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Abstract

Behavioral dysregulation is a common and detrimental consequence of traumatic brain injury (TBI) in children that
contributes to poor academic achievement and deficits in social development. Unfortunately, behavioral dysregulation

is difficult to predict from either injury severity or early neuropsychological evaluation. The uncinate fasciculus (UF)
connects orbitofrontal and anterior temporal lobes, which are commonly implicated in emotional and behavioral
regulation. Using probabilistic diffusion tensor tractography (DTT), we examined the relationship between the integrity of
the UF 3 months post-injury and ratings of executive functions 12 months post-injury in children with moderate to severe
TBI and a comparison group with orthopedic injuries. As expected, fractional anisotropy of the UF was lower in the TBI
group relative to the orthopedic injury group. DTT metrics from the UF served as a biomarker and predicted ratings of
emotional and behavior regulation, but not metacognition. In contrast, the Glasgow Coma Scale score was not related to
either UF integrity or to executive function outcomes. Neuroanatomical biomarkers like the uncinate fasciculus may allow
for early identification of behavioral problems and allow for investigation into the relationship of frontotemporal networks

to brain-behavior relationships. (JINS, 2011, 17, 663-673)
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INTRODUCTION

Children who sustain moderate to severe traumatic brain
injury (TBI) often demonstrate changes in social and beha-
vioral functioning (Ganesalingam, Sanson, Anderson, &
Yeates, 2006; Levin et al., 2004); however, the severity of
these difficulties is often not fully appreciated until the child
re-enters school and community environments. Dysfunction in
neural networks involved in executive processes regulating
cognition and behavior may contribute significantly to diffi-
culties in social and behavioral functioning in everyday con-
texts (Anderson & Catroppa, 2005; Ewing-Cobbs, Prasad,
Landry, Kramer, & DeLeon, 2004; Hanten et al., 2008; Levin
et al., 2004; Sesma, Slomine, Ding, & McCarthy, 2008).
Executive functions (EF) refers to the self-regulatory pro-
cesses that direct cognitive activity, emotional responses, and
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overt goal-directed behavior (Dennis, 1991; Gioia & Isquith,
2004). Fuster (1991) proposed a general subdivision of
executive processes into metacognitive versus emotion and
behavior regulation. Metacognition refers to establishing a goal
and monitoring progress, and modifying one’s strategies to
meet the goal. Behavioral regulation refers to modulation of
emotions and inhibition of inappropriate behaviors. Orbital and
medial prefrontal cortex (PFC) were regarded as the substrate
for emotional regulation while the dorsolateral PFC was the
substrate for metacognitive functions involving the temporal
organization of behavior. Fuster’s (1991) subdivision of EFs
has received support from functional MRI studies that have
identified activation of distributed networks involving specific
regions of orbital and medial PFC with a variety of emotion and
emotion-regulation tasks (Kober et al., 2008; Ochsner et al.,
2009; Wager, Davidson, Hughes, Lindquist, & Ochsner, 2008)
and activation in dorsal PFC-striatal networks with tasks tap-
ping metacognitive functions, including aspects of working
memory, attentional control, and shifting (Bunge & Wright,
2007; Rubia et al., 2006; Somerville & Casey, 2010).
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Despite the high rate of occurrence of EF deficits follow-
ing childhood TBI (Dennis, Guger, Roncadin, Barnes, &
Schachar, 2001; Mangeot, Armstrong, Colvin, Yeates, &
Taylor, 2002), it has proven challenging to predict which
children will develop difficulties and what difficulties they
will develop (Anderson & Catroppa, 2005). There is sub-
stantial variability in symptom expression across individual
children. This variability is likely due to several factors,
including differences in pre-injury functioning, extent of
focal and diffuse injury, and degree of involvement of the
prefrontal regions and related networks. The full effect of
TBI on EF may not be appreciable immediately following
injury, but may develop later, especially in response to
increased demands on the executive system (Gioia & Isquith,
2004). Identification of a neuroanatomical marker capable of
predicting likely executive dysfunction would permit early,
targeted intervention for children at elevated risk for decline
in metacognition or behavioral regulation.

