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a b s t r a c t

Posttraumatic stress disorder (PTSD) has been associated with altered resting-state functional connec-
tivity (rs-FC) of several brain regions within the salience (SN) and default-mode (DMN) networks,
including the hippocampus. However, most rs-FC studies have not focused primarily on the hippo-
campus, nor have they appreciated its structural heterogeneity, despite clear evidence for a dissociation
between posterior and anterior hippocampal connectivity. Here, we examine rs-FC of anterior and
posterior hippocampus with key regions in the SN (amygdala, insula, and dorsal anterior cingulate
cortex/pre-supplementary motor area) and DMN (ventromedial prefrontal cortex, posterior cingulate
cortex, and precuneus) previously implicated in PTSD, using a seed-based approach. Resting-state
magnetic resonance images were obtained from 48 PTSD patients and 34 trauma-exposed healthy
participants (TEHC). Results indicated no group differences when examining the hippocampus as a
whole. However, examining the anterior and posterior hippocampus revealed a loss of anterior to pos-
terior connectivity differentiation in PTSD patients. The PTSD group also demonstrated lower negative
connectivity of the posterior hippocampus-precuneus pathway compared with the TEHC group. Finally,
as differences in anterior and posterior hippocampus connectivity have been also related to age, we
performed a secondary analysis exploring the association between age and posterior- and anterior-
hippocampus connectivity in both groups. Results showed that among PTSD patients, increased age
had the effect of normalizing posterior hippocampus-precuneus and hippocampus-posterior cingulate
cortex connectivity, whereas no such effect was noted for the control group. These findings highlight the
need for PTSD connectivity research to consider sub-parts of the hippocampus and to account for age-
related connectivity differences.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Elucidating neural abnormalities associated with posttraumatic
stress disorder (PTSD) is considered a crucial stepping stone toward
identifying reliable novel targets for treatment (Patel et al., 2012).
The hippocampus is one brain area considered to play an important
role in PTSD due to its involvement in memory functions (Brohawn
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York, NY 10032, USA.
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two authors.
et al., 2010) and fear-related learning processes (Corcoran et al.,
2005; Quirk and Mueller, 2008). Research has demonstrated
reduced hippocampal volume in PTSD (O'Doherty et al., 2015),
which are associated with persistent re-experiencing of the trau-
matic event (Brewin et al., 2010) and poor treatment response
(Rubin et al., 2016). However, task-based functional neuroimaging
studies have been less consistent, with some showing reduced or
impaired hippocampal activation in PTSD (Etkin and Wager, 2007),
while others reporting abnormal hyperactivation (Patel et al.,
2012).

Recently, investigations of PTSD-related differences using
resting-state functional connectivity (rs-FC) have begun to emerge.
Extant PTSD rs-FC studies have primarily focused on key node re-
gions within the salience network (SN) and the default mode
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network (DMN). SN nodes include the amygdala (Brown et al.,
2014; Rabinak et al., 2011; Sripada et al., 2012a), anterior insula
(Sripada et al., 2012b), and dorsal anterior cingulate cortex (dACC;
(Kennis et al., 2015; Sripada et al., 2012b; Yin et al., 2011), and more
specifically the dACC/pre-supplementary motor area (pre-SMA
(Chen and Etkin, 2013; Shirer et al., 2012; Sripada et al., 2012b);).
DMN nodes include the hippocampus, ventromedial prefrontal
cortex (vmPFC), posterior cingulate cortex (PCC), and the precuneus
(Bluhm et al., 2009; DiGangi et al., 2016; Koch et al., 2016; Reuveni
et al., 2016). Evidence for altered connectivity between the hippo-
campus and different SN nodes is mixed at best (Koch et al., 2016),
with some reporting reduced connectivity in PTSD (Chen and Etkin,
2013; Sripada et al., 2012a, 2012b) while others finding no such
evidence (Brown et al., 2014; Chen and Etkin, 2013; Rabinak et al.,
2011). Research focusing on DMN nodes found reduced hippo-
campal connectivity with the PCC (Bluhm et al., 2009; Sripada et al.,
2012b) and precuneus (Bluhm et al., 2009; Chen and Etkin, 2013) in
PTSD patients compared with healthy controls, as well as a positive
correlation between the strength of within-DMN connectivity and
PTSD and acute stress disorder (ASD) symptom severity (Birn et al.,
2014; Cisler et al., 2013; Kennis et al., 2015; Lanius et al., 2010;
Sripada et al., 2012b). However, more recent studies comparing
within-DMN functional connectivity of PTSD patients and trauma-
exposed healthy controls (TEHCs) did not find any evidence for
group differences in connectivity (DiGangi et al., 2016; Reuveni
et al., 2016).

