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Post-Traumatic Stress Symptoms after Pediatric Injury:
Relation to Pre-Frontal Limbic Circuitry
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Abstract

Pre-frontal limbic circuitry is vulnerable to effects of stress and injury. We examined microstructure of pre-frontal limbic

circuitry after traumatic brain injury (TBI) or extracranial injury (EI) and its relation to post-traumatic stress symptoms

(PTSS). Participants aged 8 to 15 years who sustained mild to severe TBI (n = 53) or EI (n = 26) in motor vehicle incidents

were compared with healthy children (n = 38) in a prospective longitudinal study. At the seven-week follow-up, diffusion

tensor imaging was obtained in all groups; injured children completed PTSS ratings using a validated scale. Using

probabilistic diffusion tensor tractography, pathways were seeded from bilateral amygdalae and hippocampi to estimate

the trajectory of white matter connecting them to each other and to targeted pre-frontal cortical (PFC) regions. Micro-

structure was estimated using fractional anisotropy (FA) in white matter and mean diffusivity (MD) in gray matter. Pre-

frontal limbic microstructure was similar across groups, except for reduced FA in the right hippocampus to orbital PFC

pathway in the injured versus healthy group. We examined microstructure of components of pre-frontal limbic circuitry

with concurrently obtained PTSS cluster scores in the injured children. Neither microstructure nor PTSS scores differed

significantly in the TBI and EI groups. Across PTSS factors, specific symptom clusters were related positively to higher

FA and MD. Higher hyperarousal, avoidance, and re-experiencing symptoms were associated with higher FA in amygdala

to pre-frontal and hippocampus to amygdala pathways. Higher hippocampal MD had a central role in hyperarousal and

emotional numbing symptoms. Age moderated the relation of white and gray matter microstructure with hyperarousal

scores. Our findings are consistent with models of traumatic stress that implicate disrupted top-down PFC and hippo-

campal moderation of overreactive subcortical threat arousal systems. Alterations in limbic pre-frontal circuitry and PTSS

place children with either brain or body injuries at elevated risk for both current and future psychological health problems.
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Introduction

Exposure to significant stressful experiences during childhood

may influence adversely acute psychosocial and health out-

comes and contribute to a long-term cascade of adverse experi-

ences.1,2 Traumatic injury is a major source of acute and chronic

stress. As the leading cause of death and morbidity in the pediatric

age range, traumatic injury is a significant public health concern

and accounts for annual hospitalization of more than 135,000

children under 16 years of age in the United States.3

Traumatic injury is linked to dysregulation of the hypothalamic-

pituitary-adrenal (HPA) and noradrenergic stress systems.4 Further,

traumatic injury contributes to chronic negative physical and/or

psychological health symptoms,5 such as post-traumatic stress

disorder (PTSD) or significant subclinical post-traumatic stress

symptoms (PTSS).6 The PTSS consist of four different symptom

dimensions, including intrusive thoughts, avoidance, negative

changes in mood and cognitions, and alteration in arousal and re-

activity that persist more than one month after exposure.7 Sig-

nificant PTSS occur in 25–57% of injured children8 and appear to

be more strongly related to an individual’s cognitive and emotional

response to an injury event than to the type or severity of injury.9,10

Chlildren and adolescents in whom PTSS develop after trau-

matic brain injury (TBI) have additional risk for long-term psy-

chosocial problems above and beyond the impact of TBI.11,12 At

present, little is known about how different types of injuries and age

at injury affect neural structures associated with PTSS. This gap in

knowledge is particularly troubling because stress exposure may

delay, accelerate, or prolong the normal trajectory of brain devel-

opment.13 The purpose of the present article is to investigate the
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impact of brain and body injury on pathways connecting subcor-

tical and cortical stress system components and their relation to age

at injury and dimensions of PTSS.

Models of stress regulation

Neurobiological models of emotion emphasize the interrelation

of several core structures that exert bottom-up and top-down in-

fluences to shape the generation and regulation of emotions, in-

cluding fear.14 Bottom-up structures such as the amygdala initially

encode the emotional salience of cues to allow rapid reactivity to

stress or fear. The amygdalae then interact with control systems in

the pre-frontal cortex (PFC) that engage cognitive control and ap-

praisal strategies to manage emotional and behavioral responses.15

Under conditions of stress, the amygdala can activate arousal and

stress reactivity through stimulation of the HPA axis and activation

of the sympathetic nervous system via the hypothalamus.16 Im-

portantly, the amygdala has bidirectional connectivity with PFC

regions,17 which exert top-down regulatory and inhibitory control

over excitatory amygdala activity.15,18

Components of the PFC implicated in the stress response include

dorsolateral PFC (dlPFC), which regulates cognitive control func-

tions including inhibition, allocation of attention, and working

memory, and ventromedial PFC (vmPFC), which regulates emo-

tional control. The parahippocampal and rostral divisions of the

cingulum bundle (rACB) connect the entorhinal and anterior cin-

gulate cortex (ACC) and project to and from the amygdala.19,20 The

subgenual ACC has been related to assessment of emotion and

active regulation of emotion. The hippocampus moderates activity

of both the amygdala and PFC14 and contributes to consolidation

and extinction of emotionally salient memories.15

The implications of childhood PTSS for bottom-up and top-

down brain circuitry are not well understood. In typically devel-

oping children, control of PFC over subcortical structures increases

throughout childhood, particularly during the transition through

adolescence.14 With development, PFC pathways play a salient

top-down role in moderating reactivity of the subcortical structures

via greater activation of dorsomedial than vmPFC, resulting in

greater cognitive control over emotional reactivity.21 The subcor-

tical and cortical structures involved in stress regulation are sen-

sitive to a wide range of environmental stress exposures that may

have different impacts depending on timing of exposure.18,22 It is

unknown, however, whether the effects of traumatic injury on the

structures mediating stress regulation differ depending on devel-

opmental stage at injury or type of injury.

