
Contents lists available at ScienceDirect

NeuroImage: Clinical

journal homepage: www.elsevier.com/locate/ynicl

Post-acute white matter microstructure predicts post-acute and chronic post-
concussive symptom severity following mild traumatic brain injury in
children
Ashley L. Warea,b,i,⁎, Ayushi Shuklab,c, Naomi J. Goodrich-Hunsakerd,e, Catherine Lebelb,c,i,
Elisabeth A. Wilded, Tracy J. Abildskovd, Erin D. Biglerd,e, Daniel M. Cohenf,g,
Leslie K. Mihalovf,g, Ann Baceviceh, Barbara A. Bangerth, H. Gerry Taylorf, Keith O. Yeatesa,b,i
a Department of Psychology, University of Calgary, Canada
bHotchkiss Brain Institute, University of Calgary, Canada
c Department of Radiology, University of Calgary, Canada
dDepartment of Neurology, University of Utah, USA
e Department of Psychology, Brigham Young University, USA
fAbigail Wexner Research Institute at Nationwide Children's Hospital, USA
g Department of Pediatrics, The Ohio State University, USA
hDepartment of Pediatrics, Case Western Reserve University, USA
iAlberta Children's Hospital Research Institute, University of Calgary, Canada

A R T I C L E I N F O

Keywords:
Pediatric traumatic brain injury
Concussion
Mild traumatic brain injury
Diffusion tensor imaging

A B S T R A C T

Introduction: Mild traumatic brain injury (TBI) is a global public health concern that affects millions of children
annually. Mild TBI tends to result in subtle and diffuse alterations in brain tissue, which challenges accurate
clinical detection and prognostication. Diffusion tensor imaging (DTI) holds promise as a diagnostic and prog-
nostic tool, but little research has examined DTI in post-acute mild TBI. The current study compared post-acute
white matter microstructure in children with mild TBI versus those with mild orthopedic injury (OI), and ex-
amined whether post-acute DTI metrics can predict post-acute and chronic post-concussive symptoms (PCS).
Materials and methods: Children aged 8–16.99 years with mild TBI (n = 132) or OI (n = 69) were recruited at
emergency department visits to two children's hospitals, during which parents rated children's pre-injury
symptoms retrospectively. Children completed a post-acute (< 2 weeks post-injury) assessment, which included
a 3T MRI, and 3- and 6-month post-injury assessments. Parents and children rated PCS at each assessment. Mean
diffusivity (MD) and fractional anisotropy (FA) were derived from diffusion-weighted MRI using Automatic Fiber
Quantification software. Multiple multivariable linear and negative binomial regression models were used to test
study aims, with False Discovery Rate (FDR) correction for multiple comparisons.
Results: No significant group differences were found in any of the 20 white matter tracts after FDR correction.
DTI metrics varied by age and sex, and site was a significant covariate. No interactions involving group, age, and
sex were significant. DTI metrics in several tracts robustly predicted PCS ratings at 3- and 6-months post-injury,
but only corpus callosum genu MD was significantly associated with post-acute PCS after FDR correction.
Significant group by DTI metric interactions on chronic PCS ratings indicated that left cingulum hippocampus
and thalamic radiation MD was positively associated with 3-month PCS in the OI group, but not in the mild TBI
group.
Conclusions: Post-acute white matter microstructure did not differ for children with mild TBI versus OI after
correcting for multiple comparisons, but was predictive of post-acute and chronic PCS in both injury groups.
These findings support the potential prognostic utility of this advanced DTI technique.

https://doi.org/10.1016/j.nicl.2019.102106
Received 4 October 2019; Received in revised form 15 November 2019; Accepted 19 November 2019

⁎ Corresponding author at: Department of Psychology, University of Calgary, 2500 University Drive NW, Calgary, AB T2N 1N4.
E-mail address: Ashley.ware@ucalgary.ca (A.L. Ware).

NeuroImage: Clinical 25 (2020) 102106

Available online 13 December 2019
2213-1582/ © 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2019.102106
https://doi.org/10.1016/j.nicl.2019.102106
mailto:Ashley.ware@ucalgary.ca
https://doi.org/10.1016/j.nicl.2019.102106
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2019.102106&domain=pdf


1. Introduction

Pediatric traumatic brain injury (TBI) is a major global public health
concern that affects millions of children annually (Ruff et al., 2009).
Most TBI (i.e., ~ 85–90%) sustained by children are classified as mild in
severity, including concussion (Gilchrist et al., 2011; Ruff et al., 2009).
Outcomes from pediatric mild TBI can be highly heterogeneous and
difficult to predict from one child to the next (Lumba-Brown et al.,
2018; Taylor et al., 2010; Yeates et al., 2009). Although most children
recover within several weeks or months following the injury, nearly one
third have persistent complaints of post-concussive symptoms (PCS)
after 1 month or longer (Barlow, 2016; Novak et al., 2016; Taylor et al.,
2010; Yeates et al., 2009).

Neurobiological outcomes of pediatric mild TBI have proven equally
complex. In contrast to more severe TBI, the subtle and diffuse effects of
mild TBI are generally not visible on conventional clinical neuroima-
ging (Maugans et al., 2012; Wilde et al., 2008; Yallampalli et al., 2013).
For that reason, the use of neuroimaging for accurate clinical diagnosis
and prognostication of affected children is challenging (Lumba-
Brown et al., 2018; Mayer et al., 2018; Papa et al., 2013; Yeates et al.,
2017), especially within the context of the significant inter- and intra-
individual variability that normally occurs with development across
childhood (Vértes and Bullmore, 2015).