TBI may differentially impact emotional and behavior
regulation versus metacognitive processes. The orbitofrontal
and anterior temporal lobes are commonly implicated in EF
involving behavioral regulation, as well as inhibitory control,
reward and punishment analysis, and social cognition
(Amodio & Firth, 2006; Bechara, Damasio, & Damasio,
2000; Castellanos, Sonuga-Barke, Milham, & Tannock,
2006; Damasio, 1994). The uncinate fasciculus (UF) has
bilateral connectivity of the uncus of the temporal lobe and
amygdala with the orbitofrontal cortex (Goldman-Rakic,
1988; Croxson et al., 2005). Key anatomical substrates for
metacognition and behavioral regulation, the prefrontal and
anterior temporal lobes, are highly vulnerable to focal and
diffuse damage following TBI (Bigler, 2007; Levin, 1993;
Wilde et al., 2005). The location of the UF makes it particu-
larly susceptible to both immediate impact and shearing
injuries. Therefore, TBI may affect both white and gray
matter components and the connectivity of networks
involved in behavioral and emotional regulation.

Diffusion tensor imaging (DTI) is a promising approach to
examining microstructural changes in white and gray matter
following TBI and their relations with behavioral outcomes.
DTI quantifies macro- and micro-structural changes in both
gray matter and white matter through examination of the
degree and directionality of the diffusion of water in tissues
(Basser, 1997; Eluvathingal, Hasan, Kramer, Fletcher, &
Ewing-Cobbs, 2007). DTI provides metrics of diffusivity and
anisotropy. The diffusion of water is restricted by several
variables, including myelin, cell membranes, intracellular
microtubules, and axonal packing (Barkovich, 2005; Le
Bihan, 2003; Moseley, Bammer, & Illes, 2002). Fractional
anisotropy (FA) reflects the degree of diffusion anisotropy
within a voxel, which is related to microstructural tissue
characteristics (Pierpaoli & Basser, 1996). Microstructural
changes occurring in neurodegenerative disorders, including
demyelination or the loss of axonal integrity, are likely to
decrease FA (Moseley et al., 2002). Although clarification
of the microstructural correlates of these metrics is ongoing,
FA is believed to index the integrity and degree of fiber

https://doi.org/10.1017/51355617711000464 Published online by Cambridge University Press

C.P. Johnson et al.

organization. Mean diffusion (MD) has been related to
expansion of extracellular space, possibly attributed to neuro-
nal or glial loss (Pierpaoli et al., 2001; Rugg-Gunn, Symms,
Barker, Greenwood, & Duncan, 2001; Tasker, 2006). In rela-
tion to comparison groups, DTI metrics revealed lower FA and
higher mean diffusion in multiple pathways following pedia-
tric TBI. (Ewing-Cobbs et al., 2008; Wilde et al., 2006; Wilde
et al., 2010)

Diffusion tensor tractography (DTT) is the mapping of
white matter pathways based on the voxel-based values of
DTI metrics. Extrapolating directional information from the
acquired diffusion metrics, DTT reconstructs large white
pathways by creating fibers of likely direction, allowing for
full reconstruction of the white matter pathway integrity,
rather than relying on individual regions of interest. This
method allows investigators to relate the integrity of white
matter pathways to cognitive and behavioral outcomes,
creating a powerful means for measuring the impact of an
injury within a specific neural substrate. However, DTI and
DTT have rarely been evaluated in relation to limbic system
pathways and to measures of EFs.

The process of determining whether voxels belong to a
pathway and the orientation of the fibers can be accomplished
using either deterministic or probabilistic methods. Determi-
nistic tractography uses specific algorithms on the nature of the
pathway in question to identify the structure of the pathway
and define it. Conversely, probabilistic methods of tracto-
graphy rely on the values at each voxel to determine if and
where a tract continues. While deterministic methods produce
excellent reconstructions of the intact brain, due to the dys-
morphic processes of TBI, assumptions about the structure of
pathways and relationship to surrounding brain matter may not
hold. Therefore, we chose a probabilistic approach due to its
flexibility in accommodating the tight curvature in tracts such
as the UF and disruption of tissue integrity and diffusion due to
injury (Cook et al., 2005). Probabilistic DTT is also well suited
for addressing questions of connectivity between cortical
regions and was used to determine connectivity of the UF with
regard to two target cortical regions, the anterior temporal pole
and the orbitofrontal cortex (Mori & van Zijl, 2002; Johansen-
Berg & Behrens, 2006).