Structural neuroimaging of stress systems in children
with PTSS and TBI

As noted above, evidence is accumulating that PTSD affects

brain structures specifically engaged in recognition and regulation

of fear. Structural neuroimaging studies of children with PTSS

largely have examined volumes in children exposed to significant

maltreatment and interpersonal violence. Recent meta-analyses of

children with PTSS reported reduced intracranial, gray matter, and

corpus callosum volumes relative to healthy children23; reduced

volume of the amygdala, hippocampus, and PFC approached sig-

nificance levels.24 Studies specifically evaluating fear circuitry in

youth with PTSD noted reduced volume in bilateral hippocampi,

left amygdala, and vmPFC relative to healthy or maltreated com-

parison groups without PTSD; no differences were reported in the

ACC.25,26

In children with TBI, frontal and temporal lobes are common

sites of injury. Consequently, the hippocampus27 and PFC28 are

vulnerable particularly to disruption. Smaller total or regional

hippocampal volumes have been noted during both subacute29 and

long-term follow-up.30 Volume reduction is pronounced in the

hippocampus relative to other regions across a broad range of injury

severity.31 In a 10-year follow-up study, relative to healthy chil-

dren, those experiencing TBI during early and middle childhood

had reduced hippocampal volume irrespective of TBI severity,

while amygdala volumes were only reduced in severely injured

children.30 After pediatric TBI, widespread reduction in cortical

thickness was reported bilaterally in superior, dorsolateral, and

orbitofrontal PFC as well as the ACC.32

Structural neuroimaging studies using diffusion tensor imaging

(DTI) allow quantitation of the nature and extent of microstructural

changes in both white and gray matter in relation to developmental

changes, stress, and physical injury. The DTI metrics include

fractional anisotropy (FA), which is influenced by a number of

factors including myelin thickness, directionality of movement of

water molecules, and the density of white matter (WM) tracts.33

Increased myelination during childhood and adolescence causes

axons to be more tightly packed together, which increases FA.

Mean diffusivity (MD) may index several variables, including fiber

density, axonal diameter, myelination, and expansion of extracel-

lular space, which may indicate loss of neurons or glia.34 The MD

generally decreases with normal neural maturation. Pediatric TBI is

associated with decreased FA and/or increased MD in diverse

commissural, projection, and association pathways, as well as in

limbic pathways such as the cingulum bundle and frontal lobe

white matter.35,36 The MD is also elevated in subcortical gray

matter.36,37

Even though limbic structures, particularly frontal-subcortical

circuits, appear to be at high risk for shearing and stretching forces

generated by rotational acceleration,38 few structural neuroimaging

studies have investigated the integrity of limbic structures after

pediatric TBI. The DTI studies showed reduced FA in TBI patients

compared with control groups in bilateral vmPFC, dlPFC, and the

cingulum bundle.39 The few studies examining DTI metrics in re-

lation to psychological health outcomes noted the onset of new

psychiatric disorders after pediatric TBI was associated with lower

FA in bilateral frontal lobe WM, uncinate fasciculus, and the

centrum semiovale relative to youth with orthopedic injury (OI).40

Lower FA in the uncinate fasciculi predicted greater emotional

control problems41 while lower FA and elevated MD in the ventral

striatum were associated with lower cognitive control.42

Regarding gray matter structures, Juranek and colleagues37

found increased MD of the hippocampus and amygdala during the

subacute stage of recovery after pediatric TBI; elevated MD in the

amygdala correlated with self-reported anxiety.

Present study

Substantial overlap is evident in neuroimaging studies examin-

ing core components of altered limbic circuitry in TBI and PTSS,

with altered structure and/or function reported in the amygdala,

hippocampus, ACC, dlPFC, and orbital PFC (oPFC), and middle

frontal gyrus.43–45 No studies have examined how injury to the

brain or body occurring at different developmental stages, how-

ever, may influence structural connectivity of components of the

fear circuit or their relation to specific components of PTSS. The

purpose of the present study was to explore the impact of injury

on brain circuitry related to fear and stress reactivity in children
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and adolescents experiencing single-incident trauma in vehicle

accidents. The primary aim used diffusion tensor tractography

(DTT) to compare the integrity of pathways from the amygdala and

hippocampus to targets in the PFC in children with TBI or injury to

other body regions relative to healthy comparison children.

Because of the vulnerability of the hippocampus to disruption by

TBI, we expected that FA in the hippocampus and connecting

pathways would differ in the healthy group compared with both

injury groups and that FA would be lower in the TBI than in the

extracranial injury (EI) group. Given the overlap in structural

changes in persons exposed to TBI and to traumatic stress, we

anticipated that amygdalar pathway FA would differ in the healthy

group compared with both injury groups but would not differ be-

tween the TBI and EI groups.

The second aim was exploratory and investigated the relation of

pathway integrity with different PTSS clusters. Specifically, hy-

perarousal symptoms were expected to relate to amygdala diffu-

sivity and FA of pathways connected to the amygdala because of its

role in activating autonomic stress responses. Based on the role of

the hippocampus in emotional memory formation, hippocampal

MD and FA of pathways connecting with the hippocampus were

expected to correlate with re-experiencing, avoidance, and emo-

tional numbing clusters.

Methods

Participants and recruitment

Youth ages eight to 15 years injured in vehicular accidents and
treated in the Emergency Department or Level 1 Pediatric Trauma
Center at Children’s Memorial Hermann Hospital/University of
Texas Health Science Center at Houston for either a TBI or EI were
screened for enrollment. Children with EI were included to account
for possible pre-injury characteristics, such as risk-taking behavior,
that may influence outcomes, to examine the stresses of injury and
hospitalization, and to allow comparison of the effects of brain
injury above and beyond that of body injury. Children with EI were
excluded if they had evidence of blunt head trauma or concussion
symptoms. A healthy typically developing comparison group (TDC)
was recruited from the community to allow assessment of possible
differences on neuroimaging between the injury groups and healthy
youth.

All participants in the current study met the following inclusion
criteria: (1) proficiency in English or Spanish, (2) residence within
a 125 mile catchment radius, (3) no previous history of major
neuropsychiatric disorder (intellectual deficiency or low function-
ing autism spectrum disorder) that would complicate assessment of
the impact of injury on behavioral outcomes, (4) no metabolic
disorders, (5) no previous medically attended TBI, and (6) usable
neuroimaging data. Criteria 3–5 were assessed during screening
using a brief parent interview.

