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Abstract

Following pediatric traumatic brain injury (TBI), longitudinal diffusion tensor imaging may
characterize alterations in initial recovery and subsequent trajectory of white matter development.
Our primary aim examined effects of age at injury and time since injury on pathway
microstructure in children ages 6 to 15 scanned 3 and 24 months after TBI. Microstructural values
generated using tract-based spatial statistics extracted from core association, limbic, and projection
pathways were analyzed using general linear mixed models. Relative to children with orthopedic
injury, the TBI group had lower fractional anisotropy (FA) bilaterally in all seven pathways. In left
hemisphere association pathways, school-aged children with TBI had the lowest initial pathway
integrity and showed the greatest increase in FA over time suggesting continued development
despite incomplete recovery. Adolescents showed limited change in FA and radial diffusivity and
had the greatest residual deficit suggesting relatively arrested development. Radial diffusivity was
persistently elevated in the TBI group, implicating dysmyelination as a core contributor to chronic
post-traumatic neurodegenerative changes. The secondary aim compared FA values over time in
the total sample, including participants contributing either one or two scans to the analysis, to the
longitudinal cases contributing two scans. For each pathway, FA values and effect sizes were very
similar and indicated extremely small differences in measurement of change over time in the total
and longitudinal samples. Statistical approaches incorporating missing data may reliably estimate
the effects of TBI and provide increased power to identify whether pathways show
neurodegeneration, arrested development, or continued growth following pediatric TBI.
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Despite significant advances in prevention, pediatric traumatic brain injury (TBI) remains a
serious public health concern. Injury is the leading cause of mortality and morbidity in
children and adolescents (Faul, et al., 2010; Langlois, et al., 2005). Survivors of serious TBI
are often left with residual, lifelong difficulties in a broad range of areas, including
intellectual function, motor coordination, attention and memory, adaptive behavior,
executive functions, academic achievement, social integration, and psychological adjustment
that reduce quality of life (Di Battista, et al., 2012; Koskinicmi, et al., 1995; Rosema, et al.,
2015). TBI sustained during childhood may alter the trajectory of brain development and
connectivity and adversely affect neuropsychological functioning. TBI sustained at different
ages during childhood may differentially affect the ongoing dynamic processes underlying
brain maturation. Longitudinal studies of neuropsychological outcomes after pediatric TBI
indicate that younger age at injury (Anderson, et al., 2005; Ewing-Cobbs, et al., 1997) or
injury during specific age ranges (Crowe, et al., 2012) may be associated with greater
vulnerability to adverse effects in a variety of cognitive and social domains. At present, it is
unclear whether TBI sustained at different developmental stages, such as preschool, school-
age, or adolescent stages, produces similar or unique effects on brain microstructure.
Moreover, there is little consensus regarding whether long-term post-traumatic changes in
the development of specific pathways or structures are characterized by continued
neurodegeneration, arrested or slowed development, or continued normal development.
Longitudinal studies are essential to characterize the impact of TBI on the recovery of neural
structures and the neuropsychological and functional outcomes they support. Therefore, the
purpose of this paper is to characterize the effects of age at injury and time since injury on
subacute and chronic microstructural changes of several core association, limbic, and
projection pathways during the first two years after TBI in school-aged children and
adolescents.

