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ORIGINAL ARTICLE

Anterior hippocampal dysconnectivity in posttraumatic stress
disorder: a dimensional and multimodal approach

CG Abdallah'?, KM Wrocklage1'2’5, CL Averill?, T Akiki'?, B Schweinsburg"z, A Roy1‘2, B Martini'?, SM Southwick'?, JH Krystal1'2'5 and

JC Scott>*®

The anterior hippocampus (aHPC) has a central role in the regulation of anxiety-related behavior, stress response, emotional
memory and fear. However, little is known about the presence and extent of aHPC abnormalities in posttraumatic stress disorder
(PTSD). In this study, we used a multimodal approach, along with graph-based measures of global brain connectivity (GBC) termed
functional GBC with global signal regression (f-GBCr) and diffusion GBC (d-GBC), in combat-exposed US Veterans with and without
PTSD. Seed-based aHPC anatomical connectivity analyses were also performed. A whole-brain voxel-wise data-driven investigation
revealed a significant association between elevated PTSD symptoms and reduced medial temporal ~GBCr, particularly in the aHPC.
Similarly, aHPC d-GBC negatively correlated with PTSD severity. Both functional and anatomical aHPC dysconnectivity measures
remained significant after controlling for hippocampal volume, age, gender, intelligence, education, combat severity, depression,
anxiety, medication status, traumatic brain injury and alcohol/substance comorbidities. Depression-like PTSD dimensions were
associated with reduced connectivity in the ventromedial and dorsolateral prefrontal cortex. In contrast, hyperarousal symptoms
were positively correlated with ventromedial and dorsolateral prefrontal connectivity. We believe the findings provide first evidence
of functional and anatomical dysconnectivity in the aHPC of veterans with high PTSD symptomatology. The data support the
putative utility of aHPC connectivity as a measure of overall PTSD severity. Moreover, prefrontal global connectivity may be of
clinical value as a brain biomarker to potentially distinguish between PTSD subgroups.
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INTRODUCTION

Posttraumatic stress disorder (PTSD) is a disabling mental illness,
with limited treatment options and a pathophysiology that is not
well understood.! Identification of neural biomarkers underlying
the symptomatology of PTSD may facilitate the development of
novel efficacious therapeutics and could provide insight into the
mechanisms underlying the disorder. Resting-state functional
connectivity magnetic resonance imaging (rs-fcMRI), a technique
for studying the covariance over time of regional brain activity, is a
simple, yet powerful, method to investigate large-scale intrinsic
brain networks.? To date, rs-fcMRI studies in PTSD have primarily
used seed-based hypothesis-driven approaches>® Recently
developed graph theory-based approaches are being increasingly
employed to identify, in a data-driven manner, neural network
correlates of psychopathology.? In this study, we used global brain
connectivity (GBC)—also known as functional connectivity
strength—to identify PTSD-related alterations in the resting
covariance structure of brain activity in combat-exposed veterans
with high PTSD symptoms. We first conducted a whole-brain data-
driven analysis using functional GBC with global signal regression
(-GBCr), followed by dimensional and region of interest (ROI)
analyses using -GBCr, diffusion GBC (d-GBC) and tractography
seed-based structural connectivity to confirm the data-driven
findings and to examine the pattern and extent of dysconnectivity
in PTSD.

Neuroimaging studies over the past 2 decades have identified a
number of circuitry perturbations in PTSD patients.! These
alterations were primarily found in brain regions within the
prefrontal cortex (PFC; for example, anterior cingulate and
ventromedial PFC) and medial temporal lobe (for example,
hippocampus (HPC) and amygdala). Together with preclinical
data, such studies have encouraged the development of putative
circuit-based models of PTSD, which propose altered activity and
connectivity in critical brain regions as the underlying mechanism
of PTSD abnormalities in stress response, fear conditioning and
emotion regulation.’'> A complementary synaptic model of
traumatic stress suggests that severe traumatic events, and the
ensuing chronic stress experience, reduce synaptic connectivity in
the PFC and HPC by reducing synaptic strength, spine density and
dendritic arborization and length.'*'* Supporting the preclinical
data, a number of individual studies have reported PFC and HPC
gray matter (GM) structural alterations in PTSD, which have been
supported by systematic reviews and meta-analyses.'>'® While
prefrontal deficits appear to be mostly acquired post trauma,'”
HPC structural alterations are believed to be both predisposing
and acquired features.'”'® Moreover, HPC structural deficits show
a pattern of normalization following PTSD treatment."’

Recently, -GBCr has been successfully used as a robust well-
validated data-driven biomarker to identify brain regions with
altered connectivity in neuropsychiatric disorders. Convergent
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evidence shows reduced PFC, but not medial temporal, f-GBCr
across several disorders with strong contributions from chronic
stress, including depression, bipolar disorder, schizophrenia and
obsessive-compulsive disorder.?®>* £-GBCr is believed to reflect
some of the variance in overall synaptic strength and connectivity
in a brain region,”® and has been shown to positively correlate
with brain energetics®® and normal brain functions.?” Pharmaco-
logical challenges have consistently shown PFC f-GBCr increases
during states of presumable drug-induced glutamate neurotrans-
mission surge.>>?63% Moreover, a pharmacological treatment
known to reverse prefrontal stress-induced synaptic dysconnec-
tivity in animals®' was found to reverse PFC £~-GBCr reductions in
depressed patients.25 However, it remains to be determined (a)
whether f~-GBCr alterations exist in PTSD; (b) to what extent these
alterations are associated with anatomical dysconnectivity; and (c)
whether such alterations are disorder-specific or stress-related
abnormalities.