Of 277 children meeting study inclusion criteria, 150 were en-
rolled and completed baseline procedures. Of these children, 117
had a usable magnetic resonance imaging (MRI) scan and 33 had
unusable scans (n = 19 motion artifact, n = 8 scanner equipment
failure, n = 3 data did not meet quality control, n = 2 scan artifact;
n = 1 withdrew from study). The final sample consisted of 117
participants (TBI, n = 53, EI, n = 26, TDC, n = 38). Informed written
consent was obtained from each child’s guardian according to In-
stitutional Review Board guidelines; written assent was obtained
from all participants.

Injury characteristics

Demographic characteristics of the TBI, EI, and TDC groups
and injury variables for the TBI and EI groups are provided in

Table 1. The external cause of injury in a vehicle accident was
selected to meet the Diagnostic and Statistical Manual of Mental
Disorders7 (DSM-V) criterion A for a PTSD diagnosis that specifies
exposure to a potentially life-threatening situation. For TBI par-
ticipants, severity of brain injury was rated using the lowest post-
resuscitation Glasgow Coma Scale (GCS) score at admission,
which evaluates eye opening, motor, and verbal responses to
stimulation.46 Mild, moderate, and severe TBI were indicated by
total GCS scores of 13–15, 9–12, and 3–8, respectively.

The GCS scores were abstracted from the medical record by
trained assistants. Severity of bodily injury was based on the Ab-
breviated Injury Scale (AIS), which classifies injury to specified
anatomical regions on a scale from 1 to 6 (minor to life-threatening).
The AIS scores were obtained from the hospital trauma registry. In
children with mild or moderate TBI, skeletal or body AIS scores were
limited to £2 to minimize any confounding influence of severe ex-
tracranial injury on accurate assessment of GCS scores. We calcu-
lated the Injury Severity Score (ISS), which incorporates the highest
AIS scores from three anatomical regions and ranges from 0 to 75.47

For TBI participants, the modified ISS score excluding injuries to the
head was also used.48

Study procedures

Parents completed questionnaires and interviews at baseline to
describe the child’s psychosocial and behavioral functioning just
prior to enrollment in the study, which is standard procedure in
pediatric injury studies.49 Estimates of PTSS and pubertal status, as
well as neuroimaging studies, were obtained at the seven-week
follow-up.

Pre-injury questionnaire and interview

Child Behavior Checklist (CBCL)50. The internalizing and
externalizing T-scores normed for age and sex were examined to
characterize pre-injury behavioral problems.

Pre-injury problems. Parents indicated whether the child had
a diagnosis of attention-deficit hyperactivity disorder, anxiety, or
depression before injury or study enrollment.

Psychosocial adversity. Exposure to adversity was assessed
by trained interviewers based on six categories defined by Bie-
derman and colleagues.51 The following common indicators were
assessed: 1() severe marital discord defined as divorce or separa-
tion, (2) low social status defined as levels IV or V on the Hol-
lingshead Index; (3) large family size, defined as three or more
children living in the child’s primary home; (4) history of investi-
gation by protective service agency regarding this child; (5) pa-
rental criminal conviction; and (6) treatment of parental mental
health problems. Items were scored yes/no and summed to yield a
total score.

Seven-week follow-up questionnaires

Pubertal status. Children and parent independently rated
changes associated with puberty, including growth in height, body
hair, and skin changes using the Petersen Pubertal Development
Scale (PDS).52 Sex-specific changes included breast development
and menstruation for females and deepening of voice and facial hair
for males. Each item was then coded on a 5-point scale similar to
Tanner staging53; ratings were averaged to yield a score ranging
from 1 (pre-pubertal) to 5 (post-pubertal). The scale has favorable
internal consistency: a = 0.77. If ratings of parents and children
differed by more than 1 point, they were asked to discuss and come
to consensus; the consensus rating was used in analyses.
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Post-traumatic stress symptoms. Consistent with the Na-
tional Institute of Mental Health Research Domain Criteria
framework,54 we measured PTSS dimensionally using a validated
self-report scale. This approach allows a focus on the spectrum of
symptoms that impact children who experience trauma and sub-
sequent impairment. We administered the Child PTSD Symptom
Scale55 (CPSS), a validated self-report scale yielding a total PTSS
score created from summing 17 items rated on a 4-point scale
(range 0–51). Based on factor analysis and the four factor model of
PTSD, we divided items into re-experiencing, active avoidance,
emotional numbing, and hyperarousal factors.56 An impairment
rating assessed impact on daily activities. Children with TBI and EI
completed the CPSS. A score ‡11 suggests high PTSS. The total
score has high internal consistency, a = 0.89, and test-retest reli-
ability, r = 0.84.

Psychological health interview: Parents completed a struc-
tured interview regarding their child’s current DSM-V PTSD
symptoms.

Image acquisition and processing

Scans were acquired on a Philips 3T MR scanner with a 32-
channel head coil at the University of Texas McGovern Medical
School. Diffusion-weighted data collection was completed using an
echo planar imaging sequence (TR = 8700 ms; TE = 67 ms; 65 sli-
ces total; square FOV = 240 mm2; slice thickness = 2.5 mm; 32
diffusion-weighted volumes with b = 1,000 s/mm2 and 1 volume
with b = 0) lasting 6:11 minutes. High resolution T1-weighted an-
atomical scans were collected (TR = 8.1, TE = 3.7, flip angle = 6�,

matrix = 256 X 256, slice thickness = 1mm, and voxel size = 1 · 1
· 1); the scan duration was 4:47 minutes. The scanning facility
replaced the scanner with a Philips 3T Ingenia toward the end of
data collection and scans for 48 of our participants were collected
after the upgrade; scanner change was accounted for in all analyses.
Fidelity analysis was performed to match diffusion-weighted and
T1-weighted scanning protocols.

