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ABSTRACT

BACKGROUND: Although aspects of brain morphology have been associated with chronic posttraumatic stress
disorder (PTSD), limited work has investigated multimodal patterns in brain morphology that are linked to acute
posttraumatic stress severity. In the present study, we utilized multimodal magnetic resonance imaging to investigate
if structural covariance networks (SCNs) assessed acutely following trauma were linked to acute posttraumatic stress
severity.

METHODS: Structural magnetic resonance imaging data were collected around 1 month after civilian trauma
exposure in 78 participants. Multimodal magnetic resonance imaging data fusion was completed to identify
combinations of SCNs, termed structural covariance profiles (SCPs), related to acute posttraumatic stress
severity collected at 1 month. Analyses assessed the relationship between participant SCP loadings, acute
posttraumatic stress severity, the change in posttraumatic stress severity from 1 to 12 months, and depressive
symptoms.

RESULTS: We identified an SCP that reflected greater gray matter properties of the anterior temporal lobe, fusiform
face area, and visual cortex (i.e., the ventral visual stream) that varied curvilinearly with acute posttraumatic stress
severity and the change in PTSD symptom severity from 1 to 12 months. The SCP was not associated with
depressive symptoms.

CONCLUSIONS: We identified combinations of multimodal SCNs that are related to variability in PTSD symptoms
in the early aftermath of trauma. The identified SCNs may reflect patterns of neuroanatomical organization that
provide unique insight into acute posttraumatic stress. Furthermore, these multimodal SCNs may be potential
candidates for neural markers of susceptibility to both acute posttraumatic stress and the future development of
PTSD.

https://doi.org/10.1016/j.bpsc.2020.07.019

Traumatic events can have acute adverse effects on cognitive
and affective function. Acute stress in the early aftermath of
trauma is linked to later development of chronic debilitating
dysfunction in the form of posttraumatic stress disorder (PTSD)
(1,2). Acute posttraumatic stress experienced in the peri-
traumatic period (i.e., <1 to ~2 months after trauma exposure)
often naturally subsides over time, in contrast to the enduring
dysfunction that characterizes chronic PTSD (i.e., symptoms
that last for ~3 months or longer). However, there is consid-
erable individual variability in susceptibility to acute post-
traumatic stress and the development of chronic PTSD, and
not everyone who experiences a traumatic event will go on to
develop acute or chronic dysfunction (3). Identifying the
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underlying neural basis for variability in stress susceptibility
may provide targets for early intervention and treatment of
chronic stress-related disorders. Prior research has demon-
strated that chronic PTSD is related to alterations in brain gray
and white matter morphology (4-8). However, limited work has
investigated the relationship between brain morphology and
posttraumatic stress soon after a traumatic event. Given that
chronic stress (e.g., stress experienced as part of PTSD) may
in itself affect brain morphology (9,10), posttraumatic stress
during the acute phase of trauma may show different re-
lationships with brain structure compared with those observed
in chronic PTSD. Characterization of the relationship between
brain morphology and posttraumatic stress in the early
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aftermath of trauma is thus critical for the development of
accurate neural markers of susceptibility to both acute and
chronic PTSD.

Chronic PTSD has been tied to reduced volume of the
hippocampus and amygdala in addition to reduced volume
and thickness of the dorsomedial and ventromedial prefrontal
cortex (PFC) (7,8,11-15). Furthermore, prior work has observed
alterations in white matter microstructure of tracts such as the
uncinate fasciculus, dorsal cingulum, and corona radiata in
individuals with PTSD (4,16-18). These brain regions and white
matter tracts are part of a neural circuit that supports threat
learning and memory processes that are dysfunctional in PTSD
[for review, see (19,20)]. Together, these findings demonstrate
that chronic PTSD is linked to differences in gray and white
matter brain morphology, particularly within threat learning and
memory circuitry.

