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Abstract

Background: Prior studies of pediatric posttraumatic stress disorder (PTSD) have reported
cross-sectional and age-related structural and functional brain abnormalities in networks
associated with cognitive, affective, and self-referential processing. However, no reported studies
have comprehensively examined longitudinal gray matter development and its intrinsic functional
correlates in pediatric PTSD.

Methods: Twenty-seven youth with PTSD and twenty-one non-traumatized typically developing
(TD) youth were assessed at baseline and one-year follow-up. At each visit, youth completed
structural MRI and resting-state functional MRI. Regions with volumetric abnormalities in the
whole-brain structural analyses were identified and used as seeds in exploratory intrinsic
connectivity analyses.

Results: Youth with PTSD exhibited sustained reductions in grey matter volume (GMV) in right
ventromedial prefrontal cortex (vmPFC) and bilateral ventrolateral prefrontal cortex (VIPFC).
Group by time analyses revealed aberrant longitudinal development in dorsolateral prefrontal
cortex (dIPFC) where TD youth exhibited normative decreases in GMV between baseline and
follow-up while youth with PTSD showed increases in GMV. Using these regions as seeds, PTSD
patients exhibited atypical longitudinal decreases in intrinsic prefrontal-amygdala and -
hippocampus connectivity, in contrast to increases in TD youth. Specifically, youth with PTSD
showed decreasing vmPFC-amygdala connectivity as well as decreasing vIPFC-hippocampus
connectivity over time. Notably, volumetric abnormalities in the vmPFC and vIPFC were
predictive of symptom severity.
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Conclusions: These findings represent novel longitudinal volumetric and connectivity changes
in pediatric PTSD. Atypical prefrontal GMV and prefrontal-amygdala and-hippocampus
development may underlie persistence of PTSD in youth and could serve as future therapeutic

targets.
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INTRODUCTION

Pediatric posttraumatic stress disorder (PTSD) is classically characterized by reexperiencing,
avoidance, and hyperarousal symptoms associated with childhood trauma exposure, as well
as changes in negative affect and cognition (1). PTSD is common in youth, with a lifetime
prevalence of 4.7% and a point prevalence of 1.6% (2). Recent neuroimaging studies of
pediatric PTSD suggest a pattern of neural abnormalities that are not simply a recapitulation
of adult PTSD, but rather interact with dynamic structural and functional brain changes
occurring in development. However, little is known about neural mechanisms underlying the
maintenance of and recovery from PTSD over the course of development.
Neurodevelopmental abnormalities in gray matter volume (GMV) and resting state
functional connectivity (RSFC) together may help to illuminate the pathway of PTSD
progression across childhood. However, to date, no reported studies have longitudinally
investigated pediatric PTSD across these domains.

Cross-sectional studies of pediatric PTSD point to abnormal structure and function in
prefrontal-amygdala and -hippocampus circuitry implicated in cognitive-emotional control
and threat extinction (3). Two recent studies, including our own, showed that youth with
PTSD have decreased GMV in the ventromedial prefrontal cortex (vmPFC) relative to non-
traumatized typically developing (TD) (4) and trauma-exposed comparison (TEC) youth (5).
Structural abnormalities in the amygdala and hippocampus have been more variable. Using
both region of interest and voxelwise approaches, youth with PTSD show no differences in
amygdala or hippocampal GMV relative to TD youth (4-7). However, TEC youth appear to
have increased amygdala and hippocampal GMV relative to PTSD and TD youth,
suggesting possible correlates of trauma resilience. Given reports of reduced hippocampal
GMV in adult PTSD (8), the lack of deficits in pediatric PTSD may represent a delayed
developmental effect in the hippocampus. Consistent with this notion, we found that youth
with PTSD show decreased hippocampal volume with (cross-sectional) age, in contrast to
increased volume with age in TD youth (4). Together, these findings suggest that reduced
vmPFC volume and disrupted hippocampal development in youth with PTSD may
contribute to deficits in cognitive-emotional control and threat extinction as youth age. To
date, only pilot studies have longitudinally examined structural brain development in
pediatric PTSD relative to comparison youth using ROI-based approaches (9,10). Larger
studies of whole-brain morphometry are important to determine whether structural
abnormalities persist, and whether additional prefrontal changes may contribute to symptom
persistence or recovery.
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Functional MRI studies of pediatric PTSD also suggest abnormal communication between
medial prefrontal regions and the amygdala and hippocampus which may underlie illness
expression. In emotion processing tasks, we have shown that youth with PTSD demonstrate
decreased amygdala-mPFC coupling to aversive stimuli (11-13), as well as decreased
amygdala-vmPFC coupling with age (11). To date, only one reported study examined
intrinsic prefrontal coupling with the amygdala/hippocampus in pediatric PTSD, though did
not examine age-related effects. Youth with PTSD showed decreased coupling between the
basolateral amygdala and mPFC, but increased centromedial amygdala-orbitofrontal cortex
coupling relative to TD youth (14). Overall, these studies suggest impaired amygdala-mPFC
coupling in pediatric PTSD, which may further contribute to deficits in cognitive-emotional
control as youth age. However, it remains unclear how structural brain abnormalities relate
to intrinsic communication, nor whether longitudinal changes in these circuits may
contribute to symptom development in afflicted youth.