Though nearly all PTSD seed-based rs-FC studies involving the
hippocampus investigated it as a singular structure, research has
increasingly recognized three functionally discrete subparts along
its longitudinal axis based on gene expression and anatomical
connectivity (Chen and Etkin, 2013; Fanselow and Dong, 2010;
Zarei et al., 2013). Anterior-posterior hippocampal resting-state
connectivity differences have been reported in healthy partici-
pants for different brain regions such as the pregenual ACC (pgACC),
PCC, precuneus, PFC, and thalamus (Chen and Etkin, 2013; Zarei
et al., 2013). Moreover, functional differences between anterior
and posterior hippocampus were also found, with the posterior
part primarily involved in memory and cognitive functions, and the
anterior region in emotion and affect (Fanselow and Dong, 2010;
Poppenk et al., 2013; Small et al., 2011). In PTSD, one previous
study has shown that compared with healthy controls, PTSD pa-
tients demonstrate lower connectivity between the posterior hip-
pocampus and the pgACC, PCC, and precuneus. Connectivity of the
anterior hippocampus with dACC/pre-SMA was shown to be
reduced in PTSD patients (combined with generalized anxiety
disorder (GAD) patients), compared with healthy participants.
However, as acknowledged by the authors, this study did not
include trauma-exposed healthy participants, which might have
yielded different results (Chen and Etkin, 2013).

Age-related anterior and posterior connectivity differences have
been noted in previous research. An association between increased
age and reduced functional connectivity within the DMN has been
found in healthy participants for the posterior but not for the
anterior hippocampus (Damoiseaux et al., 2016). Blum et al. (2014)
examining connectivity dominance within the hippocampus re-
ported somewhat contradictory results. They found a relative in-
crease in rs-FC of the posterior hippocampus to neocortex areas in
older adults, with several brain areas, including the precuneus,
identified as demonstrating an age-related shift in connectivity
from anterior to posterior hippocampus (Blum et al., 2014). Finally,
while numerous neuroimaging studies have examined the hippo-
campus in PTSD, age-related differences were seldom addressed.
The only few neuroimaging studies addressing age mainly focused
on volumetric differences between PTSD patients and healthy
controls in older adults (Golier et al., 2005; Yehuda et al., 2007). No
studies to date have explored the effects of age on hippocampal rs-
FC among PTSD patients.

Aiming to address gaps in the above-reviewed research on
hippocampal connectivity, we recorded rs-FC of the hippocampus
with core pre-defined nodes of the SN (i.e., anterior insula, dACC/
pre-SMA, and amygdala) and DMN (i.e., PCC, precuneus, and
vmPFC) previously identified as aberrant in PTSD connectivity
research (Sripada et al., 2012b). Our primary goal was to examine
whether PTSD patients and TEHC participants differ in functional
connectivity of the anterior and posterior parts of the hippocampus
with these brain regions, in an attempt to clarify mixed results from
previous studies. In addition, as research has demonstrated age
differences in hippocampal connectivity, we conducted a secondary
analysis of specific pathways found to differ between groups in the
main analysis by exploring within-group associations between age
and rs-FC.

2. Methods

2.1. Participants

Fifty-three patients with PTSD and 36 TEHC participants were
recruited for participation in the study via online advertisement
and fliers. PTSD and TEHC participants were matched on age, sex,
trauma type, and race/ethnicity. All participants met DSM-IV-TR
(American Psychiatric Association, 2000) criterion A for a trau-
matic event. A psychiatrist determined medical exclusion criteria
by conducting a medical history and physical examination. An in-
dependent clinical evaluator administered the Structured Clinical
Interview for DSM-IV Axis I Disorders (SCID) and Clinician-
Administered PTSD Scale (CAPS (Weathers et al., 2001);) to assess
psychiatric diagnoses and determine PTSD severity. Moderate PTSD
severity was required and indicated by a total CAPS score of >50.
Exclusion criteria for the PTSD group included any current comor-
bid Axis-I diagnosis, including anxiety disorders, except for a
moderate level of major depressive disorder (MDD), indicated by
17-item Hamilton Depression Rating Scale (HAM-D (Hamilton,
1960);) score <25. The final sample included 21 PTSD patients
with co-morbid depression. Severe depression (HAM-D score �25)
was considered an exclusion criterion due to safety concerns of
treatment delay. PTSD patients with any history of comorbid Axis-I
psychiatric diagnoses were also excluded. Past substance or alcohol
dependence was basis for exclusion only when occurring within six
months prior to the start of the study (two months for substance
abuse). Additional exclusion criteria were any psychotropic medi-
cation within four weeks prior to participation in the study (six
weeks for fluoxetine). Exclusion criteria for the TEHC group were
current or past Axis-I disorders and CAPS score >20. The investi-
gation was carried out in accordance with the latest version of the
Declaration of Helsinki. The New York State Psychiatric Institute
Institutional Review Board approved all procedures and partici-
pants provided written informed consent after receiving explana-
tion of the procedures in accordance with the World Medical
Association Code of Ethics.

