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Neurobiology of Disease

Callosal Function in Pediatric Traumatic Brain Injury Linked
to Disrupted White Matter Integrity

Emily L. Dennis,1* Monica U. Ellis,2,3* Sarah D. Marion,3 Yan Jin,1 Lisa Moran,2 X Alexander Olsen,2,4,5 Claudia Kernan,2

X Talin Babikian,2 X Richard Mink,6 Christopher Babbitt,7 Jeffrey Johnson,8 Christopher C. Giza,9

Paul M. Thompson,1,10 and X Robert F. Asarnow2,11

1Imaging Genetics Center, Mary and Mark Stevens Institute for Neuroimaging and Informatics, Keck School of Medicine, University of Southern California,
Marina del Rey, California 90292, 2Department of Psychiatry and Biobehavioral Sciences, Semel Institute for Neuroscience and Human Behavior, UCLA,
Los Angeles, California 90024, 3Fuller Theological Seminary School of Psychology, Pasadena, California 91101, 4Department of Psychology, Norwegian
University of Science and Technology, NO-7491 Trondheim, Norway, 5Department of Physical Medicine and Rehabilitation, St. Olavs Hospital, Trondheim
University Hospital, NO-7030 Trondheim, Norway, 6Harbor-UCLA Medical Center and Los Angeles BioMedical Research Institute, Department of
Pediatrics, Torrance, California 90502, 7Miller Children’s Hospital, Long Beach, California 90806, 8LAC�USC Medical Center, Department of Pediatrics,
Los Angeles, California 90033, 9UCLA Brain Injury Research Center, Department of Neurosurgery and Division of Pediatric Neurology, Mattel Children’s
Hospital, Los Angeles, California 90095, 10Departments of Neurology, Pediatrics, Psychiatry, Radiology, Engineering, and Ophthalmology, University of
Southern California, Los Angeles, California 90033, and 11Department of Psychology, UCLA, Los Angeles, California 90024

Traumatic brain injury (TBI) often results in traumatic axonal injury and white matter (WM) damage, particularly to the corpus callosum
(CC). Damage to the CC can lead to impaired performance on neurocognitive tasks, but there is a high degree of heterogeneity in
impairment following TBI. Here we examined the relation between CC microstructure and function in pediatric TBI. We used high
angular resolution diffusion-weighted imaging (DWI) to evaluate the structural integrity of the CC in humans following brain injury in a
sample of 32 children (23 males and 9 females) with moderate-to-severe TBI (msTBI) at 1–5 months postinjury, compared with well
matched healthy control children. We assessed CC function through interhemispheric transfer time (IHTT) as measured using event-
related potentials (ERPs), and related this to DWI measures of WM integrity. Finally, the relation between DWI and IHTT results was
supported by additional results of neurocognitive performance assessed using a single composite performance scale. Half of the msTBI
participants (16 participants) had significantly slower IHTTs than the control group. This slow IHTT group demonstrated lower CC
integrity (lower fractional anisotropy and higher mean diffusivity) and poorer neurocognitive functioning than both the control group
and the msTBI group with normal IHTTs. Lower fractional anisotropy—a common sign of impaired WM—and slower IHTTs also
predicted poor neurocognitive function. This study reveals that there is a subset of pediatric msTBI patients during the post-acute phase
of injury who have markedly impaired CC functioning and structural integrity that is associated with poor neurocognitive functioning.

Key words: corpus callosum; DTI; ERP; interhemispheric transfer time; traumatic brain injury

Significance Statement

Traumatic brain injury (TBI) is the primary cause of death and disability in children and adolescents. There is considerable
heterogeneity in postinjury outcome, which is only partially explained by injury severity. Imaging biomarkers may help explain
some of this variance, as diffusion weighted imaging is sensitive to the white matter disruption that is common after injury. The
corpus callosum (CC) is one of the most commonly reported areas of disruption. In this multimodal study, we discovered a
divergence within our pediatric moderate-to-severe TBI sample 1–5 months postinjury. A subset of the TBI sample showed
significant impairment in CC function, which is supported by additional results showing deficits in CC structural integrity. This
subset also had poorer neurocognitive functioning. Our research sheds light on postinjury heterogeneity.
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Introduction
Myelination has a protracted developmental trajectory, continu-
ing well beyond the third decade of life (Bartzokis et al., 2010;
Kochunov et al., 2012). In the corpus callosum (CC), fractional
anisotropy (FA), a common measure of white matter (WM) in-
tegrity—peaks in the mid-30s (Kochunov et al., 2012). WM de-
velopment supports cognitive development—(Nagy et al., 2004)
found a relationship between genu FA and working memory in a
pediatric sample. The corpus callosum is the most widely re-
ported area of disruption in traumatic brain injury (TBI;
Hulkower et al., 2013). As the largest WM bundle in the brain, the
CC is especially vulnerable to traumatic axonal injury (TAI), the
progressive axonal disruption often caused by both primary
and secondary injuries associated with TBI (Büki and Pov-
lishock, 2006). While only diagnosable definitively postmor-
tem, diffusion-weighted imaging (DWI) provides compelling
evidence of TAI in vivo. Across pediatric and adult patients,
CC structural integrity is frequently impaired after injury, of-
ten leading to functional impairments such as difficulties with
bimanual coordination (Caeyenberghs et al., 2011). Deficits in
WM integrity associated with TBI can lead to impaired cogni-
tive function, including language and executive function pro-
cesses, as well as global intelligence measures (Ewing-Cobbs et
al., 2008). In children, these deficits can persist years after
injury (Ewing-Cobbs et al., 2006).