Here, we provide the first whole-brain, longitudinal assessment of neurodevelopment in
youth with PTSD using multimodal imaging. We first investigated structural morphometry,
with the prediction that youth with PTSD would have persistent reductions in vmPFC
volume and declining hippocampal volume over time. In exploratory analyses, we then
seeded prefrontal regions that exhibited sustained or longitudinal GMV changes to
investigate how structural abnormalities relate to resting-state functional connectivity with
the amygdala-hippocampus complex. Based upon our previous work, we hypothesized
declining medial prefrontal-amygdala and hippocampus connectivity over time, which in
turn would correlate with symptom severity.

METHODS AND MATERIALS

Participants

Participants included 36 medication-free (at baseline) youth with PTSD and 21 non-
traumatized typically developing (TD) youth between the ages of 8 to 18 recruited from
local mental health facilities and the general community, respectively. Exclusion criteria for
youth with PTSD at study entry included 1Q<70; history of psychotic disorder, bipolar
disorder, or OCD; active suicidality; recent (past 4 weeks) substance abuse or dependence;
unstable medical condition; recent use of psychotropic medication (past 4 weeks, 6 weeks
for fluoxetine); MRI contraindication; and pregnancy in females. No participants were taken
off any psychotropic medication for the purposes of this study. Parental consent and youth
assent were obtained for all participants and all procedures used were approved by the
University of Wisconsin Health Sciences IRB. The majority of both groups were retained for
both a baseline and follow-up visit, leaving 27 youth with PTSD and 21 TD youth in the
final analyses.

All youth were assessed with structured trauma and psychiatric interviews with the Kiddie
Schedule for Affective Disorders and Schizophrenia (KSADS; (15)) at both time points. A
PTSD diagnosis was determined using modified DSM-IV criteria (16) through a
combination of the KSADS and the Clinician-Administered PTSD Scale for Children and
Adolescents (CAPS-CA; (17)). 1Q scores for all youth were estimated using the Full-Scale
1Q-2 component of the Wechsler Abbreviated Scale of Intelligence-I1 (18). One of the PTSD
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youth was not able complete the full baseline 1Q testing due to fatigue. All youth completed
the following additional assessments: the Mood and Feelings Questionnaire (MFQ; (19)),
the Screen for Child Anxiety Related Emotional Disorders (SCARED; (20)), and the
Stressful Life Events Schedule Adolescent Self-Report (SLES; (21)). PTSD youth also
completed the UCLA PTSD Reaction Index (PTSD-RI; (22)). Further details regarding
participant recruitment and assessment have been previously described (4,11,13).

VOXEL-BASED MORPHOMETRY

sMRI Acquisition and Preprocessing

Prior to both the baseline and follow-up scan, youth completed two mock scanning sessions
in order to accommaodate them to the scanning environment and optimize data yield.
Magnetic resonance images were acquired using a 3.0T GE Discovery MR750 scanner with
an 8-channel radiofrequency head coil (General Electric, Milwaukee, WI) at the University
of Wisconsin Department of Psychiatry. Three-dimensional axial high-resolution T1 images
were acquired with the following parameters: echo time = 3.18 ms, repetition time = 8.16
ms, inversion time = 450 ms, flip angle = 12°, field of view = 25.6 cm, slice thickness: 1.0
mm, 156 slices, and image matrix 256 x 256 that covered the entire brain. For whole-brain
voxel-based morphometry (VBM) preprocessing was performed using the Computational
Anatomy (CAT12) toolbox (http://dbm.neuro.uni-jena.de/cat/) in SPM12 (Wellcome
Department of Imaging Neuroscience, London, UK) in Matlab 8.3. The T1-weighted images
were first processed using longitudinal segmentation, a rigid within-subject realignment, and
one spatial normalization to all time points using default parameters in CAT12. Modulation
and normalization of images included both affine and non-linear registration. After
preprocessing of structural images, the covariance structure of all gray matter images was
checked for homogeneity with all other images. Final voxel resolution was 1.5 x 1.5 x 1.5
mm.

