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Abstract Traumatic brain injury (TBI) is a leading cause of
death and disability in children, yet little is known regarding
the pattern of TBI-related microstructural change and its
impact on subsequent development. Diffusion tensor imaging

(DTI) was used to examine between-group differences at two
time points (planned intervals of 3 months and 18 months
post-injury) and within-group longitudinal change in a group
of children and adolescents aged 7–17 years with moderate-
to-severe TBI (n020) and a comparison group of children
with orthopedic injury (OI) (n021). In the 3- and 18-month
cross-sectional analyses, tract-based spatial statistics (TBSS)
generally revealed decreased fractional anisotropy (FA) and
increased apparent diffusion coefficient (ADC) in the TBI
group in regions of frontal, temporal, parietal, and occipital
white matter as well as several deep subcortical structures,
though areas of FA decrease were more prominent at the 3-
month assessment, and areas of ADC increase were more
prominent at the 18 month assessment, particularly in the
frontal regions. In terms of the within-group changes over
time, the OI group demonstrated primarily diffuse increases in
FA over time, consistent with previous findings of DTI-
measured white matter developmental change. The TBI group
demonstrated primarily regions of FA decrease and ADC
increase over time, consistent with presumed continued de-
generative change, though regions of ADC decrease were also
appreciated. These results suggest that TBI-related micro-
structural changes are dynamic in children and continue until
at least 18 months post-injury. Understanding the course of
these changes in DTI metrics may be important in TBI for
facilitating advances in management and intervention.
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Children

Introduction

Pediatric traumatic brain injury (TBI) is the most common
cause of death and disability among children. Nearly half a
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million children aged 0–14 years in the United States visit
the emergency department each year for TBI-related injuries,
with about 25% of these injuries considered to be moderate
to severe (Faul et al. 2010). Despite the prevalence of
pediatric TBI, information is limited regarding the course
of recovery within brain parenchyma following head
injury in the developing brain.

Neuroimaging has been considered an important tool in
better understanding the sequelae of injury, as it allows in vivo
examination of the consequences of injury. However, studies
using standard imaging techniques such as computed tomog-
raphy (CT) and conventional magnetic resonance imaging
(MRI) sequences to perform lesion analysis are typically
limited to selecting specific regions of interest for analysis
(Gale and Prigatano 2010; Schonberger et al. 2009) that only
partially address the relation between more diffuse injury to
brain parenchyma and outcome, with some studies also dem-
onstrating the limits of simply measuring the size or location
of focal injury and later outcome (Chastain et al. 2009; Salorio
et al. 2005).

Studies utilizing more advanced neuroimaging techniques
such as diffusion tensor imaging (DTI) of white matter have
more consistently reported stronger relations with outcome
variables, suggesting that more diffuse injury to white matter,
likely via detection of traumatic axonal injury, may be a better
predictor than focal injury of outcome in global assessment of
functioning (Kinnunen et al. 2010; Marquez de la Plata et al.
2010; Warner et al. 2010a; b). DTI has been used to probe the
integrity of white matter in specific brain areas through com-
mon DTI-derived metrics such as fractional anisotropy (FA)
and apparent diffusion coefficient (ADC; also referred to as
mean diffusivity or MD) (Huisman et al. 2004; Alexander et
al. 2007). FA is derived from the tendency of water molecules
to move preferentially in parallel (rather than perpendicular)
to barriers to free diffusion such as fibers, axons, or other
support cells. A high degree of anisotropic diffusion has been
shown to be related to homogeneity in fiber orientation,
increased fiber density or axonal diameter, and the ratio of
intracellular/extracellular space. ADC represents the average
diffusivity of free water movement within tissue, which also
enables inferences regarding the microstructure in tissue; gen-
erally higher average diffusivity is indicative of decreased
fiber density, axonal diameter, decreased myelination
and/or increased extracellular space.

The validity of DTI metrics in the study of TBI-related
pathology has already been established through significant
correlation of FA and ADC (or mean diffusivity) values as
well as other DTI-related metrics with injury indicators such
as the Glasgow Coma Scale (GCS) and outcome measures
in adult patients with head trauma (Kumar et al. 2009;
Benson et al. 2007; Kraus et al. 2007; Huisman et al. 2004;
Sidaros et al. 2008; Perlbarg et al. 2009). Additionally, this has
been established in limited studies involving children with

