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Abstract

Mediation analysis was used to investigate the role of white matter integrity in the relationship
between injury severity and verbal memory performance in participants with chronic pediatric
traumatic brain injury (TBI). DTI tractography was used to measure fractional anisotropy (FA)
within the corpus callosum, fornix, cingulum bundles, perforant pathways, and uncinate fasciculi.
Injury severity was indexed using Glasgow Coma Scale (GCS) scores obtained at the time of the
injury. Verbal memory was measured by performance on the long-delay free recall (LDFR) trial of
the California Verbal Learning Test—Children’s version. Participants were between the ages of 10—
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18 and included 21 children with TBI (injured before age 9) and 19 typically-developing children
(TDC). Children with TBI showed lower FA across all pathways and poorer LDFR performance
relative to TDC. Within the TBI group, mediation analysis revealed neither a significant total
effect of GCS on LDFR nor significant direct effects of GCS on LDFR across pathways; however,
the indirect effects of GCS on LDFR through FA of the corpus callosum, left perforant pathway,
and left uncinate fasciculus were significant and opposite in sign to their respective direct effects.
These results suggests that the predictive validity of GCS for LDFR is initially suppressed by the
substantial variance accounted for by FA, which is uncorrelated with GCS, and the predictive
validity of GCS increases only when FA is considered, and the opposing path is controlled. These
findings illustrate the complex associations between acute injury severity, white matter pathways,
and verbal memory several years following pediatric TBI.
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pediatric traumatic brain injury; diffusion tensor imaging tractography; fractional anisotropy;
injury severity; verbal memory

Introduction

Traumatic brain injury (TBI) is the most common cause of long-term disability in children
and adolescents, both in the United States and in other countries (Cuff et al. 2007; Dewan et
al. 2016). Several studies have investigated the efficacy of pediatric TBI severity indices as
predictors of functional outcome and structural imaging, yet the literature examining the
long-term consequences of pediatric TBI in relation to changes in white matter integrity and
cognitive function is scarce. Furthermore, an investigation into the long-term effects that
various levels of injury severity have on verbal memory in relation to the microstructural
integrity of associated white matter pathways following pediatric TBI has yet to be
published in the literature.

The Glasgow Coma Scale (GCS; Teasdale & Jennett, 1974) score is the most widely used
clinical measure of acute injury severity, where a lower GCS indicates greater severity. In the
months following a pediatric TBI, GCS is a good predictor of cerebral atrophy, which is a
sensitive measure of white matter volume loss (Ghosh et al. 2009). An inverse relationship
between injury severity and cognitive outcome is consistently documented in pediatric TBI,
where verbal memory is shown to be a key predictor of long-term academic success
(Lajiness-O’Neill et al. 2011). In terms of more specific cognitive outcome, Anderson and
Catroppa (2007) demonstrated a negative relationship between pediatric TBI severity and
performance on measures of verbal learning and memory.

Diffusion tensor imaging (DT]I) is useful in detecting subtle changes in white matter
integrity in adults and children with TBI (Niogi and Mukherjee 2010; Voelbel et al. 2012;
Wilde et al. 2012) by measuring the direction of water molecule movement along tracts
organized within the brain. White matter integrity can be quantified using DTI-derived
metrics, such as fractional anisotropy (FA), a scalar measure that ranges from 0 (isotropy) to
1 (anisotropy) (Alexander et al. 2007; Hunter et al. 2012).

Brain Imaging Behav. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsey et al.

Page 3

In adults with TBI, Palacios et al. (2011) found evidence for unique FA reduction patterns in
both long-and short-associative and commissural fibers to be related to different types of
memory impairments. Specifically, a positive relationship was found between working
memory performance and FA of the superior longitudinal fasciculus, the arcuate fasciculus,
the fornix, and the corpus callosum, while declarative memory performance was restricted to
a positive relationship with FA of the fornix and the corpus callosum. Further analysis of
long-term memory deficits revealed decreased cortical thickness and compromised white
matter integrity of the left parietal lobe to be the main contributor of these deficits in adults
with chronic TBI (Palacios et al. 2013).

