.9; p ¼ 0.76), the strength

Figure 2.

Predisposing effects of HC volume. (A) The plot shows the ini-

tial standardized HC volume pre-exposure of each soldier. Sol-

diers were divided into two groups based on this measure

(above the median, white squares and below the median, black

squares). Group averages are shown by gray cross. Note that

this measure interacted neither with the severity of PTSD-

related symptoms (B), the strength of the HC-vmPFC functional

connectivity (C) nor with the average FA value of the UF (D).

There were only two main effects in that analysis, the main

effect of total increase in PTSD-related symptoms (P < 0.05)

and in HC-vmPFC functional connectivity (P < 0.001) postexpo-

sure to stress. (HC, hippocampus; UF, uncinate fasciculus; FA,

fractional anisotropy; N ¼ 33; error bars � SEM).
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of HC-vmPFC functional connectivity (F ¼ 2.1; p ¼ 0.15),
or the integrity of the UF (F ¼ 0.01; p ¼ 0.91) (Figures 2B-
D, respectively). Taken together, it suggests that inter-indi-
vidual variations in HC volume pre-exposure did not pos-
sess predictive value in our study. There were only two
main effects in this analysis, the main effect of total
increase in PTSD-related symptoms (F ¼ 4.8; P < 0.05) and
in HC-vmPFC functional connectivity (F ¼ 43; P < 0.001)
post-exposure, findings on which we already reported
[Admon et al., 2009].

DISCUSSION

In this study, we used a multiparametric prospective
MRI approach that combines measurements of structural
volume via MRI, functional connectivity via fMRI, and
structural connectivity via DTI to study a group of 33 sol-
diers over the course of their stressful military service in
the IDF. Thus, we were able to investigate structural and
functional contributions of the HC and its connectivity
with the vmPFC to the onset and progression of PTSD-
related symptoms post-exposure to stress. We found that
soldiers with more PTSD-related symptoms post-exposure
exhibited a decrease in HC volume as well as a reduction
in HC-vmPFC functional and structural connectivity post-
exposure vs. pre-exposure. Our results therefore suggest
that reduction in HC volume and connectivity with the
vmPFC following exposure to repeated military stress are
related to increased PTSD related symptoms, thus might
indicate a maladaptive response to such real life stressor.

Extensive animal literature has linked exposure to exces-
sive stress with HC volume reduction [McEwen, 1999]. In
humans, there have been several cross-sectional and longi-
tudinal studies probing changes in HC volume throughout
normal life development [Giedd et al., 1996; Gogtay et al.,
2006; Suzuki et al., 2005]; however, none measured the
effect of stress exposure on HC plasticity. Other human
studies were able to associate maladaptive reaction to
stressful events with reduced HC volume by examining
patients with stress-related psychiatric disorders [Bram-
billa et al., 2002; Smith, 2005], but the retrospective nature
of these studies did not allow them to attribute such
abnormalities to either the effect of the stress or predispo-
sition. As far as we know, our study is the first to directly
relate HC volume reduction in humans following exposure
to stress with a tendency to develop more PTSD-related
symptoms. This finding may be regarded as contradicting
prior evidence from homozygotic twins suggesting that
smaller HC volume is a predisposing risk factor [Gilbert-
son et al., 2002]. Nevertheless, the lack of evidence for a
predisposing effect of HC volume on the severity of
PTSD-related symptoms developed following stress in this
study could stem from the significant interindividual vari-
ability that exists in the range of HC volumes in the nor-
mal population [Lupien et al., 2007], interfering with the
ability to detect individuals at risk based on this measure.

It is also possible, however, that the lack of evidence for a
predisposing effect of HC volume in this study is due to
specific factors related to our sample; for example, the age
range of our sample was small, participants were all rather
young, and PTSD symptoms at the end of the military
service were in the moderate range.

The relevance of HC volume reduction following stress
to a maladaptive response to stress is supported here not
only by its association with more PTSD-related symptoms
post-exposure to stress; but also by the association that
HC volume reduction seems to have with diminished con-
nectivity of the HC with the vmPFC following stress, both
at the structural and functional levels. Such disruptions in
structural and/or functional connectivity were interpreted
as implying poor communication between brain regions,
resulting in deficient information exchange [Kim and
Whalen, 2009]. Reduced functional connectivity strength
specifically between the HC and the vmPFC was sug-
gested as a neural marker for deficient fear extinction abil-
ity, which may lead to pathologically elevated and
persistent conditioned fear [Milad et al., 2009], a major
clinical characteristic of PTSD [DSM-IV-TR, 2000].
Recently, we added further support for this model by
showing that following stressful military service in the IDF
healthy soldiers exhibit increased functional connectivity
of the HC with the vmPFC in response to exposure to
stress reminders. Importantly, such connectivity capability
indeed seems to have an adaptive value, as a stronger
increase in functional connectivity following military serv-
ice was associated with fewer PTSD-related symptoms
[Admon et al., 2009]. The association between reduction in
HC volume and insufficient ability to extinguish fear is
further supported by a previous finding that another struc-
tural feature in this network, vmPFC gray matter thick-
ness, was also found to be related to extinction ability
[Milad et al., 2005]. Finally, in support of the acquired na-
ture of deficient fear extinction in PTSD, a unique behav-
ioral study in a twin cohort showed that such deficiency
was not evident in the healthy co-twins of PTSD combat
veterans [Milad et al., 2008].

Several limitations should be considered in the conjunc-
tion of this study. First, in the absence of histological data
and analysis, we can only speculate whether the observed
reduction in HC volume is related to neuronal loss, thus
representing real atrophy, or to other more transient mech-
anisms. This is especially relevant as the observed change
in HC volume was small, in the order of few percents.
Indeed, there is now an increasing body of evidence sug-
gesting that disease-related changes in HC volume might
be transient, thus not representing an irreversible neuronal
loss [Swaab et al., 2005]. Second, different reasons for the
increase of HC volume in the apparently more resilient
group should also be considered. Once again, our data do
not allow speculation regarding the neuronal and molecu-
lar mechanisms that may be involved in such phenomena.
Nevertheless, a previous study showed an increase in HC
volume throughout adolescence in healthy normal civilian
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participants (i.e., relatively stress-free environment)
[Suzuki et al., 2005]. Considering that our participants
were also in their adolescence, this may suggest that the
demonstrated increase in HC volume displayed here in a
third of the sample is part of a normal maturation process,
whose continuation despite exposure to stress may indi-
cate resiliency.

Perhaps, the most interesting question then is what kind
of physiological or psychological mechanisms might have
contributed to these opposite changes in HC volume,
which are then further related to connectivity and symp-
tom changes in these individuals? Here, a variety of fac-
tors could play a role, from lifestyle to nutrition to social
support or coping mechanisms; unfortunately, these
factors were not assessed in this study and, thus, it will be
the goal of future studies to identify these exact
mechanisms.

In summary, in spite of certain limitations, our results
uniquely suggest that reduction in HC volume and con-
nectivity with the vmPFC following exposure to repeated
military stress might indicate a maladaptive response to
such real life stressor. Notably, successful treatment with
antidepressants has been shown to reverse the already
established stress-induced HC atrophy in animals [Magari-
nos et al., 1999] and to increase HC volume in human
PTSD patients [Vermetten et al., 2003]. Our identification
of HC volume reduction as a localized biological marker
of stress-induced maladaptive response to stress may
therefore carry therapeutic potential.
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