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Abstract

Deficits in working memory (WM) are a common consequence of pediatric traumatic brain injury (TBI) and are believed to

contribute to difficulties in a range of cognitive and academic domains. Reduced integrity of the corpus callosum (CC) after

TBI may disrupt the connectivity between bilateral frontoparietal neural networks underlying WM. In the present investi-

gation, diffusion tensor imaging (DTI) tractography of eight callosal subregions (CC1–CC8) was examined in relation to

measures of verbal and visuospatial WM in 74 children sustaining TBI and 49 typically developing comparison children.

Relative to the comparison group, children with TBI demonstrated poorer visuospatial WM, but comparable verbal WM.

Microstructure of the CC was significantly compromised in brain-injured children, with lower fractional anisotropy (FA) and

higher axial and radial diffusivity metrics in all callosal subregions. In both groups of children, lower FA and/or higher radial

diffusivity in callosal subregions connecting anterior and posterior parietal cortical regions predicted poorer verbal WM,

whereas higher radial diffusivity in callosal subregions connecting anterior and posterior parietal, as well as temporal,

cortical regions predicted poorer visuospatial WM. DTI metrics, especially radial diffusivity, in predictive callosal subre-

gions accounted for significant variance in WM over and above remaining callosal subregions. Reduced microstructural

integrity of the CC, particularly in subregions connecting parietal and temporal cortices, may act as a neuropathological

mechanism contributing to long-term WM deficits. The future clinical use of neuroanatomical biomarkers may allow for the

early identification of children at highest risk for WM deficits and earlier provision of interventions for these children.
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Introduction

Traumatic brain injury (TBI) during childhood can result in

long-term problems with academic achievement, as well as

reduced cognitive, adaptive, and psychosocial functioning.1–4 Defi-

cits in working memory (WM) are a common consequence of pe-

diatric TBI5–10 and are believed to contribute to difficulties in a range

of cognitive and academic domains, including discourse and reading

comprehension, mathematics, complex learning, and reasoning.11–13

Neural networks in WM

WM is the capacity-limited ability to monitor, process, and

maintain task-relevant information online to respond to immediate

environmental demands.14–16 Functional neuroimaging studies in

healthy individuals have identified bilateral frontoparietal cortical

networks underlying both verbal and visuospatial WM. Frontal

regions involved in WM include the rostral, ventrolateral, and

dorsolateral prefrontal cortices, as well as the premotor cortex. In

the parietal lobe, both inferior and superior parietal cortices are

involved, especially in posterior parietal regions.17–20 Although the

majority of functional neuroimaging research on WM has been

conducted with adults, developmental studies suggest that children

recruit similar cortical networks.21–26 With regard to white-matter

pathways underlying WM, the few studies conducted in healthy

individuals have identified the involvement of both intra- and in-

terhemispheric tracts. In addition to the superior longitudinal fas-

ciculi (the major white-matter pathways connecting frontal and

parietal cortices),27–30 investigations of typically developing (TD)
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children have identified significant correlations between visual

WM performance and development of white matter in left fronto-

parietal regions, as well as in the anterior corpus callosum (CC).31,32

Application of diffusion tensor imaging to TBI

The primary pathophysiological changes after TBI involve dif-

fuse axonal degeneration and disconnection,33,34 often termed

traumatic axonal injury (TAI). TAI is a progressive phenomenon

evolving from focal axonal alteration to eventual axonal discon-

nection over several months after injury and appears to be the core

pathology producing diffuse brain damage and associated cognitive

and behavioral deficits after TBI.33,35

Diffusion tensor imaging (DTI) and tractography are increas-

ingly being utilized to quantify the effects of TAI in vivo through

examination of the orientation and magnitude of water diffusion in

the brain.36,37 Metrics provided by DTI include fractional anisot-

ropy (FA) and mean diffusivity, which is separable into axial and

radial diffusivities. FA ranges from 0 to 1, where 0 represents

maximal isotropic diffusion and 1 represents maximal anisotropic

diffusion.38 FA is believed to index the integrity and degree of fiber

organization39 and tends to be reduced after TBI, suggestive of

demyelination and axonal degeneration.40 Axial diffusivity quan-

tifies diffusion parallel to the principal axis of fibers, and radial

diffusivity quantifies diffusion perpendicular to the principal axis.

Higher diffusivities suggest less well-defined tissue organization,

reduced myelination, and/or axonal pathology.38,41–43 Although the

correlates of changes in different DTI metrics remain under in-

vestigation, recent studies suggest that FA and radial diffusivity,

but not axial diffusivity, are significant predictors of post-traumatic

changes in cognitive outcomes.44,45

WM and the CC after pediatric TBI

The CC, the largest commissural white-matter bundle in the human

brain, is the main route for interhemispheric transfer of information

and is implicated in a large number of cognitive processes.46–50 The

CC is particularly vulnerable to injury in TBI.46,51,52 DTI studies have

shown lower FA and higher diffusivity metrics in all callosal subre-

gions, relative to TD comparison groups, after TBI in both children

and adults at subacute and chronic stages of recovery.44,45,53–56 Given

the proposed involvement of the CC in the bilateral frontoparietal

neural networks underlying WM,31,32 and its particular vulnerability

to injury, reduced microstructural integrity of the CC may act as a

neuropathological mechanism, possibly contributing to long-term

WM deficits after pediatric TBI.