Interhemispheric transfer time (IHTT) refers to the time re-
quired for information to cross cerebral hemispheres via the CC.
IHTT has been used to determine CC functional integrity in pa-
tients with agenesis of the CC and has shown prolonged CC dis-
ruption in case studies of TBI patients (Rugg et al., 1985; Brown et
al., 1999; Peru et al., 2003). IHTT, as measured by task reaction
time, is impaired after TBI in children (Benavidez et al., 1999)
and adults (Mathias et al., 2004). A slower IHTT indicates slower
information transfer between the cerebral hemispheres and im-
paired CC functioning (Brown et al., 1999). Studies of post-TBI
hemispheric disconnection (Peru et al., 2003) and surgical sec-
tioning of the splenium (Gazzaniga and Freedman, 1973; Dama-
sio et al., 1980; Sugishita and Yoshioka, 1987) indicate that visual
and visuomotor information travels across the splenium.

Here we used event-related potentials (ERPs) to measure IHTT
using electroencephalography (EEG) scalp recordings of the poste-
rior brain regions. Prior studies have examined ERP-measured
IHTTs in adults with CC damage, but we recently completed the first
study examining ERP-measured IHTTs in a sample of pediatric pa-
tients with moderate-to-severe TBI (msTBI; Ellis et al., 2015). Here
we expand on this prior work by examining the relationship between
IHTT and DWI.

Prior studies have examined ERP and DWI data together, but
none have examined the data in TBI patients. Multimodal analyses
such as these can explain WM disruption in greater depth, revealing
mechanisms of impaired function. An earlier study (Babikian et al.,
2010) of this cohort used data from DWI, magnetic resonance
spectroscopy (MRS), and ERPs, and found a positive association
between callosal FA and metabolic markers of neuronal integrity
[N-acetyl aspartate (NAA)], as well as a negative association between
NAA and IHTT. IHTT is related to WM integrity in healthy individ-
uals (Schulte et al., 2005; Westerhausen et al., 2006) and individuals
with schizophrenia (Whitford et al., 2011). This study is the first to
examine direct associations between WM integrity and IHTT in pe-
diatric TBI patients.

We included 32 pediatric (age range, 8 –19 years) msTBI par-
ticipants in the post-acute phase (1–5 months postinjury) along
with well matched control subjects. Restricting the TBI group to
a circumscribed window postinjury is critical because of the dy-
namic changes in brain structure and function following TBI. We
used high-angular resolution diffusion imaging (HARDI), and
our novel method for tract extraction, autoMATE (automated
multi-atlas tract extraction; Jin et al., 2012; Jin et al., 2013; Jin et
al., 2014), which we have shown is sensitive to the disruption
caused by TBI (Dennis et al., 2015). We hypothesized that deficits
in callosal function, as measured by IHTT, would be associated
with deficits in callosal integrity.

Materials and Methods
Participants
TBI participants were recruited from four pediatric intensive care units
(PICUs) located in level 1 or 2 trauma centers in Los Angeles County. In
these institutions, patients with moderate or severe TBI are routinely
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Table 1. Demographic information on the participants included

TBI

Slow Normal Control group
(N � 16) (N � 16) (N � 31)

Age (years) 13.9 (2.5) 14.5 (3.2) 14.9 (3.0)
Gender

Male 11 12 17
Female 5 4 14

IHTT (ms) 25.3 (6.2) 7.8 (5.2) 9.3 (5.4)
TSI (weeks) 11.6 (4.8) 12.2 (5.2)

SAH 4 6
IVH 2 3
EDH 7 5
SDH 6 5
ICH 7 5
Contusion 5 5
DAI 1 3
ICP1 1 4
FX

Dep 5 7
ND 6 3

Data are average (SD) or n. We had acute CT scan information for 15 of 16 IHTT-slow and 15 of 16 IHTT-normal
participants. SAH, Subarachnoid hemorrhage; IVH, intraventricular hemorrhage; EDH, epidural hematoma; SDH,
subdural hematoma; ICH, intracerebral hemorrhage; DAI, diffuse axonal injury; ICP1, increased intracranial pres-
sure; FX, fracture; Dep, depressed; ND, nondepressed.