An investigation of the integrity of the dorsal cingulum bundle in adults with chronic TBI,
using DTI tractography, revealed a positive correlation with cingulum integrity and memory
performance (Baek et al. 2013). Wilde et al. (2010) further demonstrated reduced integrity
of the cingulum to be related to injury severity and cognitive control impairment in pediatric
TBI compared to typically developing children. The association fibers that run through the
ventral arm of C-shaped cingulum make up the perforant pathway, which plays a critical role
for memory consolidation in the healthy brain, as the fibers extend from the major sensory
cortices to various intra-hippocampal regions (Augustinack et al. 2010). Studies utilizing
DTI have shown relationships between perforant pathway degradation and delayed verbal
memory recall in healthy brains (Yassa et al. 2010), mild cognitive impairment and dementia
(Kalus et al. 2006; Rogalski et al. 2009), and TBI (Christidi et al. 2011). In the latter study,
Christidi and colleagues (2011) demonstrated significantly decreased FA in the perforant
pathway in both hemispheres and a significant relationship between perforant pathway
integrity and performance on tasks of long-term retrieval and delayed recall.

Mabbott and colleagues (2009) found broad white matter compartments to be influential in
declarative memory for healthy adolescents. Specifically, the authors implicated the
proficiency of auditory-verbal declarative memory with the integrity of the left uncinate
fasciculus and broader parietal regions. Sepulcre et al. (2008) used a non-aprioristic
approach to investigate which disrupted white matter pathways contributed to declarative
verbal memory storage and retrieval in adults with multiple sclerosis. Per their results, white
matter regions within the left temporal lobe, the left thalamic region, the anterior limb of the
left internal capsule, and the right temporal stem were associated with both storage and
retrieval of declarative verbal memory. Retrieval was further associated with temporo-
parieto-frontal paramedian bundles, particularly the dorsal cingulum bundle, the corpus
callosum, and temporal portions of the fronto-occipital fasciculi.

The literature discussed above demonstrates increasing support for the direct, bivariate
relationships between injury severity and verbal memory dysfunction, injury severity and the
integrity of various white matter pathways, and the influence of white matter integrity on
declarative memory following brain injury. However, there are no published studies to date
that have investigated the role that white matter integrity plays as a mediator of the
relationship between injury severity and verbal memory during the chronic phase of
recovery following pediatric TBI. The present study aims to address this gap in the literature
through the initial detection of any differences in verbal memory performance and white
matter integrity between typically-developing children (TDC) and those who have suffered
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from pediatric TBI, and finally through an investigation of the mediating role of white
matter integrity in the relationship between injury severity and verbal memory performance
following pediatric TBI. It is hypothesized that poorer memory outcomes in the TBI group
will be related to reduced microstructural integrity of their white matter. Further, in those
with pediatric TBI, it is hypothesized that greater injury severity will predict poorer verbal
memory performance, and this relationship will be mediated by decreased microstructural
integrity of relevant white matter pathways.

Inclusion criteria for the TBI group consisted of a complicated mild, moderate, or severe
closed head injury sustained during young childhood (between ages 1-10) and a minimum
of a 5-year post-injury interval (i.e., time between injury and current age), such that current
age at scanning was 6-18 years. Injury severity was defined by the lowest post-resuscitation
GCS score obtained at the time of the injury (Teasdale and Jennett 1974; Williams et al.
1990), where those with scores between 13-15, 9-12, and 3-8 are considered to have
suffered from mild, moderate, and severe injuries, respectively. Due to the difficulty in using
the GCS to assess injury severity in preverbal children, pediatric variants of the GCS
(Kirkham et al. 2008), which assess age-appropriate verbal abilities (e.g., babbling, cooing,
crying) were used in those injured at ages 1-3 years. All children with TBI enrolled in the
study had one or more positive intracranial findings on initial clinical imaging (see Table 1).
Exclusion criteria for the TDC group included any history of head trauma, and exclusion
criteria for both groups included any history of childhood abuse, previous diagnosis of
psychotic disorder, contraindications to MRI, and ages older than 18 years at the time of the
study. Children in the TDC group were selected to match the participants with TBI on age
(within one year), sex, and maternal education. See Table 1 for details pertaining to
participant characteristics. Written informed consent was obtained from participants who
were 18 years old and from a parent or legally authorized representative of participants
under 18 years of age.