Of the total sample, 22 PTSD and 20 TD youth were included in final VBM analyses. One
PTSD participant was excluded due to covariance being more than two SD below the mean,
due to significant motion artifact on close inspection. Three additional participants were not
included (2 PTSD and 1 TD), because the follow-up visit occurred after VBM analysis.

Statistical Analyses

Analyses on demographic and clinical data were examined using a 2-tailed unpaired #test,
while categorical data were assessed using Xz tests. R version 3.3.0 (23) and RStudio (24)
were used for these analyses. For the longitudinal gray matter volume (GMV) analysis
(PTSD vs. TD), a general linear-mixed effects model was used to compute a voxel-wise map
of the main effect of group and a group by time interaction term, adjusting for age at
baseline, sex, total intracranial volume (T1V), and subject as a random effect. Model
parameters were estimated using AFNI’s 3dLME (25). Whole brain family-wise error
correction was performed using Monte Carlo simulation (AFNI’s 3dClustSim, -acf option).
At an individual voxel threshold of p= 0.005, the whole-brain cluster threshold was 495
voxels, resulting in peywe <0.05.
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RESTING-STATE FUNCTIONAL CONNECTIVITY

fMRI Acquisition and Preprocessing

Resting state functional data was collected at the same slice locations as the T1-weighted
anatomical data. The resting-state fMRI was obtained using an echo-planar imaging (EPI)
pulse sequence with the following parameters: sagittal orientation, TE=22 milliseconds, TR
= 2150 milliseconds, flip angle = 79 degrees, slice thickness = 3mm, gap = 0.5mm, 41
slices, FOV = 224mm, and matrix size = 64 x 64. The scan lasted 5 minutes and 16 seconds
(TR = 146). During this time, youth were instructed to stay awake and rest with their eyes
open, but not to think of anything in particular. All preprocessing, including longitudinal
registration, of individual resting-state scans at both time points was carried out in AFNI
(26). Preprocessing of individual scans included: (1) deletion of the first 3 volumes, (2)
statistical outlier detection and despiking of fMRI data, (3) slice-timing correction, (4) co-
registration of T1 and EPI images and realignment of EPI volumes, (5) motion correction
and spatial smoothing (6 mm full width at half maximum [FWHM)]), anatomy segmentation,
(6) and nuisance regression (eroded white matter, cerebrospinal fluid, 6 motion parameters
and their derivatives) and motion censoring in a single step. Volumes were motion censored
using a threshold of 0.25 mm based on frame-wise displacement calculated using the
Euclidean norm.

During longitudinal registration, the T1 anatomical images at each time point were aligned
and a transformation matrix was output. The inverse, square-root-transformed mean
transformation matrix was calculated and applied to each of the T1 images. The mean of the
resulting images was calculated and then normalized to the Montreal Neurological Institute
(MNI) template. The square-root-transformed mean transformation matrix was then applied
to the raw EPI datasets, the residual datasets from the aforementioned nuisance regression
(output of 3dREML fif), and the whole-brain masks at each time point. An intersection mask
combining each time point’s aligned mask was applied to each residual dataset, resulting in
an output with only voxels in common between the two time points. Following longitudinal
registration, temporal filtering (0.01 Hz<f<0.1Hz) was applied to the time series of each
voxel. Participants having 25% of volumes flagged by the motion censoring algorithm (in
either the time one or time two images) were excluded from the study. The average motion
in all directions was calculated and compared across groups, with no differences in motion
observed. Final voxel resolution was 2 x 2 x 2 mm.

Of the total sample, 22 PTSD youth and 21 TD controls were included in the final RSFC
analyses. Seven youth were excluded due to motion artifact (PTSD, n=3) or to follow-up
scans that occurred after the VBM analyses had been completed (PTSD, n=3; TD, n=1).