Seed and target regions for DTI tractography were generated on
a single subject basis to reflect the morphology of each individual.
An automated image analysis suite, FreeSurfer 5.3.0 (http://surfer
.nmr.mgh.harvard.edu), was used for parcellation of cortical and
subcortical structures.57 Following standard processing procedures
in Freesurfer, all data were visually inspected and edited to correct
pial surfaces, white/gray matter boundaries, and accuracy of sub-
cortical segmentation. Any error in parcellation resulting from le-
sions was corrected during manual editing.

Following manual correction, data were re-processed in Free-
surfer. Quality of parcellation results was then reviewed and reg-
istered to the corresponding diffusion-weighted images for each
subject using FSL’s Linear Image Registration Tool (FSL: FLIRT).
This process resulted in the creation of the seed regions for DTI
analysis, restricted to each individual’s anatomy, corresponding to
all of the regions listed in Table 2. The same process was used to
generate exclusion masks used in DTI analysis corresponding to
ventricular regions.

Processing of DTI data was performed using the standard DTI
pipeline in the FMRIB Software Library (FSL) 5.0.1 (http://www
.fmrib.ox.ac.uk/fsl). Eddy Correct was used to reduce eddy current
distortions and head movement.58 Skull-stripping of non-brain
tissue was performed using BET (Brain Extraction Tool)59 and

Table 2. Spearman Partial Correlation Coefficients of Regional Diffusion Tensor Tractography Microstructure

with Injury Severity for Traumatic Brain and Extracranial Injury Groups

Traumatic brain
injury (n = 53)

Extracranial injury
(n = 26)

Diffusion tensor
tractography metrics

Admission GCS
Score df

(49)

Modified Injury
Severity Score

df (49)

Modified Injury
Severity Score

df (22)

Pathway fractional anisotropy r (p) r (p) r (p)
Origin Termination

Left hemisphere
Amygdala

oPFC 0.108 (0.450) -0.162 (0.257) -0.006 (0.978)
rACB 0.464 (0.001) 0.001 (0.996) 0.168 (0.433)

Hippocampus
Amygdala 0.155 (0.277) -0.169 (0.236) -0.033 (0.113)
oPFC 0.208 (0.144) 0.103 (0.470) 0.263 (0.214)

Right hemisphere
Amygdala

oPFC 0.294 (0.036) 0.156 (0.275) -0.041 (0.850)
rACB 0.102 (0.477) 0.012 (0.931) 0.081 (0.706)

Hippocampus
Amygdala -0.113 (.430) 0.131 (0.358) -0.018 (0.933)
oPFC 0.348 (0.012) -0.141 (0.325) 0.520 (0.009)

Gray matter mean diffusivity
Left hemisphere

Amygdala 20.362 (0.009) 0.038 (0.793) 0.133 (0.534)
Hippocampus 20.278 (0.048) 0.223 (0.116) 0.156 (0.468)

hight Hemisphere
Amygdala -0.235 (0.097) 0.227 (0.109) -0.100 (0.642)
Hippocampus 20.425 (0.002) 0.132 (0.357) 0.181 (0.397)

GCS, Glasgow Coma Scale; oPFC, orbital prefrontal cortex; rACB, rostral anterior cingulate bundle.
Note: Age at scan and scanner upgrade partialled.
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brain-extracted images were inspected and corrected to ensure their
accuracy. DTIFIT was then used to calculate FA and MD at each
brain voxel, and in preparation for tractography, Bayesian Esti-
mation of Diffusion Parameters Obtained using Sampling Tech-
niques (BedpostX) was then applied.

A probabilistic tractography algorithm (FSL: probtrack · 2) was
utilized for seed-to-target fiber tracking in diffusion space from
each seed region individually. For each voxel in a seed mask, 5000
samples were drawn from the probability distribution of the prin-
cipal fiber direction, proceeding every 0.5 mm. Tracking was
stopped if the streamline reached a target mask or any of the ex-
clusion masks; in the latter case, the path was discarded. Pathway
distribution maps were then normalized to account for the numbers
of voxels in the seed masks by dividing the total number of
streamline samples initiated from a seed region by the ‘‘waytotal,’’
the total number of streamlines that reach the target mask.

To restrict each tract to only white matter, pathway distribution
maps were thresholded to include those voxels with FA >0.2. Seed-
to-target combinations were: (1) amygdala to ipsilateral oPFC, (2)
amygdala to ipsilateral rostral anterior cingulum bundle (rACB),
(3) hippocampus to ipsilateral amygdala, and (4) hippocampus to
ipsilateral oPFC. The MD of bilateral amygdalae and hippocampi
was also obtained. Amygdala to oPFC pathways largely overlap
with white matter tracts of the uncinate fascicles.

Statistical approach

After examination of variable distributions, comparability of
demographic and psychosocial variables for the TBI, EI, and
healthy groups was examined using analysis of variance or chi
square. Psychosocial variables were examined to determine whe-
ther the three groups had comparable life adversity as well as in-
ternalizing and externalizing behavior problems before study
enrollment. Bivariate relations of age, sex, and pubertal develop-
ment with the tractography metrics were examined to assess whe-
ther the demographic variables should be considered as covariates.

To account for possible differences related to scanner upgrading,
we included scanner upgrade as a covariate in all analyses using
tractography data. To assess group differences, general linear
models examined effects of group, age (continuous), and their in-
teractions on tractography values. Orthogonal planned compari-
sons examined the relation of (1) both injury groups versus the
healthy group and (2) the TBI versus the EI group with FA from
each pathway and MD from the amygdala and hippocampus. Non-
significant interactions of age by the group contrasts were trimmed
from each model. Effect sizes were calculated using Hedges g for
group comparisons with p < 0.1.

To address the exploratory second aim, Spearman partial cor-
relation coefficients controlling for age and scanner upgrade ex-
amined the relation of the tractography pathway FA and gray matter
MD with injury variables. We then examined whether the relation
of pathway with CPSS factor scores was similar across TBI and EI
groups. To assess whether hippocampal microstructure differed,
generalized linear models with a negative binomial distribution and
log link function examined the effects of group (TBI, EI), FA of
pathways seeded in the hippocampus or hippocampal MD, and their
interaction on CPSS scores controlling for age and scanner up-
grade. Non-significant group by pathway interactions were trim-
med. Finally, generalized linear models were fitted to examine the
relation of region microstructure and age to the CPSS scores for all
injured participants irrespective of injury group.

