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Abstract

This study is unique in that it examines the evolution of white matter injury very early and at 12 months post-injury in

pediatric patients following traumatic brain injury (TBI). Diffusion tensor imaging (DTI) was acquired at two time-points:

acutely at 6–17 days and 12 months following a complicated mild (cMild)/moderate (mod) or severe TBI. Regional

measures of anisotropy and diffusivity were compared between TBI groups and against a group of age-matched healthy

controls and used to predict performance on measures of attention, memory, and intellectual functioning at 12-months

post-injury. Analysis of the acute DTI data using tract based spatial statistics revealed a small number of regional

decreases in fractional anisotropy (FA) in both the cMild/mod and severe TBI groups compared with controls. These

changes were observed in the occipital white matter, anterior limb of the internal capsule (ALIC)/basal ganglia, and corpus

callosum. The severe TBI group showed regional differences in axial diffusivity (AD) in the brainstem and corpus

callosum that were not seen in the cMild/mod TBI group. By 12-months, widespread decreases in FA and increases in

apparent diffusion coefficient (ADC) and radial diffusivity (RD) were observed in both TBI groups compared with

controls, with the overall number of regions with abnormal DTI metrics increasing over time. The early changes in

regional DTI metrics were associated with 12-month performance IQ scores. These findings suggest that there may be

regional differences in the brain’s reparative processes or that mechanisms associated with the brain’s plasticity to recover

may also be region based.
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Introduction

Traumatic brain injury (TBI) is a significant cause of death

and disability in children with approximately half a million

children seen each year in the emergency department.1 Approxi-

mately 25% of these injuries are considered moderate to severe1

resulting in prolonged memory, attention, executive function, and

emotional impairments.2

The mechanical forces acting on the brain during TBI can shear

and/or stretch axons to a breaking point, resulting in primary ax-

otomy or partially damage axons initiating a secondary cascade of

molecule events that can cause Wallerian degeneration.3 The acute

axonal injury can progress and develop into delayed and secondary

axonal degeneration over hours, days, and months following the

TBI in response to persistently altered Ca2+ fluxes, mitochondrial

dysfunction, and reactive oxygen species generation triggered by

the initial mechanical forces.4–7 A number of key molecular path-

ways that initiate and trigger this process have been identified,

including the depletion of nicotinamide mononucleotide adeny-

lyltransferase and the activation of sterile a and Toll/interleukin-1

receptor motif containing 1 and mitogen-activated protein kinases

(MAPK).8 Importantly, the time course for the development of

axonal pathological changes suggests a window of opportunity for

intervention.8

Diffusion tensor imaging (DTI) has been used to measure axonal

integrity of whole brain, regional, or individual white matter tracts

using such metrics as fractional anisotropy (FA), apparent diffusion

coefficient (ADC)/mean diffusivity (MD), axial diffusivity (AD), or

radial diffusivity (RD). FA represents the degree to which diffusion is

anisotropic and is influenced by both AD (which denotes the axial

vector of water diffusion), and RD (which is an average of the radial

vectors orthogonal to the axial vector). ADC and MD measure the

amount of diffusion within tissue, which is averaged over three or-

thogonal directions.9 In normal white matter, higher FA and lower

ADC/MD values are thought to reflect intact, dense axons and greater

myelination.10 The loss of white matter integrity following traumatic

axonal injury is particularly important, as these changes are thought

to contribute to longstanding functional impairments.11,12

Recent meta-analyses of DTI studies of pediatric (< 18 years of

age) mild, moderate, and severe TBI patients in the medium to long
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term (> 4 weeks to 5 years) have shown decreased FA and concomitant

increases in ADC/MD in multiple white matter tracts that suggest

evolving axonal and myelin injury in the first few months post-

injury.13,14 Studies included in these meta-analyses reported signifi-

cant changes in the corpus callosum, internal capsule, cingulum bun-

dle, uncinate fasciculus, longitudinal fasciculus, and the frontal and

temporal lobe white matter. In the small number of studies performed

in the acute stage (< 4 weeks), all were in mild adolescent (10–17 years

of age) TBI patients where the opposite pattern is observed; moderate

to large increases in FA and concurrent decreases in ADC/MD were

reported in regions including the whole brain, corpus callosum, corona

radiata, fornix, left cingulum, internal capsule, anterior thalamic ra-

diation, right inferior longitudinal fasciculus, inferior fronto-occipital

fasciculus, right thalamus, and left white matter.15–17 Of these studies,

only two studies reported regional increased RD and/or reduced AD,

supporting the idea that axonal injury and demyelination is part of the

post-TBI pathophysiological spectrum.16,18

While there is emerging evidence supporting the relation be-

tween DTI and cognitive outcome; variations between when the

data were acquired, the regions evaluated, subject age, and the

measures used to assess cognition have led to diverse findings.19 A

study by Kurowski and colleagues in chronic (> 12 months)