Statistical Analyses

An exploratory seed-based connectivity analysis was then conducted using prefrontal
regions identified in the VBM analyses: left and right vIPFC, vmPFC, and left dIPFC
(resampled to EPI grid space). Pearson product-moment correlation coefficients were
calculated between the average time course of each seed and all other voxels in the brain,
converted to z values using the Fisher-Z transform, and entered into a second-level random-
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effects analysis implemented in AFNI. We used a linear mixed-effects model incorporating
random effects in order to assess connectivity estimates as a function of group and group by
time, adjusting for age at baseline, sex, and subject as a random effect. We conducted
analyses in the a priori search region of the amygdala/hippocampus, which was created in
AFNI by combining the bilateral amygdala and hippocampus ROIs (derived from (27))
included in the Anatomical Automatic Labeling (AAL) atlas (http://neuro.imm.dtu.dk/wiki/
Automated_Anatomical_Labeling). While these subcortical analyses were performed in
order to explore the structural abnormalities identified in the primary VBM analyses, whole-
brain analyses have been included in the Supplement. Whole brain family-wise error
correction across all five seed-based analyses was performed using Monte Carlo simulation
(AFNI’s 3dClustSim, -acf option). At an individual voxel threshold of p=0.005, the cluster
threshold was 20 voxels for the amygdala-hippocampus mask and 699 voxels for the whole-
brain analyses, resulting in prywe <0.05. Given the exploratory nature of the RSFC analyses,
we did not apply additional multiple comparison correction across the separate seed-based
analyses.

Participant Characteristics

Participant characteristics are shown in Tables 1 and 2. Across groups, the average interscan
interval was 1.22 years (See Supplemental Figure 1). There were no differences between
groups for sex, age, Tanner stage, or length of time between scans (p>0.05). There was a
significant group difference in 1Q, with modestly lower IQ in the PTSD group (t=2.53,
df=44, p=0.015, Table 1). On average, PTSD symptom severity (as measured by the PTSD-
RI score) decreased by 32% between the baseline and follow-up scan (t=3.33, df=24,
p=0.003; Table 2). Of the 27 PTSD youth, 11 had taken psychiatric medication before
baseline and 11 took psychiatric medication between baseline and follow-up. At the follow-
up scan, 14 of the 27 PTSD youth still met criteria for a PTSD diagnosis. Finally, almost all
PTSD youth were diagnosed with a comorbid disorder at either baseline (h=21) or follow-up
(n=17).

Longitudinal Voxel-based Morphometry: Whole Brain Analyses

Whole-brain VBM results are summarized in Table 3. In both groups, decreases in GMV
were found across the entire cortex over time (Figure 2). Group main effects revealed
sustained decreases in GMV in the right anterior vmPFC (BA 10/11), bilateral vIPFC (BA
45/47), right precentral gyrus (BA 44), and PCC (BA 31) in youth with PTSD (Figure 1). A
significant group by time effect was observed in the left dIPFC (BA 9). Here, GMV in the
dIPFC decreased over time in TD youth, while youth with PTSD showed slightly increasing
GMV over time (Figure 1). Separate multivariate regressions within the PTSD youth on the
group main effects and six symptom domains (MFQ, SCARED, PTSD-RI subscore B/C/D,
and PTSD-RI total; covaried for age at baseline, sex, and TIV) revealed three significant
symptom relationships. GMV in the left vIPFC is negatively predictive of depression
symptoms (MFQ); df=38, t=—2.24, p=0.03; Figure 1), GMV in the vmPFC was negatively
predictive of re-experiencing symptoms (PTSD-RI subscore B; df=38, t=—2.01, p=0.05;
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Figure 1), and PCC GMV was positively predictive of overall PTSD symptom severity
(PTSD-RI total; df=38, t=2.192, p=0.02).