Results

Participant characteristics

Demographic, injury, and psychosocial variables were com-

pared across the healthy comparison group and the TBI and EI

groups (Table 1). The groups did not differ significantly on age, sex,

race, ethnicity, or maternal education. Regarding injury variables,

the type of vehicular accident was similar across TBI and EI

groups; most patients were injured in vehicle or vehicle-pedestrian

collisions (Table 1). The ISS did not differ significantly in the TBI

and EI groups. On the modified ISS scale excluding the head, the EI

group had significantly greater severity of body injury than the TBI

group.

Although the length of hospital stay was similar across groups,

the patients with TBI had greater treatment intensity based on level

of hospital care. For the TBI group, 18.9% sustained extremity

injuries and approximately 21% sustained injury to the abdomen or

chest. For the EI group, 81% sustained an extremity injury while

58% had internal injuries involving the abdomen or chest. The

severity of TBI ranged from mild to severe; 23% of the sample

sustained severe TBI and 68% sustained mild TBI. Twenty-one of

the 53 participants with TBI had lesions visualized on clinical reads

of the MRI scan. The type and number of lesions were en-

cephalomalaica (n = 8), gliosis (n = 5), and shear (n = 14). One

participant with a large lesion was excluded from analysis.

Psychosocial adversity ratings and CBCL internalizing and ex-

ternalizing T-scores did not differ across groups, suggesting com-

parable child adjustment and trauma exposure before enrollment.

At the follow-up, pubertal status was similar across groups. Pub-

ertal status and age at baseline assessment were highly correlated,

r = 0.78, p < 0.001. Because of the substantial overlap in these

variables, only age was included in analyses.

The mean CPSS score did not differ across TBI and EI groups;

more than half of the participants in each group reported moderate

to high levels of PTSS. Based on the parent interview, 23% of each

injury group met criteria for Trauma and Stressor Related Dis-

orders. Three children with TBI and two with EI met DSM-V cri-

teria for diagnosis with PTSD; nine children with TBI and four with

EI had other specified trauma- and stressor-related disorders be-

cause their symptoms did not meet full criteria.

Relation of injury with limbic microstructure and PTSS

Measures of injury severity were related to microstructural in-

tegrity. For the TBI group, the admission GCS score was signifi-

cantly positively related to FA from several pathways and

negatively related to MD of the left amygdala and bilateral hip-

pocampi (Table 2). The modified ISS was not related to any DTT

metrics in the TBI group and was only significantly positively re-

lated to FA from the right hippocampus to oPFC in the EI group.

For the orthogonal planned group comparisons, the group X age

interactions were not significant and were trimmed from each

model. Table 3 shows the least squares mean FA values for each

trimmed model and statistical tests organized by pathway origin

and MD values for the amygdala and hippocampus for each

hemisphere. For pathways, FA from the right hippocampus to oPFC

was significantly lower in injured relative to healthy children,

F(1,112) = 5.46, p = 0.021, with a moderate effect size (Hedges

g = 0.48), but did not differ significantly in the TBI versus EI par-

ticipants. None of the other group comparisons examining either

FA or MD values was significant.

Small effect sizes were obtained for healthy versus injury group

comparisons for left hippocampal to oPFC (g = 0.33) and right

amygdala to rACB (g = 0.37). The effect size for the latter pathway

between TBI and EI groups was negligible (g = 0.05). With in-

creasing age, FA of the right hippocampus to oPFC tract increased

significantly and MD of the right amygdala decreased.
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For aim 2, we first assessed whether TBI influenced the relation

of hippocampal microstructure to PTSS factor scores. Generalized

linear models examined FA from hippocampal pathways, group

(TBI and EI), and their interaction on PTSS factor scores. The

group by region effect was significant only for the left hippocampus

to amygdala pathway predicting re-experiencing, v2(1) = 4.82,

p = 0.028, and approached significance for active avoidance,

v2(1) = 3.71, p = 0.054. Higher FA was associated with lower re-

experiencing levels in the EI group, r (22) = -0.526, p = 0.008, and

was unrelated to symptom burden in the TBI group, r (48) = 0.005,

p > 0.1. Higher FA was associated with elevated avoidance symp-

toms only in the TBI group, r (48) = 0.349, p = 0.013. For the re-

maining pathways, neither the group · region interaction nor main

effect of group was significant for FA of pathways originating in the

hippocampus or hippocampal MD.

Generalized linear models were then used to examine the rela-

tion of pathway or gray matter microstructure, age, and their in-

teraction on the PTSS subscores independent of group. Table 4

provides the age · region interaction effects for significant analy-

ses; non-significant interaction terms were trimmed from the re-

maining models, and main effects for region and age are provided.

Figure 1 shows the pattern of relations of regional limbic micro-

structure with the PTSS scores. Hyperarousal symptoms increased

with age.

For hyperarousal scores, the region · age interaction was sig-

nificant for the left amygdala to rACB FA and for bilateral MD. The

interactions of age and DTI metrics on hyperarousal scores were

decomposed by estimating FA values with age at the mean and –1

standard deviation around the mean (Fig. 2). For the left amygdala

to rACB pathway, FA values were not related to arousal scores in

younger patients ( p > 0.5) but approached significance at the mean

age (v2(1) = 3.57; p = 0.059), and were significant at older ages

(v2(1) = 7.97; p = 0.005). The interactions of age with hippocampal

MD were significant at younger ages (left, v2(1) = 5.64; p = 0.018;

right, v2(1) = 4.64; p = 0.031) but not at mid- and older ages ( ps >
0.1).

In main effects models, hyperarousal was also predicted by

higher FA in bilateral pathways linking the amygdala to oPFC.

Active avoidance was predicted by higher FA of the right hippo-

campus to amygdala pathway. Emotional numbing was predicted

by higher left hippocampal MD.

