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Traumatic brain injury (TBI) is the leading cause of death and disability in children and can lead to awide range of
impairments. Brain imaging methods such as DTI (diffusion tensor imaging) are uniquely sensitive to the white
matter (WM) damage that is common in TBI. However, higher-level analyses using tractography are complicated
by the damage and decreased FA (fractional anisotropy) characteristic of TBI, which can result in premature tract
endings. We used the newly developed autoMATE (automated multi-atlas tract extraction) method to identify
differences in WM integrity. 63 pediatric patients aged 8–19 years with moderate/severe TBI were examined
with cross sectional scanning at one or two time points after injury: a post-acute assessment 1–5 months post-
injury and a chronic assessment 13–19 months post-injury. A battery of cognitive function tests was performed
in the same time periods. 56 childrenwere examined in thefirst phase, 28 TBI patients and 28healthy controls. In
the second phase 34 childrenwere studied, 17 TBI patients and 17 controls (27 participants completed both post-
acute and chronic phases).We did not find any significant group differences in the post-acute phase. Chronically,
we found extensive group differences, mainly for mean and radial diffusivity (MD and RD). In the chronic phase,
we found higherMD and RD across a wide range ofWM. Additionally, we found correlations between theseWM
integrity measures and cognitive deficits. This suggests a distributed pattern of WM disruption that continues
over the first year following a TBI in children.

© 2015 The Authors. 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/).
1. Introduction

Traumatic brain injury (TBI) is associated with widespread disrup-
tions in white matter (WM) integrity, partly due to traumatic axonal
injury (TAI). Intact WM is critical for efficient, healthy brain function,
and increasing myelination of WM tracts continues well into the third
decade of life (Kochunov et al., 2012) and beyond. WM provides the
connections between nodes of distributed neural networks that support
higher cognitive processes. Given the long course of WM development
and maturation, a TBI during development could potentially delay or
alter WM maturation, and subsequently affect the cognitive functions
ity of Southern California, 2001
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supported by disrupted fiber tracts. Our study attempts to answer
some questions about how TBI during development impactsWM integ-
rity, and the extent towhich these disruptions are linkedwith cognitive
impairment following TBI.

TAI is linked to a wide range of impairments and is a progressive
process, but TAI can only be diagnosed with certainty post mortem
(Büki and Povlishock, 2006). While traditional computed tomography
(CT) and magnetic resonance imaging (MRI) methods can detect TAI,
recent studies have suggested the need for diffusion weighted imaging
(DWI) as well (Xu et al., 2007; Lee et al., 2008). DWI methods such as
high angular resolution diffusion imaging (HARDI) combined with
tractography allow us to visualize axonal pathways in vivo and assess
their microstructural integrity. Fractional anisotropy (FA), the degree
to which water diffuses preferentially in one direction (along axons),
is the most common measure of WM integrity. Generally, higher FA
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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means bettermyelinated, more highly developed tracts (Thomason and
Thompson, 2011), although there are exceptions to this rule (Budde
et al., 2011). FA is a scalar value between 0 and 1 that describes the
degree to which water is diffusing in a primary direction (anisotrop-
ic) versus all directions equally (isotropic), calculated by this equa-
tion:

FA ¼
ffiffiffi
3
2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1−λ̂Þ2 þ ðλ2−λ̂Þ2 þ ðλ3−λ̂Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2
1 þ λ2

2 þ λ2:
3

q

To better understand factors that might contribute to differences in
FA, we also analyzed various component and related measures: axial
diffusivity (AD — a measure of diffusivity along the principal direction
of diffusion, λ1 ), radial diffusivity (RD — average of the diffusivity
along the other two eigenvectors, average of λ2 and λ3), and mean dif-
fusivity (MD— average of diffusivity in all directions, also called ADC—

apparent diffusion coefficient, λ̂). A decrease in FA could be caused by a
decrease in AD, which may suggest axonal degeneration (although this
is a difficult measure to interpret), or it could also be caused by an in-
crease in RD, which would suggest myelin damage (Budde et al.,
2011; Mac Donald et al., 2007). Prior studies examining WM integrity
following TBI have largely found decreased FA and increased RD, sug-
gesting the latter interpretation (Farbota et al., 2012; Caeyenberghs
et al., 2011; Dinkel et al., 2014; Ewing-Cobbs et al., 2008; Oni et al.,
2010), two of these studies focused on pediatric patients (Ewing-
Cobbs et al., 2008; Oni et al., 2010).

Immediately after TBI, FA tends to increase and ADC (MD) decreases,
likely reflecting edema and inflammation (Wilde et al., 2008;
Yallampalli et al., 2013; Barzó et al., 1997; Marmarou et al., 2006). In
the post-acute (or sub-acute) and chronic phases of TBI, FA decreases,
and MD and RD increase (Xu et al., 2007; Farbota et al., 2012;
Caeyenberghs et al., 2011; Dinkel et al., 2014; Ewing-Cobbs et al.,
2008; Oni et al., 2010; Wozniak et al., 2007; Yuan et al., 2007; Sidaros
et al., 2008; Levin et al., 2008; Bendlin et al., 2008; Greenberg et al.,
2008; Wu et al., 2010; Caeyenberghs et al., 2010; Pal et al., 2012;
Wilde et al., 2012).While there is a considerable amount of heterogene-
ity across patients, the corpus callosum is themost commonly reported
area of disruption (Xu et al., 2007; Farbota et al., 2012; Caeyenberghs
et al., 2011; Dinkel et al., 2014; Ewing-Cobbs et al., 2008; Yuan et al.,
2007; Sidaros et al., 2008; Levin et al., 2008; Bendlin et al., 2008; Wu
et al., 2010; Wilde et al., 2012), with studies reporting widespread
decreases in FA and increases in RD and MD in the post-acute and
chronic phases of TBI. Studies have also reported disrupted integrity in
the internal (Xu et al., 2007; Yuan et al., 2007; Sidaros et al., 2008;
Levin et al., 2008; Bendlin et al., 2008; Wilde et al., 2012) and external
capsules (Xu et al., 2007; Bendlin et al., 2008), the cingulum bundle
(Bendlin et al., 2008; Pal et al., 2012; Wilde et al., 2012), cingulate
gyrus (Xu et al., 2007; Wilde et al., 2012), fornix (Xu et al., 2007;
Yallampalli et al., 2013; Pal et al., 2012; Wilde et al., 2012), thalamus
(Bendlin et al., 2008;Wilde et al., 2012), superior longitudinal fasciculus
(Xu et al., 2007; Farbota et al., 2012; Yuan et al., 2007; Bendlin et al.,
2008; Pal et al., 2012), inferior fronto-occipital fasciculus (Bendlin
et al., 2008; Pal et al., 2012), centrum semiovale (Yuan et al., 2007;
Sidaros et al., 2008; Wilde et al., 2012), posterior thalamic radiations
(Caeyenberghs et al., 2010; Pal et al., 2012), optic radiations (Farbota
et al., 2012; Wu et al., 2010), and cerebral peduncles (Sidaros et al.,
2008; Bendlin et al., 2008). Taking a broader view of WM integrity,
the frontal (Oni et al., 2010; Wozniak et al., 2007; Levin et al., 2008;
Wilde et al., 2012), temporal (Levin et al., 2008; Wilde et al., 2012), pa-
rietal (Wilde et al., 2012), and occipital lobes (Wilde et al., 2012) have
all been shown to have disrupted WM. Numerous investigations of
pediatric patients have shown how TBI during development impacts
WM integrity and development (Ewing-Cobbs et al., 2008; Oni et al.,
2010; Yallampalli et al., 2013; Wozniak et al., 2007; Yuan et al., 2007;
Levin et al., 2008; Wu et al., 2010; Caeyenberghs et al., 2010; Wilde
et al., 2012, 2011). Longitudinal studies are fewer, but are important
for determining how TBI impacts development. Wu et al. (2010)
assessed 23 moderate/severe TBI participants (msTBI) and 25 with or-
thopedic injury (OI) between ages 7 and 17 years old at 2 time-
points — 3 months post-injury and 18 months post-injury (Wu et al.,
2010). At 3 months, they found lower FA and higher ADC in the whole
corpus callosum, as well as the sub-divisions — the genu, body, and
splenium. At 18 months, these differences largely persisted. While
they foundnogroupdifferences in processing speed, they didfindan as-
sociation between FA and processing speed at both time points. In an-
other study of an overlapping cohort, Wilde et al. using TBSS found
wide areas of lower FA at 3 months, while ADC differences were more
prominent at 18 months (Wilde et al., 2012). Longitudinally, the OI
group showed increases in FA, as expected with continued maturation,
while the moderate/severe (msTBI) group showed FA decreases and
ADC increases, indicating continuing degeneration, although there
were some areas of ADC decrease. Depending on the type, location,
and severity of the injury, pre-existing conditions, home support, and
numerous other factors, these measures can be quite heterogeneous
across TBI patients.