In this study, we conducted a whole-brain data-driven
investigation examining the relationship between PTSD sympto-
matology, as measured by the Clinician Administered PTSD Scale
(CAPS), and functional connectivity strength, as measured by f-
GBCr. The data-driven analysis identified the medial temporal
lobe, primarily the anterior hippocampus (@HPC), as a critical node
for PTSD-related dysconnectivity. Surprisingly, there were no
significant correlations between overall PTSD symptom severity
and any brain region in the PFC. To substantiate and interrogate
the data-driven findings, the whole-brain functional connectivity
analyses were followed by targeted region-specific dimensional
and multimodal investigations. First, we confirmed that aHPC f-
GBCr dysconnectivity remained significant after controlling for
hippocampal volume, depression severity, medication status and
various clinical and demographic putative confounds. Second, to
address concerns regarding global signal regression (GSR) and
cluster-wise correction, two major controversies in fMRI field 2>33
we determined the presence of aHPC dysconnectivity using an
independent measure of anatomical dysconnectivity (d-GBC), an
analysis based on ROIl, and does not involve GSR. Third,
considering the scarcity of studies employing dimensional models
of PTSD and related psychopathology, we conducted an
exploratory analysis examining the relationship between PFC
f-GBCr and the four dimensions of PTSD symptomatology (that is,
arousal, re-experiencing, numbing and avoidance®?). Fourth, using
probabilistic tractography and the aHPC as a seed, we identified
the brain regions driving the aHPC dysconnectivity in veterans
with high PTSD symptoms. Then, we explored the relationship
between aHPC-PFC structural connectivity and each of the four
PTSD symptom dimensions. It is important to note that the
majority of previous investigations were conducted in case-
control studies of individuals with a diagnosis of PTSD versus
those without a diagnosis. This approach has the strength of
instituting a large contrast; however, it could also create a
potentially artificial dichotomization. In the current report we used
a data-driven, hypothesis-free methodology along with a single-
group dimensional approach. While the study findings may
diverge from previous findings, the current report aims to capture
the association between a continuum of biological abnormalities
and clinical severity.

MATERIALS AND METHODS

Participants and clinical assessments

Seventy-one US Veterans between the age of 21 and 60 participated in this
study, following an informed consent process and institutional approval of
all study procedures. Study criteria required combat exposure and
excluded the following comorbidities: psychotic disorder, bipolar disorder,
learning disorder, attention deficit hyperactivity disorder, moderate
or severe traumatic brain injury (TBl; using American Congress
of Rehabilitation Medicine criteria®®), epilepsy, brain tumor or other
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neurological disorders. Participants were also excluded if they were taking
benzodiazepines or if they had an MRI contraindication. Given their high
co-occurrence with PTSD in veterans, stable antidepressants and comorbid
mild TBI, depression, anxiety and alcohol/substance disorders were not
excluded to ensure the external validate of the study and the general-
izability of the findings to the target population. These putative confounds
were examined as covariates in post hoc analyses. The CAPS-IV was used to
determine PTSD diagnosis and severity of symptoms.>® The Structured
Clinical Interview for DSM-IV was completed to assess psychiatric
comorbidities.3” Depression and anxiety symptoms were assessed using
Beck Depression and Anxiety Inventories.*®*° Combat exposure severity
was assessed using the Combat Exposure Scale.*® Premorbid intellectual
functioning was assessed using Wechsler Test of Adult Reading.*'

Neuroimaging methods

The imaging protocol included the following: (a) three high-resolution
structural MRI (sMRI), (b) two 5 min rs-fcMRIs and (c) a diffusion MRI (dMRI)
scan with a b-value of 1000 s mm™ and 128 noncollinear encoding
directions. A Siemens TIM Trio 3.0 Tesla magnet with a 32-channel head
coil was used. MRI acquisition included: 2 x T1-weighted MPRAGE (voxel
size = 1x1x1 mm; TR = 2530 ms; TE = 2.71 ms; Flip = 7°); 1 x T2-weighted
(voxel size = 1x1x1 mm; TR = 3200 ms; TE = 419 ms; Flip = 120°); 2 x T2*-
weighted BOLD resting state runs (voxel size = 3.4x3.4x3.4 mm; TR = 2000
ms; TE = 25 ms; Flip = 80° 145 frames); 1 diffusion weighted image (voxel
size = 1.7x1.7x3 mm; TR = 7400 ms; TE = 115 ms; Flip = 90°% b value =
1000 s/mm?2; 128 directions). Details of ~GBCr methods were previously
reported®® and are further described in the Supplemnetary Information.
Briefly, following standard rs-fcMRI-preprocessing procedures, each voxel
f-GBCr value was calculated as the average of its correlation with all other
voxels in the brain GM. Processing of dMRI scans was performed using the
trac-all -prep -bedp pipelines in Freesurfer,*? followed by seed-based
probabilistic tractography using the FMRIB's Software Library (FSL) FMRIB's
Diffusion Toolbox (FDT) (probtrackx2).”® d-GBC was calculated as the
average of probabilistic anatomical connectivity between each voxel
within the aHPC and all other voxels in the GM mask (see Supplementary
Information).