Table 2. Descriptive statistics on the three IHTT groups

N Mean SD Minimum Maximum

IHTT-slow 16 25.31 6.44 18 39
IHTT-normal 16 7.81 5.35 1 16.5
Control 31 9.27 5.45 1.5 19
Total 63 12.98 9.18
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admitted to the PICU. The study or site coordinator discussed the inves-
tigation with the parents of patients, gave them an institutional review
board-approved brochure about the study and obtained permission for
the investigators to contact them upon discharge. Thirty-five percent of
patients whose parents agreed to be contacted while the child was in the
PICU participated in this study. Of 124 families contacted at the PICUs,
27 were lost to contact (kept canceling/rescheduling), 21 did not qualify
as they did not meet the criteria [e.g., Glasgow Coma Scale (GCS) score of
�12, English skills not sufficient, attention deficit hyperactivity disorder
(ADHD), learning disability, braces], 26 were not interested, 48 are par-
ticipating, and the participation of 2 is pending. Healthy control subjects,
well matched for age, sex, and educational level, were recruited from the
community through flyers, magazines, and school postings. We did not
have complete ERP and DWI data on all children. We studied 32 children
(23 males and 9 females) with msTBI in the post-acute phase (1–5
months postinjury) and 31 healthy control children (17 males and 14
females). Demographics of the participants included in analyses are pre-
sented in Table 1. The injury mechanisms for our TBI group were as
follows for the total of 32 injured participants: 9 from motor vehicle
accident (MVA; pedestrian), 7 from skateboard accident, 6 from MVA
( passenger), 2 from scooter accident, 2 from bike accident, 1 from
blunt head trauma from sports, 1 from assault, 1 from skiing, 1 from
fall from a ladder, 1 from uncategorized blunt head trauma, and 1
from uncategorized skull fracture. From the computed tomography
(CT) scan that participants received at the hospital, the prevalence of
CT findings was as follows across the 30 participants for whom we had
clinical CT scan findings: increased intracranial pressure, 17%; dif-
fuse axonal injury, 13%; subarachnoid hemorrhage, 30%; ventricular
hemorrhage, 17%; epidural hematoma, 40%; subdural hematoma,
37%; intracerebral hematoma, 40%; contusions, 30%; and skull frac-
ture (any, 70%; depressed skull fracture, 40%; nondepressed skull
fracture, 30%).

Inclusion criteria. The study inclusion criteria were as follows: (1) non-
penetrating msTBI (intake or post-resuscitation GCS score between 3
and 12); (2) age range, 8 –19 years; (3) right handedness; (4) normal
visual acuity or vision corrected with contact lenses/eyeglasses; and (5)
English skills that were sufficient to understand instructions and be fa-
miliar with common words (the neuropsychological tests used in this
study presume competence in English).

Exclusion criteria. The study exclusion criteria were as follows: (1)
history of neurological illness, such as prior msTBI, brain tumor, or
severe seizures; (2) motor deficits that prevent the subject from being

examined in an MRI scanner (e.g., spasms); and (3) a history of psycho-
sis, ADHD, Tourette’s Disorder, learning disability, mental retardation,
autism, or substance abuse. These conditions were identified by parental
report and are associated with cognitive impairments that might overlap
with those caused by TBI. Participants were excluded if they had metal
implants that prevented them from safely undergoing an MRI scan.

Cognitive performance
Our cognitive performance score is a summary measure assessing mul-
tiple domains known to be affected in TBI (Babikian and Asarnow,
2009). It is a linear, unit-weighted combination of the following age-
based standardized or scaled measures: (1) Processing Speed Index from
the Wechsler Intelligence Scale for Children, fourth edition, (WISC-IV)/
Wechsler Adult Intelligence Scale, third edition (WAIS-III; Wechsler,
2003); (2) Working Memory Index from the WISC-IV/WAIS-III
(Wechsler, 2003); (3) Trials 1–5 from the California Verbal Learning
Test–Children’s Version, second edition (Delis et al., 1994); and (4) Trial
4 from the Delis-Kaplan Executive Function System (Delis et al., 2001).

Scan acquisition
Participants were scanned on 3 T Siemens Trio MRI scanners with
whole-brain anatomical and a 66-gradient HARDI. DWIs were acquired
with the following acquisition parameters: GRAPPA mode; acceleration
factor PE � 2; TR 9500 ms; TE � 87 ms; FOV � 256 � 256 mm; isotropic
voxel size � 2 mm. Sixty-six images were collected per subject: two b0 and
64 diffusion weighted (b � 1000 s/mm 2).

Scan comparison
Part of the way through the study, scanning moved from the UCLA Brain
Mapping Center (BMC) to the Staglin IMHRO Center for Cognitive
Neuroscience (Staglin). Both scanners were 3 T Siemens Trio scanners,
and the protocol was maintained. To determine whether this scanner
change introduced bias into our data, we scanned six healthy adult vol-
unteers at both the BMC and Staglin, 1.5 months apart. We then assessed
the possible bias in both of the T1-weighted images. Extensive details on
this process may be found in our study (Dennis et al., 2015). For the
T1-weighted images, the scan comparison analyses revealed no detect-
able pattern in the difference between the intensity correction fields
above noise, except in the cerebellum, where there were some scanner-
induced differences in image intensity even after N3 correction (intensity
correction). For this reason, the cerebellum was masked from the analy-
ses presented in this article.