Compared with research on brain morphology in chronic
PTSD, relatively little is known about the relationship between
brain morphology and acute posttraumatic stress severity.
Furthermore, the limited findings to date are at times incon-
sistent with the literature concerning chronic PTSD. For
example, although hippocampal volume is reduced in PTSD
(12), and some studies have suggested that hippocampal
volume reductions are a vulnerability factor for PTSD (21-23),
these volumes are not necessarily reduced during the acute
phase of trauma exposure (24). Recent findings in individuals
with acute stress disorder (i.e., PTSD symptoms lasting <1
month) initially show reduced gray matter volume (GMV) within
the visual cortex, and only later show reductions in ventro-
medial PFC volume, compared to control subjects without
acute stress disorder (25). Other research has observed that
individuals who develop PTSD within 6 months following
trauma show reduced gray matter within the ventromedial PFC
during the acute phase (26). Furthermore, although acutely
assessed white matter microstructure of the uncinate fascic-
ulus, dorsal cingulum, and fornix vary with expression of
posttraumatic stress symptoms, the microstructure of other
tracts, such as the corticospinal tract, inferior longitudinal
fasciculus, and inferior-frontal occipital fasciculus, also are tied
to the development of PTSD symptoms (27-29). Thus, data on
assessments of brain gray and white matter as informative of
future PTSD symptoms have been somewhat mixed and may
be reflective of stress sensitization processes in traumatized
individuals (30). Specifically, although the initial stressor of the
trauma may not necessarily lead to structural changes, it may
facilitate continual dysfunction of stress-regulation systems
that ultimately leads to changes in brain morphology. Stress
sensitization is also thought to partially explain why individuals
with prior experiences of trauma are more likely to develop
PTSD after a recent trauma (31). Although the mechanisms are
currently unclear and the findings are somewhat mixed, these
data at least provide initial support for the idea that early as-
sessments of brain morphology may be linked to acute post-
traumatic stress.

An important consideration of prior published reports is that
the findings have been largely based on unimodal outcomes
(i.e., gray or white matter investigated separately). Gray and
white matter aspects of the brain likely do not vary completely
independently of one another, such that structural variability
may be linked across regions and across modalities (32-34).
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Furthermore, combining data across modalities may increase
the power and predictive utility of brain imaging for identifying
traumatic stress susceptibility by accounting for relationships
between the modalities. Thus, identifying accurate and robust
brain structure markers of acute—and potentially future—
posttraumatic stress may be improved by multimodal brain
structure investigations. Importantly, multimodal or “data
fusion” approaches have been developed to analyze multi-
modal imaging data that can identify joint spatial patterns
across multiple modalities. Further multimodal data fusion
patterns may better disentangle neural substrates supporting
processes of interest from comorbid conditions such as
postconcussive syndrome (35,36). Particularly relevant to un-
derstanding the neuroetiology of PTSD is the separation of
neural substrates of the disorder from depression, which is
highly comorbid with PTSD. Limited investigations, however,
have sought to determine if multimodal patterns related to
PTSD are separate from depression.

For multimodal structural magnetic resonance imaging
(MRI), linked independent components analysis (LICA) has
previously been used to identify structural covariance net-
works (SCNs) that combine both gray and white matter metrics
(837-39). SCNs describe spatial patterns of shared variability
and have previously focused on single modalities (e.g., brain
gray matter). Prior unimodal reports of brain gray matter SCNs
have observed altered covariance patterns in youths with
PTSD compared with control subjects (40). In contrast, multi-
modal SCNs describe shared spatial patterns of variability
across multiple brain structure modalities (e.g., brain gray and
white matter); however, no work has investigated multimodal
SCNs in PTSD. Other psychiatric investigations have tied
multimodal SCNs to aging and aging-related pathologies
(37,38) and suggested that these SCNs may discriminate be-
tween typical control subjects and individuals with psychiatric
conditions such as autism spectrum disorder (41). SCNs may
therefore also be related to other psychiatric disorders, such as
PTSD. To the best of our knowledge, no prior work has
investigated multimodal SCNs in an acute trauma sample to
determine if they are tied to posttraumatic stress in the early
aftermath of trauma. Identifying linked spatial patterns of
covariation among modalities in acutely traumatized in-
dividuals may better elucidate the neural substrates associated
with acute posttraumatic stress and provide insight into the
neurobiology of traumatic responses.