Statistical analyses

For details, please see Supplementary Information. Briefly, linear regres-
sions were used to examine the relationship between CAPS total scores or
dimension-specific score, and the following study biomarkers: f-GBCr, d-
GBC and aHPC anatomical connectivity. Type | error correction was based
on peak and cluster extent. All tests are two-tailed with significance set at
P<0.05.

RESULTS

Demographic and psychiatric variables are presented in
Supplementary Table S1. On average, participants had moderate
level of PTSD symptoms. To alleviate concerns that the study
findings are affected by head motion during scans, we
examined the correlation between CAPS scores and motion
parameters (see Supplemnetary Information) of rs-fcMRI (relative
motion: r=0.01; P=0.95; absolute motion: r=0.05; P=0.70; %
scrubbing: r=0.03; P=0.83) and dMRI (translation motion: r=0.12;
P=0.33; rotation motion: r=-0.01; P=0.93). Similarly, the study
secondary measures (numbing, avoidance, arousal and
re-experiencing) did not correlate with motion parameters
(all P-values>0.1).

Whole-brain functional connectivity

Following correction for multiple comparisons, the whole-brain
data-driven analysis revealed large clusters of significant negative
correlations between CAPS scores and f-GBCr in medial temporal
regions, particularly overlapping with the aHPC (Figure 1 and
Table 1). Additional significant clusters were located in the left
superior temporal gyrus (negative correlations), and midline
occipital and precuneus areas (positive correlations). Considering
the critical role of the aHPC in the regulation of affect and
memory, we used the aHPC as a ROl in a set of secondary analyses
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Functional dysconnectivity in posttraumatic stress disorder (PTSD). Voxel-wise whole-brain correlations between PTSD severity, as

measured by the Clinician Administered PTSD Scale (CAPS) and functional global brain connectivity with global signal regression. The color
bar depicts the z-values of the negative (blue) and positive (yellow-red) correlations.

to determine the extent of the discovered dysconnectivity. In each
individual, we extracted the voxels overlapping between the
anatomical hippocampus and the clusters of significant correlation
between CAPS and f-GBCr; this provided a subject-specific
aHPC ROI.

Although our f-GBCr methods minimize the effects of GM
variability between participants (for example, using a study-
specific GM mask based on the 95% overlap across subjects; see
Supplemnetary Information), we did examine the effect of
hippocampal volume on aHPC -GBCr to rule out the possibility
that the observed dysconnectivity is primarily driven by the well-
documented hippocampal reduction in PTSD. We found no
significant correlation between hippocampal volume and f~GBCr
(r=0.18; P=0.15). Covarying for hippocampal volume, a partial
correlation analysis showed significant negative correlation
between aHPC fGBCr and CAPS (r=-0.41; P=0.001). Similarly,
the correlation between aHPC f-GBCr and CAPS remained
significant (P < 0.05) after controlling for each of the following
variables' age, gender, intelligence, education, combat severity,
depression, anxiety, medication status, TBI and alcohol/substance
comorbidities (Supplementary Table S2).

Dimension-specific PFC functional connectivity
Comparable to previous findings in depressive disorders,
the depression-like dimensions showed significant negative
correlations with ~GBCr in the lateral PFC (numbing), and left
ventromedial and dorsal PFC (avoidance; Figure 2 and Table 1). In
contrast, arousal severity showed primarily positive correlations
with -GBCr in the lateral PFC and right ventromedial PFC, with
one cluster of negative correlation with f-GBCr in the dorsomedial
PFC. Re-experiencing severity did not correlate with f-GBCr.

