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CHILDHOOD MALTREATMENT AND COMBAT

POSTTRAUMATIC STRESS DIFFERENTIALLY PREDICT
FEAR-RELATED FRONTO-SUBCORTICAL

CONNECTIVITY

Rasmus M. Birn, Ph.D.,1,2,† Rémi Patriat, M.S.,2,† Mary L. Phillips, M.D.,3 Anne Germain, Ph.D.,3
and Ryan J. Herringa, M.D., Ph.D.1,3∗

Background: Adult posttraumatic stress disorder (PTSD) has been character-
ized by altered fear-network connectivity. Childhood trauma is a major risk
factor for adult PTSD, yet its contribution to fear-network connectivity in PTSD
remains unexplored. We examined, within a single model, the contribution of
childhood maltreatment, combat exposure, and combat-related posttraumatic
stress symptoms (PTSS) to resting-state connectivity (rs-FC) of the amygdala
and hippocampus in military veterans. Methods: Medication-free male veter-
ans (n = 27, average 26.6 years) with a range of PTSS completed resting-state
fMRI. Measures including the Clinician-Administered PTSD Scale (CAPS),
Childhood Trauma Questionnaire (CTQ), and Combat Exposure Scale (CES)
were used to predict rs-FC using multilinear regression. Fear-network seeds
included the amygdala and hippocampus. Results: Amygdala: CTQ predicted
lower connectivity to ventromedial prefrontal cortex (vmPFC), but greater an-
ticorrelation with dorsal/lateral PFC. CAPS positively predicted connectivity to
insula, and loss of anticorrelation with dorsomedial/dorsolateral (dm/dl)PFC.
Hippocampus: CTQ predicted lower connectivity to vmPFC, but greater anticor-
relation with dm/dlPFC. CES predicted greater anticorrelation, whereas CAPS
predicted less anticorrelation with dmPFC. Conclusions: Childhood trauma,
combat exposure, and PTSS differentially predict fear-network rs-FC. Childhood
maltreatment may weaken ventral prefrontal–subcortical circuitry important in
automatic fear regulation, but, in a compensatory manner, may also strengthen
dorsal prefrontal–subcortical pathways involved in more effortful emotion regu-
lation. PTSD symptoms, in turn, appear to emerge with the loss of connectivity in
the latter pathway. These findings suggest potential mechanisms by which devel-
opmental trauma exposure leads to adult PTSD, and which brain mechanisms
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INTRODUCTION
Neuroimaging studies of adult posttraumatic stress
disorder (PTSD) suggest abnormalities in fronto-
subcortical circuitry underlying the regulation of fear re-
sponses. Relatively common findings include increased
activation of the amygdala, insula, and dorsal ante-
rior cingulate cortex (dACC), and relative hypoactiva-
tion of the ventromedial prefrontal cortex (vmPFC) in
response to emotional stimuli.[1, 2] The hippocampus
shows increased activation to emotional stimuli, but im-
paired recruitment during fear extinction in subjects with
PTSD.[1, 3] The dACC and vmPFC appear to have op-
posing roles in the regulation of fear via the amygdala
(facilitation and inhibition, respectively),[4] whereas the
hippocampus contextually regulates fear responses via
the amygdala and vmPFC.[5] Within this framework,
neural models of PTSD posit disrupted communication
between the amygdala and hippocampus, and prefrontal
regulatory areas, leading to exaggerated and generalized
fear responses.[2, 5]

Studies of resting-state functional brain connectivity
(rs-FC) in PTSD have yielded variable results but sug-
gest altered connectivity of both the amygdala and hip-
pocampus (see Table 1 for a summary of prior rs-FC
studies involving the amygdala, hippocampus, and/or
prefrontal areas). Compared to trauma-exposed con-
trols, subjects with PTSD show greater connectivity
of the amygdala with the insula,[6–8] lower connec-
tivity with the hippocampus,[7] and reduced anticor-
relation with pregenual (pg)/dACC.[7] Some of these
differences may be specific to amygdala subnuclei, as ev-
idenced by a recent study showing reduced anticorrela-
tion between the basolateral amygdala (BLA) and the
pgACC/dorsomedial (dm)PFC and dACC, and lower
connectivity with the inferior frontal gyrus in PTSD
subjects.[9] In contrast, there were no significant group
differences in centromedial amygdala (CMA) connec-
tivity. To date, only one reported study has examined
rs-FC of the hippocampus in PTSD. Relative to non-
trauma controls, PTSD subjects had lower connectiv-
ity between the anterior hippocampus and dACC/pre-
supplementary motor area, and lower connectivity
between the posterior hippocampus and pgACC and
posterior cingulate/precuneus.[10] Although the results
of these studies vary, they appear to suggest that PTSD
is characterized by lower dorsal/medial prefrontal–
subcortical rs-FC, a pathway that is important in effortful
emotion regulation.[11] On the other hand, there is little
evidence for impaired ventral prefrontal–subcortical rs-