Table 3. Element-wise differences in WM integrity between the IHTT-slow and control groups, and between the IHTT-normal and control groups

IHTT-slow vs control group IHTT-normal vs control group

FA MD FA

Tract significance (%) Minimum p Tract significance (%) Minimum p Tract significance (%) Minimum p

CC-frontal 18.6 1.86E-08 3.5 1.06E-05 5 1.28E-06
CC-prcg 1.2 1.74E-06 1.3 2.14E-05
CC-pocg 2.1 2.42E-04 8.7 1.69E-06
CC-parietal 2.9 1.94E-06 12.6 4.09E-06
CC-temporal 14 1.94E-06 3.8 2.09E-06
CC-occipital 17.5 5.02E-07 17 6.44E-08
atr_l 0.9 3.96E-04
atr_r 1.9 6.57E-05 2.2 5.26E-06
cgc_l 0.8 8.96E-05
cgc_r 0.9 2.28E-04
cst_l 2.8 3.34E-05 0.8 7.54E-05
cst_r 3.6 3.10E-05 3.2 1.86E-05
ifo_l 12.9 1.07E-06 14.2 4.00E-07 0.9 6.17E-05
ifo_r 7.9 1.09E-05 10.8 1.77E-06
ilf_l 3.8 8.61E-06 31.9 2.43E-09
ilf_r 6 7.31E-06 9.6 5.39E-06
slf_l 2.7 1.05E-04 3.5 7.31E-06
Fornix 1.7 2.67E-04

For each tract investigated, the percentage of the tract that passed the FDR threshold is given (FDR threshold for IHTT-slow vs control FA�0.0038, for MD�0.0036, and for IHTT-normal vs control FA�6.5�10 �4), as well as the minimum
p value for group differences on each tract. pocg, Postcentral gyrus; prcg, precentral gyrus.
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Tractography
autoMATE, developed by our laboratory, has been described fully in
prior articles (Jin et al., 2012, 2013, 2014). Raw HARDI images were
visually checked for artifacts, resulting in two participants being excluded
from all analyses due to extensive slice dropout (not included in the
above participant count). HARDI images were corrected for eddy
current-induced distortions using the FSL tool “eddy_correct” (http://
fsl.fmrib.ox.ac.uk/fsl/). DWI scans were skull stripped using “BET.” FA
and mean diffusivity (MD; also called apparent diffusion coefficient)
maps were computed using “dtifit.” Whole-brain HARDI tractography
was performed with Camino (http://cmic.cs.ucl.ac.uk/camino/). The
maximum fiber turning angle was set to 35°/voxel to limit biologically
implausible results, and tracing stopped when FA dropped �0.2, as is the
standard in the field.

Fiber clustering and label fusion
As part of autoMATE, five WM tract atlases were constructed from the
HARDI data of healthy young adults (20 –30 years old), as detailed pre-
viously (Jin et al., 2012, 2013, 2014). The atlas, based on the “Eve” brain
atlas (Zhang et al., 2010), includes the following 18 major WM tracts: the
anterior thalamic radiation [left (atr_l) and right (atr_r)], corticospinal
tract [left (cst_l) and right (cst_r)], cingulum [left (cgc_l) and right
(cgc_r)], inferior fronto-occipital fasciculus [left (ifo_l) and right
(ifo_r)], inferior longitudinal fasciculus (left (ilf_l) and right (ilf_r)],
arcuate fasciculus [left (arc_l; right arcuate is too asymmetric for popu-
lation studies to be practical; Catani et al., 2007)], fornix, and corpus
callosal tracts divided into six segments (frontal, precentral gyrus, post-
central gyrus, parietal, temporal, and occipital). The Eve atlas was regis-
tered, linearly and then nonlinearly, to each subject’s FA map using
Advanced Normalization Tools (Avants et al., 2011), and its ROIs were
correspondingly warped to extract 18 tracts of interest for each subject
based on a lookup table (Zhang et al., 2010). ROI registration was visually
checked for all subjects, and all passed quality control. Each subject’s FA
map was further registered nonlinearly to each of the five manually con-
structed atlases. All registrations were visually inspected for quality, and
all passed quality control. The 18 tracts from each atlas were then warped
to the subject space based on the deformation field from the registration

steps (Jin et al., 2011). We refined fiber extractions of each tract based
on the distance between the warped corresponding tract of each atlas
and the subject’s fiber candidates from ROI extraction. Individual
results from the five atlases were fused. We visually inspected the
resulting fiber bundles. For each of the 18 WM tracts, we selected one
example subject to display the results of group analyses. FA is the
degree to which water is diffusing preferentially in one direction
(along axons). MD is a related measure of the average diffusivity
across all three primary eigenvectors and typically increases when FA
decreases. We extracted tract-based FA and MD data at this point for
group comparisons.

There may be some concern that the age range (8 –19 years) might
have an impact on DWI postprocessing, in terms of different accuracy of
registration or warping of scans to the template, with respect to age. To
mitigate this, we used our multitemplate approach for tract extraction
that allows for the fibers and pathways to show some allometry; in other
words, it does not assume that the relative volumes of the brain regions
stay constant with age or that the tracts will always be in the same tem-
plate coordinates in children of different ages. As we used multiple tract
templates, there is some added versatility in the method to “catch” the
relevant fibers in each individual even if the nonlinear registration is not
perfect and if individual anatomy is different from each of the individual
templates.