We examined TBI at two distinct, circumscribed time points
post-TBI in a large, pediatric cohort. In this study, we examined
pediatric (8–19 years old) msTBI participants in the post-acute
phase (1–5 months post-injury) and again in the chronic phase
(13–19months post-injury). We used high angular resolution diffusion
imaging (HARDI) for improved resolution of crossing fibers, and a
newly developed method for fiber extraction and tractography, auto-
MATE (automated multi-atlas tract extraction) (Jin et al., 2012, 2013,
2014). We expected that these advanced methods would enable us to
detect more subtle disruptions than are detectable with existing
methods. We hypothesized that we would find decreased white matter
integrity in the TBI group, especially in the corpus callosum, but in
peripheral tracts as well. We hypothesized that disruptions found in
the post-acute phase would progress in the chronic phase, and that
these disruptions would be related to cognitive deficits. If our hypothe-
ses are correct this method of analyzing DTI data may prove useful as
a biomarker of recovery and a target of interventions.

2. Methods

2.1. Participants

TBI participants were recruited from 4 Pediatric Intensive Care
Units (PICUs) located in Level 1 Trauma Centers in Los Angeles
County. In these institutions, patients with moderate or severe TBI are
routinely admitted to the PICU. The Study or Site Coordinator discussed
the investigation with the parents of patients, gave them an IRB
approved brochure about the study and obtained permission for the in-
vestigators to contact them upon discharge. Thirty-five percent of pa-
tients whose parents agreed to be contacted while the child was in
the PICU participated in this study. Out of 114 families contacted at
the PICUs, 27 were lost to contact (kept canceling/rescheduling), 21
did not qualify because they did not meet the criteria (GCS greater
than 12, English skills not sufficient, ADHD, learning disability, braces,
etc.), 25were not interested, and 37 are participating and 4 are pending.
Healthy controls, matched for age, sex, and educational level, were
recruited from the community through flyers, magazines, and school
postings. We studied 28 children with moderate to msTBI and 28
healthy control children in the post-acute phase (1–5 months post
injury) and evaluated 17 msTBI and 17 healthy control children in the
chronic phase (13–19 months post-injury). Several participants were
only scanned in the chronic phase, while a few scanned in the post-
acute phase were scanned outside the 1–5 month window, and were
thus not included in analyses. For those participants who completed
the longitudinal assessment, the chronic assessment was completed



Table 1
Demographics. Demographic information on the participants included. Information is
listed for both the post-acute phase (1–5 months post-injury), and the chronic phase
(13–19 months post-injury). We list the number of TBI and control participants in each
phase, the male/female ratio, and the average age of these groups (and standard
deviation).

Phase

Post-acute Chronic

TBI Control TBI Control

N 28 28 17 17
M/F 19/9 19/9 12/5 12/5
Age 14.0 (2.7) 14.7 (3.0) 16.0 (2.4) 16.4 (2.9)
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approximately 12 months after the post-acute assessment. Demo-
graphics of the participants included in cross-sectional analyses of the
post-acute and chronic phases are presented in Table 1. The injury
mechanisms for our TBI group were as follows: 28%motor vehicle acci-
dent (MVA) — pedestrian, 17% skateboard, 14% MVA — passenger, 10%
scooter, 7% bike, 7% blunt head trauma from sports, 3% assault, 3% skiing,
3% fall from ladder, 3% uncategorized fall, and 3% uncategorized blunt
head trauma.

2.1.1. Inclusion criteria
1) Non-penetrating msTBI (intake or post-resuscitation GCS score

between 3 and 12); 2) 8–19 years of age; 3) right-handed; 4) normal
visual acuity or vision corrected with contact lenses/eyeglasses; and
5) English skills sufficient to understand instructions and be familiar
with common words (the neuropsychological tests used in this study
presume competence in English).

2.1.2. Exclusion criteria
1) History of neurological illness, such as priormsTBI, brain tumor or

severe seizures; 2) motor deficits that prevent the subject from being
examined in an MRI scanner (e.g. spasms); 3) history of psychosis,
ADHD, Tourette3s Disorder, learning disability, mental retardation,
autism or substance abuse. These conditionswere identified by parental
report and are associated with cognitive impairments that might
overlap with those caused by TBI. Participants were excluded if they
had metal implants that prevented them from safely undergoing an
MRI scan.

2.2. Scan acquisition

Participants were scanned on 3T Siemens Trio MRI scanners with
whole brain anatomical and 66-gradient high angular resolution diffu-
sion imaging (HARDI). Diffusion-weighted images (DWI)were acquired
with the following acquisition parameters: GRAPPAmode; acceleration
factor PE = 2; TR/TE = 9500/87 ms; FOV = 256 × 256 mm; isotropic
voxel size = 2 mm. 66 images were collected per subject: 2 b0 and 64
diffusion-weighted (b = 1000 s/mm2).

2.3. Scan comparison

Part-way through the study, scanning moved from the UCLA
Brain Mapping Center (BMC) to the Staglin IMHRO Center for Cognitive
Neuroscience (Staglin). Both scanners were 3T Siemens Trio scanners,
and the protocol was maintained. To determine that this scanner
change did not introduce bias into our data, we scanned 6 healthy
adult volunteers at both the BMC and Staglin centers, 1.5 months
apart, as well as a DTI phantom, purchased specifically to gauge the im-
pact of the scanner change on standard metrics from DTI. We then
assessed possible bias in both the DTI and T1-weighted images. To
assess sources of bias in the DTI data, we ran our autoMATE method
on the subjects, giving us comparable data on the WM integrity across
the fiber indices. We then ran a 2-tailed paired t-test on these data
files for the 6 subjects, and detected no significant effect of scanner.

For the T1-weighted images, we first compared the bias maps using
the nu_estimate tool from the MINC Tool Kit (http://www.bic.mni.
mcgill.ca/ServicesSoftware/ServicesSoftwareMincToolKit). After N3
correction, which is a standard pre-processing step for T1-weighted
images to correct for variation in image intensity, we calculated the
residual intensity correction field on both the BMC and Staglin files.
Our aim here was to determine if there was significant scanner induced
bias in the image intensity, which can affect image registration and vol-
ume calculations. The comparison revealed no detectable pattern in the
difference between the intensity correction fields above noise, except in
the cerebellum, where there appeared to be scanner induced differ-
ences in image intensity even after N3 correction. Future studies of
regional volume in this cohort will exclude the cerebellum for this
reason, or limit analyses to subjects scanned at only one scanner.