Advanced neuroimaging techniques such as diffusion tensor ima-
ging (DTI) have provided promising insights into the neuropathology of
mild TBI (Mayer et al., 2018). DTI techniques allow for non-invasive, in
vivo investigation of brain microstructure and have demonstrated po-
tentially high sensitivity to the subtle white matter alterations asso-
ciated with pediatric mild TBI in both its early and late stages
(Bigler, 2013; Bigler and Bazarian, 2010; Bigler and Maxwell, 2012;
Dennis et al., 2017; Schmidt et al., 2018). Furthermore, DTI techniques
have shown promise in predicting the outcomes of pediatric mild TBI
(Bigler, 2015; Königs et al., 2017; Shenton et al., 2012). However, the
few DTI studies of pediatric mild TBI to date have reported inconsistent
findings, likely as a consequence of small sample sizes and highly
variable methodologies. The post-acute effects of mild TBI on brain
tissue remains particularly understudied (Chamard and
Lichtenstein, 2018; Dennis et al., 2017; Schmidt et al., 2018).

1.1. Diffusion tensor imaging in pediatric mild TBI

DTI techniques are the most commonly utilized advanced MRI ap-
proach in studies of pediatric mild TBI (Schmidt et al., 2018). Most DTI
studies have detected differences between youth with mild TBI and
their respective comparison groups (Schmidt et al., 2018), even in the
absence of visible trauma-related abnormalities (Chu et al., 2010;
Mayer et al., 2012; Wilde et al., 2008; Yallampalli et al., 2013). How-
ever, findings have varied widely across studies. For example, both
higher and lower fractional anisotropy (FA) have been reported in post-
acute pediatric mild TBI (Babcock et al., 2015; Beek et al., 2015;
Chu et al., 2010; Ewing-Cobbs et al., 2019; Mac Donald et al., 2019;
Mayer et al., 2018; Murdaugh et al., 2018; Mustafi et al., 2018;
Schmidt et al., 2018; Wilde et al., 2008), although a recent meta-ana-
lysis of mild TBI in children and adults suggested that FA is generally
increased post-acutely but reduced in chronic injury phases
(Eierud et al., 2014). Generally, mean diffusivity (MD) is reduced in
children with mild TBI up to 6 months post-injury relative to controls
(Babcock et al., 2015; Chu et al., 2010; Wilde et al., 2008), although
differences have not been reported in all studies of chronic time periods
(Bartnik-Olson et al., 2014; Königs et al., 2018). Alterations of white
matter microstructure have been reported in many regions, including
the corpus callosum, cortico-spinal tract, thalamic radiations, superior
longitudinal fasciculus, and frontal white matter (Babcock et al., 2015;
Beek et al., 2015; Chu et al., 2010; Ewing-Cobbs et al., 2019;
Königs et al., 2018; Mac Donald et al., 2019; Mayer et al., 2018;
Murdaugh et al., 2018; Mustafi et al., 2018; Schmidt et al., 2018;

Wilde et al., 2008). These subcortical white matter tracts have shown
the greatest strain and parenchymal deformation in association with
mild TBI (Okamoto et al., 2019; Wu et al., 2004).

The prognostic utility of using early post-acute indices of white
matter microstructure to predict early and chronic PCS severity in pe-
diatric mild TBI is of both scientific and clinical interest. However,
previous findings have been mixed. Post-acute microstructural char-
acteristics have been related to post-acute PCS severity in children with
mild TBI, with greater alterations associated with increased symptom
severity in some (Chu et al., 2010; Mustafi et al., 2018; Wilde et al.,
2008; Yallampalli et al., 2013; Yuan et al., 2015) but not all studies
(Babcock et al., 2015; Mayer et al., 2012; Murdaugh et al., 2018).
Notably, several of the papers demonstrating significant associations
were based on the same sample (Chu et al., 2010; Wilde et al., 2008;
Yallampalli et al., 2013). Further investigation into how early post-
acute (i.e., within the first several weeks post-injury) white matter
microstructure relates to early and later PCS is warranted to clarify
these inconsistencies.

Although previous research has highlighted the potential sensitivity
of DTI metrics to pediatric mild TBI and its associated outcomes, several
limitations need to be addressed through further investigation. DTI
studies of pediatric mild TBI have generally relied on small sample sizes
that have been highly heterogeneous with regards to participant and
injury characteristics (Dodd et al., 2014). Age ranges of participants
have varied widely between studies (Babcock et al., 2015; Chu et al.,
2010; Ewing-Cobbs et al., 2019; Mayer et al., 2010; Mustafi et al., 2018;
Wilde et al., 2018b, 2008; Wozniak et al., 2007). Given that childhood
is a period of dynamic maturation, further investigation of a broad age
range in a single, larger sample is warranted to help determine whether
mild TBI affects expected age-related trajectories of white matter de-
velopment.