Visual ERP measure of IHTT
This study used visual ERPs to measure IHTT. IHTT is defined as the
time required to transfer stimulus-locked neural activity between the left
and right brain hemispheres in the participants. Electroencephalography
was recorded while participants completed a computerized, pattern-
matching task with bilateral field advantage. Participants were exposed to
two distinct visual patterns (geometric shapes of 9 –11 letter “o”s) follow-
ing a gaze fixation (a colon) in the center of the visual field. These pat-
terns were presented randomly to two of the four visual fields (upper and
lower; left and right). This created four bilateral and two unilateral con-
ditions [right visual field (RVF) and left visual field (LVF)]. Participants
were asked to determine whether the two patterns presented during each
trial constituted a “match” or a “nonmatch.” Match and nonmatch re-

Figure 1. Differences between IHTT-slow and control groups in FA. Whole-tract differences in FA between IHTT-slow and control. The p values are shown corresponding to the color bar, and
results were FDR corrected across all points on all tracts tested (q � 0.05; critical p threshold � 0.0038). For simplicity, only tracts with at least 5% of the tract showing significant differences are
displayed. IFO, Inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus.
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sponses were made by pressing the “M” and “N” keys of a computer
keyboard. Participants alternated between pressing with the right
hand—with their index finger on the N key and their middle finger on the
M key— or with the left hand—with their index finger on the M key and
middle finger on the N key—for each trial. The responding hand was
alternated in eight blocks of 97 trials. Each participant’s cross-callosal
IHTT was calculated using the electroencephalographic visual ERPs,
which were collected during the unilateral conditions. Greater detail on
this method has been described previously (Larson and Brown, 1997).

ERP recording
Electroencephalography was recorded while participants completed a
computerized, pattern-matching task with bilateral field advantage. A
BIOSEMI system was used to acquire ERPs. Visual ERPs were recorded
and synchronized to the onset of the pattern presentation (low-pass fil-
ter � 40 Hz; high-pass filter � 0.16 Hz; 3 dB bandwidth � 134 Hz;
sample rate � 512 Hz). Parietal and occipital electrode sites were used
because previous studies have shown that these lateral sites produce large
visual ERPs that yield clear evoked potential IHTTs (Andreassi et al.,
1975; Ledlow et al., 1978; Brown and Jeeves, 1993). In addition, elec-
trodes were placed above, below, and at the outer cantus of each eye for
the recording of eye movements. Electrodes placed on the mastoid bones
(i.e., behind the ears) of participants were used as linked-ears references.
This reference point provides a more valid estimate of IHTT than mid-
frontal reference points (Saron and Davidson, 1989). ERPs at each re-
cording electrode from each trial were stored for later averaging.

For each electrode, ERPs were averaged for the 2�2 combinations of LVF
versus RVF. Averaged ERPs were displayed on a computer visual display, and
the N1 component was identified with the participant blinded to the partic-
ipant group. For each of the parietal or occipital recording electrodes, which
were contingent upon which set provided the most clearly identifiable nodes
and peaks, the latency and amplitude of these components were stored for
statistical analysis. IHTT was calculated by averaging ERP waveforms at the
P3 or O1 (left hemisphere) and P4 or O2 (right hemisphere) electrode sites.
Next, the peak latency (in milliseconds) of the early N1 evoked potential
components was determined. Then, the latencies of the ipsilateral and con-
tralateral conditions were subtracted to determine the overall IHTT for each
visual field. Finally, the RVF and LVF IHTTs were averaged to compute the
overall IHTT for each participant. As mentioned, the average of the left-to-
right visual field and right-to-left visual field IHTTs for each participant was
used in the remaining analyses. Longer IHTTs indicate slower transfer of
visual information across the posterior brain regions. Accuracy of pattern
matching was not recorded in this study. Prior studies have demonstrated

that true deficits in IHTT are related to slower reaction times rather than to
response accuracy, particularly in individuals with agenesis of the corpus
callosum (Sauerwein and Lassonde, 1983; Lassonde et al., 1988).

Group comparison
We ran an element-wise linear regression (treating each data point along the
tract as a separate element) testing for association between IHTT and FA or
MD, including age, sex, scanner, and group (TBI vs control) as covariates.
These were corrected for multiple comparisons using the false discovery rate
(FDR) method (q � 0.05; Benjamini and Hochberg, 1995). We also exam-
ined the data in a different way. Given preliminary results suggesting a bi-
modal distribution of IHTTs in the TBI group, with one subgroup having
IHTTs that were not significantly different from those of control subjects,
and another group with IHTTs that differed by at least 1.5 SDs, we examined
each group separately. We ran element-wise linear regression testing for
group differences between the IHTT-slow TBI group and the control sub-
jects, and between the IHTT-normal TBI group and the control subjects,
again with age, sex, and scanner as covariates.