FC, a pathway important in the automatic regulation of
fear and emotion.[4, 11]

The contribution of childhood maltreatment to al-
tered rs-FC of the amygdala and hippocampus in PTSD
remains unexplored but may explain some of the above
discrepancies. A history of childhood trauma is one of
the largest risk factors for adult PTSD, with an effect
size comparable to the adult index trauma.[12] Although
analytic approaches and study samples vary, prior rs-FC
studies suggest that childhood maltreatment or early-
life stress may alter amygdala and hippocampus con-
nectivity in ways that create vulnerability for developing
PTSD as an adult (see Table 1 for a summary). Using
seed-based approaches, childhood maltreatment/early-
life stress has been associated with lower connectivity be-
tween the amygdala and insula/hippocampus,[13] lower
connectivity between the amygdala and vmPFC,[14, 15]

and lower connectivity between the hippocam-
pus and vmPFC.[15] Lower amygdala–vmPFC and
hippocampus–vmPFC connectivity also mediated the
development of internalizing symptoms by late adoles-
cence, suggesting these changes create vulnerability for
psychopathology.[14, 15] Using graph-theory approaches,
childhood maltreatment/early-life stress has been asso-
ciated with decreased global connectivity of the amyg-
dala, hippocampus, and PFC,[16] and decreased local
connectivity and increased hub-like properties of the
amygdala.[17] In contrast, resilience to childhood trauma
has been associated with increased global connectivity
of the hippocampus at rest.[17] Taken together, these
findings suggest that childhood trauma exposure may
weaken fear-regulatory circuitry particularly in ventral
prefrontal–subcortical pathways, creating a vulnerable
brain substrate for the development of adult PTSD.

Here we examined, using a within-subjects design,
how childhood maltreatment, combat exposure, and
combat posttraumatic stress symptoms (PTSS) predict
resting-state connectivity of the amygdala and hip-
pocampus in medication-free, young military veterans.
This study expands on prior rs-FC studies of PTSD
in several important ways. First, we employed a di-
mensional approach to examine the neural correlates
of PTSS (both above and below the PTSD thresh-
old), which offers greater specificity to PTSD symp-
toms. Second, we included continuous measures of adult
trauma (combat exposure) and childhood trauma within
the same model to examine their relative contributions
to brain connectivity. Prior rs-FC studies of PTSD
have not included childhood or adult trauma exposure
as covariates, though some have tried to control for
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adult trauma (combat exposure) by contrasting with a
healthy combat-exposed group. Finally, this study uses a
within-subjects design that is less likely to be affected
by confounding variables that may influence group
contrasts. Our primary hypotheses were that child-
hood trauma would predict lower amygdala–vmPFC
and hippocampal-vmPFC connectivity, whereas adult
trauma would predict greater hippocampal-vmPFC con-
nectivity as an adaptive mechanism.[18] We expected that
PTSS, and possibly adult trauma, would predict loss
of anticorrelation between the amygdala/hippocampus
and dorsal prefrontal areas including pgACC, dmPFC,
and dACC, and greater amygdala–insula connectivity
given the findings from previous resting-state studies of
PTSD.

METHODS
PARTICIPANTS

Twenty-eight combat veterans (all males, right-handed; 26.6 ± 2.6
years, and previously described[19]) from Operations Enduring and
Iraqi Freedom were recruited from ongoing studies to participate in
this study. Prior military service information was obtained by DD
Form 214 documentations. One subject was unable to complete the
scan due to back discomfort, leaving 27 subjects in the final analysis.
All participants were nonmedicated for at least 3 weeks (2 months for
fluoxetine) at the time of the study. Written informed consent was
obtained following the University of Pittsburgh Institutional Review
Board guidelines. Exclusion criteria included active substance abuse
(past month), suicidality, psychotic or bipolar disorder, MRI con-
traindication, or neurological disease. In addition, participants were
excluded if they were currently receiving treatment for traumatic brain
injury (TBI) or had concussive symptoms at the time of the study. Of
the 27 participants, 12 (44.4%) reported exposure to blast, fire, or ex-
plosion. Eight participants (29.6%) reported a history of closed head
injury, and two of them also endorsed a loss of consciousness during de-
ployment. Six of these participants endorsed being dazed, confused or
“seeing stars,” two endorsed not remembering the injury, and four en-
dorsed having symptoms of concussion afterward. Symptoms included
headache, dizziness, and irritability. However, none had concussive
symptoms or were being treated for any sequelae of TBI at the time
of participation. Seventeen subjects met full criteria for current PTSD
(past month) using the F1/I2 criteria of the Clinician-Administered
PTSD Scale (CAPS).[20,21] PTSD symptoms for all subjects were re-
lated to combat and not childhood maltreatment experiences.