TBI using FA (Wozniak et al. 2007; Yuan et al. 2007) as well
as both FA and ADC, or other DTI metrics (Levin et al. 2008;
Ewing-Cobbs et al. 2008; Yuan et al. 2007; Wozniak et al.
2007; Wilde et al. 2006). FA reductions, ADC increases,
and/or changes in other DTI-derived metrics following TBI
in children and adolescents include, but are not necessarily
limited to, the corpus callosum, uncinate fasciculus, cingulum
bundle, corticospinal tract, posterior limb of the internal
capsule, and the external capsule (Arfanakis et al. 2002;
Huisman et al. 2004; Inglese et al. 2005; Wilde et al.
2006; Ewing-Cobbs et al. 2008). However, only a few
studies have utilized whole brain techniques in children
to uncover changes occurring throughout the brain on a
voxel by voxel basis (Yuan et al. 2007). Additionally,
despite consistent evidence of widespread degenerative
changes detected with DTI in adult and child patients
with moderate to severe TBI in the chronic post-injury period,
relatively few longitudinal studies have been undertaken,
meaning that the nature, degree, and course of degenerative
TBI-related changes in the developing brain remain poorly
understood. The purpose of the current study is to examine
differences in white matter using tract-based spatial statistics
(TBSS), a method of global brain analysis through white
matter skeletonization, to examine injury-related differences
in children and adolescents with TBI in comparison to a group
of orthopedically-injured (OI) children at both 3 and
18 months post-injury, and within-group changes longitudi-
nally. Because FA and ADC may be differentially sensitive to
factors presumed to underlie white matter integrity following
TBI (e.g., demyelination or dysmyelination, neural degenera-
tion, etc.) and because previous TBI studies have reported
variation in the degree of group differences observed between
these metrics as well as differences in the magnitude of
relation with outcome measures, we examined both DTI
metrics. We hypothesized that the TBI group would demon-
strate multiple regions of significantly lower FA and increased
ADC at both assessments, reflecting decreased fiber integrity,
in relation to the OI group, that would be particularly apparent
in the frontal and temporal regions as these are highly
vulnerable to TBI-related injury. Next, we wished to
explore changes within each group between the 3- and
18-month assessments to determine the locations and
degree of change evident in this recovery interval. We
hypothesized that within the OI group, regions of relative
increase in FA and decrease in ADC would emerge by
18 months, particularly in frontal and temporal regions,
presumed to reflect developmental myelination in these
brain areas in children and adolescents within this age range
(see Lenroot & Giedd, 2006). In the TBI group, we
hypothesized that we would see evidence for continued
degenerative change in these regions manifest by decreased
FA and increased ADC by 18months secondary to TBI-related
disruption of normal development.

Brain Imaging and Behavior (2012) 6:404–416 405



Methods and materials

Participants

This research protocol was approved by the Institutional
Review Board of the Baylor College of Medicine and other
affiliated institutions involved in this project. Informed con-
sent was obtained from each participant or his/her legal
guardian prior to enrollment in the study. The cohort of
participants included in this study was selected from a larger
sample of participants engaged in a longitudinal examina-
tion of the cognitive and imaging effects of pediatric brain
injury (see also Levin et al. 2011; McCauley et al. 2011; Oni
et al. 2010; Wilde et al. 2010; Wu et al. 2010). In the current
report, where the objective was to examine the effects of
TBI on brain tissue over time as assessed by DTI, we includ-
ed only those participants who had useable DTI data at both 3
and 18 months post-injury time points. Although the actual
mean post-injury interval for the initial assessment was closer
to 4 months than 3 months, the study design included a
planned assessment at 3 months post-injury, and we refer to
the initial assessment as the “3-month” assessment.

The TBI group was composed of 20 participants (11
males and 9 females) between the ages of 8.2 and
17.5 years (mean013.6.±2.9) who sustained either com-
plicated mild or moderate-to-severe TBI. The severity of
the injury was determined by the lowest postresuscitation
Glasgow Coma Scale (GCS) scores (Teasdale and Jennett
1974). Severe TBI was defined as a GCS score of 3–8,
and moderate TBI as GCS score of 9–12. A complicated
mild TBI was defined as a GCS score of 13–15, but with
acute (within 24 h post-injury) trauma-related CT findings
(e.g., contusion, hematoma, etc.). Participants with complicat-
ed mild TBI were included in our “moderate to severe” patient
cohort because the presence of cerebral lesions on CT has
been demonstrated to be predictive of poor cognitive outcome
at 12 months post-injury, and more similar to the outcome of
individuals who experience moderate TBI than those who
experience uncomplicated mild TBI (Levin et al. 2009). Giv-
en these classifications, there were 13 severe, 4 moderate and
3 complicated mild cases. The mean modified Injury Severity
Scale (m-ISS; not including the head region) score for indi-
viduals with TBI was 22.6±11.6 (range 12.0–50.0). All par-
ticipants in the TBI group had at least one focal lesion; the
most common site for focal lesion was in the frontal lobes,
followed by the temporal lobes and parietal lobes. Lesion
volume for lesions in the frontal lobes ranged from 0.06 to
23.02 cubic centimeters. Table 1 lists focal lesion location for
each participant used in this analysis.

Participants in the OI group included 15 males and 6
females, and had a mean age of 12.1±2.5 years. The mean
m-ISS score for individuals with OI was 6.0±2.5 (range
4.0–9.0).

The selection of participants with OI was designed to
equate the groups by controlling for risk factors that predis-
pose individuals to accidents including pre-existing behavior-
al problems, family variables, and subtle learning disabilities
(Stancin et al. 1998). The OI group included participants who
were hospitalized overnight for bone fractures of the upper or
lower extremities. Mechanisms of injury for this group includ-
ed predominantly sports and play-related falls. A detailed
developmental questionnaire was administered to legal guard-
ians to confirm the absence of significant previous head
trauma in the OI children and was cross-referenced with
medical records and/or physician report of relevant history
and, when available, clinical imaging results that include
negative CT scans for the OI group.