Resting-State Prefrontal Connectivity: Seed-Based Analyses

Among the sustained and developmental abnormalities identified in the VBM analyses, we
were interested in interrogating the four prefrontal regions identified: bilateral vIPFC,
vmPFC, and dIPFC. Here we report RSFC findings within our a priori amygdala-
hippocampal search region, summarized in Table 4. In a significant group x time interaction,
youth with PTSD exhibited aberrant longitudinal intrinsic functional connectivity between
the vmPFC and left amygdala ([26,8,—16]; k=26; Z=-3.79). Specifically, TD youth showed
increasing (more positive) connectivity over time while youth with PTSD showed decreasing
(more negative) connectivity over time (Figure 3). An additional significant group x time
interaction revealed abnormal intrinsic connectivity between the left vIPFC and the left
anterior hippocampus ([32,12,-18]; k=22; Z=-3.95). The dIPFC seed also showed a group
by time interaction with the left anterior hippocampus at trend level ([34, 18,-24]; k=17; Z=
-3.22; p=0.07). In both cases, TD youth showed increasing (more positive) connectivity
over time while youth with PTSD exhibited the opposite effect (Figure 3). Separate
multivariate regressions within the PTSD youth on connectivity findings revealed symptom
relationships only with dIPFC-hippocampus connectivity. Here, dIPFC-hippocampus
coupling was inversely related to anxiety, depression, and PTSD severity (see Supplemental
Material).

Post hoc Analyses

All remaining post hoc analyses are fully described in the Supplement but are briefly
reviewed here. Across all morphometric and functional connectivity analyses, all group and
group by time findings remained statistically significant or near significant when adjusting
for other potential explanatory variable measures, including 1Q, Tanner stage, trauma load,
age at index trauma, previous use of any type of psychiatric medication, or history of
psychotherapy. It is important to note that while the exploratory analyses above suggest that
lack of significant abnormalities in hippocampal GMV was driven by interim SSRI use, post
hoc analyses on regions with significant structural abnormalities were not significantly
influenced by psychiatric medication use. Finally, the perceived impact of stressful life
events before baseline and between time points was not predictive of any of the structural or
functional abnormalities identified.

DISCUSSION

To our knowledge, this is the first multimodal, longitudinal analysis of neurodevelopment in
pediatric PTSD. We report novel findings including sustained reductions and abnormal
neurodevelopment in key prefrontal nodes in youth with PTSD as compared to typically
developing youth. Specifically, we have replicated reduced vmPFC gray matter volume
found in our previous cross-sectional analysis of the baseline cohort in this longitudinal
analysis (4), as well as identifying additional regions in the vIPFC showing sustained GMV
reductions. Further, youth with PTSD exhibit abnormal increases in dIPFC volume in
contrast to normative, widespread decreases elsewhere in the cortex. Notably, these
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prefrontal nodes with structural abnormalities also showed evidence of declining intrinsic
connectivity with the amygdala/hippocampus complex over time in youth with PTSD in
subsequent exploratory analyses. These results suggest that prefrontal structural
abnormalities may reflect abnormal development of intrinsic prefrontal network function in
youth with PTSD.

Our findings are highly consistent with existing circuit models of PTSD and
psychopathology more broadly. Reduced vmPFC volume has now been demonstrated in
both adult and pediatric PTSD, and the present findings suggest that this reflects a sustained
pattern in pediatric PTSD. The vmPFC is notable for its role in the top-down modulation of
amygdala responses and the inhibition of threat responses in both humans and rats (30,31).
Consistent with this notion, we also observed reductions in vmPFC-amygdala connectivity
over time in youth with PTSD. This stands in contrast to increased coupling over time in our
TD youth, as well as documented cross-sectional age-related increases in vmPFC-amygdala
intrinsic connectivity in TD youth (32). Furthermore, these findings are consistent with
reduced basolateral amygdala (BLA)-mPFC intrinsic connectivity previously reported in
adolescent PTSD (14). Taken together, these findings suggest that vmPFC structural
abnormalities and reduced vmPFCamygdala coupling over time may contribute to threat
extinction deficits in pediatric PTSD which may worsen with age.