In addition to the bias maps, we investigated possible differences
in computed regional brain volume. To do this, we completed our
tenser-based morphometry workflow (Hua et al., 2008), which we
have applied to over 4000 scans as part of the ADNI project. Briefly,
we N3-corrected and created masks of the files. One subject was select-
ed to be the study specific template, as that has been shown to improve
registration. The other 5 subjects were linearly registered to this subject
using flirt with 6 DOF. Once subjects3 scans were co-registered they
were masked, using the same subject-specific mask for the BMC and
Staglin data to ensure comparability around the edges of the brain.
Each subject3s BMC scan was non-linearly registered to their Staglin
scan (32 FFT × 300 iterations). The inter-subject displacement vector
field UInter

n 5 (ux, uy, uz), obtained from this step, was then applied
to transform the Jacobian change map of each subject3s BMC T1-
weighted image to the brain coordinate defined by that subject3s Staglin
T1-weighted image. In this way, we generatedmaps of the regional vol-
ume difference between T1-weighted images of the two scanners.
These Jacobians were averaged across subjects, and the resulting
image indicated that, again, therewas no pattern above noise indicating
a significant effect of scanner, with the exception of the cerebellum.

At this point, we also created a minimal deformation template
(MDT) from our volunteer subjects. The MDT is the template that devi-
ates least from the anatomy of the subjects, and, in some circumstances,
it can improve statistical power to detect regional brain differences
(Leporé et al., 2007). The N 3D vector fields that fluidly registered a spe-
cific individual to all other N subjects were averaged and applied to that
subject, preserving the image intensities and anatomical features of the
template subject. We then non-linearly registered the T1-weighted im-
ages from the BMC and Staglin scanners to theMDT in the samemanner
as above, generating Jacobian maps indicating the regional volume dif-
ference between each T1-weighted image and the MDT. These were
then entered into a voxel-wise linear regression testing the association
between regional volume and age (separately for the BMC and Staglin
data), with the simple aim of checking whether the statistical maps
differed between BMC and Staglin. Again, the resulting statistical files
were similar, indicating that there was no detectable statistical bias
introducedby the scanner effect. These tests together give us confidence
that the change in scanner did not introduce any additional source of
noise or bias. Even so, in our analyses we did include a covariate for
scanner in our regression models.
2.4. Cognitive measures

Participants completed a battery of cognitive tests at both time 1 and
time 2. Age-based standardized or scaled scores were used from the
following measures: the CVLT-C (California Verbal Learning Test,
Children3s Version) (Delis et al., 1994) or the CVLT-II (California Verbal
Learning Test — Second Edition — for participants aged 16 years and
older), D-KEFS Verbal Fluency, Color–Word Interference Subtest, Trail
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Making Test (Delis et al., 2001), WISC-IV or WAIS-II Processing Speed
Index (PSI) (Wechsler, 2003), and WISC-IV or WAIS-III Working Mem-
ory Index (WMI) (Wechsler, 2003). The CVLT (child or adult version)
Trials 1–5 score assesses verbal learning and short-term memory. The
Verbal Fluency (total correct) measure assesses executive functioning
and linguistic skills. On the Color–Word subtest, the Stroop-like condi-
tion required participants to inhibit overlearned responses by naming
colors instead of reading words. Condition 4 of the Trail Making Test
was a measure of switching attention. The WISC and WAIS based Pro-
cessing Speed Index was comprised of the Coding and Symbol Search
subtests. For the Working Memory Index, the Digit Span and the Let-
ter–Number Sequencing subtests were included. Of note, however, the
WAIS-III WMI requires a third subtest to be administered to derive the
Index score; instead, the average of the Digit Span and Letter–Number
Sequencing scaled scores were added to the latter to derive WMI only
on the WAIS-III.

2.5. Tractography

AutoMATE (automated multi-atlas tract extraction), developed by
our laboratory, is described fully in prior papers (Jin et al., 2012, 2013,
2014). The workflow is shown in Fig. 1. HARDI images were corrected
for eddy-current induced distortions using the FSL tool “eddy_correct”
(http://fsl.fmrib.ox.ac.uk/fsl/). DWI scans were skull-stripped using
“BET”. FA and MD maps were computed using “dtifit”. Whole-brain
tractography was performed with Camino (http://cmic.cs.ucl.ac.uk/
camino/). The maximum fiber turning angle was set to 35°/voxel to
limit biologically implausible results, and tracing stopped when frac-
tional anisotropy (FA) dropped below 0.2, as is the standard in the field.

2.6. Fiber clustering and label fusion

As part of autoMATE, five WM tract atlases were constructed from
healthy young adults3 (20–30 years old) HARDI data, as detailed further
in prior papers (Jin et al., 2012, 2013, 2014). The atlas, based on the
“Eve” brain atlas (Zhang et al., 2010a), includes 18 major WM tracts:
the anterior thalamic radiation (left and right — atr_l and atr_r),
corticospinal tract (left and right — cst_l and cst_r), cingulum (left and
right — cgc_l and cgc_r), inferior fronto-occipital fasciculus (left and
right — ifo_l and ifo_r), inferior longitudinal fasciculus (left and
right — ilf_l and ilf_r), arcuate fasciculus (left only — slf_l, as the right
slf is too asymmetric for population studies to be practical (Catani
et al., 2007)), fornix, and corpus callosal tracts divided into 6 segments—
frontal, precentral gyrus, postcentral gyrus, parietal, temporal, and
occipital. The Eve atlas was registered, linearly and then non-linearly,
Fig. 1. Workflow. The workflow of autoMATE, described in the methods sect
to each subject3s FA map using ANTs (Advanced Normalization Tools
(Avants et al., 2011)) and its ROIs were correspondingly warped to ex-
tract 18 tracts of interest for each subject based on a look-up table
(Zhang et al., 2010b). Each subjects3 FA map was further registered
non-linearly to each of the 5manually constructed atlases. Registrations
were visually inspected for quality. We refined fiber extractions of each
tract based on the distance between the corresponding tract of each
atlas and the subject3s fiber candidates from ROI extraction. Individual
results from the 5 atlases were fused. We visually inspected the
resulting fiber bundles. For each of the 18 WM tracts, we selected one
example subject to display results of group analyses.

2.7. Fiber tracking

As TBI can lead to decreases in FA, and can cause difficulties in track-
ing fibers in TBI (Xu et al., 2007), this can lead to an issue with some
methods that more severely disrupted areas are skipped in analysis,
which could bias results or give researchers an incomplete picture. As
with other methods, diffusivity measures are assessed along the fibers,
but unlike other methods, our group comparisons are not constrained
to where fibers were reconstructed. In an area of low FA, where a fiber
might be dropped, the FA at the point in the registered FA map is used
for group comparison. Diffusivitymeasures at the point are interpolated
to subvoxel resolution. The fiber maps are used to generate standard-
ized spaces in which to conduct group comparisons, and allow us to
state that our results indeed belong to tract A vs. tract B, but the group
comparisons do not depend on these fiber tracts. All subjects are com-
pared in the space of one subject3s fiber coordinates, after registering
each subject3s FA map to that example subject3s FA.

2.8. Group comparison

To limit our search area, as the fiber data results in N100,000 data
points, we averaged FA, MD, RD, and AD within each of the 18 tracts
and ran group analyses on those summary measures. FA was our
primary measure of interest, and pending significant results in FA, we
followed up with post hoc analyses of MD, RD and AD to determine
what was driving the results. These were corrected for multiple com-
parisons using the FDR method (false discovery rate) (Benjamini, and
Hochberg, 1995) (q b 0.05). We then followed up on those tracts
where we found significant differences in average diffusivity measures,
examining the point-wise data with a point-wise matching scheme
across the entire population (Jin et al., 2013, 2014). We ran an
element-wise linear regression testing for group differences, including
ion and in further detail in Jin et al. (2013) (Jin et al., 2012, 2013, 2014).
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Table 2
Tract average results — postacute. The results of the group analysis of the tract averages,
corrected formultiple comparisons,withinmeasure, using FDR (q b 0.05). Diffusivitymea-
sures were averaged within tracts, these were used as a starting point for the analysis to
contain the search space. Group averages (and SD in parentheses) are shown for FA,
MD, RD, and AD across the 18 tracts tested; those that survived FDR are presented in bold-
face. Cohen3s d is also reported for those showing a significant group difference. Tracts
whose average diffusivity measures were significantly different between groups were
followed up for whole-tract analyses.