Discussion

We used DTT during the subacute stage of recovery to investi-

gate the relation of pediatric brain and body injury with micro-

structure of core limbic regions that support bottom-up and top-

down regulation of stress responses. Analyses of pre-frontal limbic

structural connectivity indicated FA was significantly lower in in-

jured children relative to the healthy group in the pathway con-

necting the hippocampus with oPFC. The FA was also lower in

specific pathways connecting hippocampus and amygdala with

PFC based on small effect sizes.

Overall, we did not find an additive impact of brain injury on

either PTSS or on the tractography measures. Neither DTT mi-

crostructure nor PTSS differed significantly in the TBI and EI

groups. The lack of difference in PTSS across injury groups is

consistent with previous work suggesting that the subjective ex-

perience of being injured, rather than the type of injury, is a primary

predictor of PTSS.9 Exploratory analyses indicated that regional

Table 3. Least Squares Means and Statistical Tests for Planned Group Comparisons of Pathway

and Gray Matter Microstructure

Injury groups

Group effect F (P)
Pathways

TBI EI

Origin Termination
Fractional anisotropy
Least squares mean Healthy comparison Injury vs. healthy TBI vs. EI Age effect F (p)

Left hemisphere
Amygdala

oPFC 0.33 0.32 0.33 0.26 (0.611) 0.70 (0.404) 0.95 (0.333)
rACB 0.35 0.37 0.35 0.88 (0.350) 2.08 (0.152) 0.30 (0.584)

Hippocampus
Amygdala 0.30 0.30 0.30 0.03 (0.858) 0.04 (0.837) 0.01 (0.910)
oPFC 0.35 0.35 0.36 3.61 (0.060) 0.27 (0.605) 2.68 (0.105)

Right hemisphere
Amygdala

oPFC 0.33 0.33 0.33 0.48 (0.491) 0.85 (0.360) 2.22 (0.139)
rACB 0.34 0.36 0.36 3.46 (0.066) 3.56 (0.062) 1.71 (0.194)

Hippocampus
Amygdala 0.30 0.30 0.30 0.92 (0.341) 0.00 (0.964) 3.59 (0.061)
oPFC 0.36 0.35 0.37 5.46 (0.021) 0.27 (0.604) 5.21 (0.024)

Subcortical gray matter Mean diffusivity
Least squares mean

Left hemisphere
Amygdala 0.85 0.85 0.85 0.84 (0.361) 0.04 (0.841) 2.38 (0.126)
Hippocampus 1.03 1.02 1.01 0.61 (0.434) 0.11 (0.744) 0.72 (0.397)

Right hemisphere
Amygdala 0.83 0.84 0.83 0.89 (0.348) 2.42 (0.122) 8.47 (0.004)
Hippocampus 1.00 1.00 0.99 0.30 (0.585) 0.06 (0.800) 2.38 (0.126)

TBI, traumatic brain injury; EI, extracranial injury; oPFC, orbital pre-frontal cortex; rACB, rostral anterior cingulate bundle.
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microstructure was associated with specific PTSS factor scores in

injured children.

Hyperarousal increased with age and was associated with mi-

crostructural metrics in pathways emanating from both amygdalae

to pre-frontal targets and to bilateral hippocampal MD. Avoidance

and re-experiencing clusters were associated specifically with FA

of pathways connecting the hippocampus and amygdala while

emotional numbing correlated with hippocampal MD. Higher re-

experiencing was associated with higher FA in the hippocampus to

amygdala pathway for the EI, but not TBI group.

These findings underscore the central role of both the amygdala

and hippocampus in regulating the expression of PTSS. Both brain

and body injury showed relations with the neural systems related to

regulation of stress, placing children with a range of traumatic

injuries at elevated risk for future psychological health problems

and reduced health-related quality of life.2,60

Relation of traumatic injury with limbic circuitry

Consistent with our hypothesis, both injury groups showed lower

FA relative to the healthy group in several pathways connecting the

hippocampus and amygdala with pre-frontal targets. Our findings

extend previous studies of pediatric TBI that noted reduced FA in a

variety of limbic pre-frontal pathways, including the cingulum bun-

dle,35,61 uncinate fasciculus,41 frontal lobe WM,62 the centrum

semiovale, corona radiata, and temporal lobe WM relative to either

typically developing children63 or those with orthopedic injuries.64–67

Because of the vulnerability of the hippocampus to disruption by

TBI,27,29,68–70 we anticipated that FA from pathways seeded in the

hippocampus and hippocampal MD would be reduced in the TBI

group compared with the EI group. Based on the GCS score, severity

of TBI was significantly associated with decreased FA in a number of

pathways and increased MD in the hippocampus and amygdala.

Despite the impact of TBI severity on microstructure, the effects

of TBI and EI did not differ significantly from each other on any

pathway or subcortical gray matter. Few previous studies have used

DTI to examine microstructure of subcortical limbic gray matter

structures in injured children. Increased MD in the bilateral hip-

pocampi and right amygdala during subacute stages of recovery37

and in the left ventral striatum 10 years after moderate to severe

TBI42 have been reported in relation to orthopedic injury and

healthy comparison groups, respectively.

Compared with previous studies, our sample has broader rep-

resentation of TBI severity because two-thirds sustained mild or

complicated-mild TBI. Microstructural changes are more promi-

nent in patients with greater severity of injury and are not consis-

tently found in studies of mild TBI.71 Scanning at longer intervals

after injury may also highlight degenerative changes that are easier

to detect in long-term rather than subacute stages of recovery.

Based on effect sizes, injury was associated with altered mi-

crostructure of pathways from the amygdala and hippocampus to

targets in the PFC, but not to MD of these structures. Our findings

suggest vulnerability of subcortical/PFC circuitry to the effects of

both TBI and EI that did not interact with age of trauma exposure.

With increasing age, we found increased FA of right hippocampal

projections to the amygdala and oPFC as well as decreased MD of

the right amygdala.