In the present study, we evaluated whether probabilistic
DTT of the UF obtained 3 months after moderate to severe
TBI predicts ratings of metacognition or behavioral regula-
tion at 12 months after injury. The following hypotheses
were examined: (1) Using DTT, the UF will show reduced
FA and elevated mean diffusion in the TBI group relative to
an orthopedic injury comparison group. (2) The DTI metrics
derived from tracking of the UF will act as a biomarker,
predicting later, specific EF ratings. The DTI metrics will
predict ratings of behavioral regulation, but not meta-
cognition, at 12 months post-injury due to the specificity
of the orbitofrontal and anterior temporal regions in emo-
tional control functions. (3) Probabilistic tractography of
the UF will demonstrate superior prognostic capabilities
over the Glasgow Coma Scale (GCS) score in predicting
EF outcomes.


https://doi.org/10.1017/S1355617711000464

Predicting behavioral deficits in pediatric TBI

Table 1. Demographic information

665

Demographic variables TBI (n = 15) Orthopedic (n = 15)
Years of age at scan (M (SD)) 10.9 (3.7) 11.2 (2.7)
Gender (% male) 53 67
Handedness (% right) 100 80
Injury Severity Score (M (SD)) 22.5(9.1) 6.5 (2.6)
Glasgow Coma Scale score at time of hospital admission (n)
3-8 9 —
9-12 5 —
13-15 1 —
Radiological characteristics (1)
Diffuse axonal injury 12 —
Encephalomalacia 6 —
Shear injury 11
Mechanism of injury (n)
Motor vehicle accident 4 —
Pedestrian struck by auto 5 —
Fall 6 —
METHOD Committee for the Protection of Human Subjects. Children
in both groups received neuropsychological evaluations,
Participants including parent rating of behavioral competencies at 12 months

Participants included children between the ages of 6 and
15 who were hospitalized following a TBI (n=15) or
an orthopedic injury not involving head trauma (n = 15).
The severity of TBI was classified as moderate (n =3) or
severe (n = 12) based on the post-resuscitation Glasgow Coma
Scale score (Teasdale & Jennett, 1974). Children with pre-
existing psychiatric diagnoses were excluded from the study.
TBI and comparison groups were comparable on age at testing
(1(28) = 0.23, ns) and sex (x2 = 0.56, ns). Additional demo-
graphic and injury information is presented in Tables 1 and 2.

Procedure

All recruitment and testing procedures were approved by the
University of Texas Health Science Center at Houston’s

after injury and structural MRI an average of 3 months after
injury as part of a longitudinal study. All scans were reviewed
clinically by a board certified radiologist; all scans of the
orthopedic injury and two of the TBI group were read as
normal. Written parental consent and child assent were
completed for behavioral testing and MRI. For the TBI
group, 239 individuals were screened in the emergency
room. Of that group, 189 did not meet inclusion criteria.
Of the remaining 50, 13 did not wish to participate in the
study and 5 could not be approached before discharge.
Of the 32 individuals who participated in the study, 17 either
failed to complete the neuropsychological testing follow-
up at 12 months or had incomplete imaging data. The
orthopedic injury group was recruited from the same emer-
gency room as the TBI group. For the orthopedic injury
group, 303 individuals were screened in the emergency room.

Table 2. Clinical characteristics and radiological findings of TBI group imaged 3 months post-injury

Age at MRI Gender Trauma type GCS Low GCS admit Presence of shear/location Presence of encephalomalacia/location
6.8 F MVA 3 3 Bilateral FT R frontal

133 M Fall 3 8 R Temporal None

13.5 M Fall 9 10 None None

16.4 M PED 3 14 R Frontal None

7.9 M PED 3 3 Bilateral Frontal None

7.4 F PED 3 12 L Temporal None

7.9 F MVA 3 3 None None

10.7 F MVA 12 12 L Frontal None

15.7 M Fall 3 12 None Bilateral frontal, R temporal
10.4 M Fall 3 8 R Frontal L temporal

15.6 M PED 3 7 Bilateral FT LFT

6.5 M Fall 12 12 LFT None

11.5 M MVA 6 6 LFT None

11.9 M PED 3 3 Bilateral Frontal Bilateral frontal

16.3 F Fall 3 3 None Bilateral frontal

MVA = motor vehicle accident; PED = pedestrian struck; FT = frontotemporal.
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One hundred seventy of those individuals did not meet
inclusion criteria. Of the remaining 133 individuals, 62 elected
not to participate in the study and 38 were not approached
before being discharged from the hospital. Finally, of the
33 individuals who were enrolled in the study, 18 either did
not complete the neuropsychological testing at 12 months or
had incomplete imaging data. GCS scores for the TBI group
were obtained through chart review from the participating
hospital. To minimize artificial lowering of GCS scores in
children treated pharmacologically, the child’s hourly GCS
scores were reviewed and the best level of response was coded
for each 24-hr period. The lowest post-resuscitation GCS
score was the lowest of the “best response” scores obtained.