moderate–severe pediatric TBI patients (mean age 7.8 years) re-

ported a significant correlation between left and right frontal

white matter FA with measures of executive function and atten-

tion with no correlation between corpus callosum FA and cogni-

tive measures.20 Adamson and colleagues showed a significant

correlation between FA in the genu of the corpus callosum and

word reading scores in a population of complicated mild to severe

adolescent TBI patients (mean age 15.3 years) 1–2 years after

injury.21 In a longitudinal study of pediatric complicated mild-

severe TBI patients age 7–17 years, Wu and colleagues showed

decreased FA in the corpus callosum which was correlated to

processing speed at 3 and 12 months.22

To date, very few studies have examined longitudinal white

matter integrity after pediatric TBI, with acute studies being col-

lected on average more than 1 month post injury.22–26 Given the

progressive nature of axonal neuropathology and that time post-

injury significantly affects the relation between DTI and cognitive

measures,27 shorter time windows for acute studies are necessary to

obtain a more thorough understanding of the evolution of white

matter damage following pediatric TBI. This study is unique in that it

examines white matter integrity at both acute (6–17 days) and later

(12 month) post-injury time-points in pediatric patients with com-

plicated mild (cMild)/moderate (mod) and severe TBI. In addition,

we sought to examine the relation between the early post-injury

measures of white matter disruption to 12-month neurocognitive

scores to determine if the early DTI findings would predict neuro-

cognitive outcome. We hypothesized that early DTI findings would

predict performance on measures of attention, memory, and intel-

lectual functioning—broad neurocognitive modalities that, regard-

less of age at injury are sensitive to TBI across the lifespan.2

Methods

Participants

All procedures were reviewed and approved by the Loma Linda
University Health System (LLUHS) Institutional Review Board.
Informed written consent was obtained from all subjects’ parents or
legal guardians if below the age of 11 and from the subject if over
11 years of age. An assent form was signed by subjects between the
ages of 7–11 years.

Male and female TBI participants between the ages of 5 and 18
years were enrolled consecutively following hospital admission
from 2009–2013 if they met the following criteria: 1) absence of
previous brain injury, neurologic disorders, drug or alcohol abuse
or magnetic resonance imaging (MRI) contraindications including
dental braces and 2) moderate to severe TBI with Glasgow Coma
Scale (GCS) scores between 3–12 or cMild (GCS 13–15) if hem-
orrhage was detected on an initial brain imaging (computed to-
mography [CT]) examination. Based on the GCS score, TBI
patients were dichotomized into severe (GCS <8) or cMild/mod
(GCS 9–15) TBI groups. Participants with cMild TBI were in-
cluded in the modTBI group as the presence of cerebral lesions on
CT has been shown to be predictive of poor outcome at 12-
months.28 Control participants between the ages of 5 and 18 years
who met criteria 1 were recruited from LLUHS pediatric clinics.

Image acquisition and processing

TBI subjects were scanned acutely (range: 6–17 days) and at 12
months after injury. Controls were scanned initially and 1 year later
using the same protocol. Conventional whole–brain three-
dimensional (3D) T1 weighted (T1WI, MPRAGE, repetition time
[TR] and echo time [TE] = 1950 msec and 2.26 msec, 1.0 · 1.0 · 1.0
pixel size) and 30 direction DTI (TR/TE = 5700/1022 msec,
1.2 · 1.22 resolution, 3 mm slice thickness, 0.9 mm gap, b = 0 and
1000 sec/mm2) were acquired using a 3T Siemens Tim Trio MR
scanner (Siemens Medical Solutions, Erlangen, Germany) equip-
ped with a 12 channel receive-only head coil.

DTI data were processed using our previously published battery
of computational tools (pre-processing, tract based spatial statistics
(TBSS), image co-registration, and brain anatomy parsing) created
using an in house pipeline developed in MATLAB (version
R2014a, Mathworks, Natick MA) and incorporating image seg-
mentation, registration and brain parsing routines from SPM5 (The
Wellcome Department of Imaging Neuroscience, Institute of
Neurology, University College London, London, England), FSL
(FLIRT image registration routine; https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FLIRT), and the Laboratory of Neuroimaging (LONI)
Brain Parser software catalog (University of Southern California,
CA; www.pipeline.loni.usc.edu; Fig. 1).29

Briefly, the proprietary Siemens MRI scanner generated tensor
file, which contains b0 and directional tensor matrices (Dxx, Dxy,
Dxz, Dyy, Dyz, Dzz) were used to compute DTI tensor images,
which were then interpolated to generate continuous 3D volumes
matching the resolution of the T1WI (1.2 · 1.2 · 3.0 mm) volume
using a 3D cubic interpolation routine. Binary brain masks of the b0
images were used to remove the background noise and remove the
skull in the DTI tensor images. Skull stripped tensor images were
then used to compute the FA, ADC, AD and RD maps based on
standard formulas.30,31 Cerebrospinal fluid (CSF) masking was
performed using ADC images to produce a final binary brain mask,
which was applied to the other DTI maps to improve the TBSS
analysis. ADC values of >500 · 10-5 mm2/sec were used to detect
CSF and voxels containing CSF outside the brain were eliminated
from the binary mask while voxels within the ventricles were al-
lowed to remain. If needed, additional skull stripping was performed
during this step using an ADC threshold of <5 · 10-5 mm2/sec. All
reconstructed b0, FA, and diffusivity data sets were reviewed for
motion artifacts and no studies were removed from further analysis.