The present study

The aim of the present investigation was to examine the relation

between callosal microstructure and WM in children after TBI,

relative to TD comparison children. DTI tractography of eight

callosal subregions (CC1–CC8) was examined in relation to mea-

sures of verbal and visuospatial WM. We proposed the following

hypotheses:

1. Children with TBI will demonstrate poorer verbal and vi-

suospatial WM performance, relative to TD comparison

children.

2. Children with TBI will have lower FA and higher axial and

radial diffusivities in all callosal subregions, relative to TD

comparison children.

3. Based on the evidence for the involvement of bilateral

frontoparietal cortical networks in WM, lower FA and

higher radial (but not axial) diffusivity in callosal subregion

fibers connecting prefrontal (CC1), anterior frontal (CC2),

anterior parietal (CC5), and posterior parietal (CC6) cortical

regions will predict poorer verbal and visuospatial WM

performance in children with TBI.

Methods

Participants

Participants included 74 children who sustained TBI and a TD
comparison group composed of 23 children with orthopedic in-
juries and 26 healthy children. All children were 6–18 years of age
at the time of participation. Children in the TBI group and those
with orthopedic injuries were recruited from the Level 1 Pediatric
Trauma Center at Children’s Memorial Hermann Hospital in
Houston, Texas. The TBI group was drawn from two prospective
cohorts enrolled from 1994 to 1998 or from 2004 to 2007. Inclu-
sionary criteria were (1) hospitalization for nonpenetrating injuries
from vehicular accidents, falls, sports, or impact with blunt object
and (2) English speaking or bilingual. Exclusionary criteria were
(1) presumed inflicted neurotrauma from child abuse, (2) history of
previous or subsequent TBI, (3) illegal immigrants or those residing
outside the catchment area because of difficulty maintaining en-
rollment, and (4) history of major developmental or psychiatric
disorder. The children with TBI sustained injuries between 0 and 15
years of age (mean [M], 9.7; standard deviation [SD], 3.7 years) and
were evaluated from 5 months to 12 years postinjury (M, 30.0; SD,
38.1 months). Severity of TBI was classified using lowest post-
resuscitation Glasgow Coma Scale (GCS)57 scores and acute neu-
roimaging findings. Children with complicated mild TBI had GCS
13–15 with neuroimaging evidence of parenchymal injury (n = 5).
Children with moderate (n = 15) and severe TBI (sTBI: n = 54) had
GCS scores from 9 to 12 and 3 to 8, respectively, with or without
positive neuroimaging findings.

Children with orthopedic injuries had Abbreviated Injury Scores
£ 4 (skeletal or body) and no history of head or brain injury.
Healthy children without injuries were recruited from the com-
munity from fliers posted at libraries and from well-child clinics.
Both of these groups also met exclusionary criteria 2–4. Compar-
isons of orthopedically injured and healthy children revealed no
statistically significant differences (all p > 0.05) in demographic
variables, including age at test, gender, ethnicity, or socioeconomic
status (SES), as estimated by Hollingshead’s 4-Factor Index of
Social Status58 or on any dependent variables, including both WM
measures and the three DTI metrics at all CC subregions. Because
the two comparison groups were demographically similar and
comparable in WM performance and callosal microstructure, both
samples of children were combined to form one TD comparison
group (n = 49).

Table 1 provides demographic and injury characteristics for the
TBI and TD comparison groups. There were no statistically sig-
nificant differences between the TBI and comparison groups in age
at test (t(121) = 1.93; p = 0.057) or ethnicity (v2(3) = 7.53; p = 0.057)
or handedness (v2(1) = 0.30; p = 0.583). SES was significantly
lower in the TBI group (t(121) = 2.16; p = 0.033). In addition, the
proportion of males to females was significantly greater in the TBI
group (v2(1) = 7.31; p = 0.007). The predominant mechanisms of
injury differed between children with TBI and orthopedic injuries
(v2(6) = 23.52; p < 0.001), with higher proportions of motor vehicle
accidents in the TBI group and higher proportions of sports/play
injuries in the children with orthopedic injuries. As expected, Injury
Severity Scores were significantly higher in children with TBI,
relative to children with orthopedic injuries (t(92.61) = 11.14;
p < 0.001.