Comparison groups have also differed between studies. With few
exceptions, most studies have compared children with mild TBI to ty-
pically developing children. Some studies have included non-concussed
athletes or athletes who participate in noncontact sports (Mustafi et al.,
2018; Spader et al., 2018). Less commonly, children with mild TBI have
been compared to children with mild extracranial or orthopedic injuries
(OI; Babcock et al., 2015; Ewing-Cobbs et al., 2019). The inclusion of
typically developing children is problematic for several reasons
(Mathias et al., 2013; Wilde et al., 2018a). First, it does not account for
pre-injury characteristics that could predispose children to injury. It
also does not control for post-injury factors such as psychological stress
in response to trauma, pain, or effects related to medical treatment. A
recent DTI study found that white matter microstructure characteristics
of adolescents and young adults with mild TBI or OI were generally
similar, but differed from a third group of healthy controls (Wilde et al.,
2018b). Finally, practical reasons exist for including an extracranial or
OI group; namely, they are more clinically relevant, given that health
care providers must determine whether children with traumatic injuries
sustained a mild TBI and are at risk for further complications. Thus,
their clinical reference group is children with injuries, not healthy
children.

DTI studies of pediatric mild TBI also have had varied widely in the
timing of post-injury assessments (Dodd et al., 2014). Common terms
used to describe post-injury timing, including acute, post-acute, semi-
acute, and chronic, have been employed somewhat arbitrarily. For ex-
ample, the terms “post-acute” and “semi-acute” have been used to
characterize imaging obtained as early as 48 h and as late as 20 days
post-injury (Chu et al., 2010; Mayer et al., 2012; Murdaugh et al., 2018;
Mustafi et al., 2018; Wilde et al., 2008). Studies of chronic mild TBI
have ranged from roughly 3 months to several years post-injury (e.g.,
Königs et al., 2018; Mayer et al., 2012). As previously mentioned, only
a few studies have examined white matter microstructure in the post-
acute period, with multiple reports from a single cohort (Chu et al.,
2010; Wilde et al., 2008). Lastly, the majority of studies have used
voxel-based analyses or included only specific ROIs. We recently
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showed that tractography-based approaches are superior to voxel-wise
approaches that require co-registration to a template (Goodrich-
Hunsaker et al., 2018).

1.2. Current study aims and hypotheses

The current study attempted to address the shortcomings of pre-
vious research by examining white matter microstructure in a larger,
multisite cohort of children with mild TBI or OI. DTI was used to
measure early post-acute (i.e., within 2-weeks post-injury) white matter
microstructure. Few group differences (mild TBI vs. OI) in early post-
acute DTI metrics (i.e., FA and MD) were expected given recent findings
from a larger sample of adolescents and young adults (Wilde et al.,
2018b). We also examined relations between post-acute DTI metrics
and PCS ratings at approximately 2 weeks, 3 months, and 6 months
post-injury. The severity of PCS was expected to be higher in children
with mild TBI relative to those with OI at 2 weeks post-injury
(Taylor et al., 2010), but not at the later timepoints, and to be predicted
by DTI metrics in children with mild TBI, but not in children with OI.

2. Materials and methods

2.1. Study design and procedure

Data were drawn from a larger study of pediatric mild TBI that
involved a prospective, concurrent cohort design with longitudinal
follow-up. Children with mild TBI or OI between the ages of 8 and
16.99 years at the time of injury were recruited during emergency
department (ED) visits within 24 h post-injury at Nationwide Children's
Hospital (NCH) in Columbus, OH and Rainbow Babies and Children's
Hospital (RBCH) in Cleveland, OH. Recruitment occurred over a period
of 48 months to accrue the desired sample size. The study was con-
ducted in compliance with internal review board standards for ethical
clinical pediatric research at NCH and RBCH.

Information regarding the child's injury and acute clinical pre-
sentation was obtained at the ED visit, during which parents also pro-
vided retrospective ratings of their child's pre-injury symptoms.
Children returned for three further assessments: post-acute (target
within 2 weeks; range = 3–18 days, Mdn = 11.00, M = 10.31,
SD = 2.81) and at 3- and 6-months post-injury. At the post-acute visit,
children completed an MRI, as well as ratings of current PCS. Parents
also rated the child's current PCS. Similar ratings were obtained at 3-
and 6-months post-injury.

2.2. Participants and recruitment

Participants for the current study included children with mild TBI or
mild OI who completed an MRI and other measures at the post-acute
assessment. A comparison group of children with mild OI not involving
the head was included to distinguish the effects of mild TBI from injury
in general, to account for the stressful experience of suffering a trau-
matic injury, and to control for premorbid functioning and demo-
graphics (Loder et al., 1995; Mathias et al., 2013; Ozer et al., 2010;
Uslu et al., 2007; Wilde et al., 2018b).

Children with mild TBI were included if they experienced a blunt
head trauma that resulted in at least one of the following: (1) an ob-
served loss of consciousness for less than 30 min, (2) Glasgow Coma
Scale (GCS; Teasdale and Jennett, 1974) of 13 or greater (GCS was 13
or 14 in cases with no loss of consciousness or other signs or symptoms),
or (3) at least two acute signs of symptoms of concussion as noted on
standard case reports form (e.g., post-traumatic amnesia, focal neuro-
logical deficits, skull fracture, vomiting, headache, dizziness, or other
mental status changes).

Children with OI were included if they experienced an upper or
lower extremity fracture with an Abbreviated Injury Scale (AIS) score of
4 or less (Greenspan et al., 1985). Children with OI were excluded from

the study if they showed any evidence of head trauma or any acute
signs or symptoms of concussion. Children with mild TBI were eligible
if they had a co-occurring OI.