Executive Function Measure

The Behavior Rating Inventory of Executive Function
(BRIEF; Gioia, Isquith, Guy, & Kenworthy, 2000) is an
86-item parental questionnaire assessing everyday EF com-
petencies. The BRIEF has been used to reliably assess TBI
outcomes in children up to 5 years post-injury (Gioia &
Isquith, 2004; Mangeot et al., 2002). The BRIEF generates
eight subscales which combine to form behavioral regulation
and metacognition index scores. Index scores allow dissocia-
tion of behavior regulation, generally associated with the
orbitofrontal cortex from metacognition, which is more closely
associated with the dorsolateral prefrontal cortex (Fuster,
1991). The BRIEF has demonstrated greater ecological valid-
ity for measuring EF deficits related to activities of daily life,
including school performance, than performance-based mea-
sures in children with TBI (Gioia & Isquith, 2004; Vriezen &
Pigott, 2002). Higher T scores (M =50, SD = 10) indicate
greater difficulty. The BRIEF was administered at 12 months
post-injury with standard instructions to rate behavior over
the past 6 months. A pre-injury estimate was also collected at
the 3-month time point by asking parents to report on behavior
for the 6 months before injury.

MR Image Acquisition

All MRIs were performed on a Philips 3T scanner with
SENSE (Sensitivity Encoding) technology using an eight-
channel phase array head coil. After conventional scout
and T2-weighted sequences, a three-dimensional isotropic
T1-weighted sequence (MPRAGE) was performed in the
coronal plane. Acquisition parameters of the isotropic 3D
MPRAGE sequence were as follows: repetition time/echo
time = 8.5/4.0 ms; flip angle = 6°; field of view = 240 X 240;
matrix = 256 X 256; slice thickness = 0.94 mm; in-plane
pixel dimensions (x,y) = 0.94,0.94 mm; number of excitations
(NEX) = 1; scan time ~ 6 min. The DTI sequence consisted
of a single-shot spin-echo diffusion sensitized echo-planar
imaging sequence with the following parameters: 21 non-
collinear equally distributed diffusion encoding directions
(e.g., Icosa21; Hasan and Narayana, 2003); repetition time/echo
time = 6100/84 ms; b=0, and 1000 s/mmz; field-of-view =
240 X 240 mm?; matrix = 256 X 256; slice thickness = 3.0 mm;
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in-plane pixel dimensions (x,y) = 0.94,0.94; SENSE accel-
eration factor = 2; sequence repeated and averaged twice;
scan time ~ 7 min.

MR Image Analysis

The current method of isolating DTI metrics of the UF
involved reconstructing the UF pathway via probabilistic
tracking methods from the anterior temporal pole to the
orbitofrontal cortex. Once reconstructed, the mean FA
and MD values were derived from the resulting tract. This
produced more reliable estimates of the DTI metrics than
region of interest or single seed methods by being fully
computerized and produced more valid estimates of tract
integrity by using values from the entire tract rather than a
small sample of voxels.

Using Freesurfer v4.1.0 software (www.surfer.nmr.mgh.
harvard.edu) on a 64-bit Linux-based computer, whole brain
segmentation was performed using the recon-all functionality
of Freesurfer (Fischl et al., 2004) to segment the brain into
three classes of tissue types: gray matter (GM), white matter
(WM), and cerebrospinal fluid (CSF). These cortical areas
were subsequently parcellated in Freesurfer according to the
Desikan-Killiany parcellation scheme (Desikan et al., 2006),
which generates a total of 35 gyral-based regions in each
hemisphere, including the anterior temporal pole, lateral and
medial orbitofrontal regions. Each subject’s high resolution
T1-weighted image set and respective Freesurfer generated
cortical masks were subsequently co-registered with corre-
sponding non—diffusion-weighted volume using an affine
linear registration option included with FSL-FLIRT (fMRI
Software Library Linear Image Registration Tool; Smith
et al., 2004). This transformation matrix (and its inverse)
provided the means to bring the Freesurfer masks from
T1-space to DTI space where all tractography functions were
conducted to avoid the introduction of normalization based
error to the analyses (Allen et al., 2008; Chao et al., 2008;
Wallis, Widjaja, Wignall, Wilkinson, & Griffiths, 2006).
Probability tracking was then performed between the tem-
poral pole mask (e.g., seed mask) and orbitofrontal mask
(e.g., termination mask) using FSL’s ProbtrackX package. A
total of 5000 samples were initiated from each voxel in the
seed mask to the termination mask with a curvature threshold
set to 0.2, limiting curvature to approximately 80 degrees or
less. Due to between-subjects variability in volumes of the
temporal pole seed mask, it was necessary to account for this
variability. Therefore, each voxel was divided by the value of
waytotal, a value calculated by FSL as the total number of
successful streamlines drawn from the seed to the target. This
created a voxel over waytotal quotient from which common
probability across subjects could be compared to a threshold,
set at 1% of all streamlines. Tractography was then limited
by fractional anisotropy at 0.2 to minimize the influence of
neighboring gray matter. Finally, the seed and target masks
were subtracted away from the thresholded tractography
mask. The resulting gray matter masks and white matter tract
are illustrated for a single subject in four sagittal slices in
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Fig. 1. Sagittal images demonstrating the gray matter masks for the
orbitofrontal cortex (green), anterior temporal pole (red), and the
resulting uncinate fasciculus (blue).