In accord with the procedures established by the institutional
review board of the University of Texas Health Science Center at
Houston (Houston, TX), informed written consent was obtained
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from the parents or guardians of children who were eligible for the
study. Oral assent was obtained for children who were 6 years of
age. Children ages 7–11 years provided written assent, and written
adolescent consent was obtained for children ages 12–18 years.

Procedure

All children underwent magnetic resonance imaging (MRI) of
the brain and were individually administered one verbal and one
visuospatial working memory task as part of a larger neu-
ropsychological and academic assessment battery. WM perfor-
mance was examined an average of 3.9 months (range, 0–7.2) after
children’s MRI scan.

Measures of WM

Children were administered two experimental WM tasks de-
signed to have analogous task requirements while assessing the
verbal and visuospatial modalities separately. Details of the tasks
are also previously described in Gorman and colleagues.10

Category listening span dual-task (CLS-DT). The CLS-
DT, adapted from De Beni and colleagues,59–61 was administered
as a measure of verbal WM. The CLS-DT is a dual task in which
word strings of increasing number are read to the child and the child
is required to (1) tap on the table after each string containing an
animal name and (2) recall the last word from each string, in the
correct order, at the end of each trial. The total number of correct
trials (CLS-DT total correct) was analyzed.

Visuospatial span dual-task (VSS-DT). The VSS-DT,
adapted from Cornoldi and colleagues,61,62 was administered as a
measure of visuospatial WM. The VSS-DT is composed of strings
of contiguously touched positions in a 4 · 4 matrix of blocks pre-
sented in increasing number of strings. The child is required to (1)
tap on the table after each string in which contiguously touched
blocks form a straight line (horizontal, vertical, or diagonal) and (2)
recall the last block touched from each string, in the correct order, at
the end of each trial. The total number of correct trials (VSS-DT
total correct) was analyzed.

Neuroimaging acquisition, processing,
and tractography of the CC

Complete details of image acquisition, processing, and tracto-
graphy of the CC are previously described in Hasan and col-
leagues.63 A high signal-to-noise ratio whole-brain DTI protocol at
3.0 T that was kept under 7 min was utilized. Diffusion-weighted
data were collected axially (field of view, 240 · 240 mm; square
matrix, 256 · 256 pixels) using 44 contiguous 3-mm axial sections.63

The diffusion sensitization of b-factor = 1,000 sec/mm- 2 and the
encoding scheme used 21 uniformly distributed directions.64 The
DTI-derived rotationally invariant metrics examined in the present
study included FA, axial diffusivity, and radial diffusivity.

Deterministic compact white-matter fiber tracking was per-
formed using DTI Studio software ( Johns Hopkins University,
Baltimore, MD; cmrm.med.jhmi.edu),65 based on the fiber as-
signment by continuous tracking algorithm,66 with a fractional
anisotropy threshold of 0.2 for initial seeding and stopping and a
principal eigenvector angle stopping threshold of 60 degrees.
Commissural fibers traversing the CC were subdivided into eight
subregions (CC1–CC8) by a slight modification of Witelson’s se-
ven subregions67 and the 10-sector method of Aboitiz and col-
leagues68 connecting homotopic regions. The rostrum and genu
segments in the Witelson method correspond closely to CC1, which
connects the left and right prefrontal cortex. Witelson’s three mid-
body segments and isthmus correspond to CC2 (anterior frontal
cortex), CC3 (superior frontal cortex), CC4 (posterior frontal cor-
tex), and CC5 (anterior parietal cortex), respectively, based on the
cortical origin/termination of the fibers passing through these se-
lected mid-sagittal areas. The splenium was further subdivided into
three subregions based on the DTI evidence demonstrating that,
unlike other subregions, the splenium is traversed by fibers that
interconnect three different lobes of the brain: the parietal; tem-
poral; and occipital lobes.69–71 Thus, CC6 connects the posterior
parietal lobes, CC7 connects the temporal lobes, and CC8 connects
the occipital lobes. Figure 1 contains an illustration of the eight
callosal subregions tracked in a healthy individual from Hasan and
colleagues.63

Because tracking criteria were held fixed, there were a few
subjects for which some subregions did not complete tracking and,
as a result, have missing data for these subregions. Of the 74 TBI
children, data were missing for CC2–CC4 (n = 1), CC5 (n = 1), and
for CC8 (n = 1). Of the 49 comparison children, data were missing
for CC6 (n = 1), CC7 (n = 2), and for CC8 (n = 1). Tracking in these
few cases may have failed to meet the tracking criteria as a result of
the encounter of diffuse axonal injury or lesions in the TBI group.
To retain power, children with missing subregion data were
maintained in the analyses.