BEHAVIORAL AND CLINICAL MEASURES
In addition to the CAPS, the Structured Clinical Interview for

DSM-IV Axis I Disorders (SCID-I) was conducted to examine cur-
rent and past psychiatric diagnoses.[22] Three subjects met criteria for
current major depressive disorder. Subjects were free of other cur-
rent comorbid psychiatric disorders. Past DSM-IV diagnoses included
major depressive disorder (n = 4), bulimia nervosa (n = 1), alcohol
abuse/dependence (n = 14), cannabis abuse/dependence (n = 4), and
cocaine abuse/dependence (n = 1). The prevalence of these diagnoses
did not significantly differ between PTSD and non-PTSD subjects
(Chi-squared test, P � .09). The Beck Depression Inventory (BDI)[23]

was utilized to measure depressive-symptom severity. The Combat Ex-
posure Scale (CES)[24] was used to assess the level of combat exposure.
Childhood maltreatment history was quantified using the Childhood
Trauma Questionnaire (CTQ),[25] which yields a continuous measure
of childhood maltreatment experiences based on a Likert rating scale

for each item. IQ was estimated using the National Adult Reading Test
(NART).[26] Supporting Information Table S1 summarizes the differ-
ent demographic, behavioral, clinical measures, and their correlations.

DATA ACQUISITION
Functional and structural scans were acquired using a 3T Siemens

Trio MRI scanner. Functional data were acquired using a 5.5-min
FAIR-QUIPSSII sequence: oblique acquisition, TE = 18 ms, TR =
4,000 ms, TI1 = 700 ms, TI2 = 1,000 ms, FOV = 240 × 240 mm, 3.75
× 3.75 mm2 in-plane resolution, slice thickness = 6 mm, 21 slices. This
pulse sequence can provide simultaneous estimates of cerebral blood
flow and blood oxygenation level–dependent (BOLD) signal. For the
current study, we use only the BOLD signal, processed in a man-
ner described below. Recent work has demonstrated that BOLD mea-
sures derived from arterial spin labeling scans provide similar measures
of functional connectivity as data acquired with conventional BOLD
fMRI acquisition.[27] Structural brain data were obtained using an axial
T1-weighted MPRAGE sequence: TR = 2.2 s, TE = 3.29 ms, TI =
1 s, FOV = 256 × 192mm, flip angle = 9°, voxel size = 1 × 1 × 1 mm,
192 slices.

PREPROCESSING
All preprocessing and analysis were carried out using Analysis

of Functional NeuroImages (AFNI),[28] unless otherwise specified.
BOLD signal was extracted from the acquired ASL data by adding
to each time point the average ASL signal from the neighboring time
points (3dcalc).[29]

For preprocessing, the EPI images were first despiked
(3dDespike),[30] and image time series were registered in time
using a six-parameter (rigid-body) alignment to correct for subject
motion (3dvolreg). Resulting BOLD resting scans were aligned
to the anatomical scan and the outcome was checked visually to
ensure that no obvious misalignment was present (align epi anat.py
and @Align Centers). The anatomy was converted to standard
Talairach-Tournoux space and resampled to a 2 × 2 × 2 mm grid
(@auto tlrc). This transformation was applied to the BOLD resting
scans (adwarp). The first four volumes of the resting-state scans were
ignored to account for T1 saturation effects. Cerebrospinal fluid
(CSF), gray and white matter segmentation were performed on each
subject’s anatomical scan using the “fast” routine from the FMRIB
Software Library (FSL).[31–33] White matter and CSF masks were
resampled to the resting scan’s grid (3dresample). The CSF mask was
eroded once in each direction to ensure that the voxels present in the
mask would only overlap with voxels representing primarily CSF on
the resting scan. The white matter mask was eroded twice to make
sure that very little gray matter signal would be included in the final
white matter mask. The final white matter and CSF eroded masks
were used to create nuisance regressors by extracting the average
time series over each of those masks (3dROIstats). These average
time series along with the six motion parameters were entered as
nuisance variables in a regression model to remove their effect on
the resting data, keeping the residual time series (3dDeconvolve).
Resting data were then temporally filtered (3dBandpass) to ignore
signal frequencies <0.01Hz and >0.1Hz. Finally, resting scans were
spatially smoothed with a FWHM of 6 mm (3dmerge).

