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Abstract
Objective—Examine relationships of diffusion tensor imaging (DTI) fractional anisotropy (FA)
to executive function (EF) and attention measures following early childhood (3–7 years) traumatic
brain injury (TBI).

Design—Exploratory correlation and comparison study.

Setting—Children’s hospital outpatient facilities.

Participants—9 children with a history of TBI (age = 7.89 ± 1.00 years; Glasgow Coma Scale
(GCS) = 10.11 ± 4.68) were compared to 12 children with OI (age = 7.51 ± 0.95). All children
were at least 12 months post injury at time of evaluation.

Main Outcome Measures—FA in various regions of interest (ROI), EF and attention
measures.

Results—FA values primarily in the frontal white matter tracks correlated with EF measures.
Separate tasks of inhibition and switching correlated significantly with FA in bilateral frontal
lobes. Tasks combining both inhibition and switching correlated significantly with FA values in
the left frontal lobe. Tasks of attention negatively correlated with FA values in the right frontal
white matter and the superior longitudinal fasciculus.

Conclusions—Associations between late measurement of FA and EF measures following early
childhood TBI suggest that persistent white matter changes, especially in the frontal white matter,
may provide an index of EF deficits.
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1. Introduction
Traumatic brain injury (TBI) is one of the leading causes of morbidity and mortality in the
pediatric population. According to the Centers for Disease Control more than one million
brain injuries occur per year [1]. In children, TBI results in 2,685 deaths, 37,000
hospitalizations, and 435,000 emergency visits yearly [1]. Additionally, because these
injuries occur at a young age, they have a life-long impact. Neurocognitive deficits
frequently occur after TBI and significantly contribute to the persistent morbidity.

Diffusion Tensor Imaging (DTI) has been used recently to assess white matter structure after
TBI [2,3,12,32]. DTI indirectly measures white matter organization via measurements of
water diffusion with the primary metric known as fractional anisoptropy (FA). FA measures
are from 0–1 with scores of zero indicating free diffusion while a score of one indicates
movement of water in one direction only. In general, decreased FA is thought to be
correlated with less structure; thus, indicating decreased white matter organization. In
normal development, the majority of myelination occurs by age five years, but maturation of
white matter is ongoing and continues through the third decade of life [5,6,13,24,25,27]. FA
correlates with this maturation process. FA increases throughout normal development during
adolescence and young adulthood [27]. Characterization of white matter structure after TBI
and its relationship to neurocognitive maturation and development may provide an important
avenue for understanding recovery, especially since the majority of deficits noted after TBI
are cognitive in nature.

Because neurodevelopment is occurring at such a rapid rate throughout childhood and young
adulthood, it is essential to evaluate the effects TBI has during different developmental
stages. Because the peak incidence of TBI in children occurs during two vastly different
periods of development, i.e., early childhood and adolescence, it may be important to
examine the relationships between neural and cognitive outcomes in these groups separately.
Additionally, since executive function (EF) development coincides with normal white matter
maturation and development during late childhood and adolescence, examining the effects
TBI has on this process is necessary. Previous research in the early childhood TBI
population has shown that FA measured a minimum of twelve months post TBI correlated
with injury severity as defined by Glasgow Coma Scale (GCS) scores [33]; however, the
relationship with neuropsychological outcomes, specifically EF, was not examined. The goal
of the present study is to begin to define the relationship of FA measured during the chronic
stage of recovery following early childhood TBI with neuropsychological outcomes,
specifically within EF domains. We hypothesize that late measurements (more than 12
months post injury) of FA in regions of interest (ROI) located in the corpus callosum, frontal
white matter tracts, long white matter tracts, and internal capsule will correlate with EF
measures in individuals who sustained an early childhood TBI.

2. Materials and methods
2.1. Participants

Children in this study were recruited from a larger, prospective behavioral study that
involved the prospective examination of social environmental influences on child and family
outcomes of TBI or Orthopedic injury (OI) in early childhood. Outcomes were measured
soon after injury, and at 6, 12, and 18 months post-injury. Inclusion criteria for both groups
included age between 36 and 84 months at the time of injury, an overnight stay in the
hospital, English as the primary spoken language, no documentation of child abuse as the
cause of injury, and no reported history of developmental disability or medical condition
associated with neuropsychological deficits (e.g. seizure disorder). Additional inclusion
criteria for the TBI included a group score of less than 15 or a GCS of 15 with associated
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neuroimaging findings of a brain injury on CT or MRI, and TBI due to blunt external
trauma. Additional inclusion criteria for the OI group included documented bone fracture
not involving the head and no documented loss of consciousness or symptoms of brain
injury at any time. Parents or guardians of children previously enrolled in the original study
who were older than 6 years of age and at least 12 months post injury were contacted for
participation in the neuroimaging study. Fourteen children with TBI and 17 children with OI
were eligible to participate in the imaging study. Ten children with TBI and 13 children with
OI agreed to participate. Usable imaging was obtained on 9 TBI and 12 OI participants. OI
participants were matched on time since injury, age, sex, ethnicity, and handedness with the
TBI group and recruited for the imaging study as control subjects. See Table 1 for clinical
and demographic information on the participants. In the TBI group, two children had a
severe TBI, and 7 had a moderate TBI. The average GCS score was 10.22. A severe TBI
was defined as a GCS score of 8 or less; a moderate TBI was defined as a GCS score of 9–
12 or a score of 13–15 associated with neuroimaging findings on CT or MRI; and a mild
TBI was defined as a GCS score of 13–15 with no imaging abnormalities (None of the TBI
subjects were classified as mild TBI). The TBI and OI groups did not differ significantly in
age, sex ratio, verbal intelligence quotient, or maternal education. Two of the TBI group and
one of the OI group were left-handed; one in the OI group was ambidextrous. Institutional
Review Board approval and parental or guardian consent were obtained prior to initiating
the study.