Next, we also found evidence of volumetric abnormalities in the vIPFC and dIPFC, which
represent novel findings in pediatric PTSD. Here, youth with PTSD exhibited sustained
reductions in GMV in bilateral vIPFC as well as abnormal increases in GMV in the dIPFC.
The vIPFC and dIPFC have both been heavily implicated in emotion regulation processes
(33,34). In particular, the VIPFC is involved in selection and inhibition of cognitive
appraisals (33,35), while the dIPFC has consistently been associated with the explicit
emotion regulation through cognitive reappraisal (33,36,37). Interestingly, both of these
nodes showed evidence of reduced intrinsic connectivity over time with the anterior
hippocampus, in contrast to increases in TD youth. The hippocampus is known to be
involved in the contextual regulation of emotion including gating of conditioned threat
responses. However, the anterior hippocampus, which has extensive amygdala projections, is
also preferentially involved in unconditioned threat responses. While neither VBM nor
RSFC analyses are inherently able to provide information regarding the functional
significance of regions identified as having group or longitudinal abnormalities, we
speculate based upon the prior literature that our observed decreases in vIPFC/dIPFC-
hippocampus connectivity in youth with PTSD may reflect loss of inhibitory control of
unconditioned threat responses over time and could conceivably contribute to increasing
threat acquisition and impaired threat extinction in pediatric PTSD. This notion is further
supported by the symptom relationships identified between dIPFC-hippocampus
connectivity and anxiety, depression, and PTSD symptom severity (Supplemental Figure 2).
However, future studies specifically incorporating threat learning and emotion regulation
tasks will clearly be needed to address these possibilities.

Surprisingly, we were unable to detect abnormal volumetric change in the hippocampus over
a one-year period in the youth with PTSD. Our prior study, albeit cross-sectional, found
evidence of decreased right anterior hippocampal volume with age in youth with PTSD (2).
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Even with signal averaging across voxels over a hippocampal ROI, we were unable to detect
an association between hippocampal volume and PTSD. Based on the ROI data, the
estimated chance of Type Il error is beta=.28. One possible explanation could be that
medication exposure in youth with PTSD is masking these effects. Notably, SSRIs are
known to increase hippocampal neurogenesis (28,29), and appear to increase hippocampal
gray matter volume in adults with PTSD (38,39). Intriguingly, an exploratory analysis
revealed an interaction effect with SSRI use in the right anterior hippocampus. Youth with
PTSD that had taken SSRI between baseline and follow-up (n=6) showed increased
hippocampal GMV over time compared to non-SSRI exposed youth with PTSD (n=16) or
TD youth (n=20) (See Supplemental Figure 2). While preliminary, these findings suggest
that SSRI use may counteract hippocampal volume decline in youth with PTSD. Further
study in larger samples of youth in a randomized controlled treatment design would be
warranted to determine whether SSRI use is indeed capable of augmenting hippocampal
volume in youth with PTSD. Similarly, future studies would be warranted to determine
whether current evidence-based therapies such as TF-CBT are capable of “correcting”
prefrontal volumetric deficits in pediatric PTSD, and to what extent gray matter volume and
RSFC changes may mediate the effects of treatment. Notably, recent studies in adult PTSD
(40-42) suggest that both psychotherapy and SSRI treatment may augment function in
prefrontal regions (VIPFC, dIPFC) implicated in cognitive-emotional control.

Although this study has identified novel neurodevelopmental abnormalities in prefrontal-
amygdala and hippocampus circuitry in pediatric PTSD, it is not without limitations. First,
although we strove to appropriately match our groups and adjust for potentially confounding
variables in post hoc analyses, we cannot rule out the possibility that these results could be
accounted for by an unknown third variable. Second, youth were allowed to receive
treatment as usual in the community. However, all were unmedicated at the time of the
baseline scan and all results remained significant after adjusting for medication and
psychotherapy. Third, our sample is only moderate in size with a single follow-up scan. A
replication and/or extension of our current study to multiple time points with a larger sample
size is warranted. Finally, our cohort of youth with PTSD recruited were typically exposed
to more than one trauma. Age and chronicity of trauma exposure are likely influential
factors on prefrontal-amygdala and -hippocampal development as well as other circuits (43).
However, given our moderate sample size, we were not able to fully explore sensitive
periods with regard to the neural abnormalities identified. Finally, in order to differentiate
the effects specific to PTSD from the general effects of childhood trauma, future studies
should include a trauma-exposed group.

In summary, our results provide the first longitudinal evidence of sustained and
developmental structural and functional abnormalities in key prefrontal-amygdala and
hippocampus circuits in pediatric PTSD. Notably, reduced volume and abnormal
development in these prefrontal nodes was associated with declining functional connectivity
over time with the amygdala-hippocampus complex, implicating these prefrontal circuits in
the persistence of PTSD and its comorbidities in developing youth. Future studies would be
merited to further explore the diagnostic specificity of these developmental patterns, and test
whether current evidence-based treatments are capable of “restoring” healthy
neurodevelopment, or compensatory neurodevelopment, in youth suffering from PTSD.
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Figure 1: Gray matter abnormalities and symptom correlationsin pediatric PTSD (n=22) as
compared to TD youth (n=20).