Postacute

FA

Control TBI Cohen3s d

CC_frontal 5.94E-01 (3.84E-02) 5.69E−01 (3.10E−02) −
CC_prcg 5.88E-01 (4.45E-02) 5.80E-01 (3.72E−02) −
CC_pocg 5.57E-01 (4.86E-02) 5.48E−01 (4.24E−02) −
CC_parietal 5.79E-01 (4.29E-02) 5.72E−01 (3.60E−02) −
CC_temporal 6.55E-01 (6.01E-02) 6.42E−01 (3.26E−02) −
CC_occipital 6.68E-01 (6.42E-02) 6.49E−01 (5.53E−02) −
Atr_l 4.71E-01 (2.59E-02) 4.53E−01 (4.42E−02) −
Atr_r 4.87E-01 (3.03E-02) 4.71E−01 (4.27E−02) −
Cgc_l 4.87E-01 (3.53E-02) 4.75E−01 (4.01E−02) −
Cgc_r 4.63E−01 (3.58E−02) 4.45E−01 (5.45E−02) −
Cst_l 5.72E−01 (2.63E−02) 5.62E−01 (3.27E−02) −
Cst_r 5.86E−01 (4.82E−02) 5.79E−01 (4.00E−02) −
Ifo_l 5.16E−01 (3.27E−02) 4.84E−01 (3.86E−02) 0.89
Ifo_r 5.09E−01 (4.29E−02) 4.86E−01 (4.74E−02) −
Ilf_l 5.37E−01 (3.57E−02) 5.00E−01 (4.30E−02) 0.94
Ilf_r 5.13E−01 (5.04E−02) 4.83E−01 (4.56E−02) −
Slf_l 4.84E−01 (3.38E−02) 4.68E−01 (4.31E−02) −
Fornix 3.85E−01 (4.51E−02) 3.56E−01 (6.13E−02) −
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age, sex and scanner as covariates. This was run separately for the post-
acute and chronic data. Resultswere corrected formultiple comparisons
using FDR across all points on those tracts tested (q b 0.05). To be clear,
these were not corrected across all 100,000+ data points for FA, and
300,000+ data points for MD/RD/AD; they were just corrected across
tracts whose average results merited follow-up.

2.9. Cognitive analyses

Similar to our group analysis, we began our analysis of cognitive
correlates of the diffusivity measures by examining the average
tract measures. From there, we followed up on the tracts that
showed significant differences in average diffusivity to the whole-
tract data. For this analysis we ran an element-wise linear regression
testing for association between the cognitive measures and the diffu-
sivity measures along the tracts, including age, sex, scanner, and
group as covariates. TBI and control subjects were run together, but
all results were followed up in each group separately as well. Results
were corrected for multiple comparisons using FDR across all points
on all tracts tested across all cognitive measures tested (q b 0.05).
Again FA was our primary diffusivity measure of interest, and MD,
RD, and AD were analyzed post hoc. We also tested whether GCS upon
hospital admission was associated with WM integrity (Glasgow Coma
Scale (Teasdale et al., 1979)).

To check for possible cohort effects, we tested for significant differ-
ences between the TBI patients included in the post-acute phase and
chronic phase. They did not differ significantly in sex distribution
(p = 0.85), severity, as measured by GCS upon hospital admission
(p = 0.76), or focal lesions (p N 0.05 for contusions, subdural hemato-
ma, subarachnoid hemorrhage, intracerebral hematoma, or epidural
hematoma).

3. Results

3.1. Post-acute

When examining averaged FA, MD, RD, and AD across all 18
tracts, we found significantly lower average FA in the TBI group in
the ifo_l and ilf_l (crit. FDR threshold = 0.0043, Table 2). Upon
follow-up of the tracts element-wise, there were no significant
differences that survived correction for multiple comparisons. We
did not find any differences in our post hoc analyses of RD, MD, or
AD in the initial tract average analysis. We also tested whether the
time since injury (number of weeks between injury and time 1
assessment) was associated with any measure of WM integrity. We
detected no significant associations between time since injury and
WM integrity.

3.2. Chronic

In the chronic phase, we again started with tract averages, finding
differences in average FA in a number of tracts, as well as our post
hoc analyses of RD, MD, and AD. For average FA, we found lower
average FA in TBI in the cc_frontal, cc_temporal, cgc_l, cgc_r, cst_r,
ifo_r, and ilf_r (crit. FDR threshold = 0.0175). We found greater av-
erage RD in TBI in the cc_frontal, cc_parietal, cc_temporal,
cc_occipital, cc_prcg, atr_l, atr_r, cgc_l, cgc_r, cst_r, ifo_r, ilf_l, ilf_r,
and fornix (crit. FDR threshold = 0.032). Similarly, we found greater
average MD in TBI in all of the tracts listed above, as well as the
cc_pocg and cst_l (corrected for multiple comparisons along with
RD and AD). For AD, we found greater average AD in TBI in the
cc_occipital, atr_l, atr_r, ifo_r, ilf_l, ilf_r, and fornix (corrected for
multiple comparisons along with RD and MD). Average diffusivity
measures, as well as standard deviation and Cohen3s d for both
groups across tracts showing significant group differences are
shown in Table 2 and Table 3.
We then followed up on these measures in these tracts element-
wise. We found much more extensive differences in the chronic phase
than the post-acute phase generally. RD and MD differences were
much more pronounced than differences in AD, with only a few tracts
showing significant differences in AD in limited areas. There were no
significant differences in FA element-wise. As nearly all of the tracts
showed RD and MD effects, we will break down our discussion of
these results into the commissural, association, and projection tracts.
These results are shown in Table 4.

We also tested whether time since injury (number of weeks be-
tween injury and time 2 assessment) was associated with any measure
of WM integrity. There were no significant associations detected
between time since injury and WM integrity.

3.2.1. Commissural tracts
In the CC_frontal segment, we saw extensive regions of greater MD

and RD in TBI specifically in the lateral projections of the body and
genu, rather than the body itself (Fig. 2). In the CC_prcg segment, we
found greater MD and RD in TBI again in the lateral projections from
the body. Similarly in the CC_pocg segment, we found greater MD in
TBI in the lateral projections. In the CC_parietal this pattern held, with
greater MD and RD in TBI in the lateral projections. In the CC_temporal
segment, we found greater MD and RD in the projections of the
splenium; results appeared more pronounced in the right hemisphere.
In the CC_occipital segment, we found greater MD and RD in the projec-
tions of the splenium, and the forcepsmajor. These results can be seen in
Fig. 3.

3.2.2. Association tracts
The TBI grouphad greaterMD andRD along the cingulum, bilaterally

(cgc_l and cgc_r), with the most pronounced results in the parietal as-
pect. In the ifo_r, we found greater RD and MD along the ifo_r, with
the most pronounced results in the posterior, parietal aspect of the
tract. In the ilf_l, the TBI group had greater MD in the anterior aspect
of the tract, as well as a cluster running along the inferior aspect of the
tract. In the ilf_r, the TBI group had small, scattered regions of greater



Table 3
Tract average results— chronic. The results of the group analysis of the tract averages, corrected formultiple comparisons, withinmeasure, using FDR (q b 0.05). Diffusivitymeasureswere
averagedwithin tracts, thesewere used as a starting point for the analysis to contain the search space. Group averages (and SD in parentheses) are shown for FA,MD, RD, andADacross the
18 tracts tested; those that survived FDR are presented in boldface. Cohen3s d is also reported for those showing a significant group difference. Tracts whose average diffusivity measures
were significantly different between groups were followed up for whole-tract analyses.