Cognitive analysis
We ran an element-wise linear regression testing for the association be-
tween cognitive performance and FA or MD, including age, sex, and
scanner as covariates. These were corrected for multiple comparisons
using the FDR method (q � 0.05; Benjamini and Hochberg, 1995). To
examine the joint impact of IHTT and FA on cognitive performance, we
ran an element-wise partial F test, comparing the following two models:

Reduced model: Performance Index � age � sex � IHTTgroup,

(1)

Full model: Performance Index � age � sex � IHTTgroup

� FAc�X,Y	. (2)

Here IHTTgroup is a numeric variable with 1 � IHTT-slow, 2 � IHTT-
normal, and 3 � control; and FAc(X,Y) is an element-wise centered FA,
where ( X, Y ) are the matrix coordinates corresponding to tract indices.
We iterated through this partial F test for each tract index (5607 � 15
indices in total) to create a 5607 � 15 matrix of F statistics. These were
FDR corrected for multiple comparisons across all indices on all tracts
(q � 0.05). The scanner did not have a significant effect on performance
index, so, to simplify the model, it was not included. We also ran these
analyses including scanner as a covariate in both models, and it did not

Figure 2. Differences between IHTT-slow and control groups in MD. Whole-tract differences in MD between IHTT-slow and control groups. The p values are shown corresponding to the color bar,
and results were FDR corrected across all points on all tracts tested (q � 0.05; critical p threshold � 0.0036). For simplicity, only tracts with at least 5% of the tract showing significant differences
are displayed.
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affect the results. We ran our partial F test according to the following
formula:

F(1,58) �
SSEred � SSEfull/dfull � dred

SSEfull/�n � dfull � 1	
. (3)

Here SSE is the sum of squared errors, d is the
number of covariates in the full or reduced
model, and n is the number of participants.

Results
We did not detect significant associations
between IHTT and FA, perhaps because
the group covariate included in the analy-
sis explained most of the variance. During
a preliminary review of the distribution of
IHTT scores of the TBI participants and
the healthy control subjects, we observed
that the distribution of scores in the TBI
group was highly skewed. A cutoff score of
18 ms optimized the balance between sen-
sitivity and specificity, resulting in only 3
of 31 healthy control subjects having
IHTTs within the slow range. Half of the
TBI group (n � 16) had IHTT scores
within 1.5 SDs of the normal range, or
�18 ms. The balance of the TBI group had
very slow IHTTs, �18 ms. The normal
range was defined based on the IHTT
scores for the healthy control group, and a
cutting score was chosen to maximize sen-
sitivity and specificity. Consequently, the
TBI group was split into the following two
subgroups: normal IHTT TBI (n � 16)
and slow IHTT TBI (n � 16) children (Ta-

ble 2). The IHTT-slow and IHTT-normal groups did not differ
significantly in time since injury, injury severity, as assessed by
GCS (p � 0.40) or the presence of any of nine CT scan findings
(increased intracranial pressure, diffuse axonal injury, subarach-
noid hemorrhage, ventricular hemorrhage, epidural hematoma,
subdural hematoma, intracerebral hematoma, contusions, and
skull fracture; all p � 0.16). Most of these lesions are cortical, but
one participant had a small detectable lesion in the CC, an intra-
cerebral hematoma. This participant was in the IHTT-normal
group, and when we compared the tractography in this partici-
pant to that in other TBI participants, it appeared that the lesion
had not biased the reconstruction of the fibers traveling through
the CC.

IHTT-slow versus control
When we compared the IHTT-slow TBI subgroup to the control
group, we found significant differences in FA across 17 of the 18
tracts tested (all but cgc_l; critical p � 0.0038). We also found
significant differences in MD across 13 of the 18 tracts tested (all
but atr_l, cgc_r, cst_l, cst_r, and fornix; critical p � 0.0036). For
all of these, FA was higher in the control group and MD was
lower. These are shown in Table 3 and Figures 1 and 2.

IHTT-normal versus control
We compared the IHTT-normal TBI subgroup to the control
group, and we found significant differences in FA across the fol-
lowing four tracts: CC-frontal, cst_l, cst_r, and ifo_l (critical p �
6.5 � 10�4). All of these clusters were areas of higher FA in the
control group. There were no significant differences in MD.
These are shown in Table 3 and Figure 3.

Cognitive performance
We also tested our groups for differences in cognitive perfor-
mance. A one-way ANOVA revealed significant group differ-

Figure 3. Differences between IHTT-normal and control groups. Whole-tract differences in FA between IHTT-normal and
control groups across all tracts tested. The p values are shown corresponding to the color bar, and results were FDR corrected across
all points on all tracts tested (q � 0.05; critical p threshold � 6.5 � 10 �4). All tracts showing significant differences are shown.
CST, Corticospinal tract; IFO, inferior fronto-occipital fasciculus.