2.2. Image acquisition and pre-processing

A 1.5 T GE Twin SpeedMR Scanner operating on the Excite 3 12.0
M4 HD platform equipped with an 8-channel gradient head coil
was used. A high-resolution T1-weighted 3D MPRAGE sequence
was acquired for each subject (repetition time ¼ 7.25 ms, echo
time ¼ 3 msec, Flip angle ¼ 7�, field of view ¼ 25.6 cm, 256 � 256
pixel matrix, slice thickness ¼ 1 mm). Five-minute functional
resting-state images (i.e., blood oxygenation level dependent;
BOLD) were acquired using a gradient echo T2*-weighted sequence
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(repetition time ¼ 3sec, echo time ¼ 30 msec, flip angle ¼ 90�, field
of view ¼ 22.4 cm, 64 � 64 pixel matrix, slice thickness ¼ 2.2 mm).
Subjects were instructed to relax, remain awake, and lie still with
their eyes open.

FMRI data were preprocessed using MATLAB version R2016a
(The MathWorks, Inc., Natick, MA, USA) and statistical parametric
mapping software (SPM12; Wellcome Trust Centre for Neuro-
imaging, UCL, London, UK), as previously done in our laboratory
(Zhu et al., 2016). All functional images were slice time and motion
corrected, co-registered to each participant's T1-weighted struc-
tural image and normalized to Montreal Neurological Institute
(MNI) canonical template and smoothed with an 8 mm full-width-
at-half-maximum (FWHM) Gaussian kernel. Participants who had
movement exceeding ±1.5 mm, and more than 20% of each sub-
ject's data points having been detected as outliers were excluded
from further analysis. Consequently, the final analysis included 82
participants: 48 PTSD and 34 TEHCs.

2.3. Seed-based functional connectivity analyses

Resting-state functional connectivity analyses were carried out
using a seed-based approach implicated in the CONN-fMRI Func-
tional Connectivity Toolbox v13 (Whitfield-Gabrieli and Nieto-
Castanon, 2012).

ROI-to-ROI connectivity analysis was performed using two seed
ROIs, including anterior and posterior hippocampus, and six target
ROIs from the SN and DMN, including the amygdala, anterior insula,
dACC/pre-SMA, precuneus, PCC, and vmPFC. A similar analysis was
also performed using the hippocampus as a whole as a seed ROI.
Seed ROIs were derived from the Juelich Histological Atlas from the
FSL Harvard-Oxford Atlas maximum likelihood cortical atlas
(Desikan et al., 2006). A 70% threshold was applied to these atlases.
Any voxels that have any probability of being in the amygdala were
excluded for seed ROIs to avoid the possibility that the rs-FC was
driven by the amygdala. The hippocampuswas divided along the A-
P axis into three sections as was performed previously by Chen and
Etkin (2013). Four target ROIs including the entire anatomical
structure of amygdala, precuneus, PCC, and vmPFC were derived
directly from the Juelich Histological Atlas from the FSL Harvard-
Oxford Atlas maximum likelihood cortical and subcortical atlases.
Since the FSL Harvard-Oxford Atlas does not provide subdivision of
the insula and ACC, anterior insula and dACC/Pre-SMA nodes were
derived based on the SN functional network defined by Shirer et al.
(2012). The mean BOLD time series was computed across all voxels
within each ROI. Bivariate-regression analyses were used to
determine the linear association of the BOLD time series between
each pair of regions for each subject. Both positive and negative
correlations were examined. The resultant correlation coefficients
were transformed into z-scores using Fisher's transformation to
satisfy normality assumptions.