Although microstructural maturation of PFC WM and the cin-

gulum bundle extend into adulthood,72 very little is known about

microstructural maturation of the amygdala and hippocampus. This

is a major gap in the literature because the amygdalae and hippo-

campi are particularly sensitive to effects of a wide range of en-

vironmental insults,73,74 especially at ages corresponding to

pubertal transition.75 Resting state (rsfMRI) and task-based func-

tional MRI (fMRI) studies indicated that although the amygdale

mature relatively early, their development of functional connec-

tions with pre-frontal lobe structures is protracted.76 Further,

functional connectivity of bilateral amygdalae as a whole becomes

more constrained with increasing age except for increasing con-

nectivity with bilateral hippocampi,77 which is consistent with a

shift to greater PFC engagement and top-down control between

childhood and adolescence.21,78

FIG. 1. Post-traumatic stress symptoms clusters showed specific relations with limbic microstructure. Higher fractional anisotropy
(FA) in the left hippocampus to amygdala pathway was associated with lower re-experiencing in the exracranial injury (EI) group and
with higher avoidance in the traumatic brain injury (TBI) group. For both TBI and EI groups combined, hyperarousal was linked to
higher FA of bilateral pathways connecting the amygdalae with orbital pre-frontal cortical (PFC), left amygdala to rostral anterior
cingulate bundle, as well as to mean diffusivity (MD) of bilateral hippocampi. Avoidance was also related to higher FA of the right
hippocampus to amygdala tract. Numbing was predicted specifically by elevated left hippocampal MD. Amygdala-red, hippocampus-
green, orbital PFC-orange, rostral anterior cingulate bundle-yellow. Pathways indicated in white.
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Limbic circuitry in relation to PTSS

The majority of neuroimaging studies examining changes as-

sociated with pediatric PTSS are based on samples exposed to

interpersonal trauma or adversity. The few whole brain and region

of interest studies employing DTI in maltreated children indicated

reduced FA or increased diffusivity of the cingulum bundle, fornix,

uncinate fasciculus, and corpus callosum.79,80–82 Recent applica-

tion of graph theory to DTI-derived data suggested that maltreat-

ment reduces the proportion of fiber streams connecting frontal

lobes and limbic regions with basal ganglia and occipital regions

and disrupts connectivity in local and global networks.83,84

Similar findings were noted based on graph theory analysis of

DTI tractography in children exposed to natural disasters. Pre-

frontal-limbic-striatal network abnormalities were found predom-

inantly in the left hemisphere in youth in whom PTSD developed

compared with trauma-exposed controls.85 Although additional

studies are needed to parse how various types of trauma sustained at

different ages impact neural architecture and connectivity assessed

at different points in time, both single-incident and more protracted

interpersonal traumas appear to impact the microstructure and

connectivity of frontal-limbic networks as well as their integration

with more posterior network components.

Given the limited research on DTT-based structural changes in

youth with PTSD, alterations examined via functional imaging and

volumetric studies can inform current findings. Task-based and

rsfMRI studies converge with structural studies in showing ab-

normalities in pre-frontal limbic circuitry as well as alterations in

activation and functional connectivity with age in youth with

PTSD. Recent task-based studies identified hyperactivation of the

dACC, but not the amygdala, to threat.86 Developmental differ-

ences were apparent in amygdalar-vmPFC connectivity because

youth with PTSD had greater connectivity at younger ages and

reduced connectivity at older ages compared with healthy con-

trols.86

Relative to healthy youth, rsfMRI network analysis revealed that

youth with PTSD had increased connectivity within the default

mode network, including medial PFC and posterior cingulate cor-

tex, which is involved in internally directed thought. Connectivity

of the default mode network was decreased with both the salience

and attentional control networks that are implicated in threat de-

tection and cognitive control, respectively.87

Herringa88 inferred that several factors may place trauma-

exposed children at increased risk for heightened stress sensitivity.

These factors include hyperactivity in components of the salience

network, including the dorsal ACC and amygdala, which monitor

both internal and external threat cues, and increased anticorrelation

or functional competition of the default mode network with sa-

lience and executive control networks. The effects of PTSD in

youth, including reduced hippocampal volume, increased amyg-

dala reactivity, and decreased amygdala-medial PFC connectivity,

emerge over time and differ from commonly observed patterns in

adults with PTSD.88

Relation of limbic structures and age
with PTSS clusters

In our sample of children exposed to the stress of injury in a

vehicle incident, we completed exploratory analyses of the relation

of PTSS clusters with FA of core limbic pre-frontal pathways, as

well as with diffusivity of the amygdalae and hippocampi based on

a model of emotion regulation. Hyperarousal symptoms were the

only PTSS that increased with age. This symptom cluster was also

the only PTSS associated with DTT metrics from both hemi-

spheres. As predicted, increased hyperarousal was associated with

increased FA of pathways connecting both amygdalae to oPFC and

the left amygdala to rACB, but not with amydgalar diffusivity.86

In a previous study with the same sample, we identified elevated

reactivity of salivary alpha amylase, a surrogate marker of auto-

nomic nervous system arousal, in response to a stressor six months

after injury in adolescents with TBI but not EI.4 High levels of

noradrenergic signaling may contribute to emotion dysregulation

by inhibiting pre-frontal regulatory systems, resulting in increased

activity and reactivity in the amygdala.89

Our finding that hyperarousal symptoms increased with age

supports the hypothesis that the transition to adolescence involves

increasing amygdala activation of autonomic and HPA stress re-

sponse systems.60,90 Hyperarousal symptoms were also influenced

jointly by age and hippocampal microstructure; children with ele-

vated hippocampal MD had higher self-reported arousal, while

there was no relation among adolescents. It is possible that alter-

ation in hippocampal MD during the subacute stage of physical

FIG. 2. Age · region interactions for hyperarousal scores. At
older ages, hyperarousal increased as fractional anisotropy (FA)
increased in the pathway connecting the left hippocampus and
amygdala (a). In younger participants, hyperarousal scores in-
creased as mean diffusivity (MD) of the left (b) and right (c)
hippocampi increased.
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injury may be a precursor to the reduced volume often noted in

long-term outcome studies of children and adults with diverse

childhood trauma exposures75,91 as well as those with TBI.69

The hippocampi appear to play a central role in active avoidance,

emotional numbing, and re-experiencing. Active avoidance was

related specifically to higher FA in the right hippocampus to

amygdala pathway; emotional numbing was associated with ele-

vated MD in the left hippocampus. Exploring across imaging mo-

dalities, structural MRI studies found that both symptoms were

related to reduced volume of the right anterior hippocampus and

right subgenual ACC.26 Further, pediatric fMRI studies found that

the severity of both avoidance and numbing symptoms was cor-

related with lower activation of the left hippocampus.92 Wolf and

Heringa86 found an inverse relation between amygdala-medial PFC

functional connectivity and avoidance.