RESTING-STATE CONNECTIVITY ANALYSIS
Resting-state connectivity analyses were performed using a seed-

based (region-of-interest or ROI) approach. For our primary analy-
ses, we used four ROIs: left and right amygdala (Talairach LPI co-
ordinates: −23, −6, −20 and 21, −6, −20, respectively), and left and
right hippocampus (−31, −25, −11 and 29, −25, −11, respectively).
AFNI was used to generate 4 mm spheres centered on the above
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Figure 1. Functional connectivity maps showing regions that are significantly connected to (A) left amygdala and (B) left hippocampus.
Seed regions are shown on the left, with connectivity maps on the right. Connectivity maps for the right amygdala and hippocampus
showed similar patterns. Positive connectivity is indicated by orange-yellow overlays, and negative connectivity by blue overlays. For
axial and coronal views, the right side of the brain faces left. Maps are displayed at voxelwise P � .005.

co-ordinate locations provided by the Talairach Daemon.[34,35] All
seeds were resampled to the resolution of the resting-state EPIs
(3dresample) and average time series were computed for each seed
(3dmaskave). Connectivity maps were generated for each subject and
each seed using a linear regression (3dDeconvolve). To facilitate com-
parison with prior rs-FC studies of PTSD, we also conducted supple-
mentary seed-based analyses using amygdala[9] and hippocampal[10]

subdivisions, as well as anterior insula.[8] These analyses are further
described in the Supporting Information.

At the group level and for each seed independently, a multivariate
regression analysis was conducted (3dttest++) to generate group-level
connectivity maps for the above-mentioned seeds including CAPS,
CES, and CTQ scores. Correlation coefficients were converted to
Z-scores using Fisher’s-Z transformation. Multiple comparison cor-
rection was performed using Monte Carlo simulation (3dClustSim),
which incorporates the estimated smoothness of the data to establish
the likelihood of false positives of different cluster sizes (i.e., cluster
size thresholding).[36] The cluster threshold was 357 voxels (2 × 2 ×
2 mm3) at an individual voxel threshold of P � .005, resulting in a
corrected α � 0.05.

RESULTS
For the following multivariate regression analyses, re-

lationships between the variable of interest and residu-
alized connectivity (adjusted for other variables in the
model) are shown in the figures as indicated. Relation-
ships between the variable of interest and raw con-
nectivity scores can be seen in Supporting Information
Fig. S1.

RESTING-STATE CONNECTIVITY
Figure 1 shows the connectivity maps for left amygdala

and hippocampus (threshold: P = .005). Connectivity
maps for right amygdala and hippocampus were similar.
The left and right amygdala showed positive functional
connectivity to each other as well as the insula, ven-

tral striatum, hippocampus, parahippocampal gyrus, and
medial frontal gyrus, and negative connectivity to poste-
rior cingulate and occipital cortex. The left and right hip-
pocampus showed positive connectivity with each other
as well as other regions including the lentiform nucleus,
insula, and thalamus. Connectivity maps for amygdala
and hippocampal subdivisions are described in the sup-
plemental text and displayed in Supporting Information
Figs. S2 and S3, respectively.

CORRELATION WITH CHILDHOOD
MALTREATMENT (CTQ TOTAL SCORE)

Amygdala Connectivity. CTQ negatively pre-
dicted connectivity from left and right amygdala to
mPFC including vmPFC/rostral (r)ACC and dorsome-
dial (dm)PFC (BA 9, 10, 32; Fig. 2A), indicating more
negative residualized connectivity with higher CTQ (see
scatter plots, Fig. 2B). In addition, CTQ negatively pre-
dicted connectivity between left amygdala and lateral
PFC including both ventrolateral (vl) and dorsolateral
(dl) PFC (BA 9, 10, 47; Table 2). Like the mPFC clus-
ters, this association indicated more negative residu-
alized connectivity with higher CTQ scores. Finally,
CTQ positively predicted connectivity from left and
right amygdala to cerebellum (Table 2). Supplementary
analyses of the CMA and BLA seeds revealed overall
similar patterns to the primary amygdala seed. In this
case, CTQ negatively predicted connectivity from CMA
and BLA to mPFC areas including vmPFC/rACC and
dmPFC (Supporting Information Fig. S4a-b, Table S2).
However, the negative association of CTQ with connec-
tivity to lateral PFC (specifically dlPFC) was only present
for the BLA (Supporting Information Table S2).