In our TBSS method, the physical locations of the skeleton are
the central voxels within a white matter tract. However, we re-
placed the values in the skeleton voxels with several specific sta-
tistical measures (mean, median, maximum, and mode) of the voxel
values on the line perpendicular to the skeleton for each DTI index.
Therefore, all voxel values up to and including the gray matter-
white matter junction that are found within the white matter mask
are considered statistically as part of the mean, medium, maximum,
and mode calculation in the value of the skeleton voxel.29
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White matter brain tracts were extracted and a FA skeleton was
computed using a FA threshold >0.2 based on our previous work,
which showed that smaller FA thresholds overestimated while
larger FA thresholds underestimated white matter regions.29

Region-based connected component analysis was used to detect
small nonconnected outlier regions <20 voxels in size and removed
using area-based iterative filtering to produce a single connected
skeleton for each white matter region. A MATLAB routine for
medial axis computation (‘‘bwmorph [BinaryMask, ‘skel’, inf]’’)
was used to create a skeleton of the white matter mask for each FA
map by iteratively removing boundary pixels of the white matter
binary mask to produce a single connected skeleton for each white
matter region. The white matter binary mask and skeleton derived
from the FA maps were superimposed onto the RD, AD, and ADC
maps. Skeletons underwent non-linear transformation to MNI152
space using FSL’s FLIRT image registration routine (https://fsl
.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). The resultant images were vi-
sually inspected for misalignment as result of distortion from the
transformation of severely damaged brain tissue. Data from 12
subjects were discarded and removed from further analysis.

Anatomic regions were delineated from the co-registered T1WI
and DTI skeleton data using a pediatric brain parsing pipeline
from the LONI Brain Parser software catalog (University of Southern
California, CA; www.pipeline.loni.usc.edu; Fig. 1) Following TBSS
analysis and brain parsing, the mean values for FA, RD, and AD were
extracted for the: frontal, parietal, occipital, and temporal white
matter. Other regions included the corpus callosum, thalamus (which
included the posterior limb of the internal capsule; PLIC/thalamus),
basal ganglia (which included the anterior limb of the internal cap-
sule; ALIC/basal ganglia), brainstem, and cerebellum.

Neurological and neurocognitive testing

Neurologic outcome was assessed by a pediatric neurologist
using the Pediatric Cerebral Performance Category Scale (PCPCS).

Serial neurological examinations were performed on all TBI pa-
tients at study entry, initial MRI, hospital discharge, 3, 6, and 12
months post-injury, and initially and at 1 year for controls. Clinical
information and surrogates of acute neurological injury (duration of
loss of consciousness, days in coma, presence of seizures, days on a
ventilator, days in hospital) were recorded for each TBI subject
during their hospitalization.

Neurocognitive testing was performed in an outpatient setting
and conducted at 12 months post-injury for TBI subjects and at
1 year for controls. The neurocognitive test battery included mea-
sures of general intelligence (Wechsler Abbreviated Scales of In-
telligence), attention (Sky Search subtest from the Test of Everyday
Attention for Children [Tea-CH; 5–15 years]), and memory
(General Memory composite from the Children’s Memory Scale
[5–17 years] or Wechsler Memory Scale [17–18 years]). All neu-
rocognitive scores are standardized by age based on published
norms, with higher scores indicative of better performance. After
standardization, memory scores were converted to Z-scores for
ease of statistical comparison across differing measures.32,33 The
Tea-Ch Sky Search is a brief measure of focused attention, wherein
the average time to identify targets is obtained (Tea-Ch C), and
then calculated when controlling for the influence of motor
speed (Tea-Ch G). Lower standardized scores indicate increased
time to identify targets with (Tea-Ch G) and without (Tea-Ch C)
controlling for motor speed. The intelligence measure yields three
indices: Verbal IQ (VIQ), performance IQ (PIQ), and a Full Scale
Intelligence Quotient (FSIQ). The VIQ measures verbal abstract
reasoning and the PIQ is a measures fluid reasoning and visual-
spatial processing while the FSIQ is an overall composite of general
intellectual ability based on both VIQ and PIQ.

Statistical analysis

Group differences in regional DTI metrics at each imaging time-
point were determined with linear (mixed effects) regression using age

FIG. 1. Overall scheme of image processing used in this study. The subject’s high resolution T1 data were input into an atlas-based
brain parcellation algorithm and segmented into tissue classes (white matter, gray matter, and cerebrospinal fluid) as well as 17 brain
anatomic regions in T1/T2 space. The subject’s diffusion data was co-aligned with its own T1/T2 data to transfer tissue and anatomy
information to diffusion tensor imaging (DTI) spaces. Finally, tract-based statistics from DTI were fused for individual brain anatomy
and tissue regions to estimate normative developmental trends in a pediatric dataset. Color image is available online.
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as a covariate and reported as the t statistic. Longitudinal differences in
regional DTI metrics were measured within each group using paired
t-tests at an alpha level of 0.001 to adjust for multiple comparisons.

Given the large number of measures resulting from regional DTI
analysis, we applied a factor analysis to reduce the DTI metrics into
a smaller number of underlying factors that could be used in a linear
regression model to predict 12-month neurocognitive scores. Fac-
tor analysis was performed using principal component analysis of
the 36 regional DTI measures to create eigenvectors.34,35 Only
eigenvalues greater than 1 were used in subsequent analyses and
Varimax rotation with Kaiser normalization was applied to produce
several factors that explained the variance. Factor loadings explain
the association of each variable with each factor and a factor
loading >0.6 indicates a strong association, 0.4-0.6 a moderate
association, and <0.4 a weak association. Only strong factor load-
ings over 0.6 were considered for subsequent analyses. Each sub-
ject was assigned a derived score for each of the five rotated factors
based on the loadings. Independent sample t-tests were then used to
determine whether any of the five factors could differentiate
cMild/mod from severe TBI. Mixed linear regression, using age as
a covariate, was used to determine if regional DTI metrics and/or
factors from the initial imaging time-point could predict 12-month
neurocognitive scores. Findings were considered significant if
p < 0.001 after Bonferroni correction for multiple comparisons,
unless otherwise stated. All statistical analyses were performed in
SPSS (version 22; Chicago, IL).