Chronic

FA MD RD AD

Control TBI Cohen3s
d

Control TBI Cohen3s
d

Control TBI Cohen3s
d

Control TBI Cohen3s
d

CC_frontal 5.96E−01
(1.92E−02)

5.59E−01
(3.15E−02)

1.42 7.35E−04
(1.68E−05)

7.75E−04
(2.92E−05)

−1.68 4.60E−04
(1.98E−05)

5.13E−04
(4.12E−05)

−1.63 1.27E−03
(2.89E−05)

1.28E−03
(3.45E−05)

−

CC_prcg 5.90E−01
(2.54E−02)

5.56E−01
(4.86E−02)

− 7.88E−04
(2.29E−05)

8.20E−04
(3.04E−05)

−1.20 5.11E−04
(2.71E−05)

5.55E−04
(5.50E−05)

−1.03 1.35E−03
(4.78E−05)

1.35E−03
(5.96E−05)

−

CC_pocg 5.53E−01
(3.46E−02)

5.23E−01
(5.44E−02)

− 8.26E−04
(3.97E−05)

8.52E−04
(4.65E−05)

−0.61 5.61E−04
(4.82E−05)

5.97E−04
(6.58E−05)

− 1.37E−03
(5.57E−05)

1.36E−03
(8.04E−05)

−

CC_parietal 5.84E−01
(2.35E−02)

5.54E−01
(4.46E−02)

− 7.79E−04
(2.12E−05)

8.08E−04
(3.75E−05)

−0.95 4.95E−04
(2.72E−05)

5.36E−04
(4.99E−05)

−1.03 1.34E−03
(4.03E−05)

1.33E−03
(6.58E−05)

−

CC_temporal 6.79E−01
(2.20E−02)

6.41E−01
(4.80E−02)

1.02 8.41E−04
(5.42E−05)

8.99E−04
(8.75E−05)

−0.79 4.89E−04
(4.58E−05)

5.58E−04
(9.79E−05)

−0.89 1.56E−03
(8.33E−05)

1.59E−03
(8.51E−05)

−

CC_occipital 6.72E−01
(3.44E−02)

6.55E−01
(5.44E−02)

− 7.55E−04
(1.70E−05)

7.91E−04
(5.07E−05)

−0.95 4.26E−04
(2.73E−05)

4.65E−04
(6.96E−05)

−0.73 1.41E−03
(4.53E−05)

1.44E−03
(4.76E−05)

−0.67

Atr_l 4.70E−01
(1.73E−02)

4.62E−01
(2.29E−02)

− 6.98E−04
(1.28E−05)

7.26E−04
(2.40E−05)

−1.47 5.06E−04
(1.35E−05)

5.33E−04
(2.86E−05)

−1.19 1.06E−03
(1.80E−05)

1.09E−03
(2.23E−05)

−1.18

Atr_r 4.95E−01
(1.84E−02)

4.79E−01
(2.53E−02)

0.72 6.83E−04
(1.40E−05)

7.02E−04
(2.92E−05)

−0.85 4.84E−04
(1.77E−05)

5.08E−04
(3.26E−05)

−0.91 1.05E−03
(2.38E−05)

1.08E−03
(2.15E−05)

−1.03

Cgc_l 4.94E−01
(3.07E−02)

4.67E−01
(3.02E−02)

0.89 7.07E−04
(2.14E−05)

7.45E−04
(2.96E−05)

−1.46 5.04E−04
(2.97E−05)

5.44E−04
(3.49E−05)

−1.22 1.06E−03
(3.59E−05)

1.08E−03
(3.81E−05)

−

Cgc_r 4.80E−01
(2.78E−02)

4.45E−01
(3.00E−02)

1.21 6.89E−04
(2.55E−05)

7.15E−04
(2.89E−05)

−0.97 4.97E−04
(3.00E−05)

5.36E−04
(3.16E−05)

−1.27 1.01E−03
(3.89E−05)

1.02E−03
(4.63E−05)

−

Cst_l 5.67E−01
(1.85E−02)

5.58E−01
(2.47E−02)

− 7.07E−04
(1.39E−05)

7.24E−04
(2.35E−05)

−0.86 4.68E−04
(1.89E−05)

4.84E−04
(2.82E−05)

− 1.20E−03
(3.02E−05)

1.22E−03
(3.08E−05)

−

Cst_r 5.95E−01
(1.91E−02)

5.75E−01
(2.54E−02)

0.89 6.81E−04
(1.89E−05)

7.01E−04
(2.45E−05)

−0.90 4.30E−04
(2.43E−05)

4.56E−04
(2.69E−05)

−1.04 1.19E−03
(2.45E−05)

1.20E−03
(3.60E−05)

−

Ifo_l 5.16E−01
(2.01E−02)

4.84E−01
(5.24E−02)

− 7.76E−04
(1.55E−05)

8.35E−04
(9.83E−05)

− 5.39E−04
(1.88E−05)

6.09E−04
(1.19E−04)

− 1.20E−03
(3.07E−05)

1.26E−03
(8.03E−05)

−

Ifo_r 5.22E−01
(1.68E−02)

4.96E−01
(2.36E−02)

1.27 7.55E−04
(1.88E−05)

7.96E−04
(3.17E−05)

−1.56 5.24E−04
(1.64E−05)

5.68E−04
(3.40E−05)

−1.64 1.20E−03
(3.50E−05)

1.23E−03
(4.31E−05)

−

Ilf_l 5.36E−01
(1.99E−02)

5.03E−01
(5.34E−02)

− 7.68E−04
(1.58E−05)

8.27E−04
(5.75E−05)

−1.40 5.25E−04
(1.23E−05)

5.89E−04
(7.90E−05)

−1.13 1.22E−03
(4.34E−05)

1.28E−03
(6.00E−05)

−1.23

Ilf_r 5.22E−01
(2.10E−02)

5.00E−01
(2.84E−02)

0.88 7.61E−04
(2.02E−05)

8.01E−04
(3.72E−05)

−1.33 5.25E−04
(1.83E−05)

5.66E−04
(3.85E−05)

−1.36 1.20E−03
(4.17E−05)

1.24E−03
(5.39E−05)

−

Slf_l 4.86E−01
(2.89E−02)

4.66E−01
(5.71E−02)

− 7.11E−04
(1.72E−05)

7.62E−04
(8.07E−05)

− 5.20E−04
(2.82E−05)

5.68E−04
(9.50E−05)

− 1.07E−03
(2.30E−05)

1.13E−03
(6.09E−05)

−

Fornix 3.81E−01
(4.99E−02)

3.33E−01
(7.57E−02)

− 1.31E−03
(2.26E−04)

1.57E−03
(3.65E−04)

−0.86 1.07E−03
(2.38E−04)

1.35E−03
(3.87E−04)

−0.85 1.78E−03
(1.95E−04)

2.02E−03
(3.02E−04)

−0.92

Table 4
Chronic whole-tract results. Whole-tract differences in WM integrity between TBI and control in the chronic phase. For each tract investigated, the FDR threshold is given (we corrected
across all points on all tracts testedwithin diffusivitymeasure), theminimum p-value for group differences on each tract, and the percentage of the tract that passed the FDR threshold and
thus represents areas of significant differences between TBI and control.

FA MD RD AD

Cluster % tract sig. min. p FDR thresh. % tract sig. min. p FDR thresh. % tract sig. min. p FDR thresh. % tract sig. min. p FDR thresh.