Both groups were subject to the following exclusion criteria: (1) any
other severe injury as defined by an AIS score greater than 4, (2) any
associated injury likely to interfere with neuropsychological testing, (3)
hypoxia, hypotension, or shock during or following the injury, (4) al-
cohol or drug ingestion involved with the injury, (5) history of previous
TBI requiring hospitalization, (6) premorbid neurological disorder or
intellectual disability, (7) injury resulting from abuse or assault, (8)
history of severe psychiatric disorder requiring hospitalization, or (10)
any contraindication to MRI. Children who were administered analgesic
medication, including narcotics, were not excluded from either group.
Additionally, children with a history of learning or attention problems
were not excluded because they are at increased risk for sustaining
traumatic injuries (Lee et al., 2008).

Overall, a total of 315 children (mild TBI = 195, OI = 120) were
recruited for the study in the ED. Of those, a total of 217 children, 143
(73%) with mild TBI and 74 (62%) with OI, returned for the post-acute
assessment. All but one of those who returned completed the post-acute
MRI. Participants who returned for the post-acute assessment did not
significantly differ from those who did not in acute symptoms as rated
on the Standardized Assessment of Concussion (SAC; McCrea et al.,
1998; F = 1.21, p = .273), sex (χ2 = 0.78, p = .799), premorbid
cognitive (F = 0.02, p = .883) or somatic (F = 0.46, p = .498)
symptoms ratings, or age at time of injury (F = 0.06, p = .807).
However, socioeconomic status (SES), as estimated using the 2010
Census tract median family income, was significantly higher among
children who returned for the post-acute assessment (M= $60,054.95,
SD = $34,180.06) compared to those who did not return
(M = $48,885.15, SD = $29,151.92), F = 7.88, p = .005, and sig-
nificantly greater number of Caucasian and Asian children returned for
the post-acute assessment than children with African-American, mixed,
and another race (χ2 = 11.54, p < .001). Data from 15 participants
who completed the post-acute MRI was excluded due to poor diffusion-
weighted MRI data quality (i.e., severe motion or scanner-related arti-
fact) or incomplete image acquisition (e.g., failure or refusal to com-
plete the MRI).

Of the 201 (mild TBI = 132, OI = 69) participants with usable
diffusion-weighted MRI data, 152 (mild TBI = 98, OI = 54) also
completed the chronic assessment at 3 months post-injury and 134
(mild TBI = 92, OI = 42) completed the chronic assessment at 6
months post-injury. Participants who returned for the 3 month assess-
ment did not significantly differ from those who did not in premorbid
cognitive (F = 2.07, p = .151) or somatic (F = 2.36, p = .126)
symptom ratings, post-acute cognitive (F < 1.00, p= .854) or somatic
(F= 2.01, p= .157) PCS ratings, composite socioeconomic status (SES)
index as described below (F < 1.00, p = .416), sex (χ2 < 1.00,
p = .561), race (χ2 < 1.00, p = .965), or age at time of injury
(F < 1.00, p = .359). The participants who returned at 3 months did
have marginally significantly lower acute symptoms as rated on the
SAC (M = 23.52, SD = 3.64) than those who did not return
(M = 22.63, SD = 3.55), F = 3.88, p = .050. Participants who re-
turned for the 6-month post-injury assessment did not significantly
differ from those who did not in premorbid cognitive (F < 1.00,
p = .984) or somatic (F = 1.27, p = .262) symptoms ratings, SES
composite index (F < 1.00, p= .335), sex (χ2 = 3.24, p= .072), race
(χ2 < 1.00, p = .990), age at time of injury (F < 1.00, p = .379),
acute symptoms per the SAC (F < 1.00, p = .327), or post-acute so-
matic (F = 3.45, p = .065) PCS ratings. However, those who returned
at 6 months did have significantly lower post-acute cognitive
(M = 10.20, SD = 8.77) PCS ratings than those who did not return
(M = 13.25, SD = 8.71), F = 5.43, p = .021.

A.L. Ware, et al. NeuroImage: Clinical 25 (2020) 102106

3



2.3. Demographic information

Demographic information was collected during the post-acute as-
sessment. A SES composite index was computed by averaging sample z-
scores for years of maternal education, median family income for
census tract, and the Duncan Socioeconomic Index (Stevens and
Cho, 1985), a measure of occupational prestige. The two-subtest ver-
sion of the Wechsler Abbreviated Scale of Intelligence - Second Edition
(WASI-II) was used to estimate children's Full Scale IQ
(Wechsler, 2011).

2.4. Post-concussive symptoms

Parent ratings of premorbid symptoms were collected during the ED
visit, and post-injury PCS were rated by parents and children at each
follow-up assessment, using the Health and Behavior Inventory (HBI;
Ayr et al., 2009). The HBI has good internal consistency and inter-rater
agreement, and has been adopted as a core measure in the Common
Data Elements for Pediatric TBI (Adelson et al., 2012). It yields separate
scores for cognitive and somatic symptoms.

2.5. Magnetic resonance imaging

Each participant completed a 3T MRI scan as part of the post-acute
assessment. MRI scans were completed from 3–24 days post-injury
(M = 10.82, Mdn = 11.00, SD = 3.21), with most scans (95%) com-
pleted between 3–15 days post-injury. Participants were not sedated
during the MRI acquisition. Time between the injury and MRI scan did
not differ by group, F(1, 196) = 1.94, p = .165, or site, F(1,
196) = 3.71, p= .056, and there was no group by site interaction, F(1,
196) < 1.00, p = .796. The MRI sequences were based on protocols
recommended by the NINDS Common Data Elements group
(Duhaime et al., 2012) and included: T1- and T2-weighted, axial T2-
weighted fluid attenuated inversion recovery (FLAIR), axial suscept-
ibility weighted (SWI), and axial diffusion-weighted sequences
(Goodrich-Hunsaker et al., 2018). MRI at each site was accomplished in
about 45–60 min. The same scanner was used for all studies at each site,
to reduce within- and between-site variability. Periodic reliability
checks were conducted by having randomly selected protocols from
each site reviewed. Quality checks were also initially conducted
through regular phantom scans.