Statistical analyses

To test hypothesis 1, group differences in WM performance
were examined using analysis of covariance (ANCOVA), with
group as the between-subjects factor and dependent variables CLS-
DT total correct and VSS-DT total correct. Covariates included
SES and gender, to control for significant group differences, and
age, to control for its effect on WM task performance. Given the
wide range in age at injury in our TBI sample, we also examined the

Table 1. Participant Characteristics of TBI and TD
Comparison Groups

TBI TD
Characteristics (n = 74) (n = 49)

Years of age at test (M [SD]) 12.2 (3.3) 11.1 (3.0)
SES (M [SD])* 37.4 (13.5) 42.9 (14.4)
Gender (% male)* 73 49
Handedness (% RH dominant) 86 90
Ethnicity (%)

African American 7 22
Caucasian 59 49
Hispanic 27 18
Other or multiracial 7 11

Mechanism of injury (%)a*

Auto-pedestrian accident 28 26
Motor vehicle accident 47 9
Fall 6 13
High fall 12 18
Hit by falling object 0 4
Sports/play 3 26
Bicycle accident 4 4

Injury Severity Score (M [SD])a* 21.5 (10.2) 7.1 (2.5)
Lowest postresuscitation GCS (M [SD])

Complicated mild 13.6 (0.9) —
Moderate 10.9 (1.2) —
Severe 3.8 (1.7) —

Days of impaired consciousness (M [SD])
Complicated mild 0 (0) —
Moderate 0.9 (1.8) —
Severe 7.6 (9.8) —

aMechanism of injury and Injury Severity Score in the typically
developing group applies to orthopedically injured children only.

*p < 0.05.
GCS, Glasgow Coma Scale; M, mean; RH, right hand; SD, standard

deviation; SES, socioeconomic status; TBI, traumatic brain injury; TD,
typically developing.
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effect of age at injury on WM performance using Pearson’s partial
correlation analyses controlling for age at test.

To test hypothesis 2, a mixed-models approach to repeated-
measures ANCOVA was used to examine group differences in
callosal microstructure. The within-subjects factor was callosal
subregion (CC1–CC8); the between-subjects factor was group.
Dependent variables were FA, axial diffusivity, and radial diffu-
sivity. Covariates included SES and gender, to control for sig-
nificant group differences, and age, to control for its effect on the
DTI metrics. Follow-up comparisons examined the simple main
effect of group for each CC subregion. The Benjamini-Hochberg
(B-H) method of correcting for multiple comparisons was used to
control the false discovery rate while also protecting against type
II error.72

To test hypothesis 3, hierarchically ordered regression analysis
was used to examine the relations between each individual callosal
subregion DTI metric, group, and WM performance. Models were
tested using ordinary least squares and corrected for multiple
comparisons using the B-H method. Dependent variables included

CLS-DT total correct and VSS-DT total correct. The effects of FA,
axial diffusivity, and radial diffusivity were modeled separately for
each callosal subregion; 8 regions · 3 DTI metrics = 24 separate
models. In step 1, demographic variables age, SES, and gender
were entered into the model as covariates. Step 2 tested the effects
of group, callosal subregion DTI metric, and their interaction.

Finally, as a post-hoc analysis of hypothesis 3, additional hier-
archical regression analyses were performed to test whether cal-
losal subregions were found to be significant predictors of WM
when modeled individually would together account for significant
variance in WM over and above remaining subregions. Because
TBI results in diffuse TAI, it was of interest whether DTI metrics in
significant callosal subregions accounted for relations with WM
beyond global white-matter injury to the CC. In step 1, significant
demographic variables from the a priori analysis were entered into
the model as covariates. In step 2, all callosal subregions found not
to be significant individual predictors of WM were together entered
into the model. In step 3, callosal subregions found to be significant
individual predictors of WM were together entered into the model.

FIG. 1. Visual representation of eight callosal subregions (CC1–CC8) tracked in a healthy individual. (Reprinted from Brain Re-
search, Vol 1249, Khader M. Hasan, Arash Kamali, Amal Iftikhar, Larry A. Kramer, Andrew C. Papanicolaou, Jack M. Fletcher, Linda
Ewing-Cobbs, Diffusion tensor tractography quantification of the human corpus callosum fiber pathways across the lifespan, pages 91–
100, Copyright (2009), with permission from Elsevier.)
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Results

Group differences in WM

The effect of group on WM performance was examined using

ANCOVA. Gender was trimmed from all analyses because it had

no significant effect across models. Results revealed no significant

group difference in verbal WM (F(1,119) = 1.37; p = 0.244), al-

though the group means were in the expected direction with slightly

lower performance in the TBI group (least square M – SD: TBI =
9.94 – 4.73; TD comparison, 10.65 – 4.04). Verbal WM perfor-

mance was higher with increasing age (F(1,119) = 100.20;

p < 0.001) and SES (F(1,119) = 13.30; p < 0.001). On the visuos-

patial WM task, there was a significant effect of group

(F(1,119) = 7.00; p = 0.009), with poorer performance in the TBI

group (least square M – SD: TBI = 10.74 – 4.71; TD compari-

son = 12.47 – 4.61). Visuospatial WM performance was also higher

with increasing age (F(1, 119) = 86.04; p < 0.001) and SES (F(1,

119) = 9.44; p = 0.003). Pearson’s partial correlation analyses con-

trolling for age at test revealed no significant correlations of age at

injury with verbal (r = 0.036; p = 0.755) or visuospatial (r = 0.194;

p = 0.092) WM.