In the present study, we investigated SCNs in acutely
trauma-exposed individuals to identify relationships between
brain structure and acute posttraumatic stress. We further
investigated whether these SCNs may also be related to
changes in posttraumatic stress between the acute (i.e., at 1
month) and chronic (i.e., at 12 months) trauma phases. We
collected MRI data from recently trauma-exposed civilians (i.e.,
around 1 month after the trauma) to generate SCNs of gray and
white matter metrics using LICA. We anticipated that acute
posttraumatic stress assessed 1 month after the trauma would
be associated with SCNs that overlap with previously identified
PTSD-associated brain regions (e.g., PFC, hippocampus,
amygdala, visual cortex) and white matter tracts (e.g., uncinate
fasciculus, cingulum bundle, inferior longitudinal fasciculus).
Furthermore, we hypothesized that the identified SCNs would
also be related to changes in posttraumatic stress over time.
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Importantly, the SCN modeling approach may allow for a
better understanding of the broader interacting networks
related to variability in stress responses early after trauma,
beyond traditional univariate associations. The present study
provides a data-driven characterization of the brain structural
correlates of acute traumatic stress reactivity, and it elucidates
linked neural profiles that may aid identification of individuals
most susceptible to the acute effects of trauma exposure.

METHODS AND MATERIALS

Participants

A total of 83 participants were recruited from the emergency
department (ED) at Grady Memorial Hospital (Atlanta, GA) as
part of an ongoing Grady Trauma Project ED longitudinal study
to understand the impact and aftermath of trauma. Participants
were recruited within 24 hours after presenting to the ED,
subject to inclusion and exclusion criteria. Inclusion criteria
included endorsing a traumatic event that met criterion A in the
DSM-IV, being English speaking, and being 18-65 years of
age. Exclusion criteria included typical MRI contraindications
(e.g., metal or implanted device), previous hospitalization for
mental health, suicide attempt within the past 3 months or
suicidal ideation within the past month, and current intoxica-
tion or otherwise altered mental status. For the present ana-
lyses, participants were further excluded if they did not have
complete MRI data or if artifacts prevented successful data
processing. Three participants did not have complete MRI data
(i.e., lacking either a T1-weighted or diffusion-weighted data-
set) and were excluded from the analyses. MRI data for 2
participants were excluded owing to motion/scanner artifacts
identified during quality inspection that prevented successful
data processing (see below and Supplement). Thus, 78 par-
ticipants (age, mean = 35.5 years, SD = 12.45 years; 45 male)
were included in the present analyses. In total, 62 participants
(79%) had experienced an automobile-related accident (motor
vehicle, motorcycle crash, or pedestrian in an auto crash), 7
(9%) had experienced an assault (sexual or nonsexual, stab-
bing, or gunshot wound), and another 9 (12%) had experi-
enced other traumatic events (e.g., animal attack, industrial or
home accident, bicycle accident). All participants provided
informed consent as approved by the Emory University Insti-
tutional Review Boards and Grady Memorial Hospital Research
Oversight Committee.

Psychological and Demographic Assessment

At time of enrollment in the ED, participants completed a
battery of questionnaires to assess demographics, prior
trauma history, and current trauma characteristics, as
described in previous reports (28,42,43). For the present ana-
lyses, the Posttraumatic Diagnostic Scale (PDS) was
completed within the ED to assess baseline trauma history (i.e.,
the number of traumatic events the participants endorsed) and
PTSD symptoms (44,45). A modified PTSD Symptom Scale
(mPSS) (46) and Beck Depression Inventory (BDI-Il) were
completed by participants around 1 month after the trauma
exposure and served as a measure of acute posttraumatic
stress severity. The mPSS assessed DSM-IV criteria for PTSD
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including avoidance symptoms (e.g., “have you persistently
been making efforts to avoid thoughts or feelings associated
with the traumatic event?”), reexperiencing symptoms (e.g.,
“have you had the experience of suddenly reliving the trau-
matic event, flashbacks of it, acting or feeling as if it were
reoccurring?”), and arousal symptoms (e.g., “have you been
jumpier, more easily startled, since the traumatic event?”). The
mPSS was administered again at 12 months after the trauma
to assess chronic PTSD symptoms. At the 1-month assess-
ment, 34 participants met all 3 PTSD criteria, while at 12
months, 14 participants met the criteria. Participant de-
mographics are detailed in Table 1. In addition, participants
completed the Mini International Neuropsychiatric Schedule
(47) to assess comorbid psychiatric conditions during the ED
visit. Comorbid diagnoses and prescription medication use
assessed in the ED are presented in Table S1.