3. MR imaging evaluations
Diffusion tensor imaging acquisition and data processing were completed as described in
Yuan et al. [33]. All images were acquired without the use of sedation and were obtained at
least twelve months after injury because this is commonly considered to represent the
chronic stage of recovery after TBI. All participants underwent MRI/DTI examination on a
3T MRI scanner (Trio, Siemens, Erlangen, Germany). DTI (single shot spin-echo echo-
planar imaging) was acquired with an acquisition matrix = 128 × 128, FOV = 25.6 cm ×
25.6 cm, TR = 6000 ms, TE = 87 ms, 46 contiguous axial slices, slice thickness = 2 mm,
voxel size = 2 × 2 × 2 mm3. During the scan, diffusion gradients were applied along 12 non-
collinear directions with a b-value of 1000 s/mm2. An additional set of images without
diffusion weighting (b0 = 0 s/mm2) were also acquired. The scan was repeated four times to
improve signal to noise ratio. The acquisition time for DTI images was 5:48 minutes.

A T1 weighted sagittal 3D MP-RAGE (magnetization-prepared rapid acquisition of gradient
echo) was acquired. This was a high-resolution imaging covering the whole brain to provide
anatomic reference (TR=2000 ms, TE=2.93 ms, FOV=21.9 × 21.9 cm2, acquisition matrix =
256 × 205, slice thickness = 1 mm, voxel size = 0.86×1.07×1mm3, NEX=1, acquisition time
= 3:50 minutes). A fall-back sequence was prepared and used for two participants who were
found to have excessive motion. This was a similar 3D MG-RAGE sequence at a lower
resolution (0.86 × 1.71 × 2 mm3) and thus required shorter acquisition time (2:30 minutes).

The structural images were evaluated by a board-certified pediatric neuroradiologist for
structural abnormalities in the brain, including evidence of volume loss, abnormal signal
intensity, or evidence of hemorrhage. Four of the nine TBI participants demonstrated
findings consistent with evidence of chronic brain injury, including small bilateral frontal
cysts, volume loss with mild, moderate and severe encephalomalacia, and prominent
perivascular and subarachnoid spaces. Three individuals in the OI group demonstrated
imaging findings, including a Chiari I malformation and small syrinx, supravermian cyst,
and abnormal signal in the right parietal white matter with mildly prominent perivascular
spaces. The MR abnormalities in the OI group were incidental findings not related to their
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injury. The findings were not localized within the ROI or within white matter pathways
interconnected to the ROI. All imaging studies were performed without the use of sedation.

4. Neurobehavioral assessments
As part of the initial study all children participated in a comprehensive neurobehavioral
evaluation at approximately 12 and 18 months post injury. Neurobehavioral data from the 18
month time point were used in this study. However, when 18 month data was unavailable,
testing done at approximately 12 months was used. Primary care giver ratings of EF were
assessed using the Global Executive Composite (GEC) score from the Behavior Rating
Inventory of Executive Function (BRIEF) [10]. Higher scores on the BRIEF are associated
with poorer ratings. The Shape School is a modified Stroop test developed to evaluate
domains of EF including selective attention, cognitive flexibility, and processing speed in
young children [7]. In this test, the child names cartoon-like “faces” differing in color and
shape according to specified conditions or rules. In the first condition, the child is asked to
name the color of the faces (Simple Naming), in the second to name the colors of happy
faces while ignoring sad ones (Inhibition), and in the third to name the color of some faces
but the shapes of others depending on a stimulus cue (Switching). Finally, in the fourth or
Both condition, the child is asked to both inhibit naming of some faces and to switch
between naming colors and shapes depending on the stimulus cue (Both). An efficiency
score is calculated by subtracting the number of incorrect answers from the correct answers
and then dividing by the time it took to complete the task (# correct responses – # incorrect
responses/ time) for each subtest. A higher efficiency score corresponds to better
performance on each of these conditions. Additionally, two subtests from the Test of
Everyday Attention for Children (TEA-Ch) were used to assess attentional capacity [22].
Specifically, the Sky Search: selective/focused attention (Attn scale) and Score! sustained
attention (Score scale) subtests were used. There are two parts to the Sky Search test. In the
first part, children are asked to circle targets on a large plastic sheet that are interspersed
with distractors. The number of correctly identified targets is recorded. In the second part,
children are asked to circle targets on a large sheet without distracters present. This part of
the test is designed to correct for motor speed. The raw scores on the two parts of the test are
combined and then used to calculate one standardized score. On the Score! subtest children
are asked to count sounds that they heard over ten separate trials. The sounds are separated
by differing time intervals to assess sustained attention. Again, raw scores are used to
calculate a standardized score as per the TEA-Ch manual instructions. Higher standardized
scores on both subtests correlate with better attentional capacity.