Diffusion Tensor Imaging

Image acquisition and preprocessing—A Philips 3.0 Tesla Intera scanner (Philips,
Cleveland, OH) was used to acquire MRI data for all participants at the Texas Children’s
Hospital in Houston and at the University of Arkansas for Medical Sciences in Little Rock.
Comparable platforms and imaging software were used at the two scanner locations.
American College of Radiology (ACR) phantom testing and quality assurance testing was
regularly performed on both scanners, and both scanners were consistently noted to be
within range throughout the duration of the study. The stability of the scanners over time
were confirmed with similar value ranges for Weisskoff’s stability measurements (i.e.,
minimum 1/SNR index, peak-to-peak and RMS stability) (Weisskoff 1996) obtained on the
day of each participant’s scan.

A spin echo technique was used for the acquisition of diffusion-weighted images, along with
multiple slice, single-short, and EPI sequences. An 8-channel head coil was used to acquire
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55 slices in the transverse plane, and diffusion was measured along 15 directions (number of
b-factors = 2, bmax = 860). The following parameters were additionally used: TR = 10150.5
ms, TE = 90 ms, slice thickness/gap = 2.7/0 mm, FOV = 256, RFOV = 100%, measured
voxel size (M x P x S) = 2.67 x 2.69 x 2.70 mm, reconstructed voxel size (M x P x S) = 2.0
x 2.0 x 2.7 mm, total scan duration = 345 seconds.

All data were carefully inspected for any artifacts or irregularities that may have
compromised its accuracy or reliability. The Philips PRIDE-registration tool (Netsch 2001)
was used to remove shear and eddy current distortion as well as head motion artifact prior to
calculating FA maps with Philips fiber tracking 4.1v3 Beta 2 software (Cleveland, OH). To
improve the signal-to-noise ratio via removal of eddy current distortion and motion artifact,
two acquisitions were obtained and averaged using Philips diffusion affine registration tool.
Each acquisition took approximately 290 seconds, and 70 slices were acquired.

Tractography—Based on a review of the previous literature, the total corpus callosum, the
total fornix, the right and left cingulum bundles, the right and left perforant pathways, and
the right and left uncinate fasciculi were deemed relevant white matter pathways and
included in the present analysis. Although measurements were taken of the genu, splenium,
and total corpus callosum, only the total corpus callosum is included here, owing to the
limited statistical power resulting from the small sample size. The total fornix was measured
using two seed points placed along the pathway in two coronal slices where the fornix body
is visible as one bundle. After all ROIs were created, fiber tracts passing through the
cingulum bundles, perforant pathways, and uncinate fasciculi were determined bilaterally,
consistent with previously published protocols (Christidi et al. 2011; Levin et al. 2008;
Wilde et al. 2006; Wilde et al. 2010).

Mean FA of all pathways was measured using Philips PRIDE software v4.0. Tractography
was implemented using the Philips PRIDE v4.0 Fiber tracking 4.1 and the automated Philips
3D fiber tracking tool. The algorithm for fiber tracking is based upon the fiber assignment
by continuous tracking (FACT) method (Mori et al. 1999). Tract termination occurred when
the FA of a voxel fell below 0.2 or if the angle between adjacent voxels along the track was
greater than 7 degrees; mean FA of each pathways was used as the quantitative measure for
all DTI variables. Intra-and inter-rater reliabilities were calculated using Shrout-Fleiss
reliability statistics (Shrout and Fleiss 1979). To examine intra-rater agreement, FA of each
pathway was measured twice; intra-class correlation coefficients exceeded 0.98 in all cases.
Inter-rater agreement was also assessed by the measurement of each structure by two
different raters in three separate cases for both groups; intra-class correlation coefficients
again exceeded 0.98 in all cases.

Neuropsychological Assessment

The Children’s version of the California Verbal Learning Test (CVLT-C; Delis et al., 1994)
is a valid and reliable measure of episodic verbal learning and memory in children with
considerable criterion validity in TBI (Levin et al. 2000; Roman et al. 1998; Yeates et al.
1995), as it is sensitive to mild to severe disabilities in learning, attention, and declarative
memory. Mottram and Donders (2005) analyzed the latent structure of the CVLT-C when
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used with pediatric TBI populations and found that the highest factor loading on a construct
of delayed recall was performance on the long-delay free recall (LDFR) trial (r=.98),
providing support for its construct validity as the primary outcome measure in the present
study. Furthermore, performance on the LDFR trial of the CVLT-C has been shown to be
sensitive to parameters of TBI severity, including length of coma and neuroimaging findings
(Mottram and Donders 2006).