MRI data were obtained at NCH using a Siemens Trio 3T scanner
with a 32-channel head coil at the Research Institute at Nationwide
Children's Hospital in Columbus, OH. High-resolution T1-weighted
images were acquired using a 3D magnetization-prepared rapid gra-
dient echo (MPRAGE) pulse sequence. The 3D MPRAGE T1-weighted
sequence parameters were as follows: 192 contiguous sagittal slices
with TR (repetition time) = 2200 ms; TE (echo time) = 4.37 ms; in-
plane resolution = 0.90 mm2; slice thickness = 0.90 mm; flip
angle = 78; field of view (FOV) = 230 mm2; and an acquisition matrix
of 256 mm2. Diffusion-weighted images were acquired using a diffu-
sion-weighted spin echo-planar imaging (EPI) pulse sequence with the
following parameters: 64 interleaved axial slices with TR/TE = 6600/
72.4 ms; in-plane resolution = 1.8 mm2; slice thickness (with no
gaps) = 1.8 mm; bandwidth = 1860 Hz/Px; FOV = 230 mm2; and
with an acquisition matrix of 128 mm2. Diffusion gradients were ap-
plied in 30 directions with b = 700 s/mm2 with one b = 0 s/mm2.

MRI data were obtained at RBCH using a Philips 3.0T Achieva
scanner with an 8-channel head coil at the University Hospitals Case
Medical Center in Cleveland, OH. High-resolution T1-weighted images
were acquired using a 3D magnetization-prepared rapid gradient echo
(T1 3D TFE) pulse sequence. The 3D TFE T1-weighted sequence para-
meters were as follows: 170 contiguous sagittal slices with TR/
TE = 8.9/4.1 ms; in-plane resolution = 0.90 mm2; slice thick-
ness = 0.90 mm; flip angle = 88; FOV = 240 mm2; and acquisition
matrix = 256 mm2. Diffusion-weighted images were acquired using a

diffusion-weighted spin-echo EPI pulse sequence with the following
parameters: 60 interleaved axial slices with TR/TE = 6634/76 ms; in-
plane resolution = 2 mm2; slice thickness (with no gaps) = 2 mm;
bandwidth = 1786.9 Hz/Px in EPI freq direction; FOV= 224 mm2; and
an acquisition matrix of 128 × 128 mm2. Diffusion gradients were
applied in 32 directions with b = 800 s/mm2 with one b = 0 s/mm2.

2.5.1. Quality assurance and pre-processing
All images were inspected for visual artifact by an expert who was

blind to group membership. Briefly, preprocessing and brain extraction
procedures were completed on a remote Linux computing cluster. T1-
and diffusion-weighted DICOM data were converted into NIfTI format
using the dcm2niix tool in MRIcron (publicly available software;
https://github.com/rordenlab/dcm2niix), and the bval and bvec files
were automatically created from the raw diffusion-weighted DICOM
headers. During conversion to NIfTI format, T1-weighted images were
automatically reoriented to canonical space and auto-cropped. T1-
weighted images were put into standard alignment using the Automatic
Registration Toolbox acpcdetect tool (freely downloadable at https://
www.nitrc.org/frs/?group_id=90), and were resampled with an iso-
tropic voxel resolution of 1 mm using the Convert3D Medical Image
Processing Tool (freely downloadable at http://www.itksnap.org/
pmwiki/pmwiki.php?n=Downloads.C3D). Skull-stripped T1 images
were acquired using the Advanced Normalization Tools version 2.1.0
volume-based cortical thickness estimation pipeline
(antsCorticalThickness.sh; freely downloadable at https://github.com/
stnava/ANTs/releases/tag/v2.1).

2.5.2. Automated fiber quantification
Automated global deterministic tractography was performed on

diffusion-weighted images according to standard protocols. First, dif-
fusion-weighted images were preprocessed using the dtiInit pre-
processing pipeline wrapper from Stanford open-source VISTASOFT
package version 1.0 (https://github.com/vistalab/vistasoft) running on
MATLAB version 8.6.0 (R2015b; MathWorks Inc., Natick, MA). The
diffusion-weighted images were corrected for eddy currents and head
motion, skull-stripped, and tensor fitted. White matter pathways were
automatically identified using an open-source, freely available software
package, Automated Fiber Quantification (AFQ) version 1.2 (https://
github.com/yeatmanlab/AFQ). The AFQ pipeline identifies 20 major
fiber tracts, which are shown in Fig. 1 (Yeatman et al., 2012). FA and
MD were extracted along 100 segments of each tract. Statistical ana-
lyses were performed on FA and MD averaged across the 100 segments
of each tract.

2.6. Statistical analyses

Demographic data were analyzed using analysis of variance
(ANOVA) for continuous variables (e.g., age, SES) and chi-square
techniques for categorical variables (e.g., sex).

For Aim 1, multiple multivariable regression analyses were used to
investigate the relations of group, age, sex, and their interactions to FA
and MD for each of the 20 white matter tracts, with site (i.e., NCH,
RBCH) treated as a covariate. Non-significant interaction effects (ad-
justed for multiple comparisons) were trimmed from final models. For
Aim 2, multiple multivariable negative binomial regression analyses
were used to examine relations of DTI metrics for the average tract to
post-acute and chronic (3- and 6-month post-injury) PCS ratings.
Group, tract DTI metric (i.e., FA or MD), and their interaction were
included as model predictors, with age, sex, and premorbid symptoms
included as covariates, to test whether relations between post-acute
white matter microstructure and residualized change in PCS severity
differed in children with mild TBI versus OI.