Figure 1. Mean FA and MD of the tracts were then calculated
from the tractography mask using command-line tools included
with FSL.

Statistical Analyses

The composite scores for the metacognition index, composed
of items relating to working memory, initiation, planning,
self-monitoring, and organization of materials, and the
behavioral regulation index, composed of items relating to
emotional control, inhibitory control, and cognitive shifting,
were compared between groups via ¢ test to investigate
anticipated behavioral differences between the orthopedic
injury and TBI groups. Similarly, mean FA and MD values
were compared between groups to ascertain if UF metrics on
both the left and right varied between the groups. #-tests and
x> were also used to determine if age or sex differences
existed between groups. Differences between pre-injury
BRIEF estimates and 12-month outcome scores were com-
pared within each group to examine post-injury changes to
executive functioning.

Correlations between left and right UF metrics of both FA
and MD were high enough to justify combining hemispheres
for analysis. However, to ensure that no hemisphere effect was
lost, a preliminary assessment of hemisphere differences in FA
and MD as predictors of BRIEF scores was completed. No
effect of hemisphere was identified for FA, F(1,26) = 0.01;
p=.96, or MD, F(1,26) = 0.01; p = .96, in predicting beha-
vioral regulation scores. Similarly, no effect of hemisphere
was identified for FA, F(1,26)=0.75; p=.39, or MD,
F(1,26) = 0.15; p = .70, in predicting metacognition scores.

An analysis of covariance (ANCOVA) was used to evaluate
the relationships between UF metrics and the two indices of
EF from the BRIEF, including additional independent factors
for age and group, as well as interactions between metrics of
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Table 3. Group differences on BRIEF scales

BRIEF scales TBI 28 7% p

47.0(6.5) 2.06 0.13 0.05
46.1 (6.6) 2.64 020 0.01
463 (6.2) 2.66 020 0.01

Orthopedic

Behavior regulation 52.7 (8.6)
Metacognition 52.4(6.4)
Global Executive 52.8 (7.2)

Note. Standard deviations presented in parentheses.

UF integrity and group membership (TBI vs. orthopedic
injury) while covarying for pre-injury estimates. Follow-up
analysis involved decomposing the EF composites into
component subscales to determine underlying characteristics
of the scales which might account for relationships between
structure and function.

Within the TBI group, Pearson correlations were used to
determine if there was a relationship between GCS at admis-
sion and metrics of the UF. These analyses were followed up
with an ANOVA exploring the additional variance explained
by incorporating UF DTI metrics to predict behavioral regula-
tion after accounting for any variance due to GCS score to
determine if additional information about behavioral outcomes
could be derived from these metrics. This analysis was repli-
cated with the lowest post-resuscitation GCS score.

RESULTS

Relative to the orthopedic injury group, the TBI group had
significantly less favorable ratings on BRIEF behavioral
regulation and metacognition index scales (see Table 3). The
TBI group demonstrated significant increases in executive
dysfunction from pre-injury estimates on scales of emotional
control and organization of materials (see Table 4). Neither
FA nor MD differed by group in the right UF. Conversely,
in the left UF, FA but not MD was significantly lower in the
TBI group (see Table 5). No age or sex effects were identified
for any of the metrics.