2.4. Statistical analyses

To examine group differences in rs-FC, we performed separate
two-way analyses of variance (ANOVAs) for each target ROI, with
group (PTSD, TEHC) as a between subjects factor and hippocampus
(anterior, posterior) as a within-subject factor. A Bonferroni
correction was established for six repeated tests at p < 0.008
(p < 0.05/6). Fisher LSD was used for posthoc analyses for signifi-
cant interactions. To examine group differences in rs-FC when
considering the hippocampus as a whole, we performed an inde-
pendent samples t-test for each target ROI. To further clarify sig-
nificant findings and possible confounding effects of age, gender
and education, we performed analysis of covariance (ANCOVA)
entering age, sex, and years of education as covariates to the above
described main analyses. Finally, we performed a correlation
analysis between age and rs-FC only for pathways in which hip-
pocampus (anterior, posterior) was found to interact with group
(PTSD, TEHC). This correlation analysis was performed within each
group, for anterior and posterior hippocampus separately. A Bon-
ferroni correction was established for two correlation analyses
made at p < 0.025 (p < 0.05/2). To further examine differences
between groups in the relationship between age and hippocampal
connectivity we performed amoderation analysis of the association
between age and rs-FC with group as a moderator using PROCESS
macro software (Hayes, 2013), model 1, in SPSS (SPSS Inc., Chicago,
Illinois), which allows for bootstrapping of standard errors for in-
direct effects. We applied 1000 bootstrap samples.

3. Results

3.1. Demographic and clinical characteristics

Participants’ demographic and clinical characteristics are pre-
sented in Table 1. As expected, significant differences between
groups were noted for PTSD symptom severity (p < 0.001). Groups
differed also in their years of education (p < 0.001) and depressive
symptom severity (P < 0.001), but not on age (p ¼ 0.67), sex
(p ¼ 0.45), ethnicity (p ¼ 0.70), duration since trauma (p ¼ 0.96) or
trauma type (p ¼ 0.40).

3.2. Functional connectivity analysis

ROI-to-ROI connectivity analysis was performed on a priori
defined ROIs (see Figs. 1 and 2 for DMN and SN nodes, respectively).
No group differences in rs-FC were found for any of the target ROI's
when examining the hippocampus as a single and whole structure
(all p's > 0.12), reflecting similar rs-FC patterns in the two groups
when disregarding the functionally discrete subparts of the hip-
pocampus. However, when examining anterior and posterior hip-
pocampus separately, a significant group (PTSD vs. TEHC) by
hippocampus (anterior vs. posterior) interaction effect emerged for
the precuneus (F ¼ 7.56, p ¼ 0.006), with a trend interaction found
for the PCC (F ¼ 3.65, p ¼ 0.05). Post-hoc Fisher LSD for examining
simple effects revealed a significant difference between groups in
the connectivity of the posterior hippocampus with the precuneus
(t¼ 2.7, p¼ 0.007), with the PTSD group showing reduced negative
connectivity compared with the TEHC group. No significant dif-
ference between groups emerged for the connectivity of the ante-
rior hippocampus and the precuneus (t ¼ 1.18, p ¼ 0.24). In the
TEHC group, a significant difference was found between the con-
nectivity of the anterior and posterior subparts of the hippocampus
with the precuneus (t ¼ 4.4, p < 0.001), which was not evident in
the PTSD group (t ¼ 1.0, p ¼ 0.32), suggesting a loss of dissociation
of anterior and posterior hippocampus connectivity with the pre-
cuneus in PTSD patients compared with controls. For the PCC, a
similar results pattern emerged. A significant difference between
the connectivity of the anterior and posterior hippocampus with
the PCC was found in TEHC group (t ¼ 2.4, p ¼ 0.016), but again not
in the PTSD group (t ¼ 0.09, p ¼ 0.92). There was no significant
difference between groups in the connectivity of the posterior
hippocampus and the PCC (t ¼ 1.27, p > 0.05). Finally, significant
main effects of hippocampus (anterior vs. posterior) were found for
the DMN-related nodes of the vmPFC (F ¼ 33.0, p < 0.001) and
precuneus (F ¼ 7.55, p < 0.001). For the SN nodes, we found a
significant main effect of hippocampus (anterior vs. posterior) only
for the amygdala (F ¼ 133.07, p < 0.001).

Finally, ANCOVA for significant findings with age, sex, and years
of education entered as covariates did not change any of the sig-
nificant results described above. The group (PTSD vs. TEHC) by



Table 1
Demographic and clinical characteristics of the two groups.

PTSD (n ¼ 48) TEHC (n ¼ 34) Statistics e p value
(PTSD vs. TEHC)

Sex, N (%) 0.45
Male 19 (39.6) 11 (32.4)
Female 29 (60.4) 23 (67.6)

Race, N (%) 0.70
Caucasian 14 (29.2) 11 (32.4)
African- American 12 (25.0) 11 (32.4)
Hispanic 17 (35.4) 11 (32.4)
Others 4 (8.3) 1 (2.9)

Duration since trauma, mean years (SD) 12.69 (11.92) 12.55 (12.94) 0.96
Trauma type, N (%) 0.40
Sexual assault 14 (29.2) 6 (17.6)
Interpersonal violence 12 (25.0) 9 (26.5)
Motor vehicle accident 1 (2.1) 3 (8.8)
Military-related 5 (10.4) 1 (2.9)
Natural disaster 1 (2.1) 1 (2.9)
Serious injury (accidental) 2 (4.2) 0
Terror-related 1 (2.1) 0
Witnessing a traumatic event 4 (8.3) 4 (11.8)
A traumatic event occurred to a

close family member/friend
8 (16.6) 10 (29.5)