5. Statistical analysis
Various white matter regions have been reported to be susceptible to damage after TBI,
including the corpus callosum, frontal regions, internal capsule, superior longitudinal
fasciculus, and inferior fronto-occipital fasciculus [2,4,11,12,17,18,20,23,26,28,29,33]. In this
study we used the same ROI as described in Yuan et al. [33], including the splenium of the
corpus callosum (sCC), genu of the corpus callosum (gCC), body of the corpus callosum
(bCC), anterior limb of the internal capsule (ALIC), posterior limb of the internal capsule
(PLIC), inferior fronto-occipital fasciculus (IFO), and the superior longitudinal fasciculus
(SLF). Because EF has been correlated with anatomical findings in the frontal lobes [15], we
also added two additional ROI in the left (LFWM) and right (RWFM) frontal white matter
tracks. The ROI delineation for LFWM and RFWM was performed by one rater (A.R.) for
all the subjects. The delineation for the rest of the ROI was performed by another rater
(W.Y.) as described elsewhere [33]. The intra-rater reliability was assessed with a paired t-
test by comparing the results from two repetitions. No statistical difference was found [33].
See Fig. 1a and b for sample ROI maps. A Mann-Whitney U test was used to evaluate for
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significant differences in FA values in ROI between the TBI and OI groups with a p-value
of 0.05 as the threshold. A Mann-Whitney U test was also used to compare the
neurocognitive assessment scores in each group. Spearman correlations between
neurocognitive assessment scores and FA values in ROI for all subjects and within each
group were performed. Spearman correlation values in the OI and TBI groups were then
compared using a Fischer r to z transformation to determine significance. VassarStats:
Website for Statistical Computation [21] (http://faculty.vassar.edu/lowry/VassarStats.html)
was used to calculate p-values. P-value threshold of 0.05 was used to define significance.
Spearman correlations between GCS scores and FA values in ROI were also performed.

6. Results
6.1. Comparison of FA and neurobehavioral/executive function measure scores between
groups

Mean FA values in each of the ROI were compared between the TBI and OI groups (Table
2). Significantly (p ≤ 0.05) lower FA values were found in the TBI group compared to the
OI group in the gCC (p = 0.039), ALIC (p = 0.031), and PLIC (p = 0.008). EF scores on
neurobehavioral testing did not differ significantly between the OI and TBI groups (Table
3). Group differences on parent-rated executive dysfunction (BRIEF) approached
significance (p = 0.087).

6.2. Correlation of FA values in all subjects
Correlation of FA values in ROI with EF measures in all subjects was significant in several
areas (Table 4). Better performance on specific tasks of inhibition significantly correlated
with higher FA in the RFWM (p = 0.015), LFWM (p = 0.000), bCC (p = 0.026), and the
SLF (p = 0.038). Better performance on specific tasks of switching also significantly
correlated with higher FA in the RFWM (p = 0.003), LFWM (p = 0.000), bCC (p =0.012),
and the SLF (p =0.048). When combining tasks of inhibition and switching, better
performance significantly correlated with higher FA in only the RFWM (p = 0.039) and
LFWM (p = 0.001). Superior parent rating of executive dysfunction (BRIEF) did not
correlate significantly with higher FA values in any of the ROI, but approached significance
(p < 0.1) in the RFWM (p = 0.091), sCC (p = 0.065), gCC (p = 0.058), bCC (p = 0.054), and
PLIC (p = 0.077) Poorer performance on tasks of attention correlated significantly with
higher FA values in the RFWM (p = 0.008). FA values in the sCC, gCC, ALIC, PLIC, and
IFO did not correlate significantly with any of the EF or attention measures in the sample as
a whole.

6.3. Correlation of FA values in groups separately
Correlation of FA values in ROI with EF and attention measures was also performed for the
groups separately (Table 5a and 5b). In the TBI group, better performance on tasks of
inhibition correlated significantly with higher FA in the LFWM (p = 0.001). Better
performance on tasks of switching correlated significantly with higher FA values in both the
LFWM (p = 0.005) and RFWM (p =0.004). Better performance on tasks combining both
inhibition and switching correlated significantly with FA in the LFWM (p = 0.006). Poorer
performance on attention tasks (Attn scale and Score scale) correlated significantly with
higher FA in the RFWM (p = 0.004 on the Attn scale and p = 0.047 on the Score scale) and
SLF (p = 0.037 on the Attn scale). In the OI group, better performance on tasks of inhibition
correlated significantly with higher FA in the RFWM (p = 0.047), LFWM (p = 0.000), bCC
(p = 0.047), and SLF (p = 0.047). Better performance on tasks of switching correlated
significantly with higher FA in the LFWM (p = 0.011). Better performance on tasks
combining both inhibition and switching correlated significantly with higher FA in the
LFWM (p = 0.034). Parent rating of EF correlated significantly with FA in the RFWM (p =
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0.043). FA values in the sCC, gCC, ALIC, PLIC, and IFO were not significantly correlated
in the individual groups with any of the neurobehavioral measures used.

Comparisons of correlations between the OI and TBI groups are shown in Tables 5a and 5b.
Significant (p < 0.05) differences between the TBI and OI group correlations on measures of
attention were seen in the PLIC (p = 0.010 on the Score scale) and SLF (p = 0.016 on the
Attn scale). Comparison of correlations were approaching significance in the RFWM with
attention tasks (p = 0.070 on the Attn scale and p = 0.074 on the Score scale). No other
correlations were significant or approached significance in the remaining ROI.

6.4. FA correlation with GCS scores
GCS scores correlated significantly with FA values in the bCC (correlation coefficient =
0.698; p-value = 0.037). GCS did not correlate with any of the remaining ROI with
correlation coefficients ranging from 0.153–0.537 (p-values 0.136–0.695).