An ANCOVA revealed that UF FA predicted 12 month
behavioral regulation, F(1,24)=6.00; p=.02, but not
metacognition, F(1,24) = 0.34; p = .56, after covarying for
pre-injury estimates of function. No interaction was found
between group and UF FA, but there was a trend toward
significance in predicting behavioral regulation, F(1,24) =
3.20; p = .86. Decomposing the behavioral regulation index
into component subscales (Emotional Control, Shift, and
Inhibit) revealed that the relationship between behavioral
regulation and right UF FA was primarily driven by its
relationship to emotional control, F(1,26) = 7.96; p = .009.
Neither the Shift, F(1,26) =0.06; p = .82, nor Inhibit,
F(1,26) = 1.23; p = .28, subscales were related to uncinate
FA. Figure 2 illustrates the relationship between BRIEF
outcome scores and white matter integrity between three of
the individuals, demonstrating that behavioral regulation
score was associated with the integrity of the UF rather than
just presence of TBI.

No significant correlations could be identified between
GCS score at hospital admission and UF DTI metrics within
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Table 4. Change in BRIEF scores from pre-injury estimate to 12 months post-injury by group

C.P. Johnson et al.

TBI Orthopedic

BRIEF Scales Pre-injury 12 month 1(28) p Pre-injury 12 month 1(28) p

Behavioral Regulation Index 48.3 (9.9) 52.7 (8.6) 1.47 0.16 46.7 (8.7) 47.0 (6.5) 0.12 0.91
Inhibit 49.5 (7.0) 51.1 8.1) 0.71 0.49 47.5 (8.6) 50.2 (8.6) 1.27 0.23
Shift 52.1 (14.6) 52.3(8.9) 0.08 0.94 47.7 (9.3) 47.3 (6.3) —0.17 0.87
Emotional Control 46.1 (8.1) 53.7 (11.5) 2.12 0.05 46.5 (8.0) 44.9 (7.8) -0.6 0.56
Metacognitive Index 49.7 (9.3) 52.4 (6.4) 1.3 0.21 45.5 (9.3) 46.1 (6.6) 0.33 0.75
Initiate 51.4 (8.16) 53.2(7.3) 0.67 0.51 47.1 (8.9) 46.0 (7.4) —0.57 0.58
Working Memory 50.8 (11.0) 53.7 (7.3) 1.12 0.28 46.1 (6.6) 472 (5.3) 0.53 0.6

Plan/Organize 50.4 (11.4) 50.7 (6.9) 0.14 0.88 45.9 (7.6) 48.0 (6.6) 1.06 0.31
Organization of Materials 47.2 (9.0) 51.1 (8.4) 2.23 0.04 46.7 (10.8) 45.3 (8.5) —-0.93 0.37
Monitor 48.9 (8.9) 52.7 (7.8) 1.66 0.12 44.5 (11.9) 46.0 (6.1) 0.53 0.61
Global Executive Composite 49.3 (9.8) 52.9(7.2) 1.47 0.16 45.5(9.2) 46.3 (6.2) 0.38 0.71

the TBI group. Neither FA, r(15) = 0.40; p = .14, nor MD
r(15) = —0.45; p = .09, was correlated with GCS admission
score. Additionally, UF FA predicted behavioral regula-
tion beyond that accounted for by admission GCS, F(1,12) =
6.45; p=.026. The model including only GCS predicted
little of the variance in behavioral regulation, R*= 0.026,
while a model including FA was much more predictive,
R* = 0.366.

Similarly, no significant correlations could be identified
between lowest recorded GCS score and UF DTI metrics
within the TBI group. Neither FA, r(15) = 0.15; p = .60, nor
MD r(15)=—0.02; p=.94 was correlated with lowest
recorded GCS score. Additionally, UF FA predicted beha-
vioral regulation beyond that accounted for by lowest recor-
ded GCS, F(1,12) =6.38; p=.027. The model including
only GCS predicted little of the variance in behavioral reg-
ulation, R*> = 0.104, while a model including FA was much
more predictive, R* = 0.415.

DISCUSSION

TBI is associated with long-term cognitive and behavioral
sequelae. Due to the heterogeneous nature of TBI, the out-
comes of a specific injury are difficult to predict (Schwartz
et al., 2003; Taylor et al., 2002). The tremendous variability
in the severity of injury and degree of diffuse and multifocal
injury to cortical and subcortical structures is paralleled
by variable cognitive and behavioral outcomes. The current