Age 0.67
Mean (SD) 36.1 (8.8) 35.1 (10.6)
Range (minimum e maximum) 21.9e52.5 22.2e57.5

Education, mean years (SD) 14.2 (2.0) 16.1 (1.9) <0.001
H-AMD, mean (SD) 16.2 (5.5) 2.0 (2.1) <0.001
CAPS-total score, mean (SD) 81.3 (15.5) 3.9 (4.7) <0.001

Note. PTSD ¼ Post-traumatic stress disorder; TEHC ¼ trauma exposed healthy controls; HAM-D ¼ Hamilton Depression Scale; CAPS ¼ Clinician-Administered PTSD Scale.
*One PTSD subject lacked ethnicity information.
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hippocampus (anterior vs. posterior) interaction effect remained
significant for the precuneus (F ¼ 7.92, p ¼ 0.006), with a trend
interaction still evident for the PCC (F ¼ 3.64, p ¼ 0.05). Post-hoc
analyses revealed a significant difference between the TEHC and
Fig. 1. Resting-State Functional Connectivity by Group and Hippocampus Region for DMN N
cyan), anterior hippocampus (HIP_A; violet) and posterior hippocampus (HIP_P; blue) as seed
the ventromedial prefrontal cortex (vmPFC, yellow), posterior cingulate cortex (PCC, gree
controls. The figure on the right depicts the functional connectivity weights in each group. Er
triangle: trend F test; two diamonds: significant main effect; one diamond: trend main eff
PTSD groups in the connectivity of the posterior hippocampus and
the precuneus (F ¼ 4.80, p ¼ 0.03), with a trend difference for the
anterior hippocampus (F¼ 3.57, p¼ 0.06), whichwas not evident in
the initial analysis. A significant difference was also found between
odes. Note. Seed-based resting-state functional connectivity of the hippocampus (HIP;
regions of interest (ROIs) with key nodes of the default mode network (DMN), namely,

n), and precuneus (red) as target ROIs in PTSD patients and trauma-exposed healthy
ror bars denote standard error of the mean (SEM). (Two triangles: significant F test; one
ect; **: Significant Post-hoc Fisher LSD; *: trend Post-hoc Fisher LSD).



Fig. 2. Resting-State Functional Connectivity by Group and Hippocampus Region for SN Nodes. Note. Seed-based resting-state functional connectivity of the hippocampus (HIP;
cyan), anterior hippocampus (HIP_A; violet) and posterior hippocampus (HIP_P; blue) as seed regions of interest with key nodes of the salient network (SN), namely, the amygdala
(green), the dorsal anterior cingulate/pre-supplementary motor area (dACC/pre-SMA, yellow), and anterior insula (red) as target ROIs in PTSD patients and trauma-exposed healthy
controls. The figure on the right depicts the functional connectivity weights in each group. Error bars denote standard error of the mean (SEM). (Two triangles: significant F test; one
triangle: trend F test; two diamonds: significant main effect; one diamond: trend main effect; **: Significant Post-hoc Fisher LSD; *: trend Post-hoc Fisher LSD).
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the anterior and posterior hippocampus in connectivity with the
precuneus in the TEHC group (F¼ 23.06, p < 0.001), but again not in
the PTSD group (F ¼ 0.98, p ¼ 0.32). For the PCC, a significant dif-
ference between anterior and posterior hippocampus in connec-
tivity with the PCC was found in the TEHC group (F ¼ 5.99,
p ¼ 0.017), but again not in the PTSD group (F ¼ 0.008, p ¼ 0.93).
Finally, main effects of hippocampus remained significant for the
vmPFC (F ¼ 33.33, p < 0.001), precuneus (F ¼ 17.09, p < 0.001),
amygdala (F¼ 131.42, p < 0.001) and, unlike the initial analysis, also
for the insula (F ¼ 5.46, p ¼ 0.02). Again, no main effects for group
emerged.