20,21,25

Anatomical dysconnectivity

To determine the presence of aHPC anatomical dysconnectivity,
we first examined the relationship between CAPS and d-GBC,
followed by seed-based anatomical connectivity using the aHPC
as seed and the whole-brain GM as target. Similar to -GBCr, we
found a significant negative correlation between aHPC d-GBC and
CAPS (r=-0.36; P=0.003; Figure 3a). d-GBC did not correlate with
hippocampal volume (P=0.37). Moreover, the correlation between
aHPC d-GBC and CAPS remained significant (P < 0.05) after
controlling for each of the following variables: hippocampal
volume, age, gender, intelligence, education, combat severity,
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Table 1. f-GBCr correlations with PTSD symptoms
Region Side  Coordinates Cluster size  Correlation
(peak) (mm?)
CAPS
Medial temporal L -16,-12,-24 634 Negative
Medial temporal R 42, —24, - 22 614 Negative
Superior L -52,-8,0 438 Negative
temporal
Occipital LR 2,-90 -10 308 Positive
Precuneus LR -4, -74,52 292 Positive
Numbing
Lateral PFC R 30, 18, 46 3052 Negative
Lateral PFC L -36, —6, 62 1196 Negative
Lateral PFC L —28, 28, 38 406 Negative
Avoidance
Dorsal PFC L —28, 38, 46 254 Negative
Ventromedial PFC L 0, 36, — 20 204 Negative
Arousal
Lateral PFC R 34, 24, 54 1348 Positive
Lateral PFC L —32, 34,44 1108 Positive
Ventromedial PFC R 10, 32, —22 404 Positive
Lateral PFC R 46, 26, 36 314 Positive
Lateral PFC R 20, 50, 40 314 Positive
Dorsal PFC R 8, 46, 48 308 Positive
Dorsomedial PFC LR 0,12, 38 280 Negative
Re-experiencing
None
Abbreviations: CAPS, Clinician Administered PTSD Scale; f~GBCr, functional
global brain connectivity with global signal regression; L, left; PFC,
prefrontal cortex; PTSD, posttraumatic stress disorder; R, right.
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depression, anxiety, medication status, TBI and alcohol/substance
comorbidities (Supplementary Table S2).

Following correction for multiple comparisons, the whole-brain
seed-based analysis revealed widespread negative correlations
between CAPS and the aHPC connectivity with the insula, and
with clusters within the temporal, parietal and occipital lobes,
noticeably sparing the PFC area. One positive correlation cluster
was found in the lingual area (Figure 3b). A post hoc PFC voxel-
wise anatomical connectivity analysis demonstrated significant
positive correlations between arousal severity and the aHPC
connectivity with the lateral and dorsomedial PFC (Figure 3c), but
negative correlations between numbing severity and the aHPC
connectivity with the lateral PFC and right rostral anterior
cingulate (Figure 3d). There were no significant correlations with
avoidance and re-experiencing dimensions.

DISCUSSION

The results identified PTSD-specific functional dysconnectivity in
the medial temporal cortex, primarily the aHPC. Anatomical
dysconnectivity was also demonstrated in the aHPC. Both
functional and anatomical aHPC dysconnectivity were indepen-
dent of the effects of medication and TBI status, depression and
anxiety severity or comorbid substance use disorders. Similarly,
aHPC dysconnectivity measures were not affected by HPC volume.
Surprisingly, in contrast to findings in several stress-related
disorders, PTSD severity showed no correlations with ~GBCr in
any brain region within the PFC. However, follow-up exploratory
analyses revealed that the severity of depression-like dimensions
(for example, numbing) negatively correlated with PFC f~-GBCr and
aHPC-PFC anatomical connectivity. In contrast, hyperarousal
symptoms were positively associated with PFC f-GBCr and
aHPC-PFC anatomical connectivity. Together, the findings support
the potential utility of aHPC connectivity as a biomarker of overall
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Dimension-specific prefrontal dysconnectivity. Voxel-wise correlations between functional global brain connectivity with global

signal regression within the prefrontal cortex and the severity of the four posttraumatic stress disorder dimensions ((@) numbing; (b)
avoidance; (c) arousal; (d) re-experiencing). The prefrontal cortex region is labeled with a black line. The color bar depicts the z-values of the

negative (blue) and positive (yellow-red) correlations.
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Anatomical dysconnectivity in posttraumatic stress disorder (PTSD). (a) Scatter plot depicting the correlation between PTSD severity,

as measured by the Clinician Administered PTSD Scale (CAPS) and anterior hippocampal (aHPC) diffusion global brain connectivity (d-GBC).
The gray area is the 95% confidence band of the best-fit line. (b) Voxel-wise whole-brain correlations between PTSD severity and aHPC
tractography seed-based connectivity. (c, d) Voxel-wise correlations between aHPC tractography seed-based connectivity within the prefrontal
cortex and the severity of the PTSD dimensions ((c) arousal; (d) numbing; avoidance and re-experiencing had no significant correlations). The
prefrontal cortex region is labeled with a black line. The color bar depicts the z-values of the negative (blue) and positive (yellow-red)

correlations.

PTSD severity, which might be valuable in drug development as a
biomarker of target validation. In addition, PFC connectivity may
prove of clinical utility as a biological brain measure to distinguish
between PTSD subgroups, particularly between patients with
prominent arousal or numbing symptoms. Finally, comparable to
previous findings of increased parietal and occipital ~GBCr in
depressed patients,?>%> we found a positive correlation between
PTSD severity and clusters within the parietal/occipital area. This
anterior-posterior dichotomy is believed to be the result of
reduced rostral input, leading to increased caudal activity.**** For
example, treatment-resistant depression patients showed signifi-
cant functional dysconnectivity between PFC and caudal brain
structures at baseline. However, ketamine treatment, which
increased PFC f-GBCr, led to increased PFC-occipital/parietal
connectivity and simultaneous reduction in occipital/parietal
f-GBCr.”