All participants in both the TBI and OI groups had no
pre-injury history of neurologic or psychiatric disorders and
were recruited from consecutive admissions to emergency
rooms at Level-1 trauma centers in Houston, Dallas, and
Miami. In both groups, participants were excluded if
there was any evidence of previous head injury, child
abuse, pre-existing neurologic disorders (e.g. epilepsy),
diagnosed learning disabilities, pre-existing severe psychiatric
disorders (e.g. schizophrenia), prematurity or low birth
weight (birth weight <2,500 g and gestation <37 weeks),
penetrating injury, hypoxia (PO2 <96 mmHg) or hypotension
(systolic blood pressure 2 standard deviations below the

Table 1 Lesion locations for each participant with traumatic brain injury

Participant Lesion location

1 parietal

2 frontal, temporal, basal ganglia

3 frontal

4 frontal, temporal

5 frontal, parietal, cerebellar

6 frontal, temporal

7 frontal, temporal, parietal, corpus callosum, cerebellar

8 frontal, parietal

9 frontal, temporal, parietal, corpus callosum, basal ganglia

10 frontal, temporal, parietal,

11 frontal

12 frontal

13 frontal, temporal, parietal

14 frontal

15 frontal, temporal, parietal, corpus callosum

16 frontal, temporal, parietal, corpus callosum, basal ganglia,
cerebellar

17 frontal, temporal, parietal, corpus callosum, basal ganglia

18 frontal, temporal, parietal

19 frontal, corpus callosum

20 frontal, temporal
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mean for the age group). Detailed information for demo-
graphic and injury characteristics for both groups appears
in Table 2.

Imaging protocols

All participants underwent MRI without sedation on Philips
1.5 Tesla Intera or Achieva scanners (Philips, Cleveland, OH)
at Texas Children’s Hospital in Houston, the Rogers MRI
Center or University of Texas Southwestern Medical Center
in Dallas, or the Miami Children’s Hospital in Miami using
comparable platforms and software. Regular quality assurance
testing was performed on all three scanners including Amer-
ican College of Radiology (ACR) phantom testing, and all
scanners were consistently noted to be within a range consid-
ered acceptable throughout the course of the study. Addition-
ally, similar ranges of values for Weisskoff stability
measurements (Weisskoff 1996) (minimum 1/SNR index,
peak-to-peak and RMS stability) taken on the day of scan
indicated stability of scanners over time. Participants from
both the OI and TBI groups were scanned at each site (Dallas:
5 TBI, 12 OI; Houston: 6 TBI, 7 OI; Miami: 9 TBI, 2 OI), and
no systematic differences were detected in the quantitative
DTI values derived from each site for the OI participants.

DTI parameters included an axial single-shot spin-echo
echo-planar imaging sequence with 15 diffusion-encoding
directions; 256-mm field of view (FOV); acquisition voxel
size, 2.69×2.69×2.7 mm3; repetition time (TR), 6318.0 ms;
echo time (TE), 51 ms, sensitivity encoding (SENSE)
reduction factor of 2; 2 B factors with 0 s/mm2, low B,
and 860 s/mm2, high B), with 2 acquisitions to average
the signal of the two DTI scans in order to ensure better

signal-to-noise ratio. Acquisitions consisted of 55 slices.
A SENSE 8-channel head coil was used.

Image processing

All pre-processing was completed with the Functional
MRI of the Brain (FMRIB) diffusion toolbox (FDT)
software included in the FMRIB Software Library
(FSL; http://www.fmrib.ox.ac.uk/fsl) (see also Smith et
al. 2006; Smith et al. 2007 for additional detail). Head
motion and eddy current artifact were corrected via a
linear, affine registration algorithm, and DTI metrics (e.g.
FA and ADC) were performed using FDT’s automated
calculation. FSL’s brain extraction tool (BET) was used
to remove all non-brain voxels from the zero-diffusion
weighted image of each tensor of interest (i.e., fractional
anisotropy (FA) and apparent diffusion coefficient (ADC)
(Smith, 2002).

Tract-based spatial statistics analysis

All subjects' FA data were then aligned into a common
space using the nonlinear registration tool FNIRT, which
uses a b-spline representation of the registration warp field.
The target image used in the registrations was chosen to
be the most “typical” subject in the study in order to
generate a study-specific FA target image. This target
image was then affine-aligned into MNI152 standard
space. All participants’ images were then transformed into
standard 1×1×1 mm3 MNI152 space by combining the non-
linear transform to the target FA image with the affine trans-
form from that target to MNI152 space. This resulted in a
standard-space version of each subject’s FA image, which

Table 2 Demographic and injury characteristics of TBI and OI groups

TBI (n020) OI (n021)
Mean (SD) Mean (SD)

Age in Years (3 M) 13.6 (2.9) range 8.2–17.5 12.1 (2.5) range 7.4–16.7

Age in Years (18 M) 14.8 (2.9) range 9.3–18.7 13.2 (2.6) range 8.8–18.0

Months Post-injury (3 M) 4.0±1.0 4.7±2.6

Months Post-injury(18 M) 18.5±3.6 18.4±4.2

Gender 11 M/9 F 15 M/6 F

Race/Ethnicity 6 W/12 H/2 AA 7 W/6 H/8 AA

SCI (z-score) -0.16 (0.91) range -1.86 to 1.41 0.11 (0.82) range -1.52 to 1.48

Handedness 19 R/1 L 17 R/4 L

Mechanism of Injury 8 MVA/4motorcycle/1 RV-ATV/1 bicycle/4 fall/1
hit by motor vehicle/1 other