Group differences in callosal microstructure

Mixed-models repeated-measures ANCOVA examined group

differences in FA, axial, and radial diffusivity across the eight CC

subregions. The group by age interaction was trimmed from all

models because it was not significant for any DTI metric. In ad-

dition, both gender and SES were trimmed from all analyses be-

cause they had no significant effects across models. For all three

DTI metrics, there was a significant interaction of group with CC

subregion (FA: F(7,120) = 3.16, p = 0.004; axial: F(7,120) = 3.09,

p = 0.005; radial: F(7,120) = 2.11, p = 0.047), indicating that the

degree of group differences in DTI metrics varied across the eight

CC subregions. Increasing age was associated with lower axial

(F(1,120) = 16.39; p < 0.001) and radial diffusivity

(F(1,120) = 5.51; p = 0.021), but was not significantly related to FA

(F(1,120) = 1.65; p = 0.201). Results of simple main effect com-

parisons are displayed in Table 2. As hypothesized, children with

TBI had significantly lower FA, and significantly higher axial and

radial diffusivity after B-H correction, in all callosal subregions,

relative to TD comparison children.

Relation of callosal microstructure to verbal WM

Results of hierarchical regression models predicting verbal WM

are presented in Table 3. Gender was trimmed from all analyses

because it had no significant effect across models. In step 1, age

(t(120) = 9.96; p < 0.001) and SES (t(120) = 3.99; p < 0.001) were

both significantly and positively associated with verbal WM per-

formance (F(2,120) = 63.13; p < 0.001; R2 = 0.51). In step 2, the

group and group by callosal subregion microstructure interaction

terms were nonsignificant across all analyses and were therefore

trimmed from the models. Following B-H correction, both lower

Table 2. Simple Main Effect Comparisons of DTI Metrics across Eight Callosal Subregions by Group

FA
Axial diffusivity
(10–3 mm2/sec)

Radial diffusivity
(10–3 mm2/sec)

CC subregion TBI TD TBI TD TBI TD

CC1 0.52 (0.005) 0.57 (0.006)* 1.39 (0.007) 1.34 (0.009)* 0.56 (0.007) 0.48 (0.009)*
CC2 0.50 (0.005) 0.52 (0.006)* 1.43 (0.011) 1.33 (0.014)* 0.60 (0.008) 0.53 (0.009)*
CC3 0.52 (0.006) 0.55 (0.007)* 1.49 (0.015) 1.41 (0.018)* 0.60 (0.009) 0.53 (0.012)*
CC4 0.52 (0.007) 0.53 (0.008)* 1.49 (0.013) 1.41 (0.016)* 0.61 (0.011) 0.53 (0.014)*
CC5 0.48 (0.007) 0.54 (0.009)* 1.48 (0.013) 1.39 (0.017)* 0.65 (0.014) 0.53 (0.017)*
CC6 0.52 (0.007) 0.57 (0.008)* 1.43 (0.011) 1.38 (0.014)* 0.58 (0.011) 0.50 (0.013)*
CC7 0.54 (0.006) 0.58 (0.008)* 1.59 (0.012) 1.51 (0.015)* 0.61 (0.010) 0.53 (0.013)*
CC8 0.60 (0.006) 0.64 (0.007)* 1.55 (0.009) 1.52 (0.011)* 0.52 (0.009) 0.46 (0.011)*

Values are least-square means and standard errors.
*Significant following Benjamini-Hochberg correction.
CC, corpus callosum; FA, fractional anisotropy; DTI, diffusion tensor imaging; TBI, traumatic brain injury; TD, typically developing.

Table 3. Individual Callosal Subregion DTI Metrics Predicting Verbal WM

FA Radial diffusivity

CC subregion Cortical termination df t DR2 t DR2

CC1 Prefrontal 122 1.41 0.008 –1.01 0.004
CC2 Anterior frontal 121 1.67 0.013 –1.44 0.010
CC3 Superior frontal 121 2.02 0.018 –1.81 0.015
CC4 Posterior frontal 121 2.38 0.024 –1.97 0.017
CC5 Anterior parietal 121 3.32 0.041* –3.34 0.042*
CC6 Posterior parietal 121 2.45 0.024 –2.80 0.031*
CC7 Temporal 120 2.32 0.022 –2.35 0.022
CC8 Occipital 121 1.80 0.015 –1.87 0.016

DR2 is change in model R2 when the individual CC subregion FA or radial diffusivity was added to step 1 of the model containing age and SES.
Degrees of freedom vary as a result of a few missing data points.