The HPC has a major role in several brain functions critical to
PTSD psychopathology. While the majority of the PTSD literature
has focused on the full HPC, accumulating evidence suggests a
wide structural and functional variation along the longitudinal
axis. Early studies suggested a binary division between the
anterior 33% and the posterior 66% of the HPC, with the latter
mostly involved in spatial memory.*® However, findings over the
past two decades have presented a more complex picture
supporting a model in which the HPC is divided into anterior
(25%), intermediate (50%) and posterior (25%) subregions.”” The
aHPC appears to have a more central role in anxiety-related
behavior, stress response, emotional memory and fear. The
posterior hippocampus (pHPC) has a more primary role in spatial
memory and navigation, pattern separation and contextual fear
conditioning.*® A number of HPC structures (molecular/anatomi-
cal) and functions follow a discrete transition between subregions.
For example, unconditioned fear and amygdala connectivity are
limited to the aHPC and intermediate hippocampus (iHPC).
However, other functions show a gradient, non-discrete, transition

between HPC subregions, with a pattern of high functional
sensitivity but low specificity in the aHPC, that is believed to be
evolutionarily advantageous to detect danger, but more detailed
and contextually rich processing in the pHPC.*® For example, the
aHPC place cells are sparse with low spatial selectivity compared
to the pHPC, which has considerably higher density and much
better spatial resolution.*® Similarly, detailed autobiographical and
spatial memories activate the pHPC, while the aHPC is associated
with ‘gist-like’ memory.** Considering their proposed functions,
both the aHPC and pHPC are hypothesized to contribute to PTSD
pathophysiology, with pHPC alterations particularly involved in
contextual fear conditioning.5°%>"

The aHPC findings in the current study have several implica-
tions. First, they support the sensitivity of ~GBCr as a robust data-
driven biomarker to identify psychopathology-related dysconnec-
tivity in PTSD. In addition, considering the lack of comparable
medial temporal f-GBCr abnormalities in previously examined
neuropsychiatric disorders,’°?* the data also suggest potential
specificity of aHPC alterations to PTSD symptomatology, although
such specificity remains to be demonstrated in future studies
directly comparing aHPC f-GBCr across disorders. Second,
although our study design could not differentiate between
predisposing and acquired abnormalities, we speculate that both
of these non-mutually exclusive possibilities likely contributed to
the discovered aHPC dysconnectivity. At least one study has
suggested that HPC volumetric abnormality predates trauma
exposure and PTSD psychopathology, while several converging
lines of evidence demonstrate trauma- and stress-induced HPC
abnormalities, confirming the acquired nature of at least part of
the PTSD-related HPC pathology that may normalize following
treatment.'”'® In this model, predisposing aHPC deficits further
exacerbated by traumatic stress leads to circuitry perturbations,
precipitating the constellation of PTSD symptomatology, which in
turn further exacerbates the stress-related HPC pathology.

Translational Psychiatry (2017), 1-7



Anterior hippocampus in PTSD
CG Abdallah et al

Another implication of the aHPC findings is the localization of
dysconnectivity to the aHPC instead of the whole HPC, as well as
the correlational specificity of the aHPC-PFC dysconnectivity to
hyperarousal (positive association) versus numbing symptomatol-
ogy (negative association). Similarly, the PFC f-GBCr alterations
were dimension-specific, showing opposing relationship with
different dimensions. This regional and dimensional specificity of
abnormalities may provide putative explanations for some of the
inconsistencies in the literature, which have primarily studied
PTSD as binary disorder of subjects with or without PTSD and/or
investigated the full HPC as one anatomical and functional region.
PTSD studies examining the aHPC subregion are relatively scarce.
One study showed significant aHPC volume reduction in PTSD, but
a later study failed to replicate the aHPC findings.>>>? A recent
functional connectivity study reported a trend of reduced
connectivity between the aHPC and dorsomedial PFC in patients
with PTSD or generalized anxiety disorder, and no connectivity
differences between PTSD and generalized anxiety disorder
groups. However, in an effort to avoid potential overlap with
the amygdala, the aHPC seed may have been mostly located
in the anterior end of the iHPC instead of the anterior 25% portion
of the HPC.°

Limitations and strengths

Similar to other cross-sectional approaches, it is important to
underscore that correlations do not necessarily imply causation.
Thus, the study cannot differentiate risk factors for PTSD from
consequences of trauma. In addition, the data do not determine
whether structural alterations preceded functional dysconnectiv-
ity, or vice versa. In addition, although known putative confounds
were assessed in partial correlation analyses, it is plausible that
other unknown confounds might have contributed to study
findings. Another potential limitation is that common comorbid-
ities and stable treatment with antidepressants were not excluded;
however, they were tested in post hoc analyses. These were
permitted to ensure the external validity and generalizability of
the findings to the target veteran population. Finally, the veterans
were primarily male participants.