Diffusion Tensor Imaging of Traumatic Brain Injury

The primary pathophysiological consequence of TBI is traumatic axonal injury (TAI). TAl is
related to the combined effects of direct injury at the time of impact to myelinated and
unmyelinated axons as well as to cell bodies (Reeves, et al., 2005) and to a variety of
secondary injury mechanisms. These mechanisms, including ionic flux, glutamate release,
oxidative stress, apoptosis, and neuroinflammation, contribute substantially to cellular injury
(Bramlett and Dietrich, 2015; Gennarelli, et al., 1998; Giza and Hovda, 2014; Reeves, et al.,
2005). Axonal degeneration is viewed as progressing from disruption in axonal transport,
which produces swelling and progressing to disconnection and Wallerian degeneration
(Gennarelli, et al., 1998; Johnson, et al., 2013b; Reeves, et al., 2005). Neurodegeneration of
white matter has been documented years after a single TBI, particularly in cases with long-
term survival and evidence of inflammatory pathology characterized by reactive microglia
(Johnson, et al., 2013a). In relation to pediatric TBI, the vulnerability of unmyelinated axons
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to injury (Reeves, et al., 2005), and the ongoing rapid myelination of most pathways
(Krogsrud, 2016; Lebel, et al., 2008; Simmonds, et al., 2014) may confer particular
vulnerability when injury is sustained during school-age and adolescent stages of
development.

Recent advances in structural neuroimaging, particularly diffusion tensor imaging (DTI),
have yielded better visualization of the nature and extent of injury to both white and gray
matter. DT metrics include fractional anisotropy (FA), which is affected by several factors
including myelin thickness, the direction of water molecules moving in multiple directions,
and the density of white matter fiber tracts (Pierpaoli, et al., 2001). Mean diffusivity (MD)
may index several variables, including fiber density, axonal diameter, myelination, and
expansion of extracellular space, which may indicate loss of neurons or glia. MD may be
subdivided into clinically useful diffusivity metrics, including axial diffusivity (AD) and
radial diffusivity (RD), which are believed to assess the status of axonal morphology and the
myelin sheath, respectively (Sun, et al., 2006).

In pediatric studies, DTI metrics have characterized changes in white matter microstructure
across a wide range of injury severity at different time points after injury. Within the first
month after TBI, FA is increased and mean diffusivity is decreased. In contrast, during
subacute (approximately 1-5 months after injury) and chronic stages of recovery, FA is
decreased and mean diffusivity is increased across a broad range of pathways and regions of
interest (Roberts, et al., 2014; Sidaros, et al., 2008). Relative to a comparison group of
healthy children or children with orthopedic injury (OI), FA was significantly lower and MD
was significantly elevated in the children and adolescents with TBI in a variety of pathways,
including commissural (Ewing-Cobbs, et al., 2008; Wilde, et al., 2006; Wu, et al., 2010),
projection (Caeyenberghs, et al., 2010; Kurowski, et al., 2009; Scheibel, et al., 2011; Wilde,
et al., 2008), and association pathways (Johnson, et al., 2011; Johnson, et al., 2015; Wilde, et
al., 2008; Wilde, et al., 2011; Wilde, et al., 2010). Similar patterns of decreased FA and
increased MD were reported in regions of interest, including frontal lobe white matter in
addition to the centrum semiovale, corona radiata, and temporal lobe white matter
(Caeyenberghs, et al., 2010; Kurowski, et al., 2009; Levin, et al., 2011; Scheibel, et al.,
2011). Studies that have examined RD and AD following pediatric TBI indicated that during
the chronic stage, RD is significantly increased in the majority of callosal, projection, and
association pathways; AD appears to be less consistently disrupted(Dennis, et al., 2015;
Ewing-Cobbs, et al., 2008).

Very few studies have examined longitudinal changes in DTI metrics. In children,
longitudinal studies are needed to examine how age at the time of injury and severity of
injury may affect microstructural recovery. Two longitudinal studies evaluated changes in
DTI metrics in children and adolescents with complicated-mild to severe TBI or Ol
evaluated at 3 and 18 months post-injury. Wu and colleagues (Wu, et al., 2010) examined
changes in the corpus callosum and its subregions using fiber tractography. At both time
intervals, FA was significantly lower and MD was higher in the total corpus callosum and in
the genu, body, and splenium in the TBI group compared to children with Ol. Despite
reduction in callosal volume over the follow-up period, FA remained significantly lower in
the TBI group. Increases in FA over time were noted in both groups in the splenium and

Hum Brain Mapp. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ewing-Cobbs et al.