*Significant following Benjamini-Hochberg correction.
CC, corpus callosum; DTI, diffusion tensor imaging; FA, fractional anisotropy.
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FA and higher radial diffusivity in the callosal subregion con-

necting anterior parietal (CC5) cortical regions, and higher radial

diffusivity in the callosal subregion connecting posterior parietal

(CC6) cortical regions, were significantly predictive of lower ver-

bal WM scores over and above demographic variables. All re-

maining subregions were nonsignificant. As hypothesized, axial

diffusivity was not significantly related to verbal WM performance

in any callosal subregion.

To test whether FA and radial diffusivity from callosal subre-

gions connecting anterior parietal (CC5) and/or posterior parietal

(CC6) cortical regions together accounted for significant variance

in verbal WM over and above remaining callosal subregions, post-

hoc hierarchical regression analyses were performed. As expected,

neither FA (DR2 = 0.032; p = 0.371) nor radial diffusivity

(DR2 = 0.030; p = 0.310) in callosal subregions that were not indi-

vidually predictive of verbal WM in a priori analyses accounted for

significant variance over and above demographic variables

(R2 = 0.513; p < 0.001) when entered together in step 2 of the

models. In step 3, the addition of FA from the callosal subregion

connecting anterior parietal (CC5) cortical regions to the model

accounted for a statistically significant increase of 2.1% variance

over and above remaining callosal subregions ( p = 0.041). The

addition of radial diffusivity from callosal subregions connecting

anterior parietal (CC5) and posterior parietal (CC6) cortical regions

in step 3 accounted for a statistically significant increase of 2.9%

variance in verbal WM over and above remaining callosal subre-

gions ( p = 0.030). See Figure 2 for plots of verbal WM with FA

and/or radial diffusivity from callosal subregions connecting an-

terior parietal (CC5) and posterior parietal (CC6) cortical regions.

Relation of callosal microstructure to visuospatial WM

Results of hierarchical regression models predicting visuospatial

WM are presented in Table 4. Gender was trimmed from all ana-

lyses because it had no significant effect across models. In step 1,

age (t(120) = 8.71; p < 0.001) and SES (t(120) = 3.65; p < 0.001)

were both significantly and positively associated with visuospatial

WM performance (F(2,120) = 49.00; p < 0.001; R2 = 0.45). In step

2, the group and group by callosal subregion microstructure inter-

action terms were nonsignificant across all analyses and were

therefore trimmed from the models. Following B-H correction,

higher radial diffusivity in callosal subregions connecting anterior

parietal (CC5), posterior parietal (CC6), and temporal (CC7) cor-

tical regions were significantly predictive of lower visuospatial

WM scores over and above demographic variables. Associations of

lower FA in callosal subregions connecting anterior parietal (CC5)

and posterior parietal (CC6) cortical regions with poorer visuos-

patial WM were notable trends ( p = 0.009 and 0.013, respectively),

but failed to reach statistical significance following B-H correction.

As hypothesized, axial diffusivity was not significantly related to

visuospatial WM performance in any callosal subregion.

To test whether radial diffusivity from callosal subregions

connecting anterior parietal (CC5), posterior parietal (CC6), and

temporal (CC7) cortical regions together accounted for significant

variance in visuospatial WM over and above remaining callosal

subregions, post-hoc hierarchical regression analyses were per-

formed. As expected, radial diffusivity (DR2 = 0.029; p = 0.287) in

callosal subregions that were not individually predictive of vi-

suospatial WM in a priori analyses did not account for significant

variance over and above demographic variables (R2 = 0.479;

p < 0.001) when entered together in step 2 of the model. In step 3,

the addition of radial diffusivity from callosal subregions con-

necting anterior parietal (CC5), posterior parietal (CC6), and

temporal (CC7) cortical regions accounted for a statistically sig-

nificant increase of 4.2% variance in visuospatial WM over and

above remaining callosal subregions ( p = 0.029). See Figure 3 for

plots of visuospatial WM with radial diffusivity from callosal

subregions connecting anterior parietal (CC5), posterior parietal

(CC6), and temporal (CC7) cortical regions.

Discussion

The present study investigated the relation between callosal

microstructure and WM in children after TBI, relative to TD

comparison children. Children sustaining TBI demonstrated poorer

visuospatial WM, but comparable verbal WM. As expected, the

microstructure of the CC was significantly compromised in brain-

injured children, with results revealing lower FA and higher axial

and radial diffusivity metrics in all callosal subregions. DTI metrics

indexing microstructural organization and integrity of particular

FIG. 2. Verbal working memory and callosal subregions con-
necting anterior parietal (CC5) and posterior parietal (CC6) cor-
tical regions.
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callosal subregions were associated with WM performance in both

groups of children. Lower FA and higher radial diffusivity in cal-

losal subregions connecting anterior and/or posterior parietal cor-

tical regions predicted poorer verbal WM, with both FA and radial

diffusivity in these subregions accounting for significant variance

over and above remaining callosal subregions. Higher radial dif-

fusivity in callosal subregions connecting anterior parietal, poste-

rior parietal, and temporal cortical regions predicted poorer

visuospatial WM and accounted for significant variance over and

above remaining subregions. The results provide evidence that

reduced microstructural integrity of the CC, particularly in subre-

gions connecting parietal and temporal cortices, may act as a

neuropathological mechanism contributing to long-term WM def-

icits after pediatric TBI.