CC_frontal − − − 4.8 1.1 × 10−7 0.0019 6.0 1.3 × 10−8 0.0019 − − −
CC_prcg − − − 1.7 3.5 × 10−5 0.0019 1.1 7.3 × 10−5 0.0019 − − −
CC_pocg − − − 3.9 1.8 × 10−6 0.0019 − − − − − −
CC_parietal − − − 6.3 9.0 × 10−8 0.0019 3.0 3.8 × 10−6 0.0019 − − −
CC_temporal − − − 2.0 1.1 × 10−5 0.0019 3.5 1.7 × 10−6 0.0019 − − −
CC_occipital − − − 5.4 1.8 × 10−5 0.0019 1.4 5.2 × 10−6 0.0019 0.83 4.6 × 10−7 0.0019
Atr_l − − − 7.3 4.9 × 10−7 0.0019 5.4 3.3 × 10−7 0.0019 1.9 8.8 × 10−7 0.0019
Atr_r − − − 3.0 1.4 × 10−5 0.0019 4.4 3.5 × 10−6 0.0019 0.08 8.5 × 10−5 0.0019
Cgc_l − − − 5.8 1.1 × 10−5 0.0019 2.9 2.0 × 10−5 0.0019 − − −
Cgc_r − − − 3.1 1.6 × 10−5 0.0019 4.6 4.3 × 10−6 0.0019 − − −
Cst_l − − − 0.33 9.7 × 10−5 0.0019 − − − − − −
Cst_r − − − 0.99 7.8 × 10−5 0.0019 1.6 7.1 × 10−5 0.0019 − − −
Ifo_l − − − − − − − − − − − −
Ifo_r − − − 6.0 7.9 × 10−7 0.0019 4.3 3.7 × 10−6 0.0019 − − −
Ilf_l − − − 12.0 1.9 × 10−7 0.0019 4.6 1.2 × 10−6 0.0019 1.8 0.00017 0.0019
Ilf_r − − − 2.5 1.7 × 10−5 0.0019 3.8 7.9 × 10−6 0.0019 − − −
Slf_l − − − − − − − − − − − −
Fornix − − − 0.038 0.0016 0.0019 0.08 0.0011 0.0019 0.19 0.0012 0.0019
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Fig. 2. Chronic results— frontal callosal segment.Whole-tract differences inMD, and RDbetween TBI and control in the chronic phase in the frontal callosal segment.We found higherMD
and higher RD in TBI in these tracts. The−log10 p-values are shown corresponding to the color bar, resultswere FDR corrected across all points on all tracts tested (those forwhomaverage
results indicated follow-up) (q b 0.05 MD/RD crit. p threshold = 0.0019).
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MD along the main body of the tract, with similar areas of greater RD.
These results are shown in Fig. 4. Differences in the fornixwereminimal
after correction, and thus are not pictured.

3.2.3. Projection tracts
The projection tracts investigated here were the corticospinal tract

(cst) and anterior thalamic radiation (atr). In the atr, the TBI group had
greater MD and RD in the anterior end of the left and right atr, in the
area of the anterior corona radiata. There were also small areas of higher
MD and RD in the cst_l and cst_r. These results can be seen in Fig. 5.
Fig. 3. Chronic results – other callosal segments. Whole-tract differences in MD between TBI a
higher RD in TBI in these tracts. RD results had similar localization to theMD results shownhere.
across all points on all tracts tested (those for whom average results indicated follow-up) (q b
3.3. Relationships to cognitive performance

The initial analysis of diffusivity tract averages revealed no asso-
ciations between post-acute cognitive scores and post-acute WM
measures. We did find significant associations between chronic cog-
nitive scores and chronic WM measures (Table 5). In the element-
wise analysis including all participants, the FDR crit. value for FA
was 0.0016, and for MD, RD, and AD it was 0.0067. Again, these
were corrected across all points on all tracts whose average results
merited follow-up. For all of these, higher FA, lower MD, lower RD,
nd control in the chronic phase in the other callosal segments. We found higher MD and
The−log10 p-values are shown corresponding to the color bar, resultswere FDR corrected
0.05, MD/RD crit. p threshold = 0.0019).

Image of Fig. 2


Fig. 4. Chronic results – association tracts. Whole-tract differences inMD between TBI and control in the chronic phase in association tracts. We found higher MD in TBI in these tracts, as
well as higher RD in similar areas. The−log10 p-values are shown corresponding to the color bar, results were FDR corrected across all points on all tracts tested (those for whom average
results indicated follow-up) (q b 0.05, MD crit. p threshold = 0.0019).
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and/or lower AD were associated with better cognitive performance.
We found significant associations between CVLT performance and FA
of the cst_r. For the inhibition task, we found significant associations
betweenMD, RD, and AD in the ifo_l, as well asMD and RD in the ilf_l.
We found associations between processing speed and FA in the ifo_l,
Fig. 5. Chronic results –projection tracts.Whole-tract differences inMDbetween TBI and contro
as higher RD in similar areas. The −log10 p-values are shown corresponding to the color bar,
results indicated follow-up) (q b 0.05, MD crit. p threshold = 0.0019).
cc_frontal, and cc_parietal, as well as the FA, MD, and RD of the
cc_prcg. For the working memory task, we found significant associa-
tions between performance and FA in the ifo_l, slf_l, and cc_parietal.
Lastly, for the Trails task, we found significant associations between
FA, MD, and RD in the cc_frontal, FA and RD in the cc_parietal and
l in the chronic phase inprojection tracts.We found higherMD inTBI in these tracts, aswell
results were FDR corrected across all points on all tracts tested (those for whom average



Table 5
Cognitive results. Summary table displayingwhich tracts, diffusivity measures, and cogni-
tive measures we found significant associations between. These are displayed in further
detail in Fig. 6 and Fig. 7. All associations were in the direction of better cognitive perfor-
mance linked with better WM integrity.

All participants

CVLT Inhibition PSI Trails WMI

Cst_r FA − − − −
Ifo_l − FA, MD, RD, AD FA − FA
Ilf_l − MD, RD − − −
Slf_l − − − − FA
CC_frontal − − FA FA, MD, RD −
CC_prcg − − FA, MD, RD − −
CC_parietal − − FA FA, RD FA
CC_temporal − − − FA, RD −
CC_occipital − − − RD −
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cc_temporal, and RD in the cc_occipital. These can be seen in Fig. 6.
When we followed up on these results in each group individually,
there were no significant results in either group, although there
were trend-level associations between inhibition and FA, MD, RD,
and AD, in the ifo_l and MD and RD in the ilf_l in the TBI group
(Fig. 7). Similarly thresholded maps for the control participants are
shown for comparison. GCS was not significantly associated with
tract averages post-acutely or chronically, so it was not followed up
for whole-tract analyses.

4. Discussion

In this study we used advanced tract analyses to assess WM disrup-
tion at two time points during the first year following TBI in pediatric
patients. Although TBI is a heterogeneous disorder, WM damage is a
hallmark found in the vast majority of cases (Hulkower et al., 2013).
The diffuse WM damage in TBI can complicate advanced analyses such
as tractography, as FA “dropouts” can lead to premature tract endings
(Xu et al., 2007). Here we present an application of a novel method
that allows us to assess WM integrity along tracts more robustly and
accurately. At the 12-month follow-up, we found significant group
differences inWM integrity between TBI and control participants across
the majority of tracts tested, however differences in the chronic phase
were largely in RD and MD, analyzed post hoc. We found no group
differences in the post-acute phase that survived correction.