Page 4

posterior regions suggesting continued developmental changes. In the same sample, Wilde
and colleagues (Wilde, et al., 2012) used tract-based spatial statistics (TBSS) to examine
changes in white matter from 3 to 18 months after TBI. TBSS is a data-driven approach
allowing estimation of microstructural metrics in the core of white matter pathways and
regions of interest (Smith, et al., 2006). Relative to an Ol group, the TBI group had
decreased FA and increased MD on the initial scan in regions of frontal, superior and/or
posterior temporal, parietal, and occipital white matter, as well as the corpus callosum,
cingulum bundle, and cerebellum. By the latter scan, the Ol group showed typical
developmental changes including diffuse increases in FA in the bilateral lobular white
matter, cerebellum, and corpus callosum. Importantly, children with TBI failed to show
expected increase in FA over time in widespread regions; rather, decreases in FA were
observed in white matter from anterior and central temporal lobes, all other lobes, the genu
and splenium of the corpus callosum, cingulum bundle, cerebellum, and brainstem.

Dennis and colleagues (Dennis, et al., 2015) used a novel method of tract extraction to
examine DTI metrics during post-acute and chronic stages of recovery in a cross-sectional
sample of children with moderate and severe TBI. At the post-acute assessment, FA in the
children with TBI was significantly reduced in the left inferior fronto-occipital and inferior
longitudinal fasciculi; FA was similar in TBI and community comparison children in all
other pathways after correction for multiple comparisons. By the chronic stage at least one
year after injury, the TBI group showed significant elevation in MD and RD across 14 to 16
of the 18 tracts evaluated. FA and AD were less affected by TBI.

Current Study

To date, pediatric studies have examined structural imaging data obtained at post-acute and
chronic time points separately without assessing the influence of age at injury or directly
comparing change over time in TBI and comparison groups. To address these gaps in the
literature, the primary aim of this study was to use TBSS to examine the impact of age at
injury and time since injury on FA values obtained during subacute and chronic stages of
recovery in children and adolescents with TBI relative to an orthopedic injury (OI)
comparison group. In selected association, limbic, and projection pathways that support core
academic skills and executive functions, we expected FA to be lower and RD to be elevated
in TBI compared to Ol groups at 3 and 24 months after injury. Although children with TBI
were expected to show increases in FA over time, a persistent deficit was anticipated at the
24 month follow-up. After controlling for age, we expected that younger children would be
more vulnerable to the effects of TBI than older children and adolescents as indicated by
lower FA values and less change over time. Given the sensitivity of RD to alteration in the
status of myelin and neurodegeneration, we also expected that RD would be elevated in the
TBI group.

A major issue in longitudinal studies involves subject loss at different time points. Given the
high expenses associated with longitudinal studies, particularly those involving imaging in
clinical samples, it is important to investigate whether analyses including cases with
available data sets yield similar imaging findings to analyses restricted to longitudinal data
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sets. Therefore, the secondary aim was to examine the pattern of findings when using the
longitudinal versus the total sample to characterize the impact of TBI on FA values.

All participants were recruited from the Level 1 Pediatric Trauma Center at Children's
Memorial Hermann Hospital/University of Texas Health Science Center for either a TBI or
Ol. The pool of participants was drawn from a larger pool of 119 children recruited for a
prospective, longitudinal study of academic outcomes following pediatric injury from 2004
to 2009. Of the original 119 participants, two were removed for not meeting exclusion
criteria after consent and one withdrew from the study. Thirteen participants did not receive
an MRI. Following rigorous examination of each scan, an additional 16 cases were excluded
from the final sample due to imaging concerns (n=11 due to motion artifact, n=2 to other
artifact, n=3 due to failure to register to the TBSS template; see p. 10). The remaining 87
participants in the total sample included 44 children with TBI and 43 with Ol. The
longitudinal sample consisted of a subset of participants with TBI (h=16) and Ol (n=18)
who had usable neuroimaging at both 3 and 24 month intervals.