Greater re-experiencing symptoms were predicted by higher FA

in the left hippocampus to amygdala pathway for the EI, but not

TBI, participants. The FA was unrelated to symptom burden in the

TBI group and negatively associated with re-experiencing symp-

toms in the EI group. Higher re-experiencing cluster scores were

related to reduced volume of the right subgenual ACC and right

anterior hippocampus in children.26 Higher re-experiencing symp-

toms were related to increased connectivity of the posterior cingulate

cortex and the inferior parietal gyrus.87,93 Our findings extend those

of previous studies by suggesting that avoidance, numbing, and re-

experiencing PTSS are also associated with the microstructural

architecture of bottom-up subcortical gray matter structures regu-

lating threat reactivity and emotional memory consolidation, par-

ticularly the hippocampus, that may contribute to alterations in the

top-down components of functional networks regulating stress re-

sponses.

The mechanisms through which stress influences pediatric brain

development are just beginning to be investigated. Severe stress

may alter the timing and trajectory of normal brain development.94

Across PTSS factors, we found a positive relation of specific

symptom clusters with white matter architecture. Higher hyper-

arousal, avoidance, and re-experiencing symptoms were associated

with higher FA in core limbic pre-frontal and hippocampus to

amygdala pathways. It is possible that this association reflects ac-

celeration of pathway development or other alteration of micro-

structure. In contrast, TBI has been associated with reduced

pathway FA likely reflecting stunting of subsequent brain devel-

opment.35,62 Additional longitudinal studies are needed to disen-

tangle the impact of both TBI and stress on brain structure and

function and the trajectory of brain development.

As emphasized by Weems and colleagues,13 PTSS rarely has

been examined within a neurodevelopmental network framework

that examines potential moderators of associations between stress

exposure, age, and neural outcomes. The present study used a

neurodevelopmental framework and tested interactions of age with

brain metrics on PTSS. We found that age at trauma exposure did

not interact with TBI or EI, suggesting that the impact of subacute

injury in both groups was similar across age. Age interacted with

DTT metrics on hyperarousal symptoms, however, such that

greater FA of the left amygdala to rACB pathway was related to

greater hyperarousal symptoms at higher ages and hyperarousal

symptoms increased at younger ages as MD increased in both

hippocampi.

A number of variables, including type of trauma and develop-

mental stage at the time of stress exposure, may shape the brain’s

response to injury and/or stress. Future studies examining interac-

tions of age at traumatic exposure and age at assessment with time

are needed to understand fully the interplay of these variables in

relation to brain development and the expression of PTSS at dif-

ferent developmental stages.

Limitations

Our study findings should be interpreted in light of some limi-

tations. Our sample was exposed to threat from vehicular incidents

and received treatment or hospitalization. Consequently, our find-

ings may not generalize to children with different types of injury

mechanisms or those not seeking treatment. We examined the

impact of injury on a pre-determined group of limbic structures

based on a model of emotion regulation.11 It is possible that other

structures and pathways that were not included also have salient

associations with PTSS. The data are from a single time point after

injury; longitudinal investigation of microstructure and symptom

burden may show different effects of injury on the development of

fear circuitry and allow determination of whether certain patterns of

brain-PTSS relations are adaptive or maladaptive.

Even though our groups did not differ on pre-injury measures of

psychological health, it is possible that relations of imaging and

PTSS factors reflect pre-injury characteristics. Given the hetero-

geneity in injury outcomes, a larger sample would provide more

power to detect injury-related changes as well as potential differ-

ences between brain and body injury.

Our scanner was upgraded at the midpoint in data collection.

Although significant efforts were made to maintain the same high

signal-to-noise ratio before and after the scanner upgrade, which

included within-subject fidelity analysis of DTI and T1 scans,

scanner upgrade was included as a covariate in all analyses to

account for any remaining signal variability.

Despite its limitations, our article also has several strengths,

including selection of targeted pre-frontal limbic regions based on a

model of emotion regulation. We also examined both white and

gray matter regions, including pathways connecting the hippo-

campus and amygdala. We used a dimensional approach to as-

sessment of PTSS, which allowed us to investigate the spectrum of

PTSS. To our knowledge, ours is the first article to explore the

possible interaction of age at injury and DTI metrics from limbic

pre-frontal regions on PTSD or PTSS factors in children.

Conclusions

Our findings at seven weeks after pediatric injury suggest that

traumatic stress from even a single incident may affect core com-

ponents of limbic pre-frontal networks, resulting in reduced top-

down inhibition of emotional reactivity. Limbic microstructure and

PTSS did not differ between participants with brain injuries com-

pared with those with body injuries. Higher hyperarousal, avoid-

ance, re-experiencing, and emotional numbing scores were related

to increased FA or MD of specific components of pre-frontal limbic

circuitry.

Our findings are consistent with recent models of PTSS that

implicate overactivity and hyperconnectivity of components of the

salience network, including the amygdala and dorsal ACC, that are

believed to exaggerate threat arousal and disrupt top-down regu-

lation by the central executive and default mode network in adults95

and to a lesser degree in children.88 Because of the high incidence

of pediatric injury, the elevated PTSS after both TBI and EI is of

great concern.

Longitudinal follow-up is essential to characterize the relation

between longer-term psychological health and microstructural

changes after pediatric injury. Future studies should refine our
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understanding of brain structures and networks contributing to

specific PTSS at different developmental stages. This is critically

important to guide creation of developmentally tailored interven-

tions that specifically address core PTSS.15
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