Magnetic Resonance Imaging

Brain imaging data were acquired on 3 separate Siemens 3-T
MAGNETOM Trio Tim MRI scanners (Siemens, Malvern, PA)
each using a 12-channel head coil. Multiple scanners were
used as the scanning facility upgraded systems over the
course of the study. MRl was completed within a 3-week
window of the 1-month assessment (mean = 17.77 days,
SD = 12.85 days, range = 2-63 days). Detailed information on
acquisition and preprocessing for T1-weighted and diffusion-
weighted images across all 3 scanners are provided in
Table S2. Scan parameters for 2 scanners were harmonized,
whereas the third scanner used different T1 and diffusion-
weighted sequences. The same preprocessing pipelines were
used regardless of scanner type to facilitate analysis stan-
dardization. Visual inspection of MRI data was completed to
evaluate inclusion for multimodal analyses based on acquisi-
tion or preprocessing artifacts, and we performed LICA at a
high dimensionality to further account for both scanner and
participant noise-related artifacts (see below for further de-
tails). Briefly, diffusion-weighted image data were pre-
processed using the FMRIB Software Library’s “eddy” routine
and “dtifit” while following previously suggested methods for
susceptibility distortion correction using T1-weighted images
(48,49). Tract-based based spatial statistics and the recom-
mended ENIGMA-DTI Working Group processing steps were
followed to generate white matter skeletal maps of fractional
anisotropy (FA), mean diffusivity (MD), and mode of the diffu-
sion tensor (MO) for each participant (50,51). T1-weighted
anatomical data were processed using standard processing
procedures implemented in FSL-VBM (48,52,53) to obtain
maps of GMV. T1-weighted data were also processed through
FreeSurfer using the FMRIPREP pipeline to obtain maps of
cortical thickness (CT) and pial surface area (PSA) (54-56).

Linked Independent Component Analysis

LICA was completed to perform multimodal data fusion
(37,39). The FA, MD, MO, GMV, CT, and PSA maps were used
as spatial features. LICA identifies multimodal spatial covari-
ance patterns that reflect variability in the sample and derives a
set of participant loadings for each pattern that reflect the
strength of the pattern in each participant. LICA was
completed at a high dimensionality (L = 34, the maximum
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Table 1. Demographic and Clinical Characteristics
Mean (SD) or n (%)

Characteristic

Age, Years 35.5 (12.45)
Gender, Female/Male 33 (42%)/45 (58%)
Race
Black 58 (74%)
Mixed race 4 (5%)
Other 3 (4%)
White 13 (17%)
Education
Some high school 7 (9%)
High school degree 22 (28%)
Associate degree/some college 38 (49%)
Bachelor’s degree 6 (8%)
Some graduate school 1 (1%)
Master’s degree or higher 4 (5%)
Clinical Characteristics
BDI-Il score (n = 78) 14.73 (11.11)
Number of prior traumas 2.44 (1.76)
Baseline PDS score (n = 75) 6.63 (8.67)
mPSS total score (1 mo) (n = 78) 16.36 (11.46)
Reexperiencing score 4.46 (3.71)
Avoidance score 5.96 (5.19)
Arousal score 5.94 (3.95)
mPSS total score (12 mo) (n = 65) 9.02 (10.01)
Reexperiencing score 1.85 (2.93)
Avoidance score 3.34 (4.36)
Arousal score 3.83 (3.59)

BDI-Il, Beck Depression Inventory Il; mPSS, modified Posttraumatic
Symptom Scale; PDS, Posttraumatic Diagnostic Scale.