0 MVA/1 motorcycle/1 RV-ATV/1 bicycle/6 fall/1
hit by falling object/10 sports-play/1 other

GCS Score 7.9 (4.0) range 3–15 N/A

ISS 22.6 (11.6); range 9–50 6.0 (2.5); range 4–9

TBI traumatic brain injury, OI orthopedic injury, W White, H Hispanic, AA African American, SCI Socioeconomic Composite Index, MVA motor
vehicle accident, RV-ATV recreation vehicle or all-terrain vehicle accident, GCS Glasgow Coma Scale, ISS Injury Severity Scale
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was then merged into a single FA 4D image containing
all participant data. For ADC images, the FA transforma-
tion matrices were utilized to achieve the same nonlinear
registration. All subjects’ ADC data were then merged into a
single 4D image volume. A general linear model was used to
analyze group differences (cross-sectional and longitudinal)
using a voxel-wise analysis utilizing permutation-based test-
ing to analyze differences in FA and ADC. Threshold free
cluster enhancement was used as a correction tool for multiple
comparisons.

Other statistical analyses

Demographic statistics between the TBI and OI group
were compared using Chi-square testing (for gender,
race/ethnicity, high-versus low-velocity mechanism of injury)
or Fisher’s exact testing (for handedness and mechanism
of injury) for categorical variables. A Student t-test analysis
was performed for: 1) age at injury at both 3- and 18-month
assessments, 2) post-injury interval for both 3- and 18-month
assessments, and 3) Socioeconomic Composite Index
(SCI) z-score (Yeates et al. 1997). The threshold for
statistical significance was set at p<0.05.

Results

Demographic results

The two groups did not differ significantly for post-injury
interval for either 3- or 18-month assessment, handedness,
gender, or socioeconomic status as measured by SCI z-score.
The TBI and OI groups differed significantly in the
mechanism of injury with TBI patients sustaining a majority
of motor vehicle accidents, and OI participants sustaining a
majority of sports- and play-related injuries; when categorized
as high- versus low-speed injuries, the groups significantly
differed (χ²(1)015.7, p00. 0001). As expected, m-ISS scores
also significantly differed between groups (t(18.43)0-5.92),
p0<0.0001), with the TBI group having a higher mean

m-ISS score. Groups tended to differ for age at injury at
both the 3-month assessment (t(39)0-1.85, p00.07) and
the 18-month (t(39)0-1.89, p00.07) assessments, with the TBI
group being slightly older than the OI group. Groups also
differed in race/ethnicity (χ²(2)05.7, p00.06), with the TBI
group having a higher proportion of Hispanic participants,
and the OI group having a higher proportion of African-
American participants. For a detailed list of means and
demographic and injury characteristics, please see Table 2.

TBSS results

All results are bilateral unless otherwise specified.

Group differences between TBI and OI at 3 months

Regions of significantly lower FA in the TBI as compared to
the OI group included: frontal, superior temporal, parietal,
and occipital white matter, temporal stem, left peri-insular
white matter, corpus callosum, cingulum bundle, fornix,
thalamus, dorsal pons, and cerebellar white matter. Regions
of increase in the FA of the TBI group compared to the OI
group were found in the occipital white matter, left putamen,
inferior temporal white matter, and thalamus.

Regions of significantly higher ADC in the TBI as
compared to the OI group included: frontal, posterior
temporal, and parietal white matter, genu and midbody
of the corpus callosum, midbody and posterior cingulum
bundle, visual cortical white matter, centrum semiovale,
thalamus, internal capsule, left lateral midbrain, and cerebellar
white matter. Regions of lower ADC at 3 months post-injury
in the TBI group compared to the OI group included: pons,
middle temporal white matter, left putamen, anterior cingulum
bundle, caudate nucleus, and splenium of the corpus cal-
losum. These findings are summarized in Table 3.

Group differences between TBI and OI at 18 months

Regions of significantly lower FA in the TBI as compared
to the OI group included: frontal, temporal, occipital and

Table 3 Between-group differences in traumatic brain injury versus orthopedic injury at 3 months post-injury

3 Month FA 3 Month ADC

Decrease Increase Decrease Increase

Frontal, superior temporal, parietal,
and occipital lobes; temporal stem;
left peri-insular white matter; corpus
callosum; cingulum bundle; fornix;
thalamus; dorsal pons; cerebellum

visual cortex of the
occipital lobe;
left putamen; inferior
temporal; thalamus

pons; middle temporal gyrus;
left putamen; anterior
cingulate gyrus; caudate
nucleus; splenium of the
corpus callosum

frontal, posterior temporal, and parietal
white matter; genu and midbody of the
corpus callosum; midbody and posterior
cingulum bundle; visual cortex; centrum
semiovale; thalamus; internal capsule;
left lateral midbrain; cerebellum

FA fractional anisotropy, ADC apparent diffusion coefficient
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parietal white matter, corpus callosum, cingulum bundle,
anterior commissure, right thalamus, fornix, and cerebellar
white matter. Regions of significantly higher FA in the TBI
group as compared to the OI group include: pons, midbrain,
visual cortical white matter, left thalamus, and parietal white
matter (not overlapping with the decreases in FA in the same
lobe of the brain).