Results

Demographics

A total of 65 pediatric subjects completed the 12-month imaging

and neurocognitive assessments and were included in this study.

Table 1 summarizes the age, time to initial and follow-up imaging,

and injury characteristics of the enrolled participants. Ten partici-

pants had sustained a cMild/mod TBI (n = 5 cMild and n = 5 mod)

and 18 subjects had sustained a severe TBI. There were 37 par-

ticipants in the healthy control group.

The two TBI groups did not differ significantly in days to initial

MRI, loss of consciousness, length of coma, length of time on a

ventilator, or length of hospital stay (Table 1). There was no dif-

ference between TBI groups on months to imaging follow-up. At 12

months post-injury, both cMild/mod and severe TBI groups showed

significantly lower neurocognitive scores, compared with controls,

on FSIQ and VIQ but not in PIQ. A significant difference in

memory scores (combined memory Z-score), compared with con-

trols, was seen in both TBI groups. Nineteen subjects (n = 5 TBI and

n = 14 controls) did not have 12-month attention scores as they were

odder than 17 years of age at testing or had incomplete data. There

were no between group differences detected on measures of at-

tention (TEA-Ch C and TEA-Ch G).

DTI

Initial DTI: 6–17 days post injury. Both TBI groups showed

significant regional differences in white matter integrity compared

with controls; however, the number of regions affected, and the

magnitude of change was greater in the severe TBI group (Table 2).

In the cMild/mod TBI group, the parietal white matter showed

significantly lower FA compared with controls. ADC in the oc-

cipital white matter was increased compared with controls, al-

though this did not reach significance. There were no significant

differences in regional AD or RD in the cMild/mod TBI group

compared with the control group.

Table 1. Subject Demographics

Control
(n = 37)

cMild/mod
(n = 10) severe (n = 18)

Control vs.
cMild/mod

Control
vs. severe

cMild/mod
vs. severe

mean (SD) mean (SD) mean (SD) p p p

Age at injury (years) 13.5 (3.2) 12.0 (3.6) 12.2 (3.6) ns ns ns
[range] [5.5 – 17.4] [5.8 – 16.9] [5.0 – 17.8]
Sex (M/F) 20/17 9/1 12/6 ns ns ns
Days to MRI (days) 12.5 (4.1) 11.1 (3.5) - ns ns
[range] [8.0 – 18.0] [6.0 – 17.0]
Months to follow-up 12.9 (1.1) 12.1 (0.9) 12.5 (0.7) ns ns ns
[range] [11.7 – 16.7] [10.8 – 13.8] [11.3 – 13.9]

Injury characteristics
LOC >24 h (%) NA 0 39.1
Days in coma NA 2.4 (3.4) 3.8 (4.1) ns ns ns
[range] [0 – 11] [1 – 12]
Days on ventilator NA 2.3 (3.1) 3.7 (4.2) ns ns ns
[range] [0 – 9] [0 – 14]
Days in hospital NA 10.5 (6.2) 14.5 (8.9) ns ns ns
[range] [4 – 23] [3 – 29]

12-month neurological and neuropsychological testing scores
PCPCS 1.0 1.3 (0.5) 1.4 (0.7) < 0.001 < 0.001 ns
VIQ 107.4 (13.7) 94.1 (10.4) 90.8 (15.2) 0.025 < 0.001 ns
PIQ 107.2 (14.0) 99.8 (14.1) 98.5 (10.1) ns ns ns
FSIQ 107.9 (13.4) 95.7 (10.4) 94.1 (12.9) 0.031 0.002 ns
Combined memory Z score 122.1 (15.3) 101.3 (24.5) 102.0 (20.1) 0.022 0.005 ns
TEA-CH C attention 11.1 (3.6) 9.3 (3.2) 9.3 (2.8) ns ns ns
TEA-CH G attention 11.3 (3.8) 9.9 (2.7) 9.5 (3.4) ns ns ns

SD, standard deviation; cMild/mod, complicated mild/moderate TBI; ns, nonsignificant ; M, male; F female; MRI, magnetic resonance imaging; LOC,
loss of consciousness; PCPCS, pediatric cerebral performance category scale; VIQ, verbal IQ; PIQ, performance IQ; FSIQ, full scale IQ; TEA-Ch, test of
everyday attention-for children;
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In the severe TBI group, significantly lower FA was seen in the

ALIC/basal ganglia, corpus callosum, and occipital white matter

compared with controls. AD was significantly reduced in the

brainstem and corpus callosum. AD in the ALIC/basal ganglia was

reduced in severe TBI patients compared with controls, but did not

reach statistical significance after correcting for multiple compar-

isons. Similar to the cMild/mod TBI group, there were no changes

in white matter ADC or RD detected in any region examined in the

severe TBI group. Comparisons between the two TBI groups re-

vealed significantly lower FA in the corpus callosum of severe TBI

patients compared with the cMild/modTBI group (Table 2).