7. Discussion
The present study builds upon previous research by examining the relationship of white
matter integrity to EF skills following pediatric TBI in a relatively homogenous sample of
children who sustained a traumatic injury in early childhood. Findings of significant
correlations between FA values in the frontal white matter and laboratory-based measures of
EF provide partial support for our hypotheses.

Previous studies have examined the relationship of DTI findings after pediatric TBI to
various global outcome measures (i.e., Glasgow Outcome Scale), symptom reports, and
neuropsychological measures, including IQ, EF domains, memory, and others. In adults, FA
measured in various brain regions after TBI has been correlated with a range of global and
neuropsychological outcomes. FA measured acutely (1–10 days) after mild TBI is decreased
compared to controls in areas commonly involved in diffuse axonal injury (central
semiovale, corpus callosum, and internal capsule) [14,23]. The decreased FA appears to
persist years after injury [14]. Late measurements of FA after TBI demonstrated decreased
anisotropy in the major white matter tracts in the temporal, frontal, parietal, and occipital
lobes and correlated with learning and memory indices [26]. Other studies of chronic TBI
showed that decreased FA in various areas of the brain was associated with poorer EF,
attention, and memory [16,17]. FA also changes over time after TBI in adults [4,28]. Sidaros
et al. showed FA was decreased approximately 5 weeks after TBI in multiple ROI and
demonstrated that it may increase, remain unchanged, or become further depressed when
measured at 12 months after TBI [28]. When FA reached normal or supra-normal levels 12
months after injury in certain ROI, it was associated with favorable outcomes [28].
Alternatively, when FA remained depressed, it was associated with unfavorable outcomes
[28]. Overall, in adults, FA measured both acutely and chronically after TBI correlates with
neurocognitive outcomes, and in general, decreased FA is associated with poorer outcomes.

The relationship of FA with cognitive and neuropsychological outcomes following pediatric
TBI has not been examined as extensively as in the adult population. However, recent
studies are beginning to elucidate this relationship [8,19,29–31]. Wilde et al. demonstrated
that FA was significantly lower in the genu, body, and splenium of the corpus callosum in
children (mean age = 12.9 years) with moderate to severe TBI (mean time since TBI = 3.1
years) [29]. They also showed that higher FA was related to increased processing speed,
improved interference resolution, and better functional outcome as measured by a
dichotomized Glasgow Outcome Scale (GOS). Wozniak et al. found that children sustaining
mild and moderate TBIs between the ages of 10–18 years had lower FA in the inferior
frontal, superior frontal, and supracallosal areas compared to controls [31]. FA in the frontal
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and supracallosal regions was also correlated with EF [31]. Levin et al. demonstrated that a
composite score measurement of white matter integrity using fiber tracking analysis
correlated with global outcome measures in moderate to severe pediatric TBI three months
after injury [19]. Ewing-Cobbs et al. correlated FA measurements in the isthmus and
splenium of the corpus callosum with neuropsychological outcomes (IQ, working memory,
motor, and academic skills) in pediatric (average age 9 years) TBI at least three months after
injury (mean = 39.1 ± 46.4 months) [8]. In general, these studies have demonstrated that
decreased FA after pediatric TBI is associated with poorer neurocognitive outcomes.
However, contrary to the general trend of higher FA correlating with better outcomes, one
study demonstrated that FA measured acutely, within six days post injury, in the corpus
callosum was increased in adolescents with mild TBI, and correlated with increased post-
concussive symptoms [30]. Age, injury severity, and outcomes of interest varied widely
across these studies making generalization difficult. Additionally, many of these studies
used convenience control samples and did not necessarily match subjects for potential
confounding variables, including age, baseline education, parental education, and the
potential psychosocial effects of the injury itself. Thus, the present study represents a next
step in elucidating the relationship of white matter integrity to recovery from pediatric TBI.

We examined the relationship of FA obtained late (> 12 months) after early childhood TBI
in multiple ROI with EF and attention measures. Late measurements of FA primarily in both
frontal lobes correlated significantly with EF measures in the TBI and OI comparison
groups. FA in the bCC and SLF also correlated with EF measures in the comparison group.
These findings may indicate that FA measured in the frontal white matter tracks could
potentially be used as an index of EF or dysfunction. Additionally, since FA is a measure of
white matter organization, white matter disorganization in the frontal white matter tracks
could possibly be the neuroanatomical explanation for executive dysfunction that occurs
after early childhood TBI. Better characterization of the effect early childhood TBI has on
the development and maturation of white matter tracks in relation to the development of EF
will be an important future research direction, especially since EF is known to develop and
mature in late childhood through adolescence.

Correlation of parent ratings of EF (BRIEF) with FA findings in the RFWM, sCC, gCC,
bCC, and PLIC approached significance when all subjects were evaluated. However, the
correlations did not reach significance when the TBI subjects were evaluated separately. We
are likely seeing greater significance of correlations when the subjects are combined because
of the increased power afforded by an increase in the number of subjects. These findings
may indicate that FA may be a marker of subjective ratings of EF.