estimated within LICA) to better separate signal and noise (i.e.,
participant-dominated and motion) components as has been
completed in previous LICA analyses (37,41,57). Of the 34
identified components, 8 were determined to be driven pre-
dominantly by a single subject (i.e., noise related) and were
excluded from analyses, resulting in 26 SCNs. Given that high
ICA dimensionalities can result in fractionalization of brain
networks (58), and given that the limited information as to what
canonical multimodal SCNs should look like, we performed a
data-reduction step—principal component analysis—to the
participant loadings for all SCNs to reduce the SCNs into
structural covariance profiles (SCPs) that may be related to
acute posttraumatic stress reactivity (Figure 1). The goal was
to retain a separation of signal and noise components through
LICA while reducing the number of multimodal components to
assess. One alternative to the present approach would have
been to visually group the SCNs into spatially similar groups,
but such groupings may then be biased by an assumption of
the spatial patterns. Importantly, the principal component
analysis approach to grouping SCNs is data driven and
therefore not limited by assumptions as to which SCNs should
covary together. Visual inspection of scree plots and assess-
ment of variance explained for each eigenvalue was completed
to select a reduced set of SCPs that also allowed for a general
clustering of the original SCNs. We sought to minimize the
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number of derived SCPs while also selecting components that
together explained a fair amount of the variability in the SCNs.
Thus, we selected an 8-eigenvalue solution that accounted for
49.4% of the variance in our data and applied a varimax
rotation to the component matrix with a Kaiser normalization to
derive the SCPs (SCN loadings are detailed in Table S3 and the
SCPs are detailed in Figure S1). The distributions of the SCN
and SCP loadings are visualized in Figure S2.

Statistical Analysis

We completed statistical analyses using SPSS Version 24 (IBM
Corp.). Participant loadings from the 8 identified SCPs were
used as dependent variables in a multivariate analysis of
covariance to identify linear and quadratic associations with
mPSS total scores at 1 month after the trauma (i.e., acute
posttraumatic stress severity) while controlling for scanner,
age, gender, trauma history (from the PDS), and baseline PDS
scores (i.e., within the ED). Participant age, trauma history,
baselines PDS scores, and mPSS total scores were mean-
centered before analysis. We tested for quadratic effects
given that SCNs revealed through LICA have previously
revealed nonlinear relationships and previous work has
demonstrated that neural activation may vary nonlinearly with
cognitive-affective processes (37,59). Significant omnibus
multivariate effects between mPSS total scores at 1 month and
SCPs were followed up with multiple linear regressions.
Follow-up comparisons were considered to be significant at a
Bonferroni-corrected threshold of p < .003 (p = .05/16, 8 SCPs
and 2 contrasts for each). Exploratory analyses were
completed to assess relationships with mPSS subscale scores
(i.e., avoidance, reexperiencing, and arousal scores) for sig-
nificant SCPs. Additional multiple regressions with BDI-II
scores were completed to determine if the identified SCPs
varied specifically with posttraumatic stress or reflected
cognitive-affective dysfunction more broadly. Of note, BDI-II
scores were significantly correlated with mPSS scores (r =
.78, p < .001). To further assess if the identified SCPs were
also informative of progression to PTSD, similar multiple re-
gressions were completed using the change in mPSS scores
from 1 to 12 months (i.e., 12-month mPSS scores minus
1-month mPSS scores).

RESULTS

Multivariate Relationships With Acute
Posttraumatic Stress

We first analyzed SCPs associated with 1-month mPSS
scores (i.e., acute posttraumatic stress symptoms). The
multivariate analysis of covariance revealed a significant
curvilinear relationship between SCPs and 1-month mPSS
scores: Fgs9 = 2.11, p = .049, Wilks’ A = 0.79. Follow-up re-
gressions revealed that this effect was driven by a curvilinear
relationship between 1-month mPSS scores and SCP-8: tgg =
3.19, p = .002, B = 0.43 (Figure 2). Although it did not survive
multiple comparison correction, a second relationship was
observed between SCP-3 and 1-month mPSS scores: tgg =
2.33, p = .023, B = 0.31 (Figure S3).