Regions of significantly higher ADC in the TBI as
compared to the OI group included: frontal, right temporal, and
parietal white matter, genu, midbody, and splenium of the
corpus callosum, thalamus, midbrain and right cerebellar white
matter. The TBI group showed significantly lower regions of
ADC at 18 months post-injury in the pons, left temporal,
caudate nucleus, and parietal white matter. As with the
3-month assessment data, corresponding brain structures that
exhibited group differences in FA and ADC were not neces-
sarily overlapping within the same general region; for example,
differences in ADC in the temporal lobes were located anterior
to differences in FA. Findings are summarized in Table 4.

Longitudinal analyses: TBI group

Regions of significantly increased FA were seen from 3 to
18 months post-injury in the TBI group in the putamen,
posterior temporal lobe, and thalamus. Regions of signifi-
cantly decreased FA included frontal, anterior and central
temporal, occipital and parietal white matter, genu and
splenium of the corpus callosum, cerebellum, brainstem,
and cingulum bundle.

Regions of significantly decreased ADC included frontal
and parietal white matter, pons, posterior temporal, thalamus,
splenium and body of the corpus callosum, and cerebellar
white matter. Regions of significantly increased ADC could
be seen over time in the parahippocampal and anterior
temporal white matter, genu of the corpus callosum, and
parietal white matter. Findings are summarized in Table 5.

Longitudinal analysis: OI group

The OI group showed significant increases in FA between
the two time points in the cerebellum, temporal, frontal,
occipital, and parietal lobe white matter, midbrain, fornix,
thalamus, insula, putamen, and whole corpus callosum.Very
limited regions of FA decrease between 3 to 18 months
post-injury were seen in the temporal stem and scattered
throughout the subcortical parietal white matter.

ADCwas significantly increased in the OI group in regions
of the cerebellar white matter, thalamus, and caudate.
Both increases and decreases in ADC were found in the
temporal, frontal, occipital, and parietal lobe white matter.
Regions with significantly decreased ADC included anterior
and posterior temporal white matter, temporal stem, genu and
splenium of the corpus callosum. Findings are summarized
in Table 6.

Figure 1 illustrates results of between-group comparisons
on multiple 2D slices as well as within-group changes for
both FA and ADC for all analyses described above. Figure 2
illustrates these changes in a 3D format to better appreciate
the pattern and extent of change in context of the whole

Table 4 Between-group differences in traumatic brain injury versus orthopedic injury at 18 months post-injury

18 Month FA 18 Month ADC

Decrease Increase Decrease Increase

Frontal, temporal, occipital and parietal
white matter; corpus callosum;
cingulum bundle; anterior commissure;
right thalamus; fornix; cerebellum

pons; midbrain; visual
cortex; left thalamus;
parietal white matter

pons; left temporal;
caudate nucleus;
parietal white matter

frontal, right temporal, and parietal
white matter; genu, midbody, and
splenium of the corpus callosum;
thalamus; midbrain; right cerebellum

FA fractional anisotropy, ADC apparent diffusion coefficient

Table 5 Longitudinal differences within the traumatic brain injury group over time from 3 months to 18 months post-injury

TBI Longitudinal, FA TBI Longitudinal, ADC

Decrease Increase Decrease Increase

Frontal, anterior and central
temporal, occipital and parietal
white matter; genu and splenium
of the corpus callosum; cerebellum;
brainstem; cingulum bundle

putamen; posterior
temporal lobe; thalamus

frontal and parietal white matter;
pons; posterior temporal; thalamus;
splenium and body of the corpus
callosum; and cerebellum

parahippocampal gyrus;
anterior temporal and
parietal white matter;
genu of the corpus callosum

FA fractional anisotropy, ADC apparent diffusion coefficient
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brain. Table 7 provides a listing of the 10 largest cluster
sizes (with number of voxels in the cluster and location) for
FA-related changes (increases and decreases) in the TBI
group at 3- and 18-month assessments.

Discussion

Consistent with our expectation, the children and adolescents
with moderate–to-severe TBI demonstrated multiple regions
of significantly lower FA and increased ADC at both the
planned 3- and 18-month assessments in relation to the

OI group. Our findings are consistent with previous
reports using participants with moderate-to-severe TBI in
chronic post-injury intervals using voxel-based DTI analytic
techniques (Bendlin et al. 2008; Xu et al. 2007; Salmond
et al. 2006; Sidaros et al. 2008; Arfanakis et al. 2002;
Huisman et al. 2004). For example, Xu et al. and Salmond
et al. both used holistic voxel-based analysis to report
decreased anisotropy in major white matter tracts of adult
TBI patients in regions of the corpus callosum, internal
and external capsules, and cortical white matter (Salmond
et al. 2006; Xu et al. 2007). Our results are also consistent with
those reported in region of interest (ROI) approaches to

Table 6 Longitudinal differences within the orthopedic injury group over time from 3 months to 18 months post-injury