Children with Ol were used as a comparison group to account for possible preinjury
characteristics, such as risk-taking behavior, that may influence outcomes, and to control for
exposure to the stresses of injury and hospitalization. All participants met the following
inclusion criteria: 1) age at injury between 6 and 15 years, 2) hospitalization for TBI or Ol,
3) proficiency in English, 4) residing within a 125 mile catchment radius, 5) no preinjury
history of major neuropsychiatric disorder such as intellectual deficiency or low functioning
autism spectrum disorder that would complicate assessment of the impact of injury on
imaging or behavioral outcomes, and 6) no prior medically attended TBI. The latter two
criteria were assessed during hospitalization using a brief parent questionnaire.
Demographic and injury characteristics of the TBI and Ol participants in the total sample are
provided in Table I;(see Table S1 for longitudinal sample data). Several measures were used
to estimate severity of TBI and bodily injury. Table 11 provides. The TBI group experienced
acceleration-deceleration or blunt impact injuries. The severity of head injury was rated
using the lowest post-resuscitation Glasgow Coma Scale (GCS) score (Teasdale and Jennett,
1974), where severe TBI was a score of 3-8 and moderate TBI was a score of 9-12.
Complicated-mild TBI was classified as a GCS score of 13-15 combined with acute
hemorrhage or parenchymal injury seen in acute neuroimaging (Levin et al., 2008).
Participants in the Ol group also had no evidence of trauma to the head or symptoms of
concussion. Severity of injury was based on the Injury Severity Scale (ISS) (Baker, O'NEeill,
Haddon, & Long, 1974), which sums the squared Abbreviated Injury Scale score of the 3
most severely injured head and body regions. To compare the severity of bodily injury across
the TBI and Ol groups, we also computed the modified Injury Severity Scale (MISS) score
(Mayer, et al., 1980) that excludes injury to the head.
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Participants were recruited during or shortly following hospitalization. The research was
conducted in accordance with the Code of Ethics of the World Medical Association, the
granting agency, and the University Institutional Review Board. Informed written consent
was obtained from the child's guardian according to Institutional Review Board guidelines.
Oral assent was obtained from children ages 6 to 7 years, and written assent was obtained
from children 8 years and older.

As part of the longitudinal follow-up protocol, cognitive and academic measures were
administered at 3, 6, 12, and 24 months post-injury by a trained research assistant.
Participants received an MRI scan at approximately three and 24 months post-injury.

Neuroimaging

Image Acquisition: All MRIs were performed on a Philips 3T scanner with SENSE
(Sensitivity Encoding) technology using an eight-channel phase array head coil. After
conventional scout, T1, and T2-weighted images were collected, followed by a DTI
sequence. The DTI sequence consisted of a single-shot spin-echo diffusion sensitized echo-
planar imaging sequence with the following parameters: 21 non-collinear equally distributed
diffusion encoding directions (e.g., Icosa21; Hasan & Narayana, 2003); repetition time/echo
time = 6100/84 ms; b = 0, and 1000 s/mm2; field-of-view = 240 x 240 mmz2; acquisition
matrix = (112, 112); reconstructed matrix = 256 x 256; slice thickness = 3.0 mm;
reconstructed in-plane pixel dimensions (X,y) = 0.94,0.94; SENSE acceleration factor = 2; a
total scan time of approximately 7 minutes.