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging February 2022; 7:129-138 www.sobp.org/BPCNNI


http://www.sobp.org/BPCNNI

Multimodal Neuroimaging and Acute PTSD

Biological
Psychiatry:
CNNI

A Modality-specific processing and feature selection

)\
e P

Diffusion MRI
Fractional
¢ ‘ anisotropy (FA) (MD)
! ] [

Gray matter

Mean diffusivity 3

Cortical Pial surface
) volume (GMV) @tmckness (CT) @ area (PSA)

Figure 1. Data fusion and analytic strategy. (A)
Diffusion magnetic resonance imaging (MRI) and T1-
weighted anatomical MRI data were processed

Mode of the through modality-specific pipelines to derive mea-
3 ?’:;f;?'m tensor sures of white matter microstructure (i.e., fractional

anisotropy, mean diffusivity, and mode of the diffu-
sion tensor) and gray matter morphology (i.e., gray
matter volume, cortical thickness, and pial surface
area), which were then used as features in a linked
independent components analysis. (B) The linked
independent component analysis was completed
and 34 components were calculated, with 8 being

identified as predominantly driven by a single
participant and excluded from subsequent analyses.

The resulting components represented multimodal
structural covariance networks (SCNs) composed of
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B Linked Independent Components Analysis
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differing weights per modality. (C) We further
reduced the set of SCNs into structural covariance

Structural covariance network (SCN) identification

Modality contributions per SCN

profiles (SCPs) in a data-driven fashion (principal
component analysis) to identify sets of SCNs that
shared variability. (D) The final set of SCP loadings
was then used in statistical analyses with psycho-
metric variables assessing levels of posttraumatic
stress and depression severity.

¥ ¥ ¥
C Principal Components Analysis (Data reduction)
$ A 4 A 4

Reduction of SCNs into structural covariance profiles (SCPs)

SCNs re-ordered according to SCP loadings

SCN-22

D Statistical Analyses with Psychometric Variables

Characteristics of SCP-8 and Acute Posttraumatic
Stress

SCP-8 reflected a positive association with SCN-16, SCN-18,
and SCN-22. Together, these components reflected increased
GMV, CT, and PSA within the visual cortex, anterior temporal
lobe, and dorsomedial PFC, as well as reduced MD within the
inferior longitudinal fasciculus (Figure 2A and Figure S1). Follow-
up regression analyses revealed that SCP-8 varied curvilinearly
with reexperiencing (tss = 3.46, p = .001, p = 0.47), avoidance
(tess =2.41, p = .019, B = 0.45), and arousal (tgg = 2.18, p = .033,

B = 0.38) scores. Furthermore, SCP-8 did not vary curvilinearly
with BDI-Il scores (tgs = 0.22, p = .824, B = 0.03).

SCP-8 and Changes in Posttraumatic Stress Over
Time

We next sought to investigate if the SCP identified to vary with
mPSS scores at 1 month also predicted changes in mPSS
scores between 1 and 12 months. In total, 13 participants did
not provide 12-month mPSS data (n = 65). In the present
sample, mPSS total scores showed a general decline between
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Figure 2. Structural covariance profile 8 (SCP-8)
varies with posttraumatic stress severity. (A) SCP-8
reflected gray matter volume (GMV), cortical thick-
ness (CT), pial surface area (PSA), and mean diffu-
sivity (MD) of the visual cortex, anterior temporal
lobe, and fusiform gyrus. Warm colors (red/yellow/
orange) reflect positive and cool colors (blue/light
blue) negative relationships of each modality with
each structural covariance network (SCN) loading.
Asterisks indicate other modalities that contributed
significantly (i.e., =15%) to the SCN but with no
voxels surviving the |2| threshold. The loading for this
profile varied curvilinearly with both (B) modified
Posttraumatic Symptom Scale (mPSS) scores at 1
month and (C) the change in mPSS scores from 1 to
12 months. Plots represent the standardized re-
siduals for the SCP and mPSS scores to show the
unique curvilinear relationship between the variables,
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(9]

GMV

Structural covariance profile #8
(Standardized Residuals)
<

1-month mPSS total score
(Standardized Residuals)

2 3 4

accounting for covariates. Dots represent individual
participant points, and the solid line represents the
line of best fit.
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the 1-month (mean = 16.36, SD = 11.46) and 12-month
(mean = 9.02, SD = 10.01) assessments. Furthermore, mPSS
scores at 1 month were significantly associated with mPSS
scores at 12 months after the trauma (r = 0.67, p < .001). Thus,
in this sample, acute traumatic stress reactivity was linked to
future expression of PTSD symptoms. We observed a signifi-
cant curvilinear relationship between SCP-8 and the change in
mPSS scores from 1 to 12 months (Figure 2C) (ts4 = 2.03, p =
.048, B = 0.32). However, SCP-8 loadings did not uniquely vary
with the change in reexperiencing (ts4 = 0.61, p = .542, 8 =
0.08), avoidance (ts4 = 1.25, p = .217, = 0.23), or arousal (ts, =
1.40, p = .168, B = 0.22) scores.