Table 4. Descriptive statistics on the performance index scores of the three IHTT groups

Performance index N Mean SD Minimum Maximum

IHTT-slow 16 91.38 12.52 76.88 124.5
IHTT-normal 16 99.88 11.04 75.75 114.88
Control 31 104.08 10.75 74.25 128.5
Total 63 99.78 12.28

Table 5. The results of our partial F test comparing a reduced model (age, sex, and
IHTT group) with a full model (age, sex, IHTT group, and element-wise FA) with
cognitive performance as the response variable

Tract significance (%) Average F statistic

CC-frontal 16.0 6.4
CC-parietal 3.3 5.2
CC-pocg 4.8 6.3
CC-prcg 5.1 5.3
CC-temporal 4.7 5.5
CC-occipital 2.8 6.5
atr_l 9.7 7.1
atr_r 10.0 7.0
cgc_l 4.9 5.6
cgc_r 6.7 5.4
cst_l 2.4 5.3
cst_r 10.5 6.1
Fornix 3.0 5.4
ifo_l 2.9 5.4
ifo_r 12.8 6.3
ilf_l 3.2 5.4
ilf_r 9.1 6.8
arc_l 4.6 5.4

For each tract investigated, the percentage of the tract with a significant F statistic is given, along with the average
F statistic along the tract (nonzero elements). Results were FDR corrected (q � 0.05).
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ences among the IHTT-slow, IHTT-
normal, and control groups in
performance index (F(2,60) � 6.68; p �
0.003) (Table 4). Our element-wise re-
gression testing for associations between
FA or MD and cognitive performance
yielded significant results only in the FA of
the CC-frontal tract (critical p � 4.42 �
10�4; all others were �1% of the tract).
Our partial F test, examining the joint ef-
fect of IHTT and FA on cognitive perfor-
mance, was broadly significant across all
tracts. This is shown in Table 5 and Figure
4. Across all of these points, the addition
of element-wise FA to the model ex-
plained significantly more variance in
cognitive performance than the reduced
model including only age, sex, and IHTT
group.

Discussion
In this study, we combined advanced
tract-based analyses with an assessment of
callosal function to examine outcome het-
erogeneity within TBI. Of the participants
in our TBI group, 16 had an IHTT that did
not deviate significantly from the control
group. Sixteen TBI participants had
IHTTs that deviated significantly, by at
least 1.5 SDs, based on the healthy control
data. Based on this bimodal distribution,
we investigated and confirmed our initial
hypotheses that these differences in cal-
losal function were also accompanied by
differences in callosal integrity as well as
differences in cognitive performance.

When we compared the IHTT-slow
TBI group to the healthy control group, we found significant
differences in callosal WM integrity, as well as the integrity of the
association and projection tract systems tested. Lower FA and
higher MD in the IHTT-slow group suggest myelin disruption
(Klawiter et al., 2011; Thomason and Thompson, 2011). When
we compared the IHTT-normal TBI group to the healthy control
group, we found only a few areas where the TBI group had sig-
nificantly lower FA and no significant differences in MD. Also,
there were no detectable differences in the posterior callosal
tracts, the region targeted by the visual task completed during the
ERP sequence. This relative sparing of WM integrity is most likely
a significant contributor to this group having normal IHTTs. It is
well known that demyelination of axons increases conduction
time and impairs the integrity of the signal (Waxman, 1977). As a
relatively direct measure (i.e., high temporal resolution) of CC
functional integrity, ERP-measured IHTT is a very useful com-
plement to HARDI and other sensitive MRI measures used to
assess the structural integrity of the CC. Practically, EEG is less
expensive than MRI and has fewer exclusionary criteria (e.g.,
braces in children). Our data, along with prior studies of IHTT or
DWI separately, support the theory that TBI can cause extensive
and prolonged damage to myelin integrity, impairing the func-
tion of those tracts.

This is the first study, to our knowledge, to examine the rela-
tionship between IHTT and DWI in TBI. We studied children in
the post-acute phase (1–5 months) of injury after msTBI. During

this post-acute phase, there is a divergence within the msTBI
group that has a bearing on postinjury cognitive outcome. We
found that the IHTT-slow group had significantly poorer perfor-
mance than the IHTT-normal group (8.5% reduction in average
performance), whose performance was slightly poorer than that
of the healthy control group (healthy control subjects performed
4.0% better on average). We also found an association between
cognitive performance and WM integrity, with better perfor-
mance associated with higher FA in the CC-frontal and arc_l
tracts. These results overlap with areas where we found differ-
ences in WM integrity between the IHTT-slow and control
groups. In prior studies, the posterior CC was particularly vul-
nerable to TBI and was atrophied postinjury in some cases (Lin-
denberg et al., 1955; Gentry et al., 1988; Mendelsohn et al., 1992;
Vuilleumier and Assal, 1995; Benavidez et al., 1999; Peru et al.,
2003; Shiramizu et al., 2008; Slawik et al., 2009). Lesions in the CC
post-TBI may result from TAI, arrested development in the CC,
or secondary injuries (Shiramizu et al., 2008). Slawik et al. (2009)
observed that the anterior CC was also vulnerable to secondary
injury following TBI. Our study demonstrated a loss of CC integ-
rity in both the posterior and anterior regions in the subset of
children with TBI who had impaired IHTT; that is, who demon-
strated slower CC functioning than control subjects and the nor-
mal IHTT TBI subgroup.

We additionally demonstrated that these deficits in CC struc-
tural and functional integrity impact cognitive performance.