(A) Reduced grey matter volume in the bilateral vIPFC and the right vmPFC in youth with
PTSD as compared to TD youth (n=20), covaried for age at baseline, sex, total intracranial
volume, and subject as a random effect. (B) Depression symptoms of PTSD, as measured by
the MFQ, are inversely correlated with bilateral vIPFC gray matter volume and anxiety
symptoms, as measured by the SCARED, are inversely correlated with vmPFC gray matter
volume, covaried for age at baseline, sex, total intracranial volume, subject as a random
effect, and the four alternative symptom scores (PTSD-RI cluster B, C, D, and SCARED).
Scatterplot shows extracted cluster data in relation to depression symptom severity.
Abbreviations.: PTSD, post-traumatic stress disorder; TD, typically developing; VIPFC,
ventrolateral prefrontal cortex; MFQ, Mood and Feelings Questionnaire; vmPFC,
ventromedial prefrontal cortex; SCARED, Screen for Child Anxiety Related Disorders.
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Figure 2: Longitudinal gray matter abnormalities and symptom correlationsin pediatric PTSD
(n=22) as compared to TD youth (n=20)

(A) Global decreases in gray matter volume with time for both TD youth and youth with
PTSD as shown by a main effect of scan, covaried for age at baseline, sex, total intracranial
volume, and subject as a random effect (k=133,285). (B) A group X time interaction,
covaried for age at baseline, sex, total intracranial volume, and subject as a random effect,
revealed that time positively predicted GMV in the left dIPFC in youth with PTSD, but
negatively predicted GMV in TD youth (k=649; p=0.05).

Abbreviations: GMV, gray matter volume; PTSD, post-traumatic stress disorder; TD,
typically developing; dIPFC, dorsolateral prefrontal cortex.
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Figure 3: Longitudinal prefrontal intrinsic connectivity abnor malities and symptom correlations
in pediatric PTSD (n=22) as compared to TD youth (n=20).

(A) Longitudinal changes in resting state connectivity using the right vmPFC cluster
identified in the VBM analyses as a seed region. A significant group by time interaction,
covaried for age at baseline, sex, and subject as a random effect, revealed that intrinsic
connectivity between the vmPFC and right basolateral amygdala exhibited longitudinal
increases in TD youth and longitudinal decreases in youth with PTSD. (B)(1) Longitudinal
changes in resting state connectivity using the left vIPFC cluster identified in the VBM
analyses as a seed region. A significant group by time interaction, covaried for age at
baseline, sex, and subject as a random effect, revealed that intrinsic connectivity between the
VIPFC and the anterior hippocampus exhibited longitudinal increases in TD youth and
longitudinal decreases in youth with PTSD. (2) A similar trending group by time interaction
with the anterior hippocampus was identified using the dIPFC cluster identified in VBM
analyses as a seed region. For graphing and post-hoc analyses, the average connectivity
estimate was extracted for significant clusters.
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Abbreviations.: vmPFC, ventromedial prefrontal cortex; PFC, prefrontal cortex; vIPFC,
ventrolateral prefrontal cortex; dIPFC, dorsolateral prefrontal cortex; GMYV, gray matter
volume; PTSD, posttraumatic stress disorder; TD, typically developing.
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Table 1 —
Full Sample Participant Characteristics.

The control and PTSD groups did not differ significantly in sex distribution, age, or Tanner stage. The healthy
group had significantly higher 1Q scores while the PTSD group had significantly higher MFQ and SCARED
scores. The PTSD Reaction Index, MFQ, and SCARED represent the youth report scores. Numbers in
parentheses represent the standard deviation.

TD (n=22, F=17) PTSD (n=27, F=18) Group Comparison
Timel Time2 Timel Time 2 t p

Age(years) 13.92(2.44) 1517(249) 14.01(2.81) 1551(3.15) 0.35 0.73
Agerange 10.34-17.99 11.47-19.31 8.07-17.99 9.17-23.4
1Q (avg) 110 111.14 102.23 100.89 3.08 0.0028
Tanner 3.29 3.79 2.94 3.85 0.7 0.49
MFQ 3.05 3.95 24.56 20.29 -7.21 <0.0001
SCARED 9.2 8.5 34.67 26 -7.62 <0.0001

Abbreviations: MFQ, Mood and Feelings Questionnaire; SCARED, Screen for Child Anxiety Related Mood Disorders;
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Table 2 —
Additional PTSD Char acteristics

The CAPS-CA score was not obtained for the first five PTSD participants.