Hippocampus Connectivity. CTQ negatively
predicted connectivity from left and right hippocampus
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Figure 2. Correlation between childhood maltreatment (CTQ) and resting functional connectivity of the (A) amygdala and (B) hippocam-
pus. The images in the middle indicate the brain areas where the connectivity to the seed region (shown on the left) is significantly
correlated with CTQ (P < .05, corrected). Positive correlations are indicated by orange-yellow overlays, and negative correlations
with blue overlays. For axial and coronal views, the right side of the brain faces left. Scatterplots on the right show the relationship
between CTQ and the extracted, residualized connectivity values for the functional regions of interest. CTQ = Childhood Trauma
Questionnaire, total score.

to mPFC including vmPFC/rACC/dmPFC (BA 9,
10, 32; Fig. 2B) indicating more negative residualized
connectivity with higher CTQ scores. Additionally,
CTQ negatively predicted connectivity between right
hippocampus and dlPFC (BA 9, 10, 46; Table 2),
indicating more negative connectivity with higher CTQ
scores. Finally, CTQ positively predicted connectivity
from left and right hippocampus to PCC/Precuneus (BA
30, 31), and left hippocampus to cerebellum (Table 2).
Supplementary analyses of the anterior and posterior
hippocampal seeds revealed overall similar connectivity
results to the primary hippocampus seed in relation to

CTQ scores (Supporting Information Fig. S4c-d, Table
S2).

CORRELATION WITH COMBAT EXPOSURE (CES)
Amygdala Connectivity. CES positively predicted

connectivity between right amygdala and cerebel-
lum (Table 2). No other significant associations were
observed with left or right amygdala connectivity. In ad-
dition, no significant associations with CES were ob-
served with CMA and BLA connectivity.
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Research Article: Child Trauma, Combat PTSS, Brain Connectivity 887

TABLE 2. Regression analysis results using seed connectivity and behavioral measures

Behavior scale Seed Cluster location Brodmann areas Original raw connectivity x y z Peak Z Cluster voxels

CTQ
+ L.Amyg R. Cerebellum − Positivea −14 42 −30 6.66 718

R.Amyg R. Cerebellum − Negative (close to zero) −10 66 −30 6.93 2,966
L.Hip L. Cerebellum − Negative 10 78 −28 5.41 487
L.Hip PCC/Precuneus 30, 31 Positivea −30 48 0 5.13 1,702
R.Hip PCC/Precuneus 30, 31 Positive (close to zero) −12 38 12 6.42 3,892

− L.Amyg R. vlPFC/dlPFC 47, 10 / 9 Negative (close to zero) −36 −40 24 −5.89 980
L.Amyg L. rACC 10, 32 Negative 10 −40 −6 −4.8 953
R.Amyg R.mPFC 9, 10, 32 Negative −10 −62 10 −5.92 2,439
R.Amyg L. SOG 19 Negative (close to zero) 32 82 34 −5.55 398
L.Hip L. mPFC 9, 10, 32 Positive 10 −36 2 −5.76 2,634
R.Hip R.lPFC 10, 46 Negative −24 −38 2 −6.13 2,659
R.Hip L.rACC 10, 32 Negativea 16 −42 20 −6.38 2,013
R.Hip R.dlPFC 8, 9 Negative (close to zero) −34 −30 40 −5.21 375

CES
+ R.Amyg L. Cerebellum − Positive (close to zero) 18 58 −28 5.33 394
− L.Hip R.dmPFC 9 Negative −8 −54 32 −5.63 537
CAPS
+ L. Amyg L.Ins/L. FO 13 / 9, 44 Positive (close to zero) 48 −2 20 5.64 1,486

L. Amyg R.dlPFC 10, 46 Negative −34 −40 26 7.49 892
L. Amyg R.Ins/R.FO 9, 44 / 9, 13 Positive (close to zero) −44 −12 20 6.03 692
L. Amyg L.dlPFC 10, 46 Negative (close to zero) 38 −30 20 5.1 371
R.Amyg R.dmPFC 9, 32 Negative −18 −36 18 4.96 766
L.Hip dmPFC 9 Negative (close to zero) 6 −56 34 5.61 757

− L.Amyg R. Cerebellum − Positivea −14 26 −30 −6.25 462
L.Hip PCC 30 Positivea −16 58 8 5.29 564

Positive or negative correlations with each clinical variable and seed connectivity are indicated by + or – and were significant at P � .05 corrected.
“Original raw connectivity” describes the sign of the raw connectivity between the ROI seed and the cluster of interest.
aSignificant original raw connectivity between the regions (P � .05 corrected).
Amyg, amygdala; Ins, insula; mPFC, medial prefrontal cortex; Hip, hippocampus; PCC, posterior cingulate cortex; dlPFC, dorsolateral prefrontal
cortex; dmPFC, dorsomedial prefrontal cortex; lPFC, lateral prefrontal cortex; rACC, rostral cingulate cortex; SOG, superior occipital gyrus; FO,
frontal operculum.