Follow up DTI: 12-months post injury. At 12 months post-

injury the occipital and parietal white matter, ALIC, and corpus

callosum all showed reduced FA in the cMild/mod TBI and severe

TBI groups, with the exception of the temporal white matter

(Table 2). FA also was reduced in the brainstem and frontal white

matter but did not reach significance. Similarly, significant re-

gional increases in ADC were seen in the occipital and parietal

white matter of both groups. In the severe TBI group, there also

was increased ADC in the temporal white matter, which did not

reach significance in the cMild/mod TBI group. AD was signifi-

cantly increased in the frontal, parietal, and temporal white matter

of the severe TBI groups, with a trend towards increased AD in

the occipital, parietal, and temporal white matter of the cMild/

mod TBI group. RD was increased in all cortical white matter

regions and the ALIC/ basal ganglia of the severe TBI group and

in the occipital, parietal, and temporal white matter of the

cMild/mod TBI group. There was a trend towards increased RD in

the ALIC/basal ganglia and frontal white matter of the cMild/mod

TBI group.

Longitudinal changes in DTI

Control subjects showed a significant increase in FA in the

frontal and temporal white matter and corpus callosum (Fig. 2) and

a significant decrease in RD was seen in the ALIC/ basal ganglia

and all cortical white matter regions (Fig. 3) between the two time-

points, which was expected with normal myelin maturation. In

contrast, RD was increased in the ALIC/ basal ganglia and all

Table 2. Significant Differences in DTI Metrics between Control and TBI Groups at the Early

and 12-Month MRI Time-Points Reported as t-Statistics

cMild/mod Severe

Region Early 12-month Early 12-month

FA ALIC/basal ganglia ns -3.794 *** -3.913 *** -4.620 ***
Brainstem ns -2.917 ** ns -2.890 **
Corpus callosum ns ns -4.375 *** -4.581 ***
Frontal white matter ns -3.073 ** ns -2.683 **
Occipital white matter ns -3.610 *** -4.023 *** -3.904 ***
Parietal white matter -3.606 *** -4.414 *** ns -4.346 ***
Temporal white matter ns ns ns ns

ADC ALIC/basal ganglia ns ns ns ns
Brainstem ns ns ns ns
Cerebellum ns ns ns ns
Frontal white matter ns ns ns 3.860 ***
Occipital white matter 2.737 ** 5.025 *** ns 4.358 ***
Parietal white matter ns 3.806 *** ns 4.394 ***
Temporal white matter ns 3.268 ** ns 4.012 ***
PLIC/thalamus -2.018 * ns ns ns

AD ALIC/basal ganglia ns ns -3.013 ** ns
Brainstem ns ns -3.996 *** ns
Corpus callosum ns ns -3.381 *** ns
Frontal white matter ns ns ns 3.717 ***
Occipital white matter ns 3.250 ** ns ns
Parietal white matter ns 2.645 ** ns 3.490 ***
Temporal white matter ns 2.641 ** ns 3.723 ***
PLIC/thalamus ns ns ns ns

RD ALIC/basal ganglia ns 3.195 ** ns 3.947 ***
Brainstem ns ns ns ns
Cerebellum ns ns ns ns
Corpus callosum ns ns ns 3.796 ***
Frontal white matter ns 2.654 ** ns 3.772 ***
Occipital white matter ns 5.230 *** ns 4.872 ***
Parietal white matter ns 4.296 *** ns 4.635 ***
Temporal white matter ns 3.136 *** ns 3.697 ***

A negative t statistic indicates an inverse linear relationship between the injury severity and the DTI metric.
Between-group comparisons at the early time point showed that only corpus callosum FA differed significantly between the groups (bold; t = -2.719;

p = 0.02)
**p < 0.01; ***p < 0.001.
DTI, diffusion tensor imaging; TBI, traumatic brain injury; MRI, magnetic resonance imaging; cMild/mod, complicated mild/moderate TBI; FA,

fractional anisotropy; ALIC, anterior limb internal capsule; ns; ADC, apparent diffusion coefficient; AD, axial diffusivity; PLIC, posterior limb internal
capsule; RD, radial diffusivity.
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cortical white matter regions in both the cMild/mod and severe TBI

groups between the two time-points (Fig. 3). The absence of an

interval increase in FA and/or decrease in RD in the TBI groups

suggests an injury-induced interruption in normal white matter

development.

Factor analysis

Results from the exploratory factor analysis of the initial DTI

study are shown in Table 3 and revealed six factors that explained

89.6% of the variance. Factor 1 showed major contributions from

the frontal, parietal, occipital, and temporal white matter ADC, AD,

and RD, and was termed the ‘‘cortical diffusivity factor.’’ The

occipital white matter ADC, AD, and RD were the strongest con-

tributors to this factor. Factor 2 was coined the ‘‘subcortical dif-

fusivity factor,’’ as it showed major contributions from the ADC,

AD, and RD of the ALIC/basal ganglia, brainstem and corpus

callosum regions. Diffusivity within the corpus callosum was the

strongest contributor to this factor. Factor 3 showed major contri-

butions from FA in the ALIC/basal ganglia, frontal, parietal, oc-

cipital, and temporal white matter regions and was labeled the ‘‘FA

factor.’’