3.3. Relationship between functional connectivity of posterior
hippocampus and age

Posterior hippocampus-precuneus was negatively correlated
with age (see Fig. 3; r ¼ �0.34, p ¼ 0.018) with a negative corre-
lation also for the PCC but at trend level (r ¼ �0.303, p ¼ 0.036) in
the PTSD group, but not in the TEHC group, suggesting that
increased age was associated with normalized posterior hippo-
campus connectivity with precuneus and PCC in PTSD patients.
However, the moderation analysis did not reveal a significant
interaction of group and age in predicting the rs-FC of the posterior
hippocampus and precuneus or PCC (p ¼ 0.35, p ¼ 0.26, respec-
tively). In contrast, the TEHC group showed a significant negative
correlation between anterior hippocampus-precuneus connectivity
and age (r ¼ �0.377, p ¼ 0.028), while no significant relationship
was found in PTSD group. Again, themoderation effect of groupwas
found to be non-significant, p ¼ 0.08. To further ascertain the sig-
nificant correlations between age and rs-FC for these pathways
within the PTSD group, we additionally examined the correlations
with duration since trauma (i.e., the time that has passed since the
trauma occurred), especially as duration since trauma and agewere
found to be highly correlated in this sample (r ¼ 0.53, p < 0.001).
We found no significant correlation between duration since trauma
and rs-FC for the posterior hippocampus-precuneus pathway as
well as for the posterior hippocampus-PCC pathway.

4. Discussion

This study examined whether PTSD patients and TEHC partici-
pants exhibit different resting-state functional connectivity pat-
terns between anterior and posterior hippocampus and key brain
regions of the SN (i.e., amygdala, dACC/pre-SMA, and anterior
insula) and the DMN (i.e., precuneus, PCC, and vmPFC) previously
implicated in PTSD. A differential rs-FC pattern emerged for the
PTSD and TEHC groups regarding anterior and posterior hippo-
campal connectivity with the precuneus and PCC. In TEHC partici-
pants, a significant difference was noted for the connectivity of the
anterior and posterior hippocampus with the precuneus and PCC.
While the anterior hippocampus demonstrated positive connec-
tivity with the precuneus and PCC, reflecting “co-modulation” of
these regions during rest, the posterior hippocampus revealed a
negative connectivity pattern with these regions, reflecting a “di-
vision of labor” (Uddin et al., 2009). No difference between anterior
and posterior hippocampus connectivity was found in the PTSD
group, reflecting a potential pathological lack of functional differ-
entiation between anterior and posterior hippocampus. This dif-
ference in connectivity patterns between PTSD patients and TEHC
participants could be seen as a manifestation of an imbalance be-
tween anterior and posterior hippocampus within the DMN in
PTSD, especially as the precuneus and PCC are considered key
nodes of this network (Utevsky et al., 2014), highly correlating with
the rest of the DMN in healthy humans (Bluhm et al., 2009).

The DMN has been found to be involved in inwardly focused
mental processes such as self-referential processing, personal
introspection, autobiographical memory, and future thinking
(Bluhm et al., 2009; Lanius et al., 2015; Reuveni et al., 2016; Sripada



Fig. 3. Correlation between Age and Resting-State Functional Connectivity of the
Posterior Hippocampus with the Precuneus in the PTSD group. Note. TEHC ¼ Trauma
exposed healthy controls; PTSD ¼ Post traumatic stress disorder; HIP_P-
Precuneus ¼ Hippocampus-precuneus resting-state functional connectivity.
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et al., 2012b), which all contribute to a coherent sense of self (Lanius
et al., 2015). Traumatic events can have long-term effects on one's
sense of self, manifesting in altered core beliefs, disrupted self-
referential processing and dissociative symptoms including
depersonalization (Lanius et al., 2015). Accordingly, it has been
suggested that altered rs-FC within the DMN found in PTSD might
be related to dissociative (Bluhm et al., 2009) and depersonaliza-
tion symptoms (Lanius et al., 2015). While our results are in line
with these studies mentioned above, also reporting altered con-
nectivity within key nodes of the DMN in PTSD, they emphasize the
need to regard the hippocampus as comprised of discrete sub-
regions along its longitudinal axis when examining rs-FC within
the DMN.

We also found group differences in posterior hippocampus-
precuneus connectivity replicating previous findings (Chen and
Etkin, 2013), while comparing PTSD patients to TEHCs, rather
than to healthy participants with no previous trauma exposure,
thus increasing the generalizability of this finding. The precuneus,
considered a core node of the DMN (Utevsky et al., 2014), has been
shown to be specifically involved in reflective, self-related pro-
cesses (Cavanna and Trimble, 2006), integration of past and present
information (Fransson andMarrelec, 2008), and different aspects of
memory including episodic memory retrieval (Cavanna and
Trimble, 2006), autobiographical memory (Addis et al., 2004), and
visual-spatial imagery (Cavanna and Trimble, 2006). Previous
research has found altered precuneus activation during rest (Yan
et al., 2013) and during processing of neutral stimuli (Geuze et al.,
2008) in PTSD patients, suggesting the precuneus to be related to
patients’ memory (retrieval) impairments and difficulties in
relating memories to the present context (Yan et al., 2013). Signif-
icant activation of the precuneus in response to trauma-related
stimuli has also been demonstrated, implicating the precuneus in
memory distortions of traumatic stimuli (Hayes et al., 2011), and
intrusive and distressing re-experiencing of the traumatic event
(Sartory et al., 2013). Finally, decreased rs-FC of the PCC/precuneus
in PTSD has also been linked to PTSD-related dissociative symp-
toms (Bluhm et al., 2009; Geuze et al., 2008; Lanius et al., 2002).
Considering the specific roles of the precuneus and the posterior
hippocampus, this finding might reflect lack of differentiation be-
tween task- and self-related aspects of processing, possibly
contributing to PTSD symptoms such as intrusive traumatic
memories, memory distortions, and dissociative and re-
experiencing symptoms (Chen and Etkin, 2013).