The negative correlation between performance on attention tasks from the TEA-Ch and FA
values was counter to our hypotheses and prior research. There are several possible
explanations for these findings. First, individual measures of EF, including alerting,
orienting, and executive control have been shown not to be correlated when tested separately
[9]. This is in agreement with our study where TEA-Ch measures of attention were not
correlated with Shape School measures of EF. Second, some evidence suggests that
sustained attention as assessed by the TEA-Ch is less affected by pediatric TBI than
attention and EF more broadly. Third, the scaling of standardized scores on the TEA-Ch for
younger children may also afford a potential explanation. The age-based norms for the TEA-
CH mean that relatively low raw scores convert to relatively high standard scores for
children at the youngest ages. Because FA values also increase with age, younger children
may have both higher attention scores coupled with lower FA values. This negative
association may have been intensified in the TBI group because sustained attention may not
have been adversely affected by the TBI despite changes in white matter integrity. Taken
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together, these findings suggest that EF skills may be more sensitive than attention to white
matter alterations, particularly in the frontal lobes, following early childhood TBI.

FA was significantly different between the groups in multiple ROI, including the gCC,
ALIC, and PLIC (Table 2). FA was lower in the TBI group in these ROI; however, these
values did not correlate with EF or attention measures in the TBI group. Because
examination of these subjects was done late (> 12 months) after TBI, reorganization of white
matter tracts to compensate for these deficits could be a potential explanation. Additionally,
because these subjects are at a stage when their white matter tracts are undergoing active
development and maturation, the dynamic nature of this process could limit the ability to
detect correlations between FA and neurocognitive measures. Serial evaluation of the
relationship of FA with EF measures and attention measures throughout development might
allow identification of potential correlations.

GCS in our study only correlated with FA measured late after early pediatric TBI in the
bCC. This is in contrast to previous work where FA measured late in multiple ROI
correlated with GCS [33]. However, the method used to calculate FA in this study was a
voxel-wise calculation method instead of ROI that we used. Further work should be done to
better define the relationship of GCS and FA changes after pediatric TBI.

7.1. Limitations
The main limitation in our study is its small sample size. Larger numbers of study
participants could provide the power to detect more subtle relationships, especially since
there were multiple correlations that were nearing significance. We also performed multiple
correlations in multiple ROI, thus leading to numerous (possibly 7 or 8) expected false
positive results. However, we were limited in terms of statistical approaches due to our
small sample size. Overall, the present study is exploratory in nature. We have identified
potential trends, but larger studies will need to be performed to examine these relationships
more thoroughly. Additionally, the TBI group in this study predominantly included those
with moderate TBI. This is a potential strength and weakness. It is a strength because we
were able to examine a relatively homogenous sample; however, the relationship of FA to
recovery after differing severities of TBI is also important to elucidate.

7.2. Conclusions
Our study suggests that DTI-measured FA in the frontal lobes late after early childhood TBI
is related to neurocognitive recovery, specifically EF. Unlike previous studies that have
examined the relationship of FA to recovery after pediatric TBI, this study specifically
examined FA measured late in a relatively homogenous sample of children that sustained an
early TBI. It is important to look at this subset of patients separately because
neurodevelopment is rapidly occurring during this time period and recovery after TBI is
likely to be significantly effected by this developmental stage. Future studies should be
performed to better define the relationship of FA to neurocognitive recovery in children that
sustained an early TBI. Performing DTI serially would allow tracking of white matter
changes over time and could provide insight into how these tracks reorganize after TBI and
how such reorganization relates to recovery of EF skills. Examining the effect TBI has on
subsequent development of white matter tracks in late childhood and early adolescence may
shed light on the late effects of TBI. Our study provides some insight to these questions, but
larger studies and studies focused specifically on these questions are warranted. Better
understanding of the relationship of white matter track changes or reorganization that occurs
after pediatric TBI could allow better prediction of the expected deficits and potentially lead
to the development of improved interventions to address these deficits.
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Fig. 1.
FA map of ROI.

Kurowski et al. Page 11

J Pediatr Rehabil Med. Author manuscript; available in PMC 2011 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kurowski et al. Page 12

Ta
bl

e 
1

Pa
rti

ci
pa

nt
 c

lin
ic

al
 a

nd
 d

em
og

ra
ph

ic
 in

fo
rm

at
io

n

G
ro

up
A

ge
 (y

rs
)

T
im

e 
si

nc
e 

in
ju

ry
 (y

rs
)

Se
x

In
ju

ry
 m

ec
ha

ni
sm

G
C

S

TB
I

9.
04

3.
33

F
Fa

ll
15

TB
I

6.
72

3.
08

M
Pe

d 
vs

. M
V

C
9

TB
I

9.
01

2.
83

M
B

ic
yc

le
13

TB
I

9.
10

2.
75

M
Fa

ll
15

TB
I

6.
93

2.
50

M
Fa

ll
14

TB
I

7.
82

2.
17

M
Pe

d 
vs

. M
V

C
10

TB
I

8.
33

1.
75

F
Fa

ll
9

TB
I

6.
90

1.
25

F
Fa

ll
3

TB
I

7.
17

1.
25

M
M

V
C

3

O
I c

on
tro

l
7.

34
3.

00
M

Fa
ll

N
A

O
I c

on
tro

l
6.

55
2.

75
M

R
ou

gh
 h

ou
si

ng
N

A

O
I c

on
tro

l
8.

72
2.

75
M

Fa
ll

N
A

O
I c

on
tro

l
7.

08
2.

67
M

Pl
ay

gr
ou

nd
N

A

O
I c

on
tro

l
6.

47
2.

50
M

Fa
ll

N
A

O
I c

on
tro

l
9.

10
2.