Factor 4 showed positive contributions from the ADC and AD of

the PLIC/thalamus region and was named the ‘‘thalamus diffusivity

factor.’’ Factor 5, the ‘‘corpus callosum factor,’’ had a single

negative contribution from the corpus callosum FA. Factor 6 was

made up of a single positive contribution from the PLIC/thalamus

FA was labeled the ‘‘thalamus FA factor.’’ As ADC is a combi-

nation of AD and RD, it was not surprising that these metrics were

highly correlated and separated into Factor 1 ‘‘cortical diffusivity’’

and Factor 2 ‘‘subcortical diffusivity.’’ However, a relationship

between FA, AD, and RD was not borne out in the factor analysis as

these metrics separated out into different factors. When these fac-

tors were compared between TBI groups, only the ‘‘corpus callo-

sum factor’’ (Factor 5) was able to distinguish between the two TBI

groups ( p = 0.008).

Relation between DTI metrics
and neurocognitive outcome

Linear regression was used to measure the relation between re-

gional DTI measures and factors from the initial MRI time-point

and the 12-month neurocognitive scores. At the initial imaging

time-point, the corpus callosum AD was associated with 12-month

PIQ (t = 3.67, p = 0.001). A trend towards a relationship between

12-month PIQ scores also was seen with brainstem AD (t = 3.30,

p = 0.003), corpus callosum RD (t = 2.84, p = 0.009), and the

‘‘subcortical diffusivity factor’’ (t = 3.23, p = 0.003). A number of

white matter regions (ALIC/basal ganglia, cerebellum, frontal,

occipital, parietal, and temporal) and the ‘‘FA factor’’ showed a

moderate positive linear relationship between FA and 12-month

memory; however, they did not reach statistical significance after

correction for multiple comparisons. Similarly, FA and RD in the

PLIC/thalamus as well as the ‘‘thalamus FA factor’’ were moder-

ately associated with the 12-month Tea-Ch G and C attention scores

but did not reach significance.

At the 12-month imaging time-point, the corpus callosum FA

(t = 3.14, p = 0.005) showed a positive trend with 12-month PIQ

scores. In contrast, the corpus callosum showed a negative trend

with PIQ (t = -3.06, p = 0.006). In addition, the temporal white

matter ADC (t = -3.18, p = 0.005) and temporal white matter AD

(t = -2.93, p = 0.009) showed a trend towards a negative association

with 12-month Tea-Ch C scores.

Discussion

DTI has been used for well over a decade to characterize white

matter disruption following TBI. In this study, we measured lon-

gitudinal changes in white matter anisotropy and diffusivity and

FIG. 2. Mean regional fractional anisotropy (FA) values in
control, complicated mild (cMild)/moderate (mod) traumatic brain
injury (TBI), and severe TBI groups showing an interval changes
in FA between the initial (3–17 days; white bars) and 12-month
(gray bars) imaging time-points. Control subjects showed a sig-
nificant interval increase in FA in the frontal (A) and temporal
(B) white matter, and corpus callosum (C) as expected with
normal development ({p < 0.05). FA was reduced in the frontal
and temporal white matter of both the modTBI and severe TBI
(sTBI) groups (*p < 0.05) and corpus callosum of the sTBI group
(**p < 0.01).
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related both early and chronic (12-month) imaging findings to 12-

month measures of memory, attention, and IQ. Our study was

unique in that initial imaging occurred within the first 3 weeks post-

injury and included cMild/mod and severe pediatric TBI patients.

At the early imaging time-point, both cMild/mod and severe TBI

groups showed reduced FA in occipital, parietal, and/or temporal

white matter, brainstem, and PLIC/thalamus white matter regions,

with only the severe TBI group showing reduced FA in the

ALIC/basal ganglia and corpus callosum. ADC changes were in-

consistent, with regions of decreased (PLIC/thalamus, brainstem)