The corpus callosum is one of the commonly reported and replicated
areas of WM disruption. Several other studies report lower FA in the
corpus callosum in pediatric TBI in the post-acute phase (Levin et al.,
2008; Wu et al., 2010; Wilde et al., 2012), and in adult TBI participants
in the post-acute phase (Farbota et al., 2012; Sidaros et al., 2008; Pal
et al., 2012). As the major commissural tract, the corpus callosum is
integral for coordinating activity across hemispheres. Thus, it is unsur-
prising that researchers have been able to link these characteristic
decreases in WM integrity of the corpus callosum in TBI to difficulty
with bimanual tasks (Caeyenberghs et al., 2011). Disruption in WM
following TBI occurs well beyond the corpus callosum, of course. De-
creased FA in the IFOF has also been previously reported in post-acute
TBI, in pediatric samples (Wilde et al., 2011), and in adult samples
(Farbota et al., 2012; Pal et al., 2012). The IFOF links the frontal and
occipital cortices, and while the exact functions of the IFOF remain
somewhat mysterious, it appears to play an important role in reading,
visual processing, and spatial attention (Catani, and de Schotten,
2012). Decreased FA in the ILF in TBI has been found in adults
(Farbota et al., 2012; Pal et al., 2012) and pediatric samples (Levin
et al., 2008), and has been linked with decreased performance on the
digit symbol substitution test (Pal et al., 2012). Connecting the occipital
lobe to the temporal lobes as well as the amygdala and hippocampus,
the ILF is critical for language functions, visual memory, face and object
perception, and reading (Catani and de Schotten, 2012).
We cannot interpret the null result in the post-acute phase as imply-
ing that there are no differences, we are just not able to detect them
with the current sample size and methods. We hypothesize that our
lack of findings in the post-acute phase is due to regional heterogeneity
in the TBI group in regard to where their white matter integrity is im-
pacted. In the post-acute phase, disruption is greatest close to the specif-
ic area of injury, but over the first year post injury, this disruption may
spread and becomeglobal. Thismay havemade group differences easier
to detect in the chronic phase. The absence of significant, detectable
group differences in the post-acute phase and significant differences
in the chronic phase suggests on-going divergence between the groups
during the first year post-TBI. This could happen for a number of rea-
sons. The healthy controls are still developing, so we expect their FA
to increasewith age, as it does appear in our data. Increasing divergence
between the groups could also be due to the TBI participants having
continual degeneration, or simply displaying slowed or plateauing
maturation, as a result of their injury. The lower WM integrity in TBI
could be due toWallerian degeneration, but it could also reflect a slower
rate of myelin development. It is likely that there are some TBI patients
who experience WM recovery, while others experience continued de-
generation; an interesting question for future analyses. Our analyses
were cross-sectional, so any interpretation of change over time needs
to be replicated by longitudinal analyses. A large portion of these partic-
ipants included in the post-acute time point have not yet returned for
their 12month assessment, but this study is on-going and future inves-
tigations will include more formal longitudinal analyses using a more
complete dataset.

In the chronic phase we found extensive group differences in two
of the measures analyzed post hoc, mean and radial diffusivity (MD
and RD), with limited results in axial diffusivity (AD) as well. Prior
studies have also found on-going WM degeneration over the first year
post-injury, even when cognitive function begins to recover (Bendlin
et al., 2008). These changes continue over multiple years post-injury
(Farbota et al., 2012), although some studies have found little difference
between 2 and 5 years post-injury (Dinkel et al., 2014). All of the corpus
callosum (CC) segments showed group differences, with the TBI group
having greater MD and RD. These results were consistently localized
in the lateral projections of the CC body, genu, and splenium, rather
than along themidline. DecreasedWM integrity in the CC in the chronic
phase is one of the most consistent findings in TBI research (Xu et al.,
2007; Farbota et al., 2012; Caeyenberghs et al., 2011; Dinkel et al.,
2014; Ewing-Cobbs et al., 2008; Yuan et al., 2007; Sidaros et al., 2008;
Bendlin et al., 2008; Wu et al., 2010; Wilde et al., 2012, 2006), although
some have failed to find differences (Wozniak et al., 2007). In the ante-
rior thalamic radiation (ATR) we found greater MD and RD in TBI in the
anterior projections of the ATR, corresponding to where these tracts
terminate in the anterior corona radiata. Other studies have found
mixed results in the ATR, with some showing continued deficits while
others show evidence of recovery (Farbota et al., 2012; Bendlin et al.,
2008). The ATR connects the thalamic nuclei to the orbitofrontal and
anterior cingulate cortex (Catani and de Schotten, 2012), thus playing
a role in processing sensory information. We also found extensive
group differences in association tracts. In the cingulum, we found
greater MD and RD in TBI bilaterally in the parietal projections.
Decreased WM integrity in the cingulum has been reported previously
in chronic TBI participants, both in pediatric samples (Wilde et al.,
2012) and in adult samples (Xu et al., 2007; Bendlin et al., 2008). The
cingulum follows the shape of the corpus callosum, with short projec-
tions branching off to connect the medial frontal cortex, amygdala,
parahippocampal gyrus, precuneus, cuneus, cingulate, and fusiform
gyri (Catani, and de Schotten, 2012). The cingulum is a key structure
in the limbic system, making it integral in emotion, memory, and moti-
vation. In the ILF, we found greater MD and RD in TBI bilaterally, with
differences in the anterior-temporal terminus and inferior aspects of
the tract in the left hemisphere and more restricted differences in the
right hemisphere. The TBI group had greater MD and RD along the



Fig. 6. Cognitive associations across all participants.Whole-tract associations between along-tract FA, MD, RD, and AD and cognitive performance in all participants. All of thesewere pos-
itive correlations betweenWM integrity and better performance on the cognitive tasks. The−log10 p-values are shown corresponding to the color bar, results were FDR corrected across
all points on all tracts tested (those for whom average results indicated follow-up) (q b 0.05, FA crit. p threshold = 0.0016, MD/RD/AD crit. p threshold = 0.0067).
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tract in the right IFOF, with a particular concentration of differences in
the superior parietal projections of the IFOF. Yuan et al. (2007) found
a positive relationship between the FA of the IFOF and GCS (Yuan
et al., 2007). The anatomy and function of the ILF and IFOF are detailed
in the previous paragraph.

While MD and RD results were predominant in the chronic phase,
we also found some significant group differences in AD. These were
restricted in their anatomical extent, and in the opposite direction to
what we might expect: generally we expect FA and AD to increase to-
gether with MD and RD decreasing. However, other researchers have
reported increases in MD and AD together in TBI (Kinnunen et al.,
2010), and increased AD among TBI patients has been associated with
improved clinical outcome (Sidaros et al., 2008). These results may
reflect axonal recovery following TBI. Future longitudinal investigations
will clarify this.

In this study we assessed participants3 cognitive function with 6 dif-
ferent measures, and we found multiple significant associations be-
tween these scores on cognitive tests and WM tract integrity. All of
these associations were found in the chronic phase. Better processing
speed was associated with higher FA and lower MD and RD in the
CCs — precentral segment, as well as the FA of the CCs — frontal and
CC—parietal segments, and the left IFOF across all participants. Previous
studies have linked processing speed to WM integrity of the corpus
callosum, fornix, bilateral ILF and bilateral IFOF (Yallampalli et al.,
2013; Wu et al., 2010; Marquez de la Plata et al., 2011). Better perfor-
mance on the inhibition task, a test of cognitive flexibility and the ability