The False Discovery Rate (FDR) was used to correct for multiple
comparisons for all analyses (Benjamini and Hochberg, 1995). Con-
tinuous predictors in Aim 1 and 2 models were mean centered. A power
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analysis, conducted using G*Power v3.1 (Faul et al., 2009), indicated
that the current sample size (N = 201) was sufficiently powered (1-
β = 0.80) to detect a change in R2 of about 0.039 for a single tested
predictor at α = 0.05, assuming 10 total predictors.

3. Results

3.1. Sample characteristics

Sample characteristics and demographic data are presented in
Table 1. Across sites, the TBI and OI groups did not differ significantly
in sex, age, or Full Scale IQ. However, SES was significantly higher in
the group with mild TBI compared to the OI group and race sig-
nificantly differed between the groups, with significantly greater
number of white and Asian children in the mild TBI group compared to
the OI group, across sites. No site differences were observed in sex, age,
or Full Scale IQ, either across groups (sex, p= .241; age, p= .998; Full
Scale IQ, p= .102) or within groups (TBI: sex, p= .297; age, p= .967;
Full Scale IQ, p= .294; OI: sex, p= .850; age, p= .951; Full Scale IQ,
p = .187).

3.2. White matter microstructure and time post injury

The number of days from injury to MRI scan was not associated with
FA or MD in any of the tracts after FDR correction, across groups.
However, average FA of the corpus callosum splenium (forceps major)
was nominally, positively related to the number of days from injury to

MRI in both groups, r = 0.17, p = .019.

3.3. Group differences in post-acute white matter microstructure

The results of multivariable regression analyses predicting average
FA and MD of each tract segment are presented in Table 2. None of the
2- or 3-way interactions involving group, sex, and age were significant
after FDR correction, so all interactions were trimmed from the final
models. No group differences in average tract FA or MD were significant
after FDR correction, suggesting no substantial difference between
children with mild TBI versus OI. However, a nominally significant (i.e.,
unadjusted p < .05) group difference was found in average thalamic
radiation MD bilaterally (TBI < OI).

Age at time of injury was significantly positively associated with FA
and negatively associated with MD in many of the tracts after FDR
correction (see Table 2). As shown in Fig. 2, significant sex differences
were found in the left cingulum cingulate FA (girls: M = 0.46,
SD = 0.07, boys: M = 0.49, SD = 0.06) and left inferior frontal-oc-
cipital fasciculus MD (girls: M = 0.82, SD = 0.03, boys: M = 0.84,
SD = 0.03) after FDR correction. Nominally significant sex differences
also were found in bilateral inferior frontal-occipital fasciculus FA (left:
girls, M = 0.49, SD = 0.03, boys, M = 0.47, SD = 0.04; right: girls,
M = 0.50, SD = 0.03, boys, M = 0.49, SD = 0.03) and right arcuate
fasciculus (girls: M = 0.75, SD = 0.04, boys: M = 0.77, SD = 0.05)
and inferior frontal-occipital fasciculus MD (girls: M = 0.83,
SD = 0.03, boys: M = 0.84, SD = 0.04), but did not survive FDR
correction. Site was a significant covariate after FDR correction, al-
though the effect of site varied by brain region (see Table 2).

3.4. Post-acute white matter microstructure and PCS

The negative binomial multivariable regression analyses predicting
post-injury PCS ratings are summarized in Supplemental Tables 1–8.

The groups showed significant differences on both parent and child
ratings of post-acute PCS after FDR correction (mild TBI>OI), but not

Fig. 1. The Automated Fiber Quantification (AFQ) pipeline was used to extract
average fractional anisotropy (FA) and mean diffusivity (MD) from 20 identi-
fied white matter tracts, including the genu (forceps minor) and splenium
(forceps major) of the corpus callosum and bilateral thalamic radiation, corti-
cospinal tract, cingulum cingulate and hippocampal bundles, uncinate fasci-
culus, superior longitudinal fasciculus, inferior frontal occipital fasciculus, in-
ferior longitudinal fasciculus, and arcuate fasciculus.

Table 1
Sample characteristics and demographic data.

Variable Group
OI TBI

M/N SD/% M/N SD/% p

Age (M [SD] years) 12.37 2.41 12.57 2.64 .484
Full Scale IQ (M [SD]) 97.81 14.62 98.51 14.32 .745
Socioeconomic Status (M [SD] z-score) −0.24 0.90 0.14 1.02 .009
Race (N [%] White/Asian) 27 39.13 72 54.54 .038
Sex (N [%] male) 47 68.12 87 65.91 .753
Parent PCS Ratings
Premorbid Somatic Symptoms 2.96 4.4 3.47 3.83 .422
Premorbid Cognitive Symptoms 9.99 7.82 10.03 7.58 .917
Post-acute Somatic 3.04 4.06 7.59 5.51 < .001
Post-acute Cognitive 9.07 8.37 12.34 8.91 .018
3-month Somatic 2.98 4.12 3.44 3.98 .299
3-month Cognitive 9.33 8.55 9.84 7.99 .845
6-month Somatic 1.95 2.46 2.79 3.82 .223
6-month Cognitive 8.93 8.73 9.07 8.35 .906