Image Processing: DTI data were processed using FMRIB's Software Library version 5.0.7
(FSL; Smith, Jenkinson, Woorich, Beckmann, Behrens, Johansen-Berg et al., 2004) on a
64bit Linux workstation. FSL's workflow (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/
UserGuide) for tract-based spatial statistics (TBSS; Smith et al., 2006) was utilized to
extract FA, RD, and AD values from atlas-based white matter pathways for statistical
analyses in a third party package (SAS). All reconstructed directional and BO volumes in the
4D image files were reviewed for motion artifacts. Participant scan sessions were eliminated
if there was visually identifiable evidence of motion distortion present in any volume of the
reconstructed 4D image file. As noted in the participants section, through this quality check
22 sessions were removed, which resulted in the loss of 11 complete participants from the
original sample. Briefly, standard TBSS preprocessing included correction for eddy currents
and head motion (ECC), extraction of brain tissue from the skull using Brain Extraction Tool
(BET), followed by fitting a tensor model to the data using DTIFIT to generate spatial maps
of FA values for each individual subject. Subsequently, FA data from each participant was
then aligned onto the MNI1152 standard-space template using the nonlinear registration tool
(FMRIB Nonlinear Image Registration Tool; Anderson, 2007). Next, a mean FA skeleton
was created, which represents the centers of all white matter tracts common to all subjects
included in the analyses. Each subject's aligned FA data (thresholded at FA values >0.15)
was then projected onto this skeleton. Accuracy of registration was then visually checked for
each participant. Registration was not successful in 9 scans from each group, which resulted
in exclusion of 3 participants from further analysis. Included with FSL's atlas tools is the
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atlas of probabilistic tracts derived from the Johns Hopkins University white-matter
tractography data (Hua, et al., 2008). Binary masks were derived from each white matter
tract of interest included with the JHU atlas. The intersection of each subject's skeletonized
FA values and binary mask for each white matter tract of interest were used to record the
mean value of each tract in each subject using FSL-based command-line utilities.
Subsequently, FSL's non-FA workflow for TBSS was used to generate AD and RD values
for each tract.

DTI Metrics and Pathways of Interest: Following the TBSS analysis for group
differences, mean values for FA, RD, and AD were extracted from the left and right
hemisphere for the seven tracts of interest and then exported to SAS 9.3 for further statistical
analyses. Based on Simmonds et al. (2014), pathways were divided into association, limbic,
and projection categories. Long association pathways interconnecting cortical areas included
superior and inferior longitudinal, inferior frontal-occipital, and uncinate fasciculi. Limbic
pathways included two sections of the cingulum bundle, the cingulate portion and the
hippocampal extension. DTI metrics were also extracted from the corticospinal tract, a
projection pathway. Figure | shows the mean skeletonized FA image with masks
corresponding to the association and limbic pathways investigated.

FA was the primary metric of interest. To minimize the number of analyses using correlated
metrics, we opted to follow-up any significant group differences in FA by completing post-
hoc analysis of RD and AD. This option reduces the number of overlapping analyses and
permits better characterization of the type of microstructural injury contributing to changes
in FA.

Statistical Approach

Demographic and injury variables were compared across the TBI and Ol groups using chi-
square and general linear model analysis.

The distributions of the DTI metrics were examined. Group differences for FA values from
each pathway were then investigated for the total sample and the longitudinal sample. For
the total sample, a mixed model with a compound symmetry covariance structure was used
to examine the main effects of group (TBI, Ol), age, time of scanning (3 and 24 months),
and their interactions on FA values from seven association and projection pathways. For all
analyses, left and right hemisphere values were examined in separate models. For the
longitudinal sample with DTI data at both 3 and 24 months, FA of each pathway from the
left and right hemisphere was examined using repeated measures ANOVA with group (TBI,
Ol) and age at scan as the between-subjects factors and time of scanning (3, 24 months) and
interactions of time with age and group as within-subjects factors. To identify the most
parsimonious model, if the 3-way interaction of group, age, and time was nonsignificant, it
was trimmed from each model. Subsequently, the two-way interactions were examined and
trimmed if nonsignificant for all analyses. Secondary analyses of RD and AD were
completed only for pathways where significant group differences in FA results were
obtained. The Type | error rate for the secondary analyses was controlled using the
Bonferroni correction for the seven dependent variables from each hemisphere separately.
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Our secondary aim was to examine the comparability of results based on using mixed
models versus repeated measures analyses. General linear mixed models allow inclusion of
all available data which increases power, whereas repeated measures approaches entail
listwise deletion of missing data. Measures of effect size, which are less influenced by
sample size than are p values, were included to index the strength or magnitude of findings
(Durlak, 2009; Lipsey, 1990.). First, Cohen's & (Cohen, 1998) was used to calculate effect
sizes for change from 3 to 24 months for TBI and Ol groups for each pathway for the total
and longitudinal samples. The effect size was derived by dividing the estimate for the
difference in time for each group by the standard deviation at the 3 month interval. Cohen's d
is interpreted as follows .2, small effect; .5, medium effect, and .8 large effect. Second, to
assess whether the change over time was similar across the samples, the estimate and effect
size from the longitudinal sample were subtracted from the values for the total sample. This
yielded measures of the mean difference and the effect size for those differences. The effect
size for the difference in total and longitudinal samples from 3 to 24 months for each
pathway is reported in standard deviation units such that an effect size of .05 indicates that
the estimate of change across time in the two samples differed by 5/100 of a standard
deviation, which would indicate a very small difference.