Hippocampus Connectivity. CES negatively
predicted connectivity between left hippocampus and
dmPFC (BA 9, Fig. 3), indicating less positive to more
negative residualized connectivity with higher CES
scores. Supplementary analyses of anterior and posterior
hippocampus connectivity yielded similar results in
relation to CES (Supporting Information Fig. S5,
Table S2).

CORRELATION WITH PTSS (CAPS PAST MONTH)
Amygdala Connectivity. CAPS scores positively

predicted connectivity between right amygdala and
dmPFC/rACC (BA 9, 32; Fig. 4A top panel), and be-
tween left amygdala and bilateral dlPFC (BA 10, 46,
Fig. 4A middle panel). This correlation indicated more
positive residualized connectivity with higher CAPS
scores. In addition, CAPS scores positively predicted

Figure 3. Correlation between combat exposure (CES) and resting functional connectivity of the hippocampus. The images in the middle
indicate the brain areas where the connectivity to the seed region (shown in the left figure) is significantly correlated with CES (P <

.05, corrected). Positive correlations are indicated by orange-yellow overlays, and negative correlations with blue overlays. For axial and
coronal views, the right side of the brain faces left. The scatterplot on the right shows the relationship between CES and the extracted,
residualized connectivity values for the functional region of interest. CES = Combat Exposure Scale.
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Figure 4. Correlation between posttraumatic stress symptoms (PTSS) and resting functional connectivity of the (A) amygdala and (B)
hippocampus. The images in the middle indicate the brain areas where the connectivity to the seed region (shown on the left) is
significantly correlated with PTSS (P < .05, corrected). Positive correlations are indicated by orange-yellow overlays, and negative
correlations with blue overlays. For axial and coronal views, the right side of the brain faces left. Scatterplots on the right show the
relationship between CAPS and the extracted, residualized connectivity values for the functional regions of interest. PTSS were based
on the past-month total score of the Clinician-Administered PTSD Scale (CAPS).

connectivity between left amygdala and bilateral an-
terior insula (BA 13; Fig. 4A bottom panel), indicat-
ing more positive residualized connectivity with higher
CAPS scores. Finally, CAPS scores negatively predicted
connectivity between left amygdala and cerebellum (Ta-
ble 2). Supplementary analyses of the CMA and BLA
yielded similar connectivity results in association with
CAPS scores, with no clear differences between the am-
gydala subdivisions (Supporting Information Fig. S6a-c,
Table S2).

Hippocampus Connectivity. CAPS scores posi-
tively predicted connectivity to dmPFC (BA 9, Fig. 4B)
indicating more positive residualized connectivity with
higher CAPS scores. CAPS scores negatively predicted
connectivity to PCC (BA 30, Table 2). Supplementary
analyses of anterior and posterior hippocampus con-
nectivity yielded similar results in relation to CAPS.
However, the association with anterior hippocampus
connectivity was more widespread in the mPFC with
extension into dlPFC (Supporting Information Fig. S6d,
Table S2).
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COVARIATION FOR DEPRESSIVE SYMPTOMS
AND TBI HISTORY

To examine potentially confounding effects of depres-
sive symptoms and TBI history in the current results, we
conducted a secondary analysis of our primary variables
of interest and resting-state connectivity, with depressive
symptoms (BDI) and lifetime TBI history (present or ab-
sent) included as an additional covariates in our model.
Inclusion of these variables did not change the pattern
of results with our primary variables.

DISCUSSION
In this study, we investigated resting-state functional

connectivity of the amygdala and hippocampus, two key
fear-network nodes, in young combat veterans with a
wide range of PTSD symptoms. Importantly, we ex-
amined the relation of this connectivity not only to
PTSD symptom severity but also to both adult and child
trauma exposure within a single model. This represents
an important step in identifying potential mechanisms by
which developmental trauma exposure may lead to adult
PTSD symptoms, and in turn which circuitry changes
distinguish PTSD symptoms from trauma exposure it-
self.

Amygdala. We found that childhood maltreatment
negatively predicted connectivity between the amygdala
and vmPFC, as well as connectivity between the amyg-
dala and lateral PFC regions. The vmPFC and its rat ho-
mologue IL are notable for their role in the recall of fear
extinction and downregulation of amygdala-dependent
fear responses.[4] The vmPFC is recruited during the re-
call of fear extinction in healthy individuals,[39, 40] and
the magnitude of activation is correlated with extinction
retention.[41] In addition, resting amygdala metabolism
negatively predicts vmPFC activation during extinction
recall,[42] which suggests that communication between
these regions plays an important role in human fear ex-
tinction. Consistent with this regulatory role, greater
functional connectivity between amygdala and vmPFC
is linked to lower anxiety levels during presentation of
fearful faces[43] and at rest[44] in healthy individuals. In
agreement with the current results, our prior work re-
vealed that early-life stress and childhood maltreatment
are associated with weaker amygdala–vmPFC connectiv-
ity, which in turn predicts the development of internal-
izing symptoms.[14, 15] Thus, our data support a model in
which childhood maltreatment experiences may weaken
this key automatic fear-regulatory circuit, which may
contribute risk toward the development of PTSD
following subsequent trauma in adulthood. At the same
time, a weakening of amygdala–vmPFC connectivity in-
duced by childhood maltreatment does not appear suf-
ficient in and of itself to account for the emergence of
PTSD symptoms, which instead are associated with a
loss of amygdala connectivity to more dorsal prefrontal
areas as described below.