Statistical Analyses

All statistical analyses were completed using Stata 15.1 (2017; College Station, TX:
StataCorp LLC). All variables were initially screened for missing data, and those with
greater than 5% of data missing were assessed for systematic patterns of missing data
relating to LDFR performance; such a relationship was not found for any variable. Any
variables with values exceeding +/- two interquartile ranges from the median value were
considered univariate outliers and fenced accordingly. Homogeneity of variance in
participant characteristics between TBI and TDC groups was be confirmed via Levene’s test
prior to between-group comparisons using an independent sample #test for age and Fisher’s
exact test for sex, race/ethnicity, and handedness.

Levene’s test was also used to assess homogeneity of variance prior to between-group
comparisons across outcome measures (i.e., FA of each pathway and LDFR score) using
independent sample #tests; Welch’s two sample #test (Welch 1947) was used as a more
reliable comparison method for variables with unequal variances (Ruxton 2006). Hedges’s g
was utilized as an unbiased estimate of effect size for differences between group means
(Keselman et al. 2008; Peng and Chen 2014), where g = .20, .50, and .80 are interpreted as
small, medium, and large, respectively (Hedges 1981). In an effort to reduce the type-I error
rate after testing multiple comparisons, the threshold for significance was set to a two-tailed
a =.01, and the results of all between-group analyses are reported along with 95%
confidence intervals (CIs) in Table 3.

Mediation analysis was utilized to assess the role of FA in the relationship between GCS and
LDFR. In the present model, GCS is the initial predictor, LDFR is the outcome variable, and
FA of the white matter pathway of interest is included as a mediator (Figure 1). Only the
TBI group was included in the mediation analyses, for those in the TDC group lack the
examined data used for prediction in the model (i.e., GCS score). Our mediation analysis
procedure followed the modified causal approach outlined by Shrout and Bolger (2002),
which allows for further investigation following a nonsignificant total effect when two
conditions are met: (1) it is likely that the effect is distal in nature and (2) the inclusion of
the mediator allows for a more powerful test of the association than a test of the association
between the predictor and outcome would be otherwise.

The total effect of GCS on LDFR (path ¢) and the three regression paths of the mediation
model (paths &, b, ¢’) were initially estimated in Stata, and the indirect effect of GCS on
LDFR through FA (path ab) in each pathway was estimated in /R (v. 3.4.2) using the
RMediation statistical package (Tofighi and MacKinnon 2011). Effect size was estimated
using A2, which was calculated according to the modified squared semi-partial correlation
approach suggested by de Haus (2012; see also Fairchild et al., 2009). The threshold for
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significance was set to an a = .05, and the results of all mediation analyses are reported
along with 95% Cls in Table 4, and the full mediation models for all eight white matter
pathways are presented in Figure 2.

Results

Participant Characteristics

Twenty-one participants were included in the TBI group (29% female) with ages ranging
from 10 to 18 years (M= 13.57, SD = 2.32) at the time of participation. Participants in the
TBI group sustained head injuries between 1 to 8 years of age (M= 4.10, SD = 2.02) as the
result of a motor vehicle-accident, fall, or blunt force trauma, and the post-injury interval
ranged from 5 to 15 years (M= 9.48, SD = 2.86). The TDC comparison group consisted of
19 healthy participants (32% female), between the ages of 9 and 17 years (M= 13.19, SD =
2.32). No significant differences in participant characteristics existed between TDC and TBI
groups. Demographic and clinical characteristics are reported in Table 2.

Between-group Comparisons

In the assessment of differences in FA and LDFR between TBI and TDC groups, the results
of independent #tests (Table 3) revealed significant differences in FA of the corpus callosum
and fornix, where FA was significantly lower in the TBI group for both pathways. There
were no other significant differences in FA between groups; however, Hedges’s g estimates
revealed small to medium effect sizes across all pathways, where FA was consistently lower
in the TBI group relative to the TDC group. A medium effect size was also demonstrated for
poorer verbal memory performance in the TBI group relative to the TDC group through
lower LDFR scores in the former, although this difference was not statistically significant.