Results

Participants

As indicated in Table I, the distribution of demographic variables for the TBI and Ol groups
in the fotal sample did not differ for age at injury, sex, ethnicity, or maternal education. For
the fongitudinal sample, the TBI group was significantly older than the Ol group at the time
of injury (see Table SI). Otherwise, demographic variables were similar across the two
injury groups. Injury-related variables differed in TBI and Ol participants for the fofa/
sample for external cause of injury. The TBI group was more likely to be injured in motor
vehicle collisions, while falls and sports/recreational injuries predominated in the Ol group.
The first MRI scan was obtained approximately 3.1 months after the injury for both groups;
in contrast, the interval between the injury and the follow-up scan was significantly longer
for the TBI than Ol group. A GLM covarying age at the follow-up scan indicated that
neither the injury to test interval nor the group by injury test interval interaction was
significantly related to the FA values, ps > .7. Therefore, the difference in the injury test
interval did not appear to significantly impact the results. As expected, the ISS was higher in
the TBI than OI group because it includes the codes for injury to the brain. The MISS score,
which excluded injury to the head, indicated that the severity of body injury was similar
across the TBI and Ol groups. The majority of TBI patients had a severe injury; 70% had
GCS scores < 8. Age at injury was not significantly related to the GCS score, suggesting that
the severity of TBI was comparable across age, /s (42) = .07, p=.64. Injury-related
variables for the /ongitudinal sample showed a similar pattern of group differences. The TBI
and Ol groups and differed on external cause and the ISS but not on the MISS score. Sixty-
nine percent of the TBI group had a GCS score < 8.

To assess any selective differences in demographic and injury variables, we compared the
patients with TBI who were in the longitudinal sample and contributed two scans to the
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analysis (n=16) with those who contributed one scan to the analysis (n=28). The TBI
subgroups did not differ significantly on age at injury, #(42) = 1.07, p=.290, gender, X (1,
N=44) = .065, p=.798, ethnicity XZ (3, N=44) = 2.77, p= .429, maternal education, X? (3,
N=44) = .163, p=.653, GCS score, X2 (2, N=44) =1.04 , p=.594, or cause of injury, X< (4,
N=44) = 2.41 , p=.661. Similarly, there were no significant differences in demographic or
injury variables for Ol participants contributing one (n=25) or two scans (n=18) to the
analyses. Age at injury, £(41) = -1.37, p=.177, gender, X2 (1, N=43) = .312, p= 576,
ethnicity X? (3, N=44) = 1.57, p=.667, maternal education, X? (3, N=44) = 1.54, p= .673,
and cause of injury, X2 (3, N=43) = 1.45, p=.694, did not differ. This set of analyses
suggests that there is no bias in evident in the demographic or injury variables affecting
whether TBI or Ol participants contributed one or two scans to the analyses. Table 11 shows
the number of children ages < 11 = years of age in the TBI and OI groups with usable scans
at 3 and 24 month time points.