OI Longitudinal, FA OI Longitudinal, ADC

Decrease Increase Decrease Increase

Temporal stem, minor
in parietal white matter

cerebellum; temporal, frontal, occipital,
and parietal lobes; midbrain; fornix;
thalamus; insula; putamen; whole
corpus callosum

posterior temporal; amygdala;
temporal stem; genu and
splenium of the corpus callosum

cerebellum; thalamus;
caudate

FA fractional anisotropy, ADC apparent diffusion coefficient

Fig. 1 Images are derived from TBSS results and rendered upon a
series of two-dimensional axial T1-weighted images from a template
image. Part A illustrates group differences at 3 months post-injury in
TBI versus OI participants. Part B illustrates group TBI versus OI
group differences at 18 months post-injury. Part C reflects changes
within the TBI group (3 month–18 month), and part D reflects changes

within the OI group over time. The following is applied to the TBI group
in all comparisons a-d: areas denoted in red represent areas of lower
ADC, areas in blue indicate areas of higher ADC, areas in green represent
areas of lower FA, and areas in yellow represent areas of higher FA. For
each image, the right hemisphere of the brain is portrayed on the left hand
side of each slice, consistent with radiologic convention

410 Brain Imaging and Behavior (2012) 6:404–416



DTI analyses which found decreased FA in the corpus
callosum, posterior limb of the internal capsule, centrum
semiovale, and the cerebral peduncles in adults with TBI
as compared to OIs (Sidaros et al. 2008). Finally, these
findings are consistent with changes in both adults and
children following TBI using other advanced imaging
modalities such as volumetric analysis of white matter,
suggesting that TBI affects virtually all major regions of
the brain (Bendlin et al. 2008; Bigler et al. 2010).

We had hypothesized that TBI-related DTI changes
would be most apparent in the frontal and temporal
regions of the brain. Acknowledging that the exact areas
of identified injury for a cohort in group analyses of
moderate-to-severe TBI will differ by study due to the
location, extent, severity, and mechanism of focal injury
in the individuals within that particular cohort, our study
indicated prominent involvement of frontal regions in our
pediatric TBI group. DTI-related changes such as those
demonstrated in the frontal lobes on the between-group
analyses at 3 and 18 months are expected given the
known vulnerability of this region to mechanical forces

during TBI and the prevelance of resulting focal lesions,
as evidenced in our sample. However, there was evidence
for continued deleterious change as measured by
decreases in FA and increases in ADC in this region
over time in the within-group analysis of the TBI group
as illustrated in Figs. 1 and 2. It is possible that injury
sustained during childhood and adolescence, a period
where frontal white matter is still maturing structurally
and physiologically, may alter the course of normal develop-
ment in this important region presumed to be involved in
executive functioning, attention and cognitive and behavioral
control (Levin and Hanten 2005; Liston et al. 2006;
Wozniak et al. 2007).

Next, we had anticipated that within the OI group,
regions of relative increase in FA and decrease in ADC
would emerge by 18 months post-injury, particularly in
frontal and temporal regions, presumably reflecting develop-
mental myelination in these brain areas in children and
adolescents within this age range. Indeed, increased FA
was found in several regions over time in the OI group.
Generally, studies related to white matter development

Fig. 2 Part a illustrates group differences at 3 months post-injury in
TBI versus OI participants derived from TBSS and rendered upon a
series of three-dimensional T1-weighted images from a template
image as this allows a more global perspective of changes occurring
throughout the brain. Part b illustrates group TBI versus OI group
differences at 18 months post-injury. Part c reflects changes within

the TBI group (18 month–3 month), and part d reflects changes
within the OI group over time. The following is applied to the TBI
group in all comparisons (a-d): areas denoted in red represent areas
of lower ADC, areas in blue indicate areas of higher ADC, areas in
green represent areas of lower FA, and areas in yellow represent
areas of higher FA

Table 7 Table of the ten largest
clusters of significant FA
findings in the TBI group at
each assessment

FA fractional anisotropy,
TBI traumatic brain injury,
3 M 3 months post-injury,
18 M 18 months post-injury

Cluster index 3 M decrease 3 M increase 18 M decrease 18 M increase

Voxels Z Voxels Z Voxels Z Voxels Z

1 1898 6.05 18 3.67 358 4.45 77 4.07

2 1662 5.90 18 3.25 222 4.40 67 5.19

3 926 4.85 17 3.55 211 4.55 62 4.20

4 576 5.27 17 3.28 190 4.64 55 4.57

5 368 4.13 16 3.77 168 5.77 55 3.20

6 361 4.31 15 3.45 130 4.25 45 4.24

7 280 3.87 13 3.04 109 4.45 41 4.73

8 280 4.61 12 3.30 74 4.21 40 3.91

9 241 3.87 10 3.84 59 4.74 39 3.16

10 187 4.71 10 2.69 52 3.47 33 4.87
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utilizing DTI have demonstrated age-related increases in
FA with concomitant decreases in ADC, most likely
reflecting the ongoing process of myelination, though
synaptogenesis and synaptic pruning continue throughout
childhood and may also contribute to changes in these
metrics. Various white matter structures have been
reported to show changes in DTI-derived metrics in
studies of normal development, consistent with several
of the regions that were demonstrated in the current
study (Ashtari et al. 2007; Barnea-Goraly et al. 2005;
Bonekamp et al. 2007; Clayden et al. 2011; Eluvathingal
et al. 2007; Giorgio et al. 2010; Lebel et al. 2008;
Muetzel et al. 2008; Schmithorst et al. 2002). We note
that FA increases were not as restricted to the frontal and
temporal white matter as we predicted, but were located
diffusely throughout the brain. Additionally, we note that
the within-group changes predominantly manifested as
increased FA, with fewer than expected concomitant
changes in decreased ADC. The increases in FA were
notably absent in the TBI longitudinal analysis, poten-
tially indicating alteration in the timing or the course of
the expected developmental trajectory in participants with
TBI. Additional research will need to be conducted to
more precisely determine the mechanism underlying
these white matter changes and the course these changes
follow.