Mediation Analyses

The results of the mediation analysis (Table 3; Fig. 2) revealed a nonsignificant total effect
(path ¢) of GCS as a predictor of LDFR in the TBI cohort. An estimate of the bivariate
relationship between GCS and FA (path &) for each pathway demonstrated that GCS was a
significant predictor of FA for the corpus callosum, the fornix, the left cingulum bundle, the
right and left perforant pathways, and the right and left uncinate fasciculi. Significant effects
of FA on LDFR, while holding the direct effect of GCS on LDFR constant (path &), were
seen in the corpus callosum, the left perforant pathway, and the left uncinate fasciculus. The
direct effect of GCS on LDFR, holding the relationship between FA and LDFR constant
(path ¢), was not significant for any pathway. Using RMediation software, our results
demonstrated significant indirect effects of GCS on LDFR through FA (path ab) of the
corpus callosum, the left perforant pathway, and the left uncinate fasciculus.

Discussion

The complex interplay between injury-and recovery-related factors, such as injury severity
and white matter integrity, and their influence on cognitive functioning following pediatric
TBI is poorly understood in the current literature. The present study sought to detect
differences in FA of relevant white matter pathways and verbal memory performance
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between children who have suffered an early brain insult relative to those in the TDC group.
In particular, the impact of injury severity and reduced FA on verbal memory performance
was examined. Given that a greater extent of traumatic axonal injury is commonly seen in
more severe injuries, it was hypothesized that FA mediates the association between injury
severity and verbal memory in the chronic phase of recovery following pediatric TBI.

Relevant white matter pathways were chosen based on their involvement in verbal memory
performance, as evidenced by previous literature implicating decreased microstructural
integrity with increased injury severity and memory impairment in both pediatric (Mabbott
et al. 2009; Wilde et al. 2010) and adult TBI (Christidi et al. 2011; Palacios et al. 2011;
Palacios et al. 2013; Tomaiuolo et al. 2005). Pathways of interest included the corpus
callosum, fornix, and the right and left cingulum bundles, perforant pathways, and uncinate
fasciculi. In healthy populations, the cingulum bundles and perforant pathways are known to
be important for memory consolidation, long-term retrieval, and delayed verbal memory
recall (Augustinack et al. 2010; Yassa et al. 2010), while the corpus callosum, fornix, and
uncinate fasciculi play a critical role in auditory-verbal declarative memory (Mabbott et al.
2009).

Between-group comparisons revealed significantly decreased FA in the corpus callosum and
fornix of those with pediatric TBI in comparison to TDC. Although no other significant
differences were found for FA or LDFR score, small to large estimates of effect size were
demonstrated across all measures, such that the TBI group consistently demonstrated poorer
outcomes than the TDC group (refer to results in Table 2). The results of the mediation
analyses (Table 3; Fig. 2) demonstrated no significant total effect of GCS as a predictor of
LDFR. This is likely due to the distal nature of such an effect, as the deficits in verbal
memory develop over time following injury, and chronic outcome was of interest in the
present study.

In support of the hypotheses that injury severity would be negatively associated with FA, and
that FA would mediate the relationship between GCS and LDFR in chronic pediatric TBI,
the present results revealed that GCS was a significant, positive predictor of FA of the corpus
callosum, fornix, left cingulum bundle, and the right and left perforant pathways and
uncinate fasciculi. Within these pathways, FA in the corpus callosum, left perforant pathway,
and left uncinate fasciculus significantly predicted LDFR. No significant direct effects of
GCS on LDFR were seen, however the direct effects were negative for the corpus callosum,
left perforant pathway, and left uncinate fasciculus. In each of these pathways, significant
indirect effects of GCS on LDFR were present through FA of the respective pathway, and all
were positive, thus opposite in sign to their respective direct effects.

Within a mediation model, a suppression effect is considered to be present when the
statistical control of variance in the mediator results in an increase in the magnitude of the
effect that a predictor has on the outcome variable; suppression effects are represented by
direct and indirect effects with opposing signs (MacKinnon et al. 2000; Paulhus et al. 2004).
Anthony Conger (1974) defined a suppressor variable as “a variable which increases the
predictive validity of another variable by its inclusion in the regression equation” (p. 36).
This may occur in one of two ways: (1) classic suppression, where the only function of the
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suppressor variable is to remove criterion-irrelevant variance from the outcome variable, or
(2) as a predictor that is uncorrelated with the other predictor, and whose only function is to
account for a significant amount of variance in the outcome variable (Tzelgov and Henik
1991). In accordance with the latter case, our results suggest that FA of the corpus callosum,
the left perforant pathway, and the left uncinate fasciculus acts as a suppressor of the effect
that GCS has on LDFR; suppression occurred significantly in the corpus callosum, left
perforant pathway, and left uncinate fasciculus. The opposing signs of the direct and indirect
effects in the present results demonstrate that the predictive validity of GCS for LDFR is
undermined by the substantial criterion-related variance arising from the relationship
between FA and LDFR in these pathways, and the extent to which this occurs is evident by
the effect size, represented by the value of /2. When FA is considered in this relationship
and the opposing path is controlled, the contribution of FA to the variance in LDFR is
revealed, and the direct effect of GCS on LDFR is estimated more accurately (Davis 1985;
Paulhus et al. 2004).