Among the strengths of the study is the data-driven, hypoth-
esis-free, explore-then-validate methodolgoy along with a single-
group dimensional approach. Another strength is the use of high-
quality state-of-the-art well-validated multimodal neuroimaging
methods, along with rigorous control procedures. The study
protocol included two T1s and one T2 high-resolution scans to
ensure quality structural segmentation. Two rs-fcMRI scans were
acquired separately to minimize fatigue and 128 encoding
directions were used to enhance the dMRI tractography estimates.
We employed well-validated f-GBCr methods that we previously
showed to be sensitive to psychopathology and treatment.?®*
Finally, the use of dMRI ROl-based tractography was a vital
addition, not only to confirm the putative presence of anatomical
dysconnectivity, but also to alleviate concerns related to common
rs-fcMRI controversies, including GSR and correction for type |
error3233

CONFLICT OF INTEREST

CGA has served as consultant and/or on advisory boards for Genentech and Janssen.
JHK is a consultant for AbbVie, Amgen, Astellas Pharma Global Development,
AstraZeneca Pharmaceuticals, Biomedisyn Corporation, Bristol-Myers Squibb, Eli Lilly
and Company, Euthymics Bioscience, Neurovance, FORUM Pharmaceuticals, Janssen
Research & Development, Lundbeck Research USA, Novartis Pharma AG, Otsuka
America Pharmaceutical, Sage Therapeutics, Sunovion Pharmaceuticals and Takeda
Industries; is on the Scientific Advisory Board for Lohocla Research Corporation,
Mnemosyne Pharmaceuticals, Naurex and Pfizer; is a stockholder in Biohaven Medical
Sciences; holds stock options in Mnemosyne Pharmaceuticals; holds patents for
Dopamine and Noradrenergic Reuptake Inhibitors in Treatment of Schizophrenia, US
Patent No. 5,447,948 (issued 5 September 1995), and Glutamate Modulating Agents

Translational Psychiatry (2017), 1-7

in the Treatment of Mental Disorders, US Patent No. 8778979 (issued 15 July 2014);
and filed a patent for Intranasal Administration of Ketamine to Treat Depression, US
Application No. 14/197767 (filed on 5 March 2014); US application or Patent
Cooperation Treaty international application No. 14/306382 (filed on 17 June 2014).
The remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS

The authors thank the Veterans who participated in this study for their invaluable
contribution. Funding support was provided by the U.S. Department of Veterans
Affairs National Center for PTSD and NIH (MH-101498). Dr. Scott’s participation was
supported by a Department of Veterans Affairs Career Development Award
(IK2CX000772). The content is solely the responsibility of the authors and does not
necessarily represent the official views of the sponsors. The sponsors had no role in
the design and conduct of the study; collection, management, analysis, and
interpretation of the data; and preparation, review, or approval of the manuscript.

REFERENCES

1 Pitman RK, Rasmusson AM, Koenen KC, Shin LM, Orr SP, Gilbertson MW et al.
Biological studies of post-traumatic stress disorder. Nat Rev Neurosci 2012; 13:
769-787.

Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis of

structural and functional systems. Nat Rev Neurosci 2009; 10: 186-198.

Koch SB, van Zuiden M, Nawijn L, Frijling JL, Veltman DJ, OIff M. Aberrant Resting-

state brain activity in posttraumatic stress disorder: a meta-analysis and

systematic review. Depress Anxiety 2016; 33: 592-605.

Sripada RK, King AP, Garfinkel SN, Wang X, Sripada CS, Welsh RC et al. Altered

resting-state amygdala functional connectivity in men with posttraumatic stress

disorder. J Psychiatr Neurosci 2012; 37: 241-249.

Sripada RK, King AP, Welsh RC, Garfinkel SN, Wang X, Sripada CS et al. Neural

dysregulation in posttraumatic stress disorder: evidence for disrupted equilibrium

between salience and default mode brain networks. Psychosom Med 2012; 74:

904-911.

6 Chen AC, Etkin A. Hippocampal network connectivity and activation differentiates

post-traumatic stress disorder from generalized anxiety disorder. Neuropsycho-

pharmacology 2013; 38: 1889-1898.

Brown VM, LaBar KS, Haswell CC, Gold AL, Mid-Atlantic MW, McCarthy G et al.

Altered resting-state functional connectivity of basolateral and centromedial

amygdala complexes in posttraumatic stress disorder. Neuropsychopharmacology

2014; 39: 351-359.

8 Kennis M, Rademaker AR, van Rooij SJ, Kahn RS, Geuze E. Resting state functional

connectivity of the anterior cingulate cortex in veterans with and without post-

traumatic stress disorder. Hum Brain Mapp 2015; 36: 99-109.

Liberzon |, Sripada CS. The functional neuroanatomy of PTSD: a critical review.

Prog Brain Res 2008; 167: 151-169.

10 Lanius RA, Frewen PA, Tursich M, Jetly R, McKinnon MC. Restoring large-scale
brain networks in PTSD and related disorders: a proposal for neuroscientifically-
informed treatment interventions. Eur J Psychotraumatol 2015; 6: 27313.

11 Milad MR, Quirk GJ. Fear extinction as a model for translational neuroscience: ten
years of progress. Annu Rev Psychol 2012; 63: 129-151.

12 Liberzon |, Abelson JL. Context processing and the neurobiology of post-
traumatic stress disorder. Neuron 2016; 92: 14-30.

13 Popoli M, Yan Z, McEwen BS, Sanacora G. The stressed synapse: the impact of stress
and glucocorticoids on glutamate transmission. Nat Rev Neurosci 2012; 13: 22-37.