Our finding of compromised white-matter integrity in all sub-

regions of the CC is consistent with previous findings of reduced

FA and increased diffusivity metrics in the CC of both chil-

dren44,45,53 and adults54–56 after brain injury. Reduced integrity of

the CC after TBI is believed to result from pathophysiological

processes, including demyelination, expansion of extracellular

space, possibly attributed to neuronal or glial loss, buildup of cel-

lular debris from breakdown of axonal structure, and disordered

microtubule arrangement.73–76 Our results are consistent with the

building evidence suggesting that DTI of the CC may serve as an

effective biomarker for the degree of TAI and potential cognitive

dysfunction after traumatic injury to the brain.44,51,53,77–79

In addition to being a surrogate marker of general injury severity

and outcome after TBI, increasing evidence suggests that reduced

microstructural integrity of particular callosal subregions differen-

tially predicts particular cognitive deficits. Reductions in processing

speed have been associated with lower FA in the body and splenium

of the CC after pediatric TBI.53,80 Impaired fine motor speed and

bimanual coordination were associated with lower FA in splenial

fibers, whereas impaired cognitive control of motor functions was

associated with lower FA in callosal fibers connecting prefrontal,

anterior parietal, and posterior parietal cortices in adults with

TBI.81,82 Declarative memory impairment has been associated with

posterior, but not anterior, callosal FA reductions in adult TBI.83

With regard to WM, in a case series of two pairs of twins discordant

for sTBI sustained during childhood, poorer verbal WM was asso-

ciated with lower mid-saggital-area FA in the rostral mid-body,

whereas visuospatial WM was unrelated to callosal FA in any

subregion.77 Poorer verbal WM was also associated with lower mid-

sagittal-area FA in the splenium in a group of children with TBI.44

Table 4. Individual Callosal Subregion DTI Metrics Predicting Visuospatial WM

FA Radial diffusivity

CC subregion Cortical termination df t DR2 t DR2

CC1 Prefrontal 122 2.12 0.020 –2.15 0.020
CC2 Anterior frontal 121 1.73 0.017 –1.86 0.019
CC3 Superior frontal 121 1.52 0.014 –1.70 0.017
CC4 Posterior frontal 121 1.67 0.016 –1.37 0.012
CC5 Anterior parietal 121 2.67 0.031 –2.91 0.036*
CC6 Posterior parietal 121 2.51 0.026 –2.61 0.028*
CC7 Temporal 120 1.80 0.015 –2.76 0.034*
CC8 Occipital 121 1.85 0.018 –1.95 0.019

DR2 is change in model R2 when the individual CC subregion FA or radial diffusivity was added to step 1 of the model containing age and SES.
Degrees of freedom vary as a result of a few missing data points.

*Significant following Benjamini-Hochberg correction.
CC, corpus callosum; DTI, diffusion tensor imaging; FA, fractional anisotropy.

FIG. 3. Visuospatial working memory and callosal subregions
connecting anterior parietal (CC5), posterior parietal (CC6), and
temporal (CC7) cortical regions.
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In adults with sTBI, whole-brain FA analysis revealed positive

correlations between anterior and posterior callosal subregions with

visual WM performance and functional activation patterns.83,84

The present study identified significant associations between

verbal WM and integrity of callosal subregions connecting anterior

and posterior parietal cortical regions, and between visuospatial WM

and integrity of callosal subregions connecting anterior parietal,

posterior parietal, and temporal cortical regions, across brain-injured

and TD comparison children. In addition to using a larger sample

than in previous pediatric studies, our results make a significant

contribution because of our use of DTI tractography, rather than

mid-sagittal-area DTI, allowing for stronger inferences regarding

cortical terminations of callosal fibers and their effect on WM neural

networks. Of particular importance, this approach enabled a more

detailed examination of the splenium in relation to WM, revealing

that the integrity of fibers traversing the splenium and terminating in

the parietal and temporal cortices were predictive of WM, whereas

splenial fibers connecting the occipital cortices were not.