An important limitation to the present study is the heterogeneity in demographic and injury-
related characteristics between those with mild, moderate, and severe pediatric TBI.
Although characteristics of the TBI group did not differ from those of the TDC group, the
variability across levels of injury severity in the TBI group may have contributed to the lack
of statistically significant differences in verbal memory performance and in FA of several
white matter pathways. However, greater traumatic axonal injury is consistently associated
with greater injury severity throughout the literature (Adnan et al. 2013; Ewing-Cobbs et al.
2008; Ghosh et al. 2009; Schonberger et al. 2009; Wilde et al. 2012); therefore, we are
hesitant to rely too heavily on the present results, as they were obtained from a small sample
size with insufficient power. Heterogeneity in the injury mechanism, pathophysiology, and
the interval of time post-injury are also limitations in the present study. Finally, the present
sample size is too small to consider the impact that age at injury, time post-injury, and
primary injury pathology had on the development of neuronal networks. It is very possible
that a relationship exists between such key developmental or injury-related factors and the
recovery of damaged white matter in the developing brain, and this relationship should be
addressed in future studies.

Regardless of these limitations, the results of the mediation analyses within the TBI group
support our primary hypothesis, further suggesting that the predictive validity of acute injury
severity for verbal memory outcome several years post-injury is magnified when FA of the
corpus callosum, left perforant pathway, and left uncinate fasciculus is considered following
pediatric TBI. Future studies with larger samples and a more homogenous distribution of
patients across severity levels are necessary to provide more conclusive results. Additionally,
future studies may consider using diffusion metrics, such as FA and radial diffusivity as
proxies of injury severity, especially in studies where an extended period of time post-injury
has elapsed. Finally, to reduce the likelihood of type-I error, we decided a priorito only use
LDFR as the memory outcome measure. It is quite possible that there are additional
important associations between specific white matter pathways and other aspects of memory
and learning that should be investigated, even when limited to the CVLT-C.
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Conclusions

This is the first investigation into the influence of microstructural damage to white matter on
the relationship between injury severity and long-term verbal memory outcome following
pediatric TBI. It is well known that extensive structural damage and persistent cognitive
dysfunction are more likely to result from more severe injuries (Anderson et al. 2012; Faber
et al. 2016; Ghosh et al. 2009; Lajiness-O’Neill et al. 2011; Wilde et al. 2012; Wilde et al.
2015; Yeates et al. 2017), but the knowledge of the specific contributions of these factors
toward cognitive outcome is sparse. This is particularly true concerning damage to the
developing brain, even though it is the most common cause of childhood disability (Cuff et
al. 2007). Structural and functional outcomes following childhood injury differ greatly from
those seen in adult TBI. Childhood injuries are more likely to result in extensive, long-
lasting deficits and poorer prognosis relative to TBIs sustained in adulthood. Thus, a greater
understanding of the primary mechanisms underlying from development following injury to
the developing brain is essential.

The present study demonstrates that the efficacy of acute injury severity for predicting verbal
memory after pediatric TBI is greatly enhanced when the integrity of relevant white matter
pathways is considered at the time of follow-up. Support for this relationship is further
provided by our findings that, amongst the pathways exhibiting the greatest influence on this
relationship are those known to be the most vulnerable to focal impact and traumatic axonal
injury following brain injury, including the corpus callosum and uncinate fasciculi (Bigler
2007; Levin 1993; Wilde et al. 2005), and those known to be largely involved in memory,
including the cingulum bundles and perforant pathways (Baek et al. 2013; Christidi et al.
2011; Wilde et al. 2010).