Acute CT scans were examined to provide additional information regarding the type and
location of brain injury. Intracranial abnormalities were visualized in 40 of the 44 patients
with TBI. Lesions were classified as parenchymal and extra-axial; location of lesion was
noted as left, right, bilateral, or midline. Parenchymal lesions included hemorrhagic
contusion, intracerebral hemorrhage, shear, and edema. Extra-axial findings were classified
as subarachnoid or intraventricular, subdural, or epidural hemorrhages. As indicated in
Table 111, the distribution of both types of lesions to the left and right hemispheres was
similar; the majority of lesions were bilateral.

DTI Findings for Total and Longitudinal Samples

Fractional Anisotropy—Least square means adjusted for age at scan for FA from each
pathway at the 3 and 24 month follow-up TBSS analyses are reported in Table IV for the
TBI and Ol participants in the total and Table Sl for the longitudinal samples. The mean
values were similar in the total and longitudinal samples across the association, limbic, and
projection pathways.

Total sample: Results of general linear mixed model analysis examining FA values for each
hemisphere for the total sample are provided in Table V. Age at injury was treated as a
continuous variable; midpoints for the younger, mid, and older ages were approximately 8,
10, and 13.5 years of age. For left hemisphere FA, group x age x time interactions were
significant at the .05 level for the superior and inferior longitudinal, inferior frontal-occipital,
cingulum-hippocampal extension, and uncinate fasciculi. The pattern of findings was similar
across these pathways. To illustrate, Figure 11 shows that after covarying for age at scan, FA
was lowest at the initial scan in the left superior longitudinal fasciculus in the young and
middle age groups of children with TBI. FA values increased over the follow-up period more
in the youngest children with TBI than the youngest children with Ol. In contrast, the
increase over time was less in the older TBI group than in the older Ol group. Two years
after injury, the relative deficit was larger in the older than younger children with TBI. For
the two remaining pathways, the cingulum and corticospinal tract, the 3-way interaction
trended toward significance, with p values of .051 and .094, respectively. For both pathways,
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the main effects of time, group, and age were significant when nonsignificant interaction
effects were trimmed.

Analysis of the right hemisphere FA values for the total sample did not yield significant 3-
way interactions, although trends were noted for the superior and inferior longitudinal
fasciculi, with pvalues of .076 and .074, respectively. The 2-way interactions were
nonsignificant and were trimmed. Only after trimming these terms, the main effects of
group, time, and age were found to be significant. FA values were significantly and
consistently lower in the TBI than Ol groups across all pathways. Similarly, FA increased
significantly over time in all pathways. Higher age at scan was significantly associated with
higher FA values in all pathways except for the corticospinal tract.

Longitudinal sample: For the longitudinal sample, findings from final models from each
repeated measures ANOVA are provided in Table Sl and the supplementary data section.
The pattern of performance was similar to the total sample, with FA lowest in younger
children with TBI and the older children with TBI showing less increase in FA over the
follow-up.

Effect Sizes for Fractional Anisotropy for Total and Longitudinal Samples

To address the secondary aim, we first examined effect sizes for change in FA values across
time for the Ol and TBI groups for the total and longitudinal samples separately. Table VI
contains the estimates and effect sizes for Ol and TBI groups from each sample across time
of scan. The effect sizes based on Cohen's dindicated that the magnitude of change over
time within each group was in the small to medium range. Based on the total sample, the
effect size was smallest in the left corticospinal tract (.343) and inferior longitudinal
fasciculus (.335) of the Ol group and largest in the right superior longitudinal fasciculus (.
716) in the TBI group.

Second, we then compared destimating the difference in magnitude of change over time
across the total and longitudinal samples for the TBI and Ol groups separately. The
difference in effect size was extremely small for the left cingulum in the TBI (ES=.002) and
Ol groups (ES=.005). This suggests that the estimates of change in FA over time were very
similar across the total and longitudinal samples for both groups. The greatest variation was
evident for the left superior longitudinal fasciculus, with difference in effect sizes of .082 for
the TBI and .057 for the Ol groups. Finally, we compared the d values obtained in the
second set of analyses above between groups. The resulting standardized difference in effect
sizes across groups is expressed in standard deviation units. Across all pathways, the average
difference in effect size was .04, suggesting that the change in FA values over time from the
total and longitudinal samples was similar within each group.