Results also indicated a preferentially connectivity of the PCC
and precuneus with the anterior hippocampus, relative to the
posterior hippocampus, in control participants. This finding is
surprising as previous research has shown the posterior hippo-
campus to be preferentially connected to DMN nodes, including the
PCC and precuneus, in healthy controls (Chen and Etkin, 2013).
However, differences in the nature of the comparison group used in
each study might explain this divergence in results. While the
current control group comprised of trauma-exposed controls, the
latter study utilized healthy participant with no previous trauma
exposure. Previous research examining DMN rs-FC in PTSD has
shown DMN connectivity to be weakened in veterans with and
without PTSD compared to healthy civilian controls (DiGangi et al.,
2016), with other studies also demonstrating similar functional and
anatomical connectivity patterns in the DMN of PTSD patients and
trauma-exposed controls (Reuveni et al., 2016). Taken together,
these studies highlight the distinction between trauma-exposed
and non-trauma-exposed healthy individuals, a distinction that
might reflect a potential resilience marker characterizing trauma-
exposed healthy participants. This possibility is further
strengthen when considering the exclusion criteria used for the
TEHC group in the present study (i.e., any current or past Axis-I
disorders and CAPS score above 20) which could reflect an espe-
cially resilient sub-group of trauma-exposed healthy controls.
Future rs-FC research should examine posterior and anterior hip-
pocampal connectivity patterns while comparing PTSD patients,
TEHC and non-trauma-exposed participants to try and elucidate
potential resilience factors to PTSD.

Importantly, examining the hippocampus as a whole indicated
no group differences in hippocampus connectivity with SN and
DMN nodes. With regard to SN nodes (i.e., anterior insula, dACC/
pre-SMA and amygdala), our results are in line with previous
studies (Brown et al., 2014; Kennis et al., 2015; Rabinak et al., 2011),
while being at odds with others (Sripada et al., 2012a, 2012b).
Several possibilities might account for these differences. First, this
divergence in results could be related to the nature of the com-
parison group used in the different studies. As in the present study,
some have used TEHC participants (Brown et al., 2014; Rabinak
et al., 2011) and found no group differences in connectivity, while
others combined TEHC and healthy civilian participants (Sripada
et al., 2012b). Second, lack of group differences in hippocampus-
amygdala connectivity in the present study might be due to sex-
related differential patterns of amygdala functional connectivity
at rest (Kilpatrick et al., 2006), as the PTSD sample in the present
study included more women than men in both groups (60.4% and
67.6% in the PTSD and TEHC groups, respectively). We also found no
group differences in hippocampus connectivity with any of the
DMN nodes (i.e., vmPFC, PCC, and precuneus). While this is in
contrast to previous studies reporting reduced hippocampal con-
nectivity (Bluhm et al., 2009; Sripada et al., 2012b), once again
these studies compared PTSD patients with healthy controls, not
previously exposed to a traumatic event. Conversely, our findings
support more recent research suggesting a common effect of
trauma exposure on DMN resting-state connectivity, unrelated to
PTSD per se (DiGangi et al., 2016; Reuveni et al., 2016).