Additionally, a pattern is seen in the results of our mediation analyses, where the direct
effect of FA on LDFR is specific to pathways of the left hemisphere. As verbal abilities are
predominately organized within the left hemisphere in most individuals, this pattern may
represent further support for the relationship between white matter integrity and verbal
memory after pediatric TBI. Leftward asymmetry across these pathways has been noted in
healthy children (Dennis et al. 2015; Hasan et al. 2009; Wilde et al. 2009; Wilde et al. 2010;
Yu et al. 2014) and is interpreted as an indication of the effects of maturation on the
organization and myelination of fibers in the developing brain. Although no statistical
analyses were conducted to control for hemispheric differences in FA, a follow-up analysis
of the abnormal day-of-injury CT findings demonstrated no relationship between injury
severity and the frequency of injuries to the right versus left hemispheres in our sample. It is
possible, however, that the more rapidly developing pathways within the left hemispheric are
simply more vulnerable to the effects of pediatric TBI than those of the right hemisphere
(Ewing-Cobbs et al. 2016).

Although the present findings are by no means definitive when considered alone, they
represent an important first step toward expanding the knowledge within the field and have
important implications for understanding the course of recovery following insult to the
developing brain.
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X — Y

Fig. 1.

Mgediation models demonstrating the total effect (¢) of a predictor variable (X) on an
outcome variable (Y; top) and the indirect effect (ab) of Xon Y'through a mediator variable
(M bottom). Path g represents the bivariate relationship between and X and M, where a one-
unit change in Xis associated with a change of aunits in M. Path b represents the bivariate
relationship between Mand Y; where a one-unit change in M is associated with a change of
bunits in Y'when Xis held constant. Path ¢’represents the direct effect of Xon Ywhen M
is included in the model but held constant. When mediation occurs, the direct effect is
smaller than the total effect (¢’< ¢). When suppression occurs, the direct effect is smaller
than the total effect and opposite in sign to the indirect effect
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Fig. 2.

Mgediation models demonstrating the total effect of injury severity (GCS) on verbal memory
(LDFR; top) and the indirect effect of GCS on LDFR through fractional anisotropy (FA;
lower eight) of the corpus callosum (CC), fornix (FX), right and left cingulum bundle (CBg,
CBy), right and left perforant pathway (PPg, PPL), and right and left uncinate fasciculus
(UFgR, UF|). For each white matter pathway, bivariate and linear regression models were
used to assess the bivariate relationship between GCS and FA, the bivariate relationship
between FA and LDFR, holding GCS constant, and the direct effect of GCS on LDFR,
holding FA constant. Each estimate along the path represents the standardized p coefficient
from the regression model. Asterisks reflect statistically significant relationships (p < .05),
and dashed arrows are indicative of indirect effects where GCS predicts LDFR through
suppression by FA
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Table 1
Abnormal day-of-injury CT findings
Intracranial Lesion Skull Fracture
P Type Side Location Side Location
1 EDH L Frontal, Parietal L Temporal
2 SAH Mid  Lateral Ventricle, Fourth Ventricle
SDH R Frontal, Temporal
3 SAH L Temporal
4 EDH R Frontal, Parietal R Frontal, Parietal
5 SDH R Parietal L Parietal, Temporal, Basilar
6 SDH L Temporal R Frontal
Contusion R
7 SDH L Cerebellar
8 SAH L
SDH L
IVH L
Edema L
9 SDH R Temporal Bi Occipital, Basilar
Contusion R Temporal
10 IPH L
SDH R Parietal
Contusion Bi Frontal, Temporal, Subcortical
Shearing injury Bi Frontal, Temporal, Subcortical
11 Contusion Bi Occipital
12 SDH L Parietal, Occipital Bi Parietal, Temporal, Basliar
SAH L Frontal, Parietal, Temporal, Occipital
13 Contusion L Parietal L Parietal, Occipital
14 IVH R Lateral Ventricle
15 HC R Frontal L Basilar
16 SDH L Frontal, Cerebellar Mid  Occipital
Encephalomalacia L Frontal, Occipital
17 IVH Bi Lateral Ventricle (Occipital Horn)
18 HC R Temporal
19 CH R Cerebellar Bi Temporal, Basilar
IVH R Lateral Ventricle (Occipital Horn)
20 HC L Frontal R Temporal
SAH Basal Cistern
SDH Cerebellar
21 IPH L Parietal L Parietal

EDH = epidural hematoma. SAH = subarachnoid hematoma. SDH = subdural hematoma. IPH = intraparenchymal hemorrhage. IVH =
intraventricular hemorrhage. HC = hemorrhagic contusion. CH = cerebellar hematoma. L = left. Mid = midline. R = right. Bi = bilateral.
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Table 2