In contrast to childhood maltreatment exposure,
PTSS predicted a loss of anticorrelation between
the amygdala and dorsal PFC regions including
dmPFC/rACC and dlPFC. These dorsal PFC areas
are notable for their role in effortful top-down emo-
tion regulation, and appear to exert their regulatory
influence on the amygdala via the vmPFC.[11, 45] In
healthy individuals, dorsal PFC regions are anticorre-
lated with the amygdala during task and rest.[44, 46, 47]

Furthermore, successful emotion regulation is associated
with greater amygdala–dm/dlPFC anticorrelation dur-
ing task,[48] and higher anxiety levels are associated with
a loss of resting amygdala–dmPFC anticorrelation.[44]

PTSD has also been characterized by reduced amygdala–
dmPFC/rACC anticorrelation both during symptom
provocation[47] and at rest.[7, 9] Our results are consis-
tent with these studies and, when examined in relation
to raw (nonresidualized) amygdala–dmPFC connectiv-
ity, suggest a loss of anticorrelation and a switch to pos-
itive connectivity with higher CAPS scores (see Sup-
porting Information Fig. S1). Within this framework,
childhood maltreatment may create a vulnerable brain
substrate by weakening amygdala–vmPFC connectiv-
ity, yet PTSD symptoms may only emerge with a sub-
sequent loss of amygdala–dorsal PFC anticorrelation.
Interestingly, childhood maltreatment negatively pre-
dicted amygdala–dorsal PFC connectivity (i.e., greater
anticorrelation). This could be attributable to shared
variance with vmPFC–amygdala connectivity (also nega-
tively predicted by CTQ). Alternatively, our results sug-
gest that greater amygdala–dorsal PFC anticorrelation
represents a compensatory brain mechanism employ-
ing effortful emotion regulation following childhood
maltreatment, the failure of which is associated with
the emergence of PTSD symptoms. Ultimately, lon-
gitudinal studies examining both childhood and adult
trauma exposure and adult PTSS, along with causal-
ity modeling[49] will be needed to tease apart these
possibilities.

PTSS also positively correlated with resting
amygdala–anterior insula connectivity. The ante-
rior insula is involved in the representation of visceral
emotional states[50] and has strong structural and
functional connectivity with the amygdala.[51, 52] As
detailed in previous studies, greater connectivity at rest
between these areas may represent heightened integra-
tion of threat and interoceptive processing that could
underlie hyperarousal and re-experiencing phenomena
of PTSD.[6, 7] As such, these findings remain consistent
with prior resting-state studies of PTSD and suggest
specificity of changes in this circuit to PTSD symptoms.

Hippocampus. We found that childhood maltreat-
ment negatively predicted connectivity between the hip-
pocampus and vmPFC, as well as dm/dlPFC. Combat
exposure also negatively predicted hippocampus–PFC
connectivity, though this was localized to the dmPFC.
The hippocampus is known to play an important role
in the regulation of fear by contextually limiting fear
responses via connections to both the amygdala and
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vmPFC.[5] In rats, chronic stress impairs hippocampus-
mPFC long-term potentiation, which is required for
the proper gating of conditioned fear.[53, 54] In hu-
mans, both the vmPFC and hippocampus are recruited
during the recall of fear extinction, for example,[40, 41] in
support of their co-ordinated role in gating fear. Con-
sistent with the current findings, prior work from our
group has shown that childhood maltreatment is asso-
ciated with weaker hippocampus–vmPFC connectivity,
which in turn mediates the development of internal-
izing symptoms.[15] Within this framework, our find-
ings suggest that childhood maltreatment in particular
may weaken the contextual regulation of fear by im-
pairing communication between the hippocampus and
vmPFC, though this would require further testing in
a fear-conditioning paradigm. Of note, a longitudinal
study revealed that adult trauma (combat exposure) ac-
tually increases hippocampus–vmPFC connectivity to
emotional stimuli, and failure to increase this connec-
tivity was associated with the development of PTSD
symptoms.[18] Our results suggest that childhood mal-
treatment exposure could compromise the ability of this
circuit to adaptively upregulate following adult trauma,
placing an individual at risk for developing fear-related
psychopathology as an adult.