Child PCS Ratings
Post-acute Somatic 4.72 5.05 9.13 5.83 < .001
Post-acute Cognitive 9.78 8.13 13.74 8.23 .016
3-month Somatic 4.30 4.22 4.89 4.90 .656
3-month Cognitive 8.68 7.15 9.42 8.07 .955
6-month Somatic 3.57 4.07 4.53 4.76 .220
6-month Cognitive 8.40 7.48 8.10 7.60 .945

Mechanism of Injury .001
Fall 29 42.02 43 32.58 -
Motor vehicle related 2 2.89 6 4.55 -
Struck by an object 16 23.19 35 26.52 -
Struck by a person 7 10.14 34 25.76 -
Bicycle related 5 7.25 12 9.09 -
Glasgow Coma Scale – – 14.85 0.45 –
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on 3- or 6-month post-injury PCS ratings (see Table 1). Nominally
significant associations were found between FA (negative) and MD
(positive) values in some tracts and parent's ratings of chronic somatic
and cognitive PCS, and similar associations were found between DTI
metrics and children's post-acute and chronic somatic PCS and post-
acute cognitive PCS ratings, across groups. However, only a few of these
associations survived FDR correction. As shown in Fig. 3a, average MD
of the corpus callosum genu (forceps minor) was significantly positively
associated with children's post-acute somatic PCS ratings and MD in the
right uncinate fasciculus was significantly positively associated with
children's 3-month somatic PCS ratings in both groups. In addition,
average FA of the right inferior frontal-occipital fasciculus and average
MD of the left cingulum cingulate, uncinate fasciculus, and cingulum
hippocampus were significantly positively associated with parent's
chronic somatic and cognitive PCS ratings (Fig. 3b). Two interactions of
group by DTI metrics also were significant after FDR correction. As
shown in Fig. 3c, average MD of the left cingulum hippocampus and
thalamic radiation were significantly positively associated with parent's
3-month cognitive PCS ratings in the OI group (cingulum hippocampus:
B = 11.96, p < .001; thalamic radiation: B = 10.18, p = .046), but
not in the mild TBI group (cingulum hippocampus: B = −1.65,
p = .563; thalamic radiation: B = −4.71, p = .164).

Significant covariate effects of age did not survive FDR correction,
but premorbid (i.e., pre-injury) PCS was consistently a significant
covariate after FDR correction.

4. Discussion

The current study used data from a multisite study of children with
mild TBI or mild OI to investigate post-acute white matter micro-
structure, as indexed using DTI, and its relationship to PCS. As ex-
pected, no statistically robust (i.e., significant after correcting for
multiple comparisons using FDR) difference in post-acute white matter
microstructure was observed between children with mild TBI and those
with OI. The limited finding of reduced microstructure of bilateral
thalamic radiation white matter in mild TBI should be interpreted with
caution given that it did not survive correction for multiple comparison,
although similar reductions have previously been reported in post-acute
pediatric mild TBI (Mayer et al., 2012; Myer et al., 2016; Spader et al.,
2018). Post-acute diffusion metrics also did not differentially predict
PCS in the two injury groups, with the exception of left cingulum

hippocampus and thalamic radiation MD values, which only predicted
cognitive PCS at 3 months post-injury in children with OI. In both
groups, lower post-acute FA and higher post-acute MD in the right in-
ferior frontal-occipital fasciculus, left cingulum tracts, and bilateral
uncinate fasciculus robustly predicted greater PCS severity at 3 and 6
months post-injury, respectively; and higher MD in the genu of the
corpus callosum was related to greater post-acute somatic PCS.

The lack of robust differences between the mild TBI and OI groups
in post-acute white matter microstructure was expected. We previously
reported similar findings based on a subset of the current sample
(Goodrich-Hunsaker et al., 2018). Overall diffusion results are con-
sistent with other recent DTI studies that also showed no differences
between mild TBI and OI groups (Wilde et al., 2018b) or healthy con-
trols (Mac Donald et al., 2019; Maugans et al., 2012). However, some
previous studies that compared children with mild TBI to children with
OI did find differences in a number of regions, including frontal, tem-
poral, and parietal white matter (Babcock et al., 2015; Ewing-
Cobbs et al., 2019; Yuan et al., 2015). The inconsistencies between the
current and prior results could reflect differences in injury character-
istics, age range of participants, and data processing approach. For in-
stance, post-acute assessment times have ranged from within 2 days to
7 weeks post-injury across studies (Babcock et al., 2015; Ewing-
Cobbs et al., 2019; Wilde et al., 2018b), and children with mild TBI
have not always been compared to children with OI separately from
children with more severe injuries (i.e., moderate/severe TBI; Ewing-
Cobbs et al., 2019). The age of participants included across studies of
pediatric mild TBI and OI have ranged from childhood to young
adulthood (e.g., 8–30 years), and most studies included slightly older
cohorts (i.e., 11–16 years) than ours (i.e., 8–16 years; Babcock et al.,
2015; Ewing-Cobbs et al., 2019; Wilde et al., 2018b; Yuan et al., 2015).
Finally, diffusion-weighted MRI data processing approaches have
varied widely between studies (Babcock et al., 2015; Ewing-
Cobbs et al., 2019; Goodrich-Hunsaker et al., 2018; Wilde et al., 2018b;
Yuan et al., 2015). This is the first sample to which automated tracto-
graphy approaches have been applied to study differences in white
matter microstructure following pediatric mild TBI (Dennis et al., 2017;
Goodrich-Hunsaker et al., 2018).