14 McEwen BS, Bowles NP, Gray JD, Hill MN, Hunter RG, Karatsoreos IN et al.
Mechanisms of stress in the brain. Nat Neurosci 2015; 18: 1353-1363.

15 Kuhn S, Gallinat J. Gray matter correlates of posttraumatic stress disorder: a
quantitative meta-analysis. Biol Psychiatry 2013; 73: 70-74.

16 O'Doherty DC, Chitty KM, Saddiqui S, Bennett MR, Lagopoulos J. A systematic
review and meta-analysis of magnetic resonance imaging measurement of struc-
tural volumes in posttraumatic stress disorder. Psychiatry Res 2015; 232: 1-33.

17 Admon R, Milad MR, Hendler T. A causal model of post-traumatic stress disorder:
disentangling predisposed from acquired neural abnormalities. Trends Cogn Sci
2013; 17: 337-347.

18 Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP et al. Smaller
hippocampal volume predicts pathologic vulnerability to psychological trauma.
Nat Neurosci 2002; 5: 1242-1247.

19 Thomaes K, Dorrepaal E, Draijer N, Jansma EP, Veltman DJ, van Balkom AJ. Can
pharmacological and psychological treatment change brain structure and func-
tion in PTSD? A systematic review. J Psychiatr Res 2014; 50: 1-15.

20 Murrough JW, Abdallah CG, Anticevic A, Collins KA, Geha P, Averill LA et al.
Reduced global functional connectivity of the medial prefrontal cortex in major
depressive disorder. Hum Brain Mapp 2016; 37: 3214-3223.

N

w

IS

v

~N

(e}



2

iy

2

N

23

24

2

w

26

27

2

©

2

e}

30

3

=

32

33

34

35

36

37

Anticevic A, Brumbaugh MS, Winkler AM, Lombardo LE, Barrett J, Corlett PR et al.
Global prefrontal and fronto-amygdala dysconnectivity in bipolar | disorder with
psychosis history. Biol Psychiatry 2013; 73: 565-573.

Anticevic A, Hu S, Zhang S, Savic A, Billingslea E, Wasylink S et al. Global resting-
state functional magnetic resonance imaging analysis identifies frontal cortex,
striatal, and cerebellar dysconnectivity in obsessive-compulsive disorder. Biol
Psychiatry 2014; 75: 595-605.

Anticevic A, Corlett PR, Cole MW, Savic A, Gancsos M, Tang Y et al. N-methyl-D-
aspartate receptor antagonist effects on prefrontal cortical connectivity better
model early than chronic schizophrenia. Biol Psychiatry 2015; 77: 569-580.

Cole MW, Anticevic A, Repovs G, Barch D. Variable global dysconnectivity and
individual differences in schizophrenia. Biol Psychiatry 2011; 70: 43-50.

Abdallah CG, Averill LA, Collins KA, Geha P, Schwartz J, Averill C et al. Ketamine
treatment and global brain connectivity in major depression. Neuropsycho-
pharmacology 2016; doi: 10.1038/npp.2016.186.

Liang X, Zou Q, He Y, Yang Y. Coupling of functional connectivity and regional
cerebral blood flow reveals a physiological basis for network hubs of the
human brain. Proc Natl Acad Sci USA 2013; 110: 1929-1934.

Cole MW, Yarkoni T, Repovs G, Anticevic A, Braver TS. Global connectivity of
prefrontal cortex predicts cognitive control and intelligence. J Neurosci 2012; 32:
8988-8999.

Driesen NR, McCarthy G, Bhagwagar Z, Bloch MH, Calhoun VD, D'Souza DC et al.
The impact of NMDA receptor blockade on human working memory-related
prefrontal function and connectivity. Neuropsychopharmacology 2013; 38:
2613-2622.

Driesen NR, McCarthy G, Bhagwagar Z, Bloch M, Calhoun V, D'Souza DC et al.
Relationship of resting brain hyperconnectivity and schizophrenia-like symptoms
produced by the NMDA receptor antagonist ketamine in humans. Mol Psychiatry
2013; 18: 1199-1204.

Chowdhury GM, Zhang J, Thomas M, Banasr M, Ma X, Pittman B et al. Transiently
increased glutamate cycling in rat PFC is associated with rapid onset of
antidepressant-like effects. Mol Psychiatry 2016; 22: 120-126.

Abdallah CG, Sanacora G, Duman RS, Krystal JH. Ketamine and rapid-acting
antidepressants: a window into a new neurobiology for mood disorder ther-
apeutics. Annu Rev Med 2015; 66: 509-523.

Murphy K, Birn RM, Handwerker DA, Jones TB, Bandettini PA. The impact of global
signal regression on resting state correlations: are anti-correlated networks
introduced? Neuroimage 2009; 44: 893-905.

Eklund A, Nichols TE, Knutsson H. Cluster failure: Why fMRI inferences for spatial
extent have inflated false-positive rates. Proc Natl Acad Sci USA 2016; 113:
7900-7905.

King DW, Leskin GA, King LA, Weathers FW. Confirmatory factor analysis of the
clinician-administered PTSD Scale: Evidence for the dimensionality of posttrau-
matic stress disorder. Psychol Assess 1998; 10: 90.