Demographic and clinical characteristics between groups

TBI
TDC
Mild Moderate Severe All TBI

n 19 3 4 14 21
Sex

Female 6 0 2 4 6

Male 13 3 2 10 15
Dominant Hand

Right 16 - 2 13 15

Left 3 - 2 1 3
Mechanism

MVA - 0 2 6 8

Fall - 3 0 4 7

BFT - 0 2 4 6

Mean (SD)

Age at testing 13.19(2.3) 11.33(2.5) 13.75(2.2) 13.14(24) 1357(2.3)
Age at injury - 333(15) 475(22) 4.07(21) 4.10(2.0)
Years post-injury - 11.33(2.5) 9.00 (3.7) 9.47 (2.8) 9.48 (2.9)
GCS - 14.33(1.2) 1050(1.3) 571(23) 7.62(3.8)
LDFR raw 12.00 (2.3) 1067 (4.2) 12.00(4.8) 9.57(35) 10.19(3.8)
LDFR z-score 0.42(1.0) -017(1.6) 025(1.9) -046(1.4) -0.25(1.4)

Page 18

TDC = typically developing children. TBI = traumatic brain injury. MVVA = motor vehicle accident. BFT = blunt force trauma. GCS = Glasgow
Coma Scale score. LDFR = total score on the long-delay free recall trial of the California \erbal Learning Test — Children’s version (Delis et al.

1994)
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Table 4
Results of mediation analyses across all pathways
95% ClI
Path B (SE) R2
LL UL
¢ GCS— LDFR 21 (.21) -19 .62 .05
Corpus Callosum
a GCS—FA 45 (19* A3 7120
b FA— LDFR 71 (.14) A 43 99 40
¢’ GCS— LDFR -1 (18) -46 .25 .01
ab GCS—>FA—LDFR 32 (13** 12 56 01
Fornix
a GCS—FA 54 (15*** 25 83 29
b FA— LDFR 37 (23) -09 82 .10
¢’ GCS— LDFR .01 (.25) -47 50 .00
ab GCS— FA — LDFR .20 (.14) -01 45 .03
Right Cingulum Bundle
GCS — FA .35 (.19) -02 71 12
b FA— LDFR .26 (.21) -16 .68 .06
¢’ GCS— LDFR 12 (220 -31 55 .01
ab GCS— FA — LDFR .09 (.10) -03 27 .01
Left Cingulum Bundle
a GCS—FA 4 (qp* 06 75 .16
b FA—LDFR 37 (21) -03 .78 .12
¢’ GCS— LDFR .06 (.22) -36 49 .00
ab GCS— FA — LDFR 15 (.11) .00 36 .02
Right Perforant Pathway
a GCS—FA AT (1 15 18 2
b FA—LDFR 26 (28) -19 71 .05
¢’ GCS— LDFR .09 (23) -37 55 .01
ab GCS— FA — LDFR A2 (.12) -05 34 .01
Left Perforant Pathway
a GCS—FA 48 (16 A7 79 .23
b FA—LDFR 71 (15 42 100 39
¢’ GCS— LDFR -.13 (.19) -49 24 01
ab GCS—FA—LDFR .34 (.13) 14 .58 .09
Right Uncinate Fasciculus
a GCS—FA 5l (1™ 20 8L 26
b FA— LDFR 09  (26) -41 59 .01
¢’ GCS— LDFR .07 (.26) -44 57 .00
ab GCS— FA — LDFR .05 (.14) -17 .28 .00
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95% ClI

Path B (SE) R?

LL UL

Left Uncinate Fasciculus

a GCS—FA .62 (14) AE 34 89 .38
b FA— LDFR T7T (20 38 115 .37
¢’ GCS— LDFR -31 (.24) -78 .16 .06
.23 76 .14

ab GCS—>FA—LDFR 47 (16"

Page 21

Note. ¢ = total effect. ¢’ = direct effect. ab = indirect effect. GCS = Glasgow Coma Scale score. FA = fractional anisotropy. LDFR = total zscore on
the long-delay free recall trial of the California Verbal Learning Test — Children’s version (Delis et al. 1994) Bold text indicates indirect effects
where GCS predicts LDFR through suppression by FA

*
p<.05

Aok

p<.01

Aok

p<.05
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