In contrast to childhood maltreatment and similar to
the amygdala findings, PTSS predicted a loss of anti-
correlation between the hippocampus and dorsal PFC,
specifically to dmPFC. In healthy individuals, the hip-
pocampus and dmPFC show inverse patterns of acti-
vation in signaling safety versus threat (i.e., hippocam-
pus activation and dmPFC deactivation to safety cues,
and vice versa to conditioned threat).[55] Furthermore,
PTSD subjects display hippocampus deactivation and
dACC activation to extinguished threat cues,[3] suggest-
ing a reversal of the pattern seen in healthy individuals.
In light of this, the loss of resting dmPFC–hippocampus
anticorrelation (and switch to positive connectivity) as-
sociated with PTSS in the current study could reflect
impaired communication between the hippocampus and
dmPFC in predicting safety versus threat. This suggests
that the ability of the hippocampus to contextually reg-
ulate fear is further compromised in PTSD, involving a
disruption in communication with dorsal prefrontal ar-
eas. Like the amygdala connectivity findings, childhood
maltreatment may create a vulnerable brain substrate by
reducing vmPFC–hippocampal connectivity; however,
PTSD symptoms may only emerge with a subsequent
loss of dmPFC–hippocampus anticorrelation. Interest-
ingly, both childhood maltreatment and combat expo-
sure negatively predicted dorsal PFC–hippocampus con-
nectivity (i.e., greater anticorrelation), suggesting these
may be compensatory attempts that are lost with the de-
velopment of PTSS. As with the amygdala connectivity
findings, longitudinal studies will ultimately be needed,
along with causality modeling, to tease apart these pos-
sibilities.

Of note, we did not observe any marked dissociations
of amygdala or hippocampal subdivisions in our results,

in contrast to prior studies.[9, 10] The reasons for this are
not entirely clear but likely reflect different experimen-
tal designs (within-subjects vs. between-group analysis),
analytic approaches (e.g., use of global signal regression
and a priori search regions[10]), and the inclusion of the
additional trauma variables in our study. Our study sam-
ple also differs from these prior studies in that we did not
allow any current psychiatric medication usage. Further
work will be needed, likely with larger sample sizes, to
examine whether there are consistent and dissociable rs-
FC findings among amygdala and hippocampal subdivi-
sions in PTSD.

The results of this study underscore the utility of us-
ing resting-state fMRI to detect the neurobiological cor-
relates of trauma exposure and PTSS. However, these
results are not without limitations. First, these findings
are correlational only and do not prove causation. It is
thus difficult to tease out whether observed changes rep-
resent preexisting vulnerabilities, state-related changes,
or compensatory changes. Second, these findings may
not generalize to other populations (particularly women
given the all-male sample), trauma types, or to indi-
viduals with more severe PTSS. In addition, resting-
state connectivity may not necessarily equate to task-
related connectivity, an area which requires further
study. Third, although subjects were free of current al-
cohol or substance abuse, this study did not have mea-
sures of cumulative, lifelong alcohol use, which could
affect the current results. However, PTSD and non-
PTSD subjects had similar frequencies of past alcohol
abuse/dependence that makes this less likely. Finally,
this is a moderate number of subjects with results con-
sidered preliminary, and would merit replication in a
larger sample and using longer duration acquisitions. Al-
though 5 min of resting-state data have been used suc-
cessfully in other studies to characterize differences in
functional connectivity (e.g.,[56]) and have moderate test–
retest reliability,[57] more recent studies suggest that the
reliability of these results would improve even further
with longer duration acquisitions.[58]

CONCLUSION
The results from this study suggest that childhood

trauma, combat exposure, and combat PTSS differen-
tially predict resting-state connectivity of the amygdala
and hippocampus, two key nodes in the fear network.
Childhood trauma in particular may create a vulnerable
brain substrate by weakening ventromedial prefrontal–
subcortical pathways involved in the extinction and con-
textual gating of fear, yet may also be accompanied
by compensatory strengthening of dorsal prefrontal–
subcortical circuits involved in effortful emotion
regulation. PTSS, in turn, may emerge upon this back-
ground with the loss of anticorrelation between dor-
sal prefronto-subcortical pathways, as well as greater
fear/interoceptive processing involving the amygdala
and insula. These findings highlight the importance of
examining developmental trauma exposure and adult
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PTSS within a single model. They also represent an
important step in identifying potential mechanisms by
which developmental trauma exposure may lead to adult
PTSD, and which mechanisms are associated with the
emergence of PTSD symptoms themselves.
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