PTSD (n=27, F=18)

Timel Time2
CAPS-CA 72.38 49.34
PTSD-RI 49.67 35.67
I ndex Sexual Abuse (8), Physical Abuse/Neglect (0),
Trauma (n Witnessing Violence (3), Traumatic
uma (n) Accident/Death (11)
Generalized Anxiety D_Gegeraljlze('i\AADrB(iqty |
Disorder (5), MDD fsor .eré )'5 MDSISng €
single episode (10), recurrent ((()))’ADHD-
MDD recurrent (2), : - ! -
ADHD-inattentive inattentive type (6), Social
type (4), ADHD- Anxiety Disorder (3),
Comorbid h ygracti\’/e type (1) Separation Anxiety
diagnoses );-\pDHD-comtr)Jined ' Disorder (2), NOS (1),
(n) type (3), Social Depressive Disorder (1),
Anxiety Disorder (4), Dlje(:)lglrfggr?gng)
Sljeigirr%té?rzg?nég%/ Adjustment Disorder with
?) Depreésive depressed moods (1),
Disorder ) Oppositional Defiant
Disorder (1)
alpha-agonist (4), SSRI
(11), stimulant (8),
alpha-agonist (1), benzodiazepine (1),
SSRI (3), stimulant serotonin anatagonist (4),
Psychiatric (8), benzodiazepine antihistamine (4), NRI (1),
medication (2), antipsychotic (1), serotonin-norepinephrine
(n) anxiolytic (1), reuptake inhibitor (1),

serotonin anatagonist
(1), antihistamine (2)

lithium (1), TCA (1),
anticonvulsant/
antiepileptic (1),
anxiolytic (1)

Abbreviations: CAPS-CA, Clinician-Administered PTSD Scale Child and Adolescent version; PTSD-RI, PTSD Reaction Index
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Table 3 —
Summary of Structural MRI Longitudinal Analyses.

Clusters shown survived whole-brain cluster correction (corrected < 0.05). Peak coordinates (X, y, z) are
reported based on the MNI atlas in LPI orientation. All analyses included age at baseline, sex, and total
intracranial volume as covariates.

Whole-Brain Voxel-Based M orphometry (VBM)

Contrast Region Laterality BA Peak Z X y z Cluster
Voxels
vIPFC R 45/47 3.27 -435 -435 -3 1653
PCC B 31 3.39 -15 75.5 36 1082
TD > Precentral R 44 3.61 -60 -45 225 951
PTSD Gyrus
VIPFC L 45/47 3.38 45 -37.5 6 910
vmPFC R 10/11 357 -105 -645 -105 702
Group x dIPFC L 9 2.83 225 =27 435 649
Time
PTSD>TD

Abbreviations: vmPFC, ventromedial PFC; vIPFC, ventrolateral PFC; PCC, posterior cingulate cortex; vmPFC, ventromedial prefrontal cortex;
dIPFC, dorsolateral prefrontal cortex.
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Table 4 —

Summary RSFC L ongitudinal Analyses.

Page 20

Clusters shown survived cluster correction (corrected < 0.05) within the limbic mask. Peak coordinates (X, Y,
z) are reported based on the MNI atlas in LPI orientation. All analyses included age at baseline, sex, and
subject as a random effect. Italics indicates a trending effect following correction (p<0.08).

Seed-Based Resting-State Functional Connectivity (RSFC)

Contrast Mask Seed Target Laterality PeakZ k X y z
Limbic R vmPFC Amygdala L -379 26 26 8 -16

Group x Limbic L VIPFC  Hippocampus L -395 22 32 12 -18

Time Limbic L dIPFC  Hippocampus L -322 17 34 18 -24
Limbic PCC Amygdala L 3.9 16 28 10 ~-16

Abbreviations: vmPFC, ventromedial PFC; VIPFC, ventrolateral prefrontal cortex; dIPFC, dorsolateral prefrontal cortex.
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