or increased (occipital white matter). Regional and tract-specific

decreases in FA and/or increases in ADC have been consistently

reported following pediatric/adolescent TBI in the middle to late

(> 4 week) post-injury period19,21–24,36,37; however, early changes

in white matter integrity in the pediatric moderate-severe TBI

population are relatively unknown. In the small number of pediatric

studies done within 4 weeks of injury, regional increases in FA and

reduced ADC/MD have been reported. These discrepancies are

likely related to injury severity as our population included com-

plicated mild, moderate, and severe TBI patients, whereas previous

studies early after injury focused on mild or concussed pediatric

patients.16–18,22 Similar to our results were those reported by Yuh

and colleagues who observed early (5–18 days) reductions in white

matter FA in a cohort of adult mild TBI patients that were CT/MRI

positive for intracranial lesions or skull fractures, as was observed

in our cMild/mod TBI group.38

In our study we also performed a separate quantification of RD

and AD, which gives additional insight into white matter disruption

where RD reflects changes in myelin compaction and AD reflects

axon morphology and degradation.39–41 RD changes were only

seen in the cMild/mod group where both regions with increased and

decreased RD were observed, which would suggest that myelin

structure is fluid (perhaps due to increased intramyelin edema) in

the early period after TBI. Studies reporting early changes in AD

and RD in the pediatric moderate–severe TBI population are lim-

ited and outside of the time window used in our study. In the study

by Genc and colleagues, whole–brain AD was significantly higher

in pediatric TBI patients (mean age 10 – 2 years) in the subacute

(*5 week post injury) period, primarily in the corpus callosum,

middle cerebellar peduncle, and anterior corona radiata.25 In ad-

dition, there were significant linear associations between injury

severity and whole brain FA (negative), MD and RD (positive).25

Ewing-Cobbs and colleagues and Perez and colleagues reported

reduced FA and elevated RD in the corpus callosum of complicated

FIG. 3. Mean regional radial diffusivity (RD) values in control, complicated mild (cMild)/moderate (mod), and severe traumatic brain
injury (TBI) groups showing longitudinal change between the initial (3–17 days; white bars) and 12-month (gray bars) imaging time-
points. In the control group frontal (A), parietal (B), temporal (C), occipital (D) white matter, and anterior limb of the internal
capsule/basal ganglia (E) RD significantly decreased over time (up < 0.05). In contrast RD was elevated in the same regions of both
modTBI and sTBI subjects (*p < 0.05; **p < 0.01).
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mild, moderate and severe patients scanned at >3 months post in-

jury,19,42 whereas Dennis and colleagues reported no differences in

white matter tract RD, MD, or AD at their initial imaging time-

point (1–5 months post-injury).26 The discordance between these

studies and the findings presented here again highlight the signifi-

cant role that the time after and evolution of injury plays in the

interpretation of DTI findings.43

Like the study by Wilde and colleagues,44 we observed an in-

terval increase in frontal and temporal white matter and corpus

callosum FA and decreased cortical white matter RD in normal

controls (age 7–17 years), which suggests white matter maturation

and ongoing myelination over the 12-months of the study. In our

study, any significant interval increase in FA and/or decrease in RD

was absent in the TBI groups, suggesting that the developmental

trajectory was altered in these patients.44 In addition there was

evidence of ongoing white matter injury as evidenced by an in-

crease in the number of regions with reduced FA and widespread

interval increases in ADC, AD, and RD. It is highly likely that

group differences were more apparent at the 12-month period due

in part to the increasing divergence between controls and the TBI

groups. In addition, it has been hypothesized that in the acute phase,

disruption will be greatest closest to the area of injury and over

time, this disruption may spread and become more generalized.36

Regardless, our findings of chronic reductions in FA with chronic

increases in ADC, AD, and RD in cortical white matter regions are

consistent with previous longitudinal studies in the pediatric and

adult populations.19,21,24,26,36

While it is difficult to clearly differentiate the underlying path-

ophysiological processes responsible for the complex interactions

between DTI metrics, elevated MD/ADC is thought to represent

ongoing demyelination and axonal death following injury.11,40,45

We also detected increased AD in numerous white matter regions at

12 months post-injury which suggest that the microstructural or-

ganization within the axonal elements is also affected. Alter-

natively, increased AD may reflect gliosis whereas increases in

ADC and RD could suggest an absence of neuronal regeneration.21

Several studies have shown alterations in MD and RD that pre-

dominate in the chronic phase with early changes in FA and ADC

diminishing in size and distribution at 18 months, suggesting some

amelioration of the initial deleterious changes.23,36 In our study the

Table 3. Factor Loadings and Variance Calculated by Factor from the Early Imaging DTI Metrics

Factor 1
‘‘cortical

diffusivity’’

Factor 2
‘‘subcortical
diffusivity’’

Factor 3
‘‘FA’’

Factor 4
‘‘thalamus
diffusivity’’

Factor 5
‘‘corpus

callosum’’

Factor 6
‘‘thalamus

FA’’

TI measure
ALIC/basal ganglia FA 0.784
ALIC/Basal ganglia ADC 0.700
ALIC/Basal ganglia AD 0.694
ALIC/Basal ganglia RD 0.648
Brainstem FA
Brainstem ADC 0.754
Brainstem AD 0.777
Brainstem RD 0.606
Corpus callosum FA -0.906
Corpus callosum ADC 0.877
Corpus callosum AD 0.849
Corpus callosum RD 0.840
Frontal white matter FA 0.849
Frontal white matter ADC 0.766
Frontal white matter AD 0.719
Frontal white matter RD 0.775
Occipital white matter FA 0.851
Occipital white matter ADC 0.890
Occipital white matter AD 0.913
Occipital white matter RD 0.913
Parietal white matter FA 0.855
Parietal white matter ADC 0.880
Parietal white matter AD 0.865
Parietal white matter RD 0.872
Temporal white matter FA 0.785
Temporal white matter ADC 0.845
Temporal white matter AD 0.770
Temporal white matter RD 0.836
PLIC/Thalamus FA 0.940
PLIC/Thalamus ADC 0.872
PLIC/Thalamus AD 0.848
PLIC/Thalamus RD
Variance Explained
Eigenvalue 10.43 6.96 4.27 2.23 1.91 1.87
Percentage 32.60 21.74 13.34 10.08 5.97 5.83

DTI, diffusion tensor imaging; FA, fractional anisotropy; ALIC, anterior limb internal capsule; ADC, apparent diffusion coefficient; AD, axial
diffusivity; RD, radial diffusivity; PLIC, posterior limb internal capsule.
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early decrease in PLIC/thalamus and brainstem ADC as well as the

early decrease in brainstem RD normalized by 12-months post

injury, possibly suggestive of recovery.