Finally, the connectivity of the precuneus and PCC with the
posterior hippocampus showed significant negative correlations
with age, which were not evident for the anterior hippocampus.
Among PTSD patients, increased age was associated with a more
“normalized” posterior hippocampuseprecuneus and ePCC
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connectivity (i.e., increased negativity), whereas no such effect was
noted for the control group. Furthermore, while age was signifi-
cantly correlated with duration since trauma in our PTSD sample,
we did not find any association between duration since trauma and
PCCe or precuneus-hippocampus connectivity, strengthening the
association of rs-FC with the participants’ chronological age, and
not their “trauma age”. This somewhat surprising finding is in line
with previous research of Blum et al. (2014) who reported the
functional connectivity of the posterior hippocampus to be more
dominant as we age. According to the authors, while in older in-
dividuals there is an overall reduction in functional connectivity of
the hippocampus as a whole, a set of brain regions, including the
precuneus, is preferentially connected to the posterior hippocam-
pus in older age. The present findings also echo previous studies in
older adults with PTSD that reported an absence of hippocampal
volume differences in older adults with and without PTSD (Golier
et al., 2005; Yehuda et al., 2007). Considering both lines of
research may give rise to the speculative possibility that decreased
rs-FC dominance of posterior hippocampus to key nodes of the
DMN might serve as a possible risk factor in the wake of trauma in
younger age groups. Age has been shown to be associated with
lower prevalence rates of PTSD among older VA veterans (Frueh
et al., 2007), and with lower risks for negative mental and phys-
ical health outcomes immediately following trauma (Acierno et al.,
2006). However, as the present findings are preliminary, as well as
correlative, it should be interpreted with care. Furthermore, our
moderation analyses did not support group as a moderator of the
relationship between hippocampal connectivity and age, compli-
cating the interpretation of the results. Thus, while we did observe
a significant correlation between age and hippocampus-precuneus
and -PCC rs-FC in the PTSD group, that was not evident in the TEHC
group, we cannot claim for group differences in this regard. Future
research should elaborate and clarify the association between age
and rs-FC in PTSD by increasing the number of PTSD patients and
control participants, as well as by increasing the age-range of par-
ticipants recruited for research.

The present study has several limitations that deserve consid-
eration. First, it did not include a non-trauma exposed control
group, which might explain the lack of group differences in hip-
pocampus connectivity that were previously noted (Sripada et al.,
2012a). In addition, our current sample does not allow us to
examine the specific role of trauma exposure per se as both groups
were similar in this regard. Finally, while our two groups differed
on PTSD status they were possibly also different in regard to a
resilience factor characterizing TEHC participants but not PTSD
patients. Thus, we cannot differentiate these two factors as possible
explanation for our results. Future research could include this third
group of participants to address this issue. Second, while our
exclusion criteria for the PTSD group increases the specificity of our
results to PTSD, this also hinders the generalizability of our findings
to the general PTSD population as PTSD is highly comorbid with
other anxiety disorders such as panic disorders and GAD. To
address this shortcoming, future research could employ less
stringent inclusion/exclusion criteria for the PTSD group, especially
regarding co-morbid anxiety disorders. Third, our analysis of pos-
terior and anterior hippocampus rs-FC is correlative in nature, and
as such does not allow inferences about directionality or causality
regarding PTSD. Future research could examine longitudinal or
task-based changes in connectivity of these pathways. Fourth, the
TEHC group differed from the PTSD group on years of education.
However, it seems unlikely that this influenced our findings as
including years of education as a covariate did not affect the results.
Also, while we excluded severely depressed patients from the
study, the two groups still differed on depression scores, which
might serve as an alternative explanation for the obtained results.
However, we did not include depression scores as another covariate
as ANCOVA should be avoided when groups are not formed by
random assignment (Miller and Chapman, 2001), as was the case in
the presented study. Still, as differences between PTSD patients
with and without major depressive disorder in rs-FC have been
previously reported (Zhu et al., 2016), future studies should attempt
to replicate the present finding while including a depression non-
PTSD group to enhance the specificity of current results. Finally,
our PTSD group ranged in age from 22 to 54 years, which might
have limited our ability to find possible moderation effects of group
on the relationship between age and rs-FC. Also, we cannot
generalize our findings regarding the correlation between age and
rs-FC beyond this age group. As changes in connectivity and con-
nectivity dominance of posterior and anterior hippocampus have
been noted with normal aging (Blum et al., 2014; Damoiseaux et al.,
2016), future research should address this relationship by including
older PTSD patients in research.

5. Conclusions

The present study provides evidence for the importance of
referring to the anterior and posterior parts of the hippocampus as
distinct regions with different roles when examining resting-state
connectivity in PTSD. While we found no differences in rs-FC be-
tween subjects with PTSD and TEHCs when examining the hippo-
campus as a whole, examining the anterior and the posterior
hippocampus revealed a pathologic loss of anterior to posterior
connectivity differentiation in PTSD patients. In addition, the PTSD
group exhibited a lower negative connectivity of the posterior
hippocampus-precuneus pathway compared with the TEHC group.
Finally, Among PTSD patients, increased age had the effect of
normalizing posterior hippocampus-precuneus and hippocampus-
PCC connectivity, whereas no such effect was noted for the control
group. Future research concentrating on resting-state functional
connectivity in PTSD should acknowledge age-related as well as
hippocampus sub-parts-related differences in connectivity.
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