DISCUSSION

Although chronic PTSD is associated with alterations in gray
and white matter brain morphology, the relationship between
brain morphology and acute posttraumatic stress has received
little attention. Furthermore, limited work to date has used
multimodal data fusion to link patterns across different struc-
tural MRI metrics (i.e., SCNs) that may be informative about
susceptibility to acute posttraumatic stress. Characterization
of brain morphology that underlies acute posttraumatic stress

2 3 4

A (12-1 month) mPSS total score
(Standardized Residuals)

is necessary for a full understanding of the neurobiology that
mediates the development of chronic PTSD and for developing
predictive markers of PTSD susceptibility. Therefore, the pre-
sent study used multimodal MRI to investigate SCNs in acutely
traumatized individuals that may be associated with post-
traumatic stress. We identified a group of SCNs (i.e., an SCP)
that varied with acute posttraumatic stress severity (i.e., mPSS
total scores at 1 month after the trauma). The SCP was related
to acute reexperiencing, avoidance, and arousal symptoms.
Furthermore, the SCP was related to changes in posttraumatic
stress severity from 1 to 12 months after the trauma. The
present findings suggest that brain morphology is linked to
acute traumatic stress responses and may be critical for
identifying individuals likely to make a transition to future
PTSD.

In the present study we observed that a multimodal SCP
(SCP-8) reflected SCNs that overlapped with the ventral visual
processing stream (60). The SCP was curvilinearly related to
acute posttraumatic symptom severity and predicted the
chronic maintenance of symptoms out to 12 months after the
trauma. These data suggest that morphological variability in
the structure of the ventral visual stream may play a role in the
development and maintenance of PTSD symptoms.
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Suggestion that the ventral visual stream may be related to the
development of PTSD symptoms is consistent with prior
functional MRI research. Specifically, differences in visual
processing, particularly of affective stimuli, and neural activity
within the ventral visual stream have been observed in PTSD
(61-65). Previous work in individuals with chronic PTSD
observed elevated activity of the amygdala and visual cortex
compared with those without PTSD and indicated that these
individuals also show reduced functional connectivity between
the amygdala and ventromedial PFC (61). Furthermore, in-
dividuals with PTSD show a positive relationship between
symptom severity and neural activity within the dorsolateral
PFC during an attentional bias to threat task (63). Individuals
with PTSD also show a positive relationship between activa-
tion in the lingual gyrus (i.e., visual cortex) during this task and
behavioral bias to threat. Interestingly, recent resting-state
investigations have suggested that PTSD is associated with
reduced functional connectivity between the hippocampus
and visual cortex (66) and that attentional control training can
modulate visual processing pathways in individuals with PTSD
(67). Together, prior functional MRI research provides support
for the present results suggesting that ventral visual process-
ing stream dysfunction may be associated with PTSD.

Threat- and affect-related processes supported by the
amygdala, hippocampus, and PFC that are disrupted in PTSD
likely rely on interactions with regions that support processing
of visual stimuli. However, a significant portion of neuro-
circuitry investigations of PTSD have focused on amygdala,
hippocampus, and PFC contributions to the disorder such that
it is unclear why these differences in visual processing areas
may occur (20). Both human and animal model studies have
demonstrated that amygdala activation modulates visual cor-
tex activity, and connectivity between these regions is thought
to be important for attending to novel or threatening events
(68-70). Some have postulated that dysfunction of affective
visual processing circuitry, particularly between the amygdala
and ventral visual stream, may drive hyperarousal symptoms
that partially underlie the development of reexperiencing (i.e.,
intrusion) symptoms in PTSD (71). Partially consistent with this
view, SCP-8 was associated with reexperiencing, avoidance,
and arousal symptoms in the present study. Given the
importance of visual processing for attentional processes, the
consistency of the findings related to PTSD, and the lack of
research in this area, future studies are needed to build a more
comprehensive circuit related to the etiology and pathophysi-
ology of PTSD.