The second goal of this study was to determine potential rela-

tionships between early DTI metrics and measures of memory, IQ,

and attention in order to evaluate the prognostic utility of early DTI

in predicting functional outcome. Of the three indices of intelli-

gence captured, only the PIQ was associated with any of the early

regional DTI metrics. A significant positive association between

corpus callosum AD and PIQ, as well as a trend between corpus

callosum RD and PIQ, were found, indicating that reduced white

matter diffusivity was related to poorer outcome. PIQ is a measure

of both fluid reasoning and visual-spatial processing—that is, the

ability to solve novel visual problems independent of culture,

language, and school-acquired knowledge46—and is more sensitive

to acquired brain injury than VIQ due, in part, to visual-motor and

processing speed demands on the Block Design subtest.2

The neural substrates that underlie these specific factors of

intelligence are just beginning to be discovered with the ad-

vancement of imaging capabilities. The size of the corpus cal-

lous, in addition to both frontal and parietal lobes have been

reported to play a role in intelligence.47–50 Previous studies have

reported associations between corpus callosum FA and/or RD

with IQ, and our findings both support and extend these obser-

vations.19,51 The lack of significant association between DTI and

VIQ was not surprising as portions of this measure are often used

to estimate premorbid intellectual ability due to its limited vul-

nerability to injury and high correlation with parental education

and income variables, which were not controlled in the current

study. Memory deficits are a common consequence of pediatric

TBI.52,53 However, we found no significant associations between

early DTI measures and memory. Our findings are not in line

with reports in studies that included patients with similar injury

severity, which we hypothesize, may be related to the earlier

imaging time-point used in the present study since the age of

subjects were similar.19,54,55

Deficits in attention are also commonly reported following pe-

diatric TBI.56,57 In the present study we did not find significant

associations between any early DTI metric and measures of at-

tention, which may also be related to the early imaging time-point

used in this study. The present study further extends the literature in

pediatric TBI by showing that the disruption of specific white

matter regions, when measured within the first 6–17 days of injury,

impedes neurocognitive processing mechanisms that underlie fluid

reasoning after cMild/mod and severe TBI.

Factor analysis

As an exploratory sub aim, we applied factor analysis to our early

DTI metrics to create a set of underlying factors (variables) for each

patient that explain the interrelationships among those variables. At

the acute imaging time-point the six individual factors clustered

according to DTI metric (FA or diffusivity). When these factors were

tested to determine if they could differentiate between TBI groups,

only Factor 5 (‘‘corpus callosum’’ FA factor) differentiated be-

tween the two injury severities. This was expected as the raw

corpus callosum FA was also significantly different between TBI

groups. Injury induced changes in the anisotropy and diffusivity

of the corpus callosum have been described previous-

ly19,36,37,54,58; however, to our knowledge, this is the first time this

metric was shown to differentiate between injury severity. Several

factors also showed a trend towards a moderate association with

12-month neurocognitive measures. The subcortical diffusivity

factor (Factor 2), which included contributions from the ALIC/

basal ganglia, brainstem, and corpus callosum ADC, AD, and RD

values showed a trend towards a positive association with PIQ.

Limitations

Our study has several limitations and several strengths. First,

although our sample size is comparable to other DTI studies in the

pediatric population; its small size limits any analysis of age or

gender effects. Second, our study examined only two time-points,

6–17 days and 12 months, which does not allow us to determine at

what point during the 12-month interval that the expansion in the

number of regions with white matter alterations occurred. Third,

the DTI data presented here reflects a clinical scanning protocol for

now outmoded hardware, compared with the current state of the art.

As a result, the DTI acquisition parameters chosen resulted in an-

isotropic voxels, which allows for whole–brain coverage in shorter

scan time, but can underestimate FA in regions of crossing fibers.

To account for this, we employed a 3D cubic interpolation scheme

to up sample the DTI data to an isotropic pixel size. Dyrby and

colleagues demonstrated that interpolating diffusion-weighted

imaging datasets produced FA results similar in geometry to those

acquired at a higher resolution; however, interpolation can lead to

loss of signal, due to partial volume averaging in crossing fibers.59

Fourth, the transformation of severely damaged brain into

standardized space can impact the precision of anatomical label-

ling. In the present study, 12 studies were removed from analysis as

a result of misalignment during the atlas mapping step, as a result,

our findings are limited to white matter regions in normal-

appearing brain anatomy. To counteract local misregistration ef-

fects, we employed the widely used, popular TBSS skeletonization

approach.60 More recent studies have shown that only 10% of

registration misalignments are corrected with this technique61 re-

sulting in adequate separation of adjacent white matter tracts.62

While this could impact the anatomical specificity of our findings,

its effects may be limited as we chose a lobar approach to describe

our findings. Lastly, aspects of cognitive functions are known to be

moderated by family factors such as parental education and pa-

rental income level, both independent of injury and also as factors

that contribute to recovery following TBI. The current study did not

control for the influence of these factors, which may have resulted

in weaker associations between DTI metrics and cognitive per-

formance. The strengths of this study are the longitudinal design,

the inclusion of multiple injury severities, and the early DTI

analysis.

Conclusions

This study confirms previous literature suggesting that white

matter injury is a component of the neuropathology seen after pe-

diatric TBI. Our results extend the literature by revealing that early

white matter injury, as measured by DTI, can be detected at <4

weeks after and is associated with long term neurocognitive out-

come. These findings emphasize the clinical relevance of DTI as a

prognostic factor of functional outcome in pediatric TBI patients.
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