33
F

Sl
ed

di
ng

N
A

O
I c

on
tro

l
7.

68
2.

00
M

B
ic

yc
le

N
A

O
I c

on
tro

l
8.

62
2.

00
F

Fa
ll

N
A

O
I c

on
tro

l
6.

63
1.

92
F

Pl
ay

gr
ou

nd
N

A

O
I c

on
tro

l
8.

19
1.

75
F

Tr
am

po
lin

e
N

A

O
I c

on
tro

l
6.

46
1.

00
M

Pe
d 

vs
. M

V
C

N
A

O
I c

on
tro

l
7.

32
1.

46
F

Fu
rn

itu
re

 fe
ll 

on
 le

g
N

A

TB
I =

 tr
au

m
at

ic
 b

ra
in

 in
ju

ry
; O

I =
 o

rth
op

ed
ic

 in
ju

ry
; M

V
C

 =
 m

ot
or

 v
eh

ic
le

 c
ol

lis
io

n.

J Pediatr Rehabil Med. Author manuscript; available in PMC 2011 January 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kurowski et al. Page 13

Table 2

Comparison of mean and standard deviation of ROI FA values between the OI (n =12) and TBI (n =9) groups
using the Mann-Whitney U test

ROI FA OI FA TBI p-value

RFWM 0.463 ± 0.048 0.438 ± 0.075 0.153

LFWM 0.465 ± 0.035 0.440 ± 0.045 0.185

sCC 0.771 ± 0.058 0.692 ± 0.112 0.059

gCC 0.770 ± 0.039 0.730 ± 0.042 0.039

bCC 0.746 ± 0.055 0.687 ± 0.116 0.198

ALIC 0.579 ± 0.037 0.539 ± 0.042 0.031

PLIC 0.628 ± 0.041 0.576 ± 0.027 0.008

IFO 0.454 ± 0.052 0.453 ± 0.063 0.746

SLF 0.500 ± 0.053 0.486 ± 0.047 0.432

ROI = region of interest; FA = fractional anisotropy; OI = orthopedic injury; TBI = traumatic brain injury; RFWM = right frontal white matter
track; LFWM = left frontal white matter track; sCC = splenium corpus callosum; gCC = genu corpus callosum; bCC = body corpus callosum;
ALIC = anterior limb internal capsule; PLIC = posterior limb internal capsule; IFO = inferior fronto-occipital fasciculus; SLF=superior longitudinal
fasciculus.
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Table 3

Comparison of mean and standard deviation of executive function and attention measure scores between the
OI (n = 12) and TBI (n = 9) groups using the Mann-Whitney U test

Neurocognitive measure OI TBI p-value

Shape School Inhibit 1.130 ± 0.578 1.240 ± 0.452 0.776

Shape School Switch 0.407 ± 0.430 0.449 ± 0.303 0.938

Shape School Both 0.641 ± 0.207 0.641 ± 0.312 0.899

BRIEF 51.417 ± 11.024 60.111 ± 9.090 0.087

ATTN scale 7.750 ± 2.005 7.556 ± 4.613 0.857

Score scale 9.833 ± 3.904 11.556 ± 3.244 0.542

OI = orthopedic injury; TBI = traumatic brain injury; RFWM = right frontal white matter track; LFWM = left frontal white matter track; BRIEF =
Behavior rating inventory of executive function; ATTN Scale = Sky Search: selective/focused attention; Score scale = Score!: sustained attention;
sCC = splenium corpus callosum; gCC = genu corpus callosum; bCC = body corpus callosum; ALIC = anterior limb internal capsule; PLIC =
posterior limb internal capsule; IFO = inferior fronto-occipital fasciculus; SLF = superior longitudinal fasciculus.

J Pediatr Rehabil Med. Author manuscript; available in PMC 2011 January 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kurowski et al. Page 15

Ta
bl

e 
4

Sp
ea

rm
an

 c
or

re
la

tio
ns

 o
f e

xe
cu

tiv
e 

fu
nc

tio
n 

an
d 

at
te

nt
io

n 
m

ea
su

re
s w

ith
 F

A
 in

 R
O

I f
or

 a
ll 

su
bj

ec
ts

 (n
 =

 2
1)

. T
he

 T
B

I (
n 

= 
9)

 a
nd

 O
I (

n 
= 

12
) g

ro
up

s
w

er
e 

co
m

bi
ne

d

R
O

I
SS

 IN
H

SS
 S

W
T

SS
 B

O
T

H
B

R
IE

F
A

T
T

N
 sc

al
e

Sc
or

e 
sc

al
e

R
FW

M
0.

52
5*

0.
63

3*
*

0.
47

6*
−
0.
37
9

−
0.
56
5*
*

−
0.
20
6

LF
W

M
0.

80
9*

*
0.

77
1*

*
0.

69
2*

*
−
0.
35
7

−
0.
15
5

−
0.
12
7

sC
C

0.
18

4
0.

26
9

0.
36

4
−
0.
41
0

−
0.
17
0

−
0.
32
4

gC
C

−
0.
21
6

0.
12

2
0.

06
6

−
0.
42
1

0.
05

2
0.

26
0

bC
C

0.
48

3*
0.

55
0*

0.
34

9
−
0.
42
6

−
0.
36
1

−
0.
01
2

A
LI

C
0.

19
6

0.
19

5
−
0.
05
7

−
0.
25
3

−
0.
13
5

0.
13

0

PL
IC

0.
08

2
0.