Contrary to our hypothesis that integrity of callosal subregion

fibers connecting both frontal and parietal cortical regions would

predict poorer verbal and visuospatial WM, we found support only

for associations with parietal CC subregions as well as the addi-

tional finding of an association between callosal fibers connecting

temporal regions with visuospatial WM. This pattern of involve-

ment of parietal, but not frontal, callosal subregions appears to be

consistent with recent findings from our group examining WM

storage capacity and central executive components of WM in

children sustaining TBI.10 Based on the finding that increasing the

central executive load on verbal and visuospatial WM tasks did not

differentially affect performance of children with TBI, relative to

TD comparison children, results suggested that decline in WM after

pediatric TBI may result primarily from a general reduction in WM

storage capacity, rather than a deficit in the central executive. Si-

milar results have been reported in adult TBI.85 WM storage ca-

pacity is known to be associated with parietal cortex, whereas

higher order executive control processes are associated with the

prefrontal cortex,18,19 possibly explaining our pattern of results.

The somewhat surprising association of callosal fibers connecting

temporal regions with visuospatial WM is supported by evidence

suggesting involvement of the (especially medial) temporal lobe in

visual WM.86–88 Although the evidence in this area is building,

additional research is needed to further elucidate the involvement

of particular callosal subregions in neural networks supporting

various neuropsychological functions to allow for prediction of

deficits based on regional changes in callosal microstructure.

As hypothesized, both FA and radial diffusivity in particular

callosal subregions predicted WM performance, whereas axial dif-

fusivity was not significantly predictive. This pattern of relative

sensitivity of DTI metrics in prediction of neuropsychological out-

come after TBI is a somewhat consistent trend in the TBI litera-

ture,44,45 although it remains poorly understood.89 We found radial

diffusivity to be the strongest predictor of WM performance, with

radial diffusivity in particular callosal subregions accounting for

significant variance over and above remaining callosal subregions

for both verbal and visuospatial WM. These results suggest that

radial diffusivity may be the most sensitive DTI biomarker for pre-

dicting poor neuropsychological outcome after TBI. The signifi-

cance of radial diffusivity has been echoed in longitudinal studies in

which increased radial, but not axial, diffusivity has accounted for

reduced callosal FA over time since injury.82,90 Given evidence from

animal studies suggesting that changes in axial diffusivity are asso-

ciated with axonal pathology and changes in radial diffusivity are

associated with pathology of myelin,42,91 the predictive value of

radial diffusivity after TBI may point to changes in myelination as a

primary mechanism leading to long-term neuropsychological im-

pairment.82 Additional research is needed to determine the correlates

of changes in DTI metrics over time after TBI and their relative value

as biomarkers for long-term neuropsychological impairment.

WM performance in children with TBI did not appear to be

related to age at injury. Despite some evidence suggesting that

cognitive outcomes, including WM,92,93 may be worse in children

acquiring brain injuries at younger ages,94,95 the relation between

age at injury and cognitive outcome is complex. It is unclear why

age at injury effects are observed in some studies of pediatric TBI

but not others. Characteristics of the present study that may have

precluded the detection of an age at injury effect might include an

underrepresentation of children injured at very young ages and the

wide range in time interval from injury to cognitive assessment.

Future studies might use stronger statistical approaches, such as

growth modeling, to better investigate whether cognitive functions

within rapid stages of development at injury may be particularly

vulnerable to disruption.

Some limitations of the present study include the cross-sectional

design and the wide range of time interval from injury to study

participation. Given the emerging evidence for changes in callosal

microstructure over time since injury,80,89 as well as evidence that

the level of impairment in WM after pediatric TBI also changes

over time,6 future research should continue to characterize longi-

tudinal changes in the CC and their relation to neuropsychological

outcome after pediatric TBI. In addition, because fixed criteria were

used for tractography of the CC, it is possible that missing data for

callosal fibers that did not meet requirements for continuous

tracking may be from the most severely injured children as a result

of excessive lesions. Because data from the most severely injured

callosal subregions may have been excluded, the results may not

accurately characterize callosal microstructural relations with WM

abilities in those children most likely to demonstrate long-term

deficits. Future studies should employ systematic lesion analyses

in relation to cognitive outcome to address this issue. In addi-

tion, diffusion imaging with higher spatial resolutions, multiple

b-factors, or more diffusion orientations may also improve signal

detection of aberrant or damaged white-matter pathways.

The present study provides evidence for the role of reduced

callosal integrity as a neuropathological mechanism contributing to

long-term deficits in WM after pediatric TBI. The findings high-

light the important role of callosal white matter in neural networks

underlying WM in both brain-injured and TD children. DTI of the

CC may serve as a neuroanatomical biomarker for predicting WM

deficits in children sustaining TBI. Given the particular vulnera-

bility of the CC to damage in TBI, in combination with its primary

role in the interhemispheric transfer of information, reduced in-

tegrity of the CC is a likely candidate for contributing to other

cognitive difficulties after pediatric TBI as well. The future clinical

use of neuroanatomical biomarkers may allow for the early iden-

tification of children at highest risk for cognitive difficulties and

earlier provision of interventions for these children.
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