Finally, in the within-group analysis of the TBI group, we
anticipated finding evidence for continued degenerative
change in brain regions, as manifest by decreased FA and
increased ADC over time, particularly in the frontal and
temporal lobes. We note that few longitudinal studies using
DTI in moderate-to-severe TBI have been reported. Bend-
lin et al. reported that adult patients with moderate-to-
severe TBI exhibited decreased FA and increased mean
diffusivity (MD) over time in several major fiber bundles
including the corpus callosum, cingulum bundle, and the
inferior fronto-occipital fasciculus (Bendlin et al. 2008).
Similarly, Sidaros and colleagues reported that adult
patients with TBI evidenced decreased FA and increased
ADC over time in the splenium of the corpus callosum and
cerebral peduncle (Sidaros et al. 2008). Kumar et al.
reported persistent decreases in FA at 6 months post-
injury in the genu of the corpus callosum and the anterior
and posterior internal capsule as well as additional areas of
FA decrease in other aspects of the corpus callosum in
participants with TBI as compared to controls (Kumar et
al. 2009). In the only other study reporting longitudinal
changes in a pediatric cohort of moderate-to-severe TBI,
Wu and colleagues restricted analysis to tractography in
the corpus callosum and found ADC increases in the
corpus callosum in TBI and OI groups at 18 months
versus 3 months post-injury (Wu et al. 2010). Our findings
were generally consistent with these previous reports.

However, it is important to note that at both time points,
and longitudinally within the TBI group, both increases and
decreases in the FA and ADC were observed. Generally, the
expected degenerative changes (i.e., lower FA and higher
ADC in the TBI group) were predominant in the TBI group
in between-group comparisons at both assessments, but
were interspersed with additional relatively small regions
of change in the opposite direction (e.g., higher FA in
certain regions in the TBI group). Interestingly, in some of
the studies referenced above, each described evidence of
deleterious change, but also findings suggestive of modest
degrees of apparent recovery when the later time point was
compared to the earlier one, as was observed in our current
study. For example, Sidaros and colleagues found increased
FA in the adult TBI group compared to the OI group in the
centrum semiovale and internal capsule (Sidaros et al. 2008;
Sidaros et al. 2009). Bendlin et al. reported decreased MD in
the adult TBI group over time in regions including the
internal capsule and portions of the occipital white matter
(Bendlin et al. 2008). Finally, Wu and colleagues also
described an increase in FA over time in the pediatric
TBI group (Wu et al. 2010). The presence of apparent
non-degenerative additional changes in our study is con-
sistent with previous studies despite differences in anal-
ysis techniques and methodology. Wu et al. utilized a
tractography-based approach to DTI analysis of pediatric
patients with TBI and Sidaros et al. analyzed adult TBI
patients with a smaller post-injury time interval and
using an ROI-based approach (Sidaros et al. 2008; Wu
et al. 2010). In our study, particularly in non-frontal
regions, we note that group differences for FA decrease
and ADC increase in the cross-sectional analyses generally
appear more to be diminished in size and distribution at
18 months as compared to 3 months, presumably indicating
some seeming amelioration of the initial deleterious changes.
In fact, there are regions of ADC decrease in parietal and
occipital areas as well as in the midbrain (see Fig. 1).
Admittedly, these changes are less visible than the degenera-
tive changes, but highlight the complex and dynamic aspect of
the changes subsequent to TBI in the immature brain.

Although there were some small areas of commonality
between DTI-related group differences in FA and ADC, the
extent and location of differences in these metrics did not
necessarily overlap at either time point, suggesting that each
metric reveals somewhat unique information about the
microstructural environment. Although several published
studies have included two or more DTI metrics (e.g., FA,
MD, ADC, axial diffusivity or AD, or radial diffusivity or
RD), the relation of these metrics to each other and also to
outcome or cognition in different states of pathology is not
fully understood, and few researchers have addressed this
discrepancy. The variation in which DTI metrics are
utilized, as well as the time at which they are measured,
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may partially account for reported differences in the
relation of DTI findings to cognitive and clinical outcome.
For example, Perlbarg and colleagues (2009) reported that
ADC in the cerebral peduncles, inferior longitudinal fas-
ciculus, posterior limb of internal capsule and posterior
corpus callosum measured at 5–53 days did not significantly
differ between groups of TBI participants with favorable
versus unfavorable outcome though FA did differ between
groups at this post-injury interval (Perlbarg et al. 2009).
Moreover, in this study, FAwas related to one-year outcome,
though ADC was not related to outcome and did not
significantly differ between groups. Similarly, Sidaros et
al. (2008) found no ADC changes at 5–11 weeks despite
having seen widespread white matter differences in FA,
and limited differences in ADC were seen at 12 months
post-injury (i.e., only in the posterior corpus callosum)
despite multiple regions of change in FA at this post-injury
interval (Sidaros et al. 2008). Salmond et al. (2006) reported a
slight difference in regions of change between DTI metrics.
Whereas anisotropy decreases were apparent in deep white
matter and spread throughout the cortical white matter,
diffusivity increases primarily manifested in the TBI
group in the cerebellum, insula, cingulate, and some
cortical white matter (Salmond et al. 2006). Clearly these
metrics may demonstrate sensitivity to microstructural
changes within brain tissue that may follow differing
time courses, vary by region due to site-specific structur-
al organization, and are influenced by different forms of
pathology. A better understanding of metric-specific
changes in different regions of the brain will be important in
elucidating and monitoring underlying pathological pro-
cesses in vivo and how these contribute to brain function
and recovery following TBI.