18
1

−
0.
05
9

−
0.
39
4

−
0.
09
8

−
0.
02
5

IF
O

−
0.
01
8

0.
03

0
0.

16
1

−
0.
30
7

−
0.
18
3

−
0.
30
0

SL
F

0.
45

5*
0.

44
7*

0.
30

7
−
0.
34
1

−
0.
20
4

−
0.
09
4

R
O

I =
 re

gi
on

 o
f i

nt
er

es
t; 

O
I =

 o
rth

op
ed

ic
 in

ju
ry

; T
B

I =
 tr

au
m

at
ic

 b
ra

in
 in

ju
ry

; S
S 

IN
H

 =
 S

ha
pe

 S
ch

oo
l I

nh
ib

it 
ta

sk
; S

S 
SW

T=
Sh

ap
e 

Sc
ho

ol
 S

w
itc

hi
ng

 ta
sk

; S
S 

B
O

TH
=S

ha
pe

 S
ch

oo
l C

om
bi

na
tio

n 
ta

sk
;

B
R

IE
F 

= 
B

eh
av

io
r r

at
in

g 
in

ve
nt

or
y 

of
 e

xe
cu

tiv
e 

fu
nc

tio
n;

 A
TT

N
 S

ca
le

 =
 S

ky
 S

ea
rc

h:
 se

le
ct

iv
e/

fo
cu

se
d 

at
te

nt
io

n;
 S

co
re

 sc
al

e 
= 

Sc
or

e!
: s

us
ta

in
ed

 a
tte

nt
io

n;
 R

FW
M

 =
 ri

gh
t f

ro
nt

al
 w

hi
te

 m
at

te
r t

ra
ck

; L
FW

M
= 

le
ft 

fr
on

ta
l w

hi
te

 m
at

te
r t

ra
ck

; s
C

C
 =

 sp
le

ni
um

 c
or

pu
s c

al
lo

su
m

; g
C

C
=g

en
u 

co
rp

us
 c

al
lo

su
m

; b
C

C
=b

od
y 

co
rp

us
 c

al
lo

su
m

; A
LI

C
=a

nt
er

io
r l

im
b 

in
te

rn
al

 c
ap

su
le

; P
LI

C
 =

 p
os

te
rio

r l
im

b 
in

te
rn

al
 c

ap
su

le
;

IF
O

 =
 in

fe
rio

r f
ro

nt
o-

oc
ci

pi
ta

l f
as

ci
cu

lu
s;

 S
LF

 =
 su

pe
rio

r l
on

gi
tu

di
na

l f
as

ci
cu

lu
s.

**
= 

si
gn

ifi
ca

nc
e 

< 
0.

01
.

* = 
si

gn
ifi

ca
nc

e 
< 

0.
05

.

J Pediatr Rehabil Med. Author manuscript; available in PMC 2011 January 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kurowski et al. Page 16

Ta
bl

e 
5

Sp
ea

rm
an

 c
or

re
la

tio
n 

of
 e

xe
cu

tiv
e 

fu
nc

tio
n 

m
ea

su
re

s a
nd

 F
A

 v
al

ue
s w

ith
in

 e
ac

h 
gr

ou
p 

(T
B

I [
n 

= 
9]

 o
r O

I [
n 

= 
12

])
 a

nd
 c

om
pa

ris
on

s o
f c

or
re

la
tio

ns
be

tw
ee

n 
gr

ou
ps

 (p
-v

al
ue

)

A
.

Sh
ap

e 
sc

ho
ol

 in
hi

bi
t

Sh
ap

e 
sc

ho
ol

 sw
itc

h
Sh

ap
e 

sc
ho

ol
 b

ot
h

R
O

I
O

I
T

B
I

p-
va

lu
e

O
I

T
B

I
p-

va
lu

e
O

I
T

B
I

p-
va

lu
e

R
FW

M
0.

58
3*

0.
59

8
0.

96
8

0.
55

4
0.

87
8*

*
0.

18
4

0.
53

9
0.

70
4

0.
65

3

LF
W

M
0.

90
1*

*
0.

89
8*

*
0.

97
6

0.
70

0*
0.

87
2*

*
0.

39
5

0.
61

3*
0.

89
8*

*
0.

21
5

sC
C

0.
18

3
0.

43
5

0.
59

6
0.

14
8

0.
40

5
0.

61
7

0.
38

9
0.

42
9

0.
93

6

gC
C

−
0.
07
2

−
0.
31
8

0.
62

4
0.

46
5

−
0.
42
9

0.
93

6
0.

43
2

−
0.
46
4

0.
10

7

bC
C

0.
58

2*
0.

55
5

0.
93

6
0.

52
9

0.
59

9
0.

85
7

0.
35

8
0.

52
3

0.
73

4

A
LI

C
0.

42
6

−
0.
06
6

0.
32

2
0.

32
3

−
0.
08
6

0.
44

7
−
0.
13
8

0.
15

0
0.

63
1

PL
IC

0.
06

2
0.

45
6

0.
41

2
0.

12
2

0.
41

0
0.

57
6

0.
06

7
0.

00
0

0.
91

2

IF
O

−
0.
26
0

0.
29

1
0.

95
2

−
0.
14
3

0.
22

9
0.

49
7

−
0.
07
7

0.
60

0
0.

20
0

SL
F

0.
58

3*
0.

44
3

0.
71

9
0.

38
8

0.
57

8
0.

65
3

0.
22

3
0.

58
2

0.
46

5

B
.