Another potential explanation for the lack of group differences in
white matter microstructure includes the use of children with OI as a
comparison group. Recent evidence indicates that youth and young
adults with mild TBI and OI are more similar on white matter

Fig. 2. Sex differences on white matter microstructure of examined tracts after FDR correction for Aim 1. Note. IFOF = inferior frontal-occipital fasciculus; FA =
fractional anisotropy; MD = mean diffusivity.
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microstructure than either group is to healthy controls (Wilde et al.,
2018b). Their similarity may reflect several factors, including the ef-
fects of pain and the potential for immune changes, blood-brain barrier
disruption, and neuroinflammation following systemic injury
(Ghodadra et al., 2016; Lord et al., 2014; Morioka et al., 2019;
Reikerås, 2010). Another possibility is that children with OI may have
also experienced subconcussive impacts to the head at the time of injury
(Hirad et al., 2019). Despite this, an OI group is more clinically relevant
than a typically developing group, which does not serve the practical
need for distinguishing between patients who sustained a TBI versus
other injuries.

In contrast to the lack of group differences, we did find the expected
variations in white matter diffusion that occur with maturation.
Increases in FA and decreases in MD in most white matter regions
during childhood and adolescence have been reported in studies of
typical development (Lebel et al., 2019). While not always linear,
changes can vary regionally and temporally (Lebel et al., 2019;
Tamnes et al., 2018), consistent with the current findings. The sex
differences we found (see Fig. 2), including reduced MD in the left
cingulum cingulate and inferior frontal-occipital fasciculus in girls
compared to boys, also have been demonstrated in typical development
(Lebel et al., 2019; Tamnes et al., 2018). However, our analyses in-
dicated that neither age nor sex moderated post-acute outcomes in
white matter microstructure following mild TBI compared to OI. Fur-
ther assessment of white matter microstructure at a later time post-
injury, especially using a longitudinal approach, would more clearly
establish whether mild TBI disrupts typical white matter development.

Children with mild TBI had more severe PCS than children with OI
within 2 weeks post-injury, but not at 3- or 6-months post-injury. Post-
acute white matter microstructure in a number of different tracts ro-
bustly and positively predicted chronic (i.e., 3 and 6 month post-injury)
PCS (see Fig. 3). However, post-acute diffusion metrics were less ro-
bustly associated with post-acute PCS, with only one association re-
maining significant after correction for multiple comparisons. Post-
acute diffusion metrics have not consistently been correlated with early
post-injury symptoms (Babcock et al., 2015; Chu et al., 2010;
Mac Donald et al., 2019; Murdaugh et al., 2018; Mustafi et al., 2018;
Wilde et al., 2008). In contrast, DTI metrics have proven to be more
predictive of long-term outcomes in pediatric TBI than conventional
neuroimaging (Galloway et al., 2008; Königs et al., 2018). This is the
first published study to examine the relations between early post-acute
DTI metrics and PCS severity after mild TBI at 3 and 6 months post-
injury. Further investigation of longitudinal changes in DTI metrics
would be beneficial in elucidating whether children with mild TBI who
show more severe PCS at 6 months post-injury also demonstrated more
persistent alterations in diffusion metrics across recovery.

While the current study provided a much-needed examination of
post-acute white matter microstructure in children with mild TBI versus
OI, several study limitations must be acknowledged. The variance in
diffusion metrics across sites was unsurprising. Different collection
platforms can introduce systematic differences that distort diffusion
MRI and can confound results from subsequent, automated processing
pipelines. Variability in diffusion data can be introduced in multi-site
studies through the use of scanners and scanning platforms from dif-
ferent vendors (Lebel et al., 2019). Even data from single-site studies of
a single MRI scanner can be influenced by changes in hardware or
software upgrades that can occur over the course of data collection.

Although image quality was controlled in the current study, motion
artifact is of considerable concern in MRI studies (Reuter et al., 2015),
particularly those involving children with neurodevelopmental pro-
blems (Afacan et al., 2016; Brown et al., 2010; Rauch, 2005). Im-
pulsivity and hyperactivity, both of which are associated with increased
risk for TBI in children (Gerring et al., 1998; Lee et al., 2008), have been
linked with more severe motion artifacts in youth with attention-def-
icit/hyperactivity disorder (ADHD; Rauch, 2005). Age is also related to
extent of motion artifact in children, with younger children generally

showing greater motion artifact than older children (Blumenthal et al.,
2002; Goodrich-Hunsaker et al., 2018; Roalf et al., 2016). However,
children with mild TBI did not demonstrate more motion from those
with OI in a subset of the current sample (Goodrich-Hunsaker et al.,
2018).

We attempted to account for multiple comparisons using FDR, but
this reduced our power to detect differences. Future research with a
larger sample size would be beneficial. Finally, the current study only
examined white matter diffusion at a single time. Injury-related
changes might be more readily detected at more remote times post-
injury. Further research that included longitudinal neuroimaging would
be beneficial.

In summary, the current results suggest that, at a group level, white
matter microstructure is not disrupted by uncomplicated mild TBI in
the first couple weeks following injury. However, early diffusion
characteristics were predictive of post-injury PCS severity, suggesting
the potential prognostic utility of this advanced MRI technique. The
results highlight the need for longitudinal neuroimaging studies of
pediatric mild TBI, to determine whether changes in white matter mi-
crostructure can be detected over time, especially among children who
are slow to recover after mild TBI.
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