In contrast to univariate analyses that are typically used, our
approach suggests that some structural variability related to
acute posttraumatic stress and PTSD may be uniquely multi-
variate. Thus, multimodal and data-driven approaches may
reveal novel aspects of neurobiology important for our un-
derstanding of PTSD. Several of the observed SCNs in the
present study (e.g., SCN-16 and SCN-22) have been reported
in other LICAs (37). These SCNs may reflect intrinsic patterns
of neuroanatomical organization within the general population
similar to canonical resting-state functional networks (72).
However, limited work to date has investigated the replicability
of these SCNs across different samples. Thus, the generaliz-
ability of these multimodal SCNs within the wider population
remains unclear. If the observed SCNs are generalizable to the

Biological
Psychiatry:
CNNI

greater population, these SCNs may be future candidates for
neuroimaging markers of acute and future posttraumatic stress
development.

The present results should be interpreted in light of several
limitations. First, a non-trauma-exposed comparison group
was not included in this study. While the results suggest that
multimodal imaging is associated with PTSD symptom
severity, it is unclear if the observed components are specific
to trauma-exposed individuals or may reflect more general
neurobiological patterns across the population. Although
several of the identified components have been identified in
prior work (37), it remains unclear if these may differ as a
function of trauma exposure itself. Although the present data
demonstrate that peritraumatic assessments of multimodal
networks are related to posttraumatic stress processes, it is
important to determine if the identified SCPs and SCNs could
be identified in non-trauma-exposed individuals as a potential
pretraumatic marker for posttraumatic stress susceptibility.
Second, it is difficult to determine the specific function of the
identified SCPs and SCNs. It will be necessary to better
characterize the present SCNs to determine the specific
cognitive-affective functions that they support. Assessing the
generalizability of these SCNs coupled with the assessment of
neuropsychological assessments may help to better identify
the cognitive and behavioral correlates of these SCNs. Third,
although the present results demonstrate that multimodal an-
alyses provide novel information on the neurobiology of
posttraumatic stress, some findings may appear to be incon-
gruent with unimodal analyses. For example, in a prior unim-
odal report, we found that generalized FA of the fornix/stria
terminalis was positively related to acute and future PTSD
severity (27). However, we did not observe a multimodal
component reflecting fornix/stria terminalis FA in the present
study (see Supplemental Discussion). One potential reason for
the discrepancy is that the present results reflect spatial pat-
terns accounting for data across all modalities, whereas
unimodal data often considers only one region in one modality
without accounting for shared spatial variability. Further
research into the utility of unimodal and multimodal ap-
proaches to studying PTSD will be necessary. Finally, data
were available for a total of only 78 participants. Although
these numbers are likely adequately powered and larger than
many existing neuroimaging investigations of trauma and
PTSD, particularly in the acute aftermath of trauma, additional
samples will be needed to complete replication cohorts and
optimize SCN identification.

In conclusion, acute posttraumatic stress severity appears
to be tied to multimodal variability in brain structure. Specif-
ically, we observed SCNs that reflected variation in FA, MD,
MO, GMV, CT, and PSA and that were associated with acute
posttraumatic stress. A multimodal spatial pattern representing
greater structural integrity of the ventral visual stream was
related to the severity of posttraumatic stress symptoms
acutely following trauma. This pattern also positively related to
changes in posttraumatic stress severity over time. Our find-
ings highlight the unique associations between multimodal
imaging data and PTSD symptoms. In particular, these findings
suggest that multivariate and multimodal approaches elucidate
important neural substrates of PTSD symptomatology that
may not be readily identifiable through univariate and unimodal
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analyses. Further research into the robustness of multimodal
spatial patterns, particularly as assessed in the early aftermath
of trauma, will be needed to develop actionable neural signa-
tures of PTSD and contribute to effective screening and early
intervention tools for susceptibility to trauma and stress-
related disorders.
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