B
R

IE
F

A
ttn

 sc
al

e
Sc

or
e 

sc
al

e

R
O

I
O

I
T

B
I

p-
va

lu
e

O
I

T
B

I
p-

va
lu

e
O

I
T

B
I

p-
va

lu
e

R
FW

M
−
0.
59
1*

0.
00

0
0.

19
7

−
0.
29
1

−
0.
84
9*
*

0.
07

0
0.

12
9

−
0.
67
2*

0.
07

4

LF
W

M
−
0.
19
4

−
0.
40
8

0.
65

3
0.

13
9

−
0.
34
9

0.
33

7
−
0.
00
5

−
0.
31
9

0.
53

5

sC
C

−
0.
48
1

−
0.
30
3

0.
68

9
−
0.
07
3

−
0.
15
2

0.
88

1
0.

01
2

−
0.
62
5

0.
15

9

gC
C

−
0.
35
1

0.
09

2
0.

38
4

0.
20

5
0.

09
3

0.
82

6
0.

39
5

0.
45

6
0.

88
9

bC
C

−
0.
40
1

−
0.
43
9

0.
92

8
−
0.
06
2

−
0.
46
6

0.
40

1
0.

33
1

−
0.
27
5

0.
23

4

A
LI

C
0.

11
3

−
0.
26
5

0.
46

5
−
0.
01
5

0.
00

0
0.

97
6

0.
40

5
0.

15
1

0.
59

6

PL
IC

−
0.
28
2

0.
24

6
0.

30
3

−
0.
07
8

−
0.
25
5

0.
72

6
0.

52
2

−
0.
65
5

0.
01

0

IF
O

−
0.
28
8

−
0.
37
7

0.
84

9
−
0.
12
0

−
0.
31
1

0.
70

4
−
0.
39
9

−
0.
34
9

0.
91

2

SL
F

−
0.
30
2

−
0.
22
9

0.
88

1
0.

39
2

−
0.
69
8*

0.
01

6
0.

16
0

−
0.
33
2

0.
33

7

R
O

I =
 re

gi
on

 o
f i

nt
er

es
t; 

O
I =

 o
rth

op
ed

ic
 in

ju
ry

; T
B

I =
 tr

au
m

at
ic

 b
ra

in
 in

ju
ry

; S
S 

IN
H

 =
 S

ha
pe

 S
ch

oo
l I

nh
ib

it 
ta

sk
; S

S 
SW

T 
= 

Sh
ap

e 
Sc

ho
ol

 S
w

itc
hi

ng
 ta

sk
; S

S 
B

O
TH

 =
 S

ha
pe

 S
ch

oo
l C

om
bi

na
tio

n 
ta

sk
;

B
R

IE
F 

= 
B

eh
av

io
r r

at
in

g 
in

ve
nt

or
y 

of
 e

xe
cu

tiv
e 

fu
nc

tio
n;

 A
TT

N
 S

ca
le

 =
 S

ky
 S

ea
rc

h:
 se

le
ct

iv
e/

fo
cu

se
d 

at
te

nt
io

n 
sc

al
e;

 S
co

re
 sc

al
e 

= 
Sc

or
e!

: s
us

ta
in

ed
 a

tte
nt

io
n 

sc
al

e;
 R

FW
M

 =
 ri

gh
t f

ro
nt

al
 w

hi
te

 m
at

te
r

J Pediatr Rehabil Med. Author manuscript; available in PMC 2011 January 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kurowski et al. Page 17
tra

ck
; L

FW
M

 =
 le

ft 
fr

on
ta

l w
hi

te
 m

at
te

r t
ra

ck
; s

C
C

 =
 sp

le
ni

um
 c

or
pu

s c
al

lo
su

m
; g

C
C

 =
 g

en
u 

co
rp

us
 c

al
lo

su
m

; b
C

C
 =

 b
od

y 
co

rp
us

 c
al

lo
su

m
; A

LI
C

 =
 a

nt
er

io
r l

im
b 

in
te

rn
al

 c
ap

su
le

; P
LI

C
 =

 p
os

te
rio

r l
im

b
in

te
rn

al
 c

ap
su

le
; I

FO
 =

 in
fe

rio
r f

ro
nt

o-
oc

ci
pi

ta
l f

as
ci

cu
lu

s;
 S

LF
 =

 su
pe

rio
r l

on
gi

tu
di

na
l f

as
ci

cu
lu

s.

**
si

gn
ifi

ca
nt

 c
or

re
la

tio
n 

w
ith

in
 e

ac
h 

gr
ou

p 
(O

I o
r T

B
I)

 o
f p

 <
 0

.0
1.

* si
gn

ifi
ca

nt
 c

or
re

la
tio

n 
w

ith
in

 e
ac

h 
gr

ou
p 

(O
I o

r T
B

I)
 o

f p
 <

 0
.0

5.

p-
va

lu
es

 re
pr

es
en

t c
om

pa
ris

on
 o

f t
he

 c
or

re
la

tio
ns

 b
et

w
ee

n 
th

e 
gr

ou
ps

. B
ol

d 
va

lu
es

 re
pr

es
en

t s
ig

ni
fic

an
ce

 o
f <

 0
.0

5 
an

d 
ita

lic
iz

ed
 v

al
ue

s r
ep

re
se

nt
 v

al
ue

s o
f <

 0
.1

.

J Pediatr Rehabil Med. Author manuscript; available in PMC 2011 January 11.