Figure 4. Element-wise associations with cognitive performance. Significant associations between element-wise FA and our
performance index, covarying for age, sex, and scanner. Results were FDR corrected across all points on all tracts tested (q � 0.05;
critical p threshold � 4.42 � 10 �4), with CC-frontal as the only tract showing significant effects.
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Lower FA, across the brain, and slower IHTT were associated
with significantly poorer performance index. Our element-wise
test of FA and cognitive performance had limited results (Fig. 4).
There was a significant group effect on cognitive performance,
with the IHTT-slow group performing more poorly than the
IHTT-normal group, who performed more poorly than the
healthy control group. However, our partial F test revealed that
we could explain significantly more of the variance in cognitive
performance by adding element-wise FA to the model including
the IHTT group, as shown in Figure 5. This figure displays which
parts of which tracts bolstered the prediction of cognitive perfor-
mance, when added to the model including age, sex, and IHTT
group. Our results indicate to us that the structural and func-
tional integrity of the CC together explain more of the variance in
cognitive performance than functional or structural information
alone.

Multimodal studies such as ours play an important role in
validating and supporting existing interpretations of results.
From animal studies, there is broad support for the interpretation
that decreases in FA and increases in MD can indicate demyeli-
nation (Song et al., 2005), but multimodal in vivo data are gener-
ally more convincing. Here, decreased FA and increased MD
were associated with increased IHTT, our measure of CC func-
tion, which lends further support to the interpretation that this
combination of results suggests demyelination. This has implica-
tions beyond the field of TBI. Other biological interpretations
that often are suggested to explain decreases in FA or increases in
MD are decreased axonal packing, edema, and inflammation.
While edema generally peaks in a matter of days postinjury before
subsiding (Marmarou, 2007), inflammation may still persist
months later; this time course is not well characterized in hu-
mans. Our recent study examining volumetric differences be-
tween TBI and control subjects cross-sectionally found CSF
expansion in the lateral ventricles, likely at the expense of callosal
and subcortical tissue. We found possible evidence of persistent
inflammation, in the form of significant volume expansion in the

TBI group, not explained by CSF expansion, in the parietal WM,
not in the callosal tracts found here. We are beginning a protocol
to integrate our HARDI data with our MRS data. MRS yields
spectra of neural metabolites that reflect neural integrity, inflam-
mation, and energy metabolism. These data will help us under-
stand our results in greater depth. For this analysis, only HARDI
was used to extract tract-based white matter integrity. We did not
collect susceptibility-weighted imaging or T2-fluid-attenuated
inversion recovery, which might have offered greater informa-
tion about microhemorrhages and diffuse axonal injury.

TBI can lead to decreases in FA and can cause difficulties in
tracking fibers in diffusion images in TBI (Xu et al., 2007). Inter-
ruptions in the normal diffusion MRI signal can cause problems
for some tractography methods because more severely disrupted
areas are skipped in analysis. For deterministic methods that rely
on seeking a fiber path by looking only at the dominant direction
of diffusion from one voxel to the next, this may bias results or
give an incomplete picture. As with other methods, diffusivity
measures were assessed along the fibers, but, unlike other meth-
ods, our group comparisons are not constrained to where fibers
were reconstructed. In an area of low FA, where a fiber might be
dropped, the FA at the point in the registered FA map is used for
group comparison. Diffusivity measures at the point are interpo-
lated to subvoxel resolution. The fiber maps are used to generate
standardized spaces for group comparisons and allow us to ref-
erence our results to tract A versus tract B, even though the group
comparisons do not depend on the accurate assignment of voxels
to the correct fiber tracts. All subjects are compared in the space
of one subject’s fiber coordinates, after registering each subject’s
FA map to that example subject’s FA.

Heterogeneity in postinjury outcomes is an important issue in
TBI and is still poorly understood. Multimodal studies such as
ours are critical to understanding and tracking this heterogeneity.
Our study shows that postinjury heterogeneity is explained in
part by data from EEG- and DWI-derived measures. This indi-
cates that these will be reliable biomarkers for tracking outcome.

Figure 5. Joint effects of FA and IHTT on cognitive performance. Significant results from the partial F test comparing a reduced model (age, sex, and IHTT group) with a full model (age, sex,
IHTT-group, and element-wise FA) with cognitive performance as the response variable. For simplicity, only tracts with at least 5% of the tract significant are shown. The F statistic is shown along
the tract corresponding to the color bar. PRCG, Precentral gyrus; ATR, anterior thalamic radiation; ILF, inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; CST, corticospinal tract.
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Some studies of pediatric TBI report a normal developmental
trajectory of the CC between 3 months and 3 years postinjury
(Levin et al., 2000), while others report mixed results, with some
indicators of recovery (a modest increase in FA longitudinally)
and others of continued degeneration (volume decreases; Wu et
al., 2010). Our prior cross-sectional study examining this group
at two time points found more extensive group differences at the
chronic time point (13–19 months postinjury) than in the post-
acute phase. This is likely due in part to the within-group heter-
ogeneity in the post-acute phase. Local disruption appears to
dominate and differs spatially between participants, but over the
first year postinjury this disruption may spread and become
global (Dennis et al., 2015). Longitudinal analyses will shed more
light on this progression. Our current results indicate a diver-
gence, already present in the post-acute phase, which has impor-
tant implications for how future studies are approached and
interpreted.
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