Unlike ROI approaches to DTI analysis, TBSS is an
automated technique that allows for analysis of potential
regions of significance throughout the brain, rather than
limiting analysis to specific hypotheses and predefined
ROI. TBSS provides important information regarding the
overall pattern of microstructural change. The use of a
combination of linear and non-linear registration combined
with projection onto a skeletal tract of the pooled subjects
such that only the white matter tracts common to all subjects
in the study are analyzed, minimizes the former concern
regarding registration. DTI in general has known limitations
relating to the accuracy of FA and ADC in regions with a
great deal of crossing fibers, and newer techniques that
can better resolve this issue could be applied in the future
(e.g., diffusion spectrum imaging).

This study represents the first prospective study utilizing
TBSS DTI analysis in a cohort of children and adolescents
with moderate to severe TBI at two fixed time points.
The relatively large sample size compared to previous studies
and inclusion of a comparison cohort of demographically-

similar children with orthopedic injury represent additional
strengths of the study. Finally, our study included comparison
of two DTI parameters (i.e., FA and ADC) to examine micro-
structural changes occurring at these time intervals.

Limitations of the study include heterogeneity in injury
severity as well as the location, extent and nature of focal
pathology. An additional limitation involves the potential
influence of age in the group comparisons. While the groups
did not technically differ in terms of mean age, it should be
noted that the difference was marginally significant, with the
mean age of TBI group being slightly higher than the OI
group. In the current report, we included all subjects with
complete imaging data of sufficient quality for both 3 and
18 month imaging occasions (i.e., no missing imaging data)
that were between the ages of 8–17 years. Since develop-
mental changes were of interest, we elected not to control
age in the analyses as this would potentially eliminate some
of the expected age-related change we were attempting to
examine in the OI group. However, we do acknowledge that
the marginal differences between groups in terms of age or
the precise distribution of age within each group could also
contribute to our findings. Ideally, future studies would
examine the impact of TBI in a true longitudinal design
with stratification by age. Additionally, we note that
race/ethnicity differed between our TBI and OI groups.
Our recruitment strategy was to enroll every eligble
participant from a prospective consecutive sample, regardless
of the specifics of the demographic data. The inclusion of a
relatively high number of “minority” participants is reflective
of the samples we recruited from, where Houston and Mi-
ami in particular have higher numbers of Hispanic and
African American subjects. We know of no particular
data that reveals a systematic bias in DTI data due to race/
ethnicity per se, and more important estimates of socio-
economic status, such as the Social Composite Index were
comparable between groups.

Future research is necessary to investigate the injury
mechanisms underlying the different metrics in DTI-related
changes in TBI, as understanding of the dynamic post-
injury changes following TBI remains incomplete. We
also acknowledge that the pattern of DTI-related changes
and their persistence over time may differ for patients
with mild TBI (see Mayer et al., 2010). Additionally, the
present study is limited to comparison of white matter
and subcortical gray matter structures that also contain
white matter, such as the thalamus and the basal ganglia;
future analysis of cortical gray matter changes in diffusivity
may also be of importance. Future studies that incorporate
multi-modality imaging in pediatric TBI should also be
performed. This study was intentionally limited to structural
imaging-related changes, but studies exploring the complex
relation of these changes to other medical injury variables,
outcome and cognition are underway.
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Conclusions

In this study we report that TBI-related changes continue
until at least 18 months post-injury as indicated by significant
changes in FA and ADC. These results are generally consis-
tent with other studies revealing decreased FA and increased
ADC following TBI at different chronic post-injury intervals
in both children and adults. Children and adolescents with
TBI failed to demonstrate the expected pattern of FA increases
that was observed in the OI group, suggesting that TBI may
disrupt the timing or course of development subsequent to
TBI. We observed that DTI-related changes between FA and
ADC metrics did not overlap perfectly; they were affected in
different regions, and the extent and location of their change
also varied with time between 3 and 18 months post-injury.
A better understanding of the long-term dynamic changes
occurring within the immature brain following TBI may
increase our understanding of neuroplasticity and continuing
degenerative change, which in turn, may facilitate advances
in management and intervention. Additionally, our study
reaffirms the need to examine multiple DTI metrics and
to further investigate the relation of these metrics to each
other. Future analyses will include additional examination
of the relation of imaging changes to cognitive and
functional outcome as well as multi-modal imaging analyses
of pediatric TBI.
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