Kay T, Harrington D, Adams R, Anderson T, Berrol S, Cicerone K et al. Defination of
mild traumatic brain injury. J Head Trauma Rehabil 1993; 8: 86-87.

Blake DD, Weathers FW, Nagy LM, Kaloupek DG, Gusman FD, Charney DS et al.
The development of a clinician-administered PTSD scale. J Trauma Stress 1995; 8:
75-90.

First M, Spitzer R, Gibbon M, Williams J. Structured Clinical Interview for DSM-IV-TR
Axis | dlisorders, Research Version, Patient Edition (SCID-I/P). Biometrics Research,
New York State Psychiatric Institute: New York, NY, USA, 2002.

Anterior hippocampus in PTSD
CG Abdallah et al

38

39

40

4

42

43

a4

45

46

47

48

49

50

5

52

Beck AT, Steer RA. Manual for the Beck Anxiety Inventory. Psychological Corpora-
tion: San Antonio, TX, USA, 1990.

Beck AT, Steer RA, Brown GK. Manual for the Beck Depression Inventory-Il. Psy-
chological Corporation: San Antonio, TX, USA, 1996, 1: 82.

Keane TM, Fairbank JA, Caddell JM, Zimering RT, Taylor KL, Mora C. Clinical
evaluation of a measure to assess combat exposure. Psychol Assess 1989; 1: 53-55.
Wechsler D. Wechsler Test of Adult Reading: WTAR. Psychological Corporation:
New York, NY, 2001.

Yendiki A, Panneck P, Srinivasan P, Stevens A, Zollei L, Augustinack J et al.
Automated probabilistic reconstruction of white-matter pathways in health and
disease using an atlas of the underlying anatomy. Front Neuroinformatics 2011;
5:23.

Behrens TE, Berg HJ, Jbabdi S, Rushworth MF, Woolrich MW. Probabilistic diffusion
tractography with multiple fibre orientations: what can we gain? Neuroimage
2007; 34: 144-155.

Abdallah CG, Coplan JD, Jackowski A, Sato JR, Mao X, Shungu DC et al. Riluzole
effect on occipital cortex: a structural and spectroscopy pilot study. Neurosci Lett
2012; 530: 103-107.

Coplan JD, Kolavennu V, Abdallah CG, Mathew SJ, Perera TD, Pantol G et al.
Patterns of anterior versus posterior white matter fractional anistotropy con-
cordance in adult nonhuman primates: effects of early life stress. J Affect Disord
2016; 192: 167-175.

Moser MB, Moser El. Functional differentiation in the hippocampus. Hippocampus
1998; 8: 608-619.

Fanselow MS, Dong HW. Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron 2010; 65: 7-19.

Strange BA, Witter MP, Lein ES, Moser El. Functional organization of the hippo-
campal longitudinal axis. Nat Rev Neurosci 2014; 15: 655-669.

Hirshhorn M, Grady C, Rosenbaum RS, Winocur G, Moscovitch M. Brain regions
involved in the retrieval of spatial and episodic details associated with a familiar
environment: an fMRI study. Neuropsychologia 2012; 50: 3094-3106.

Bonne O, Vythilingam M, Inagaki M, Wood S, Neumeister A, Nugent AC et al.
Reduced posterior hippocampal volume in posttraumatic stress disorder. J Clin
Psychiatry 2008; 69: 1087-1091.

Kheirbek MA, Drew LJ, Burghardt NS, Costantini DO, Tannenholz L, Ahmari SE
et al. Differential control of learning and anxiety along the dorsoventral axis of the
dentate gyrus. Neuron 2013; 77: 955-968.

Vythilingam M, Luckenbaugh DA, Lam T, Morgan CA 3rd, Lipschitz D, Charney DS
et al. Smaller head of the hippocampus in Gulf War-related posttraumatic stress
disorder. Psychiatry Res 2005; 139: 89-99.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Translational Psychiatry (2017), 1-7


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anterior hippocampal dysconnectivity in posttraumatic stress disorder: a dimensional and multimodal approach
	Introduction
	Materials and methods
	Participants and clinical assessments
	Neuroimaging methods
	Statistical analyses

	Results
	Whole-brain functional connectivity
	Dimension-specific PFC functional connectivity
	Anatomical dysconnectivity

	Figure 1 Functional dysconnectivity in posttraumatic stress disorder (PTSD).
	Discussion
	Table 1 f-GBCr correlations with PTSD symptoms
	Figure 2 Dimension-specific prefrontal dysconnectivity.
	Figure 3 Anatomical dysconnectivity in posttraumatic stress disorder (PTSD).
	Limitations and strengths

	The authors thank the Veterans who participated in this study for their invaluable contribution. Funding support was provided by the U.S. Department of Veterans Affairs National Center for PTSD and NIH (MH�-�101498). Dr. Scott&#x02019;s participation was 
	The authors thank the Veterans who participated in this study for their invaluable contribution. Funding support was provided by the U.S. Department of Veterans Affairs National Center for PTSD and NIH (MH�-�101498). Dr. Scott&#x02019;s participation was 
	ACKNOWLEDGEMENTS
	REFERENCES