Table 5. Group differences on DTI metrics

study demonstrated the utility of probabilistic gray matter
target connectivity based analyses of DTI obtained at
3 months following moderate to severe TBI or orthopedic
injury for predicting specific EF outcomes assessed 1 year
after injury. As predicted, DTT metrics from the UF indicated
reduced FA in the TBI group relative to the orthopedic injury
group. This effect was only seen in the left UF and is possibly
a result of the vagaries of a small sample with more left sided
injuries. DTT metrics from the UF served as a biomarker and
predicted ratings of EF obtained 1 year after brain injury. The
pattern of findings supported our hypothesis that elevated
behavioral dysregulation would be predicted specifically by
FA from the UF. Within the behavioral regulation factor
score, the emotional control subscale was strongly related to
measures of FA from the UF. As expected, metacognitive
difficulties were not predicted by DTT metrics from the
UF. Additionally, UF MD was not predictive of behavioral
regulation score on the BRIEF, in contrast to one of our
hypotheses. However, this finding is not wholly unexpected
as MD is less sensitive to the effects of TBI in white matter
pathways and FA is more associated with cognitive functions
(Ewing-Cobbs, Hasan, Prasad, Kramer, & Bachevalier,
2006; Huisman et al., 2004; Levin et al., 2008). The lack of
change in MD is informative despite its lack of relation to
cognitive changes because dramatic decreases in MD might
suggest global alterations in the diffusion characteristics of
the brain, limiting the utility of FA as a predictor (Hasan,
2006). FA predicted EF outcomes above and beyond either

TBI Orthopedic 1(28) 7 p
Right uncinate
Fractional anisotropy 0.399 (0.043) 0.418 (0.030) 1.44 0.07 0.16
Mean diffusivity (X 1000) 0.830 (0.035) 0.812 (0.038) —1.30 0.06 0.20
Left uncinate
Fractional anisotropy 0.386 (0.031) 0.419 (0.033) 2.87 0.23 0.01
Mean diffusivity (X1000) 0.834 (0.031) 0.820 (0.036) —1.14 0.04 0.26
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Fig. 2. Three-dimensional reconstructions of the uncinate fascicu-
lus in three 15-year-old participants (clockwise from top left): (a)
orthopedic control participant with good outcome on the Behavioral
Regulation Index (T score =43); (b) traumatic brain injury
participant with good outcome on the Behavioral Regulation Index
(T=52), and (c) traumatic brain injury participant with poor
outcome on the Behavioral Regulation Index (T = 63).

the GCS score obtained at admission or the lowest post-
resuscitation score. Clearly, DDT metrics were strongly
related to behaviors affected by moderate to severe TBI and
were differentially related to specific EF outcomes.

DTT as a Biomarker of UF Disruption

Commonly used measures of injury severity, such as the GCS
score, are useful for predicting global outcomes in groups
of patients but are not particularly sensitive predictors of
specific outcomes. Given the limitations of the GCS score in
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predicting outcome after TBI, there is increasing interest in
using pathoanatomic variables derived from neuroimaging
studies in multivariate prognostic modeling to more precisely
characterize injury severity, predict outcomes, and classify
patients into more homogeneous groups for intervention
protocols (Saatman et al., 2008; Steyerberg et al., 2008).

DTT has great potential for serving as a biomarker of
integrity of frontotemporal connectivity. The UF is a candi-
date pathway for investigation of prognosis following TBI
because TBI often involves injury to frontotemporal gray
and white matter (Bigler, 2007; Wilde et al., 2005), and is
often associated with cognitive and behavioral dysregulation.
We found evidence of UF disruption that was not always
identifiable on structural MRI. Additionally, GCS was a poor
predictor of both UF disruption and EF dysfunction. The UF
has previously been identified as a pathway not associated
with GCS despite GCS predicting other major white matter
pathways (Bendlin et al., 2008).

At the level of predicting individual outcome domains,
inclusion of neuroimaging variables can also enhance pre-
diction of outcomes following pediatric TBI. Inclusion of
presence/absence of lesions in the frontal lobes and related
functional networks has significantly improved predictions of
some outcomes. For example, unilateral lesions of the frontal
lobes, but not extrafrontal lesions, were associated with less
favorable socialization and greater maladaptive behaviors
(Levin et al., 2004). The likelihood of developing second-
ary attention-deficit/hyperactivity disorder was significantly
greater in children with focal lesions in the orbital frontal
lobes (Max et al., 2005), thalamus, or basal ganglia (Gerring
et al., 2000; Herskovits, Gerring, Bavatzikos, & Bryan,
1999). Frontal lobe lesion volume, but not hippocampal
volume, was associated with learning and memory perfor-
mance following severe TBI (Di Stefano et al., 2000). DTI
has advantages over measures of regional tissue volume or
lesion volume in predicting outcomes. DTI can quantify tis-
sue integrity as well as the connectivity of specific circuitry in
relation to specific cognitive and behavioral EF outcomes.
Unlike lesion volumes that can only be evaluated in a subset
of study participants, DTIT metrics can be obtained in both
healthy participants and in those with TBI of all severities.
This allows investigation of the contribution of components
of frontotemporal networks to brain behavioral relationships
across populations and across the range of injury severity.