Fig. 7. Cognitive associations in TBI and control participants. Whole-tract associations betweenWM integrity in the left IFOF and ILF and performance on the inhibition task. These were
positive correlations betweenWM integrity and better performance on the task. The−log10 p-values are shown corresponding to the color bar, results did not pass FDR across all tracts
tested, these are trend-level associations demonstrating the relative contributions of the TBI and control groups. The crit. p thresholds from the all-subject analyseswere used to threshold
these images (FA = 0.0016, MD/RD/AD= 0.0067).
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to inhibit conflicting information, was broadly associated with higher
FA and lower MD, RD, and AD of the left IFOF as well as lower MD
and RD of the left ILF, across all participants and at a trend level in just
the TBI participants, which overlaps with findings from earlier studies
(Marquez de la Plata et al., 2011). These results suggest that among
individuals who have sustained TBI, deficits in WM integrity in the left
IFOF and ILF are linked with poorer performance on the inhibition
task.Whenwe havemore participants at this time point, we can further
investigate group contributions to the cognitive associations. Better
performance on the trails task, indicative of mental flexibility and effi-
cient processing, was associated with higher FA, lower MD and RD in
the CCs — frontal segment, higher FA and lower RD in the parietal and
temporal segments, and lower RD in the CCs— occipital segment across
all participants, also overlapping with prior findings (Marquez de la
Plata et al., 2011). Better workingmemory performance was associated
with higher FA in the CCs— parietal segment, left IFOF, and the left SLF.
Prior studies on working memory in TBI have implicated the splenium,
cingulum, and frontal lobe (Ewing-Cobbs et al., 2008; Wilde et al.,
2011). Lastly, higher FA in the right CST was associated with better
performance on the CVLT. Marquez de la Plata et al. (2011) found that
the FA of the corpus callosum, fornix, cingulum, ILF and IFOF was asso-
ciated with performance on the CVLT. We did not find any significant
associations between WM integrity and cognitive function in the
healthy control-only follow up. We did not find any significant associa-
tions between WM integrity and cognitive function in the post-acute
phase, andwe did not find any significant associations betweenWM in-
tegrity and GCS at any phase. Some earlier studies found associations
between GCS (or injury severity) and WM integrity (Yuan et al.,
2007), but others have failed to detect an association, as we did
(Farbota et al., 2012). Our findings linking better WM integrity in the
chronic phase to better cognitive performance in TBI demonstrate that
DTI metrics can explain some of the variance in outcome after the first
year post-injury. There is considerable heterogeneity in recovery and
long-term prognosis, and our expectation is that ever-improving DTI
technology will help us better understand this heterogeneity and thus
implement tailored intervention strategies.

Decreased FA is a hallmark of the neurological disruption following
TBI, which can adversely affect some methods of tract reconstruction.
The Hough transform method, commonly used by our group as it is a
powerful algorithm for fiber tracking in healthy subjects, uses a global
function defined on a path to fit tracts through areas that may have
low FA (Aganj et al., 2011; Prasad et al., 2011). Even so, it may not be
ideal for injured brains. Other methods use the principal eigenvector
of the diffusion tensor for reconstruction, which in areas of low FA
means the tract is diverted or dropped. By not being able to track fibers
through areas of low FA, these methods are missing the more severely
disrupted areas, essentially meaning that statistical comparisons of the
resulting data are only comparing the integrity of the less-severely
disrupted regions. While autoMATE does use FA to reconstruct tracts,
it does not limit the group analyses in the same way previous methods
do. In the case of subject data that has areas of low FA that would lead to
a premature tract ending, and thus sparse fiber reconstruction, the FA at
the location of thewarped template point in that subject space is used if
the fibers are not detected. This flexibility allows robust group compar-
isons of WM integrity in a standard space. Thus, autoMATE offers the
benefits of tract-based methods in that results are localized in anatom-
ically defined tracts, but it also has the benefits of voxel-basedmethods,
as it can assess integrity even when tract reconstruction is incomplete.

Our study is not without limitations. The results in this paper are
restricted to cross-sectional analyses. There is much to be learned
from longitudinal analysis, but it also presents a unique set of analytical
problems. This will be a focus of future analyses. TBI is a heterogeneous
disorder, which has hampered other group analyses. Brain imagingmay
be used to help identify subgroups of TBI patients that have similar
pathobiology, whichwill hopefully be used to develop targeted therapy.
The methods in this paper have the potential to aid in this effort,
defining subgroups based on WM disruption patterns. We have
shown that chronically those disruptions are associated with poor
neurocognitive function. We believe our sample to be representative
of the broader population of childrenwith TBI, but only 35% of the eligi-
ble patients consented.Most of the participantswho chosenot to partic-
ipate did not meet inclusion criteria, such as sufficient English language
skills, ADHDor learning disabilities, or lack of interest. The demographic
information available from our sample in consistent with the existing
epidemiological information on moderate–severe pediatric/adolescent
TBI, both in the male to female ratio and in the mechanisms of injury
(Keenan and Bratton, 2006). One way to disentangle recruitment bias
from confounds in futurework is to assess theprofile of brain abnormal-
ities in other pediatric cohorts scanned with MRI or DTI, for whom our
criteria were not exclusionary. We have such work underway for
ADHD as part of the ENIGMA consortium (Hoogman and Mennes,
2014). As this is an on-going study, we expect most children to return
for their chronic assessments.Most simply have not reached the chronic
time point yet. As with any study, we face issues of attrition, and we
have lost some subjects between their post-acute and chronic time
points. 1 subjectwas indeed scanned chronically, but data quality issues
(artifacts) meant we could not include them, 3 subjects only received
functional MRI at the chronic time point, 2 subjects were brought back



504 E.L. Dennis et al. / NeuroImage: Clinical 7 (2015) 493–505
for the chronic assessment but not scanned, 3 had braces at time 2, 3
were disqualified at time 2 for ADHDor LD (learning disability), 1 family
refused to return, 2 moved out of state, 1 was referred by his doctor to
the study and had already missed the post-acute window, and 8 were
lost to follow-up, meaning they could have moved, changed their
phone number, or simply stopped returning our calls. There was no
systematic reason for the non-returns.

In some studies of this kind, it is common to include orthopedic
injury subjects as controls. This is especially helpful for studies investi-
gating the psychosocial and cognitive outcomes where there may be a
concern about pre-injury level of function. There may be some groups
that arguably put themselves at higher risk for TBI because of their
choices and actions, such as athletes and military personnel. This is a
particular concern for groups who incur TBI related to activities that
they choose to do that put them at higher risk. This is less of an issue
for our pediatric cohort, although it cannot be ruled out. Most of partic-
ipants sustained TBI throughmotor vehicle accidents (as a pedestrian or
passenger) or falls frombikes, scooters, and skateboards (accounting for
75% of our participants).We consider these events to be somewhat ran-
dom, and would be surprised if there was any biologically identifiable
factor that predisposed individuals to experiencing these, in such a
way as to influence our results here. We took measures to recruit
healthy controls from the same community sample as the TBI partici-
pants to limit any bias, such as public school and community based
programs from the same communities as the TBI subjects.

In this study, we examined pediatric TBI patients at two time-points
across the first year and a half post-injury.We did not detect differences
between TBI patients and controls post-acutely. In the chronic phase,
differences between the groups were more extensive, and MD and RD
were better indicators of disruption. Prior work has similarly shown
progressive WM disruptions over the first year post-injury (Bendlin
et al., 2008; Wu et al., 2010), and other researchers have similarly
found that the diffusivity metrics that are best for detecting the disrup-
tion of TBI change between the post-acute and chronic phases (Wilde
et al., 2012). Perhaps our finding more group differences in the chronic
phase reflects the injury heterogeneity dominating the analyses post-
acutely, while chronically the progressive, widespread WM damage
plays a more major role. One theorized mechanism of TBI that could
lead to this is diaschisis, where disruption occurs in one area of the
brain distant, but connected to the damaged area (Feeney and Baron,
1986). Alternatively, this might reflect the late effects of inflammatory
processes (Lenzlinger et al., 2001). Lower FA, higher MD and higher
RD all suggest that TBI leads to myelin damage, rather than axonal
damage, which other researchers have suggested as well (Farbota
et al., 2012; Caeyenberghs et al., 2011; Dinkel et al., 2014; Ewing-
Cobbs et al., 2008; Oni et al., 2010), although some have found evidence
of axonal damage (Sidaros et al., 2008; Caeyenberghs et al., 2010). We
were also able to link disruptions inWM integrity to impaired cognitive
function in the TBI patients. Outcome following TBI is quite heteroge-
neous and there is a considerable amount of the variance that is
currently unexplained. DTI methods have proven to be sensitive and
powerful tools in the study of TBI. We expect they will also prove useful
in the effort to explain some of this variance and tailor interventions.
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