The use of DTT to identify changes to specific pathways
after TBI may allow for behavioral interventions to be
introduced before the appearance of significant cognitive or
behavioral disturbances. At present, most injuries require a
“wait-and-see” approach in which significant sequelae are
only identified after performance begins to decline in school
or on repeated neuropsychological evaluations over a period
of time. Children with TBI must first demonstrate a deficit
before interventions can be implemented. If more specific
predictors of emotional and behavioral regulation could
be identified shortly after injury, then targeted interven-
tions could be introduced substantially earlier to children at
greatest risk.
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DTT of the UF in Relation to Executive
Function Outcomes

The importance of frontotemporal connections to adequate
social functioning has been emphasized in several clinical
populations, including autism spectrum disorders (Bachevalier
& Loveland, 2006; Barnea-Goraly et al., 2004; Lee et al.,
2007; Pugliese et al., 2009), schizophrenia (Highley, Walker,
Esiri, Crow, & Harrison, 2002; Kubicki et al., 2002), tem-
poral lobe epilepsy (Diehl et al., 2008; Lin, Riley, Juranek, &
Cramer, 2008), and early socioemotional deprivation (Elu-
vathingal et al., 2006). Additional investigation of similarities
and differences in cognitive and behavioral dysregulation
identified in these populations in relation to specific DTI
metrics will provide refinement of theories of orbitofrontal
connectivity with temporal and amygdalar regions. Tracto-
graphy and connectivity studies hold much promise for
clarifying relations between limbic system components and
their unique contribution to emotion regulation.

LIMITATIONS AND FUTURE DIRECTIONS

Probabilistic tractography is, by its very nature, an exclu-
sionary process. Due to the selective nature of tracking,
the identified tract represents only areas of certain, intact,
well-organized, fiber bundles. Specifically, the step-by-step
filtering of the uncinate pathway by probability, FA, and
grey matter borders reduces the data to a pathway that could
be defined as almost certainly intact white matter that is part
of the UF. However, DTT makes no inference about the
microstructural characteristics of surrounding fibers or the
strength of connectivity of the pathway with gray matter.
Additional limitations of the present study include the
small sample size which precludes evaluation of other vari-
ables, such as gender, that might influence both DTI metrics
and behavioral outcomes. Like many TBI studies, the small
sample size also allows for great variation between injury
characteristics as can be seen in Table 2. The presence of
more left than right sided injuries explains the significant
effect of TBI on left UF FA and weak trend toward sig-
nificance on right UF FA in the current sample. Identification
of pathways that predict specific components of metacogni-
tion would contribute significantly to the emergent literature
relating specific EF to networks of specific gray matter
regions and pathways. Moreover, in the present study,
both behavior and DTT were evaluated at one time point.
Following additional participants in a longitudinal design
will allow for more specific investigation of the behavioral
correlates of injury to the UF. Recent longitudinal investi-
gation of diffusion tensor metrics following TBI suggests
a reduction in FA by 2 months post-injury and a further
reduction by 1 year post-injury (Bendlin et al., 2008). This
suggests that TBI results in traumatic axonal injury that can
be measured via FA values shortly after injury, with con-
tinued reductions likely due to secondary effects such as
Wallerian degeneration and gliosis. While the finding that
DTI metrics better predicted specific behavioral outcomes
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than GCS scores provides valuable information as to the
power of diffusion tensor methods, it would be useful to
compare the utility of DTI metrics of the UF to a better pre-
dictor of outcome, such as length of post-traumatic amnesia.
Additionally, the range of GCS was restricted to a small
amount of variation within this small sample and GCS may
be more predictive of outcome within a greater range of coma
symptoms. However, the number of severe scores does still
suggest that within more severe TBIs GCS is not a powerful
predictor of behavioral outcome.

In children, characterization of consequences of frontal lobe
injury can be further complicated by the protracted develop-
ment of these substrates and their associated functions.
Therefore, the full extent of functional deficits may not become
apparent until further maturation has occurred and the child
fails to develop cognitive and behavioral control at an age-
appropriate rate or to an age-appropriate level (Goldman,
1974; Eslinger, Grattan, Damasio, & Damasio, 1992). Due to
these factors, it is essential to examine how interrelationships
among behavioral changes, white matter integrity, and strength
of connectivity of key white and gray matter regions evolve
over time.
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