Radial and axial diffusivities

To further characterize the impact of TBI on pathway microstructure, we completed post-
hoc analyses of RD and AD on pathways for which we identified significant findings based
on general linear mixed model analyses of FA. The Type | error rate was controlled for
analyses of pathways within each hemisphere at a critical value of .007 (.05/7). Tables V11
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and V111 contain the significant findings for the trimmed models for RD and AD,
respectively. The pattern of findings was similar in left and right hemispheres. For RD, none
of the 3-way interactions of group, time, and age survived correction. Several time x age
interaction terms were significant; RD decreased more across the follow-up in younger than
in older participants for left superior longitudinal fasciculus, left uncinate, and bilateral
cingulum bundle. No other 2-way interactions remained significant. In contrast, the main
effects of group and time were significant for all pathways, suggesting that RD values were
higher in the TBI than Ol participants and changed to the same degree over time in both
groups. The main effect of age was significant for most of the comparisons; RD was higher
in younger than in older children. Figure 111 shows the pattern of change over time in the
total sample for RD and AD of the left superior longitudinal fasciculus. Given the lack of
change over time in RD in the oldest TBI group, it is likely that this accounts in part for the
less pronounced change over time in FA.

Mixed model analysis of AD values did not yield any significant interaction effects. The
main effect of time remained significant for the left hemisphere superior and inferior
longitudinal, inferior frontal occipital, and uncinate fasciculi; AD increased over time in
these pathways irrespective of group or age. Neither group nor age main effects were
significant, with the exception of significant effect of age for the left corticospinal tract.

Discussion

The primary aim of this prospective, longitudinal study was to examine the influence of age
at injury and time since injury on the trajectory of change in white matter microstructure
from selected pathways during the first two years after complicated-mild to severe TBI in
school-aged children and adolescents. The secondary aim addressed the comparability of
initial FA values and change over time when using the longitudinal sample with complete
data versus the total sample including data from participants contributing a single scan to the
analysis. In the following section, findings from the secondary aim will be discussed first
because these results influence interpretation of the clinical data. We will then address our
clinical findings related to the primary aim with a discussion of changes to brain
microstructure following injury in a developmental population.

Total versus Longitudinal Sample: Is the Change in FA Similar Over Time?

We examined effect sizes, as well as the difference in the effect sizes for change in FA
values from 3 to 24 months after injury from the total and longitudinal TBI and Ol samples.
For each pathway, ES were very similar whether based solely on longitudinal cases versus
on the total sample. When data are likely missing at random, estimates of microstructure
based on mixed models approaches to analysis of variance may provide similar estimates of
the impact of TBI on FA values derived from TBSS for the total sample relative to those
based on longitudinal data. In addition, direct comparison of the difference in effect sizes
estimating change over time across the two samples suggested very similar sensitivity. The
change in effect sizes over time was measured in standard deviation units; the average
standardized difference in ES over time between the TBI and Ol groups ES was .040. The
estimates were very similar, suggesting extremely small differences in measurement of
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change over time in the total and longitudinal samples. The largest difference was noted for
the left superior longitudinal fasciculus of the TBI group (.082); the smallest differences
were obtained for the left cingulum-cingulate portion for both TBI (.002) and Ol (.005)
groups. The similarity of estimates of change over time for the total and longitudinal
samples is a positive finding that has a number of implications for longitudinal imaging
research. Given the larger sample size, increased stability of the covariance matrix, and
enhanced power, mixed model approaches have the potential to contribute to identification
of injury effects and recovery, particularly for longitudinal clinical research applications in
which missing data are often unavoidable.

Loss of subjects in longitudinal clinical imaging studies requiring outpatient visits may
occur due a variety of reasons. Illiness of the patient, transportation difficulties, implantation
of imaging-incompatible metal or devices, orthodontic braces, family upheaval, inability to
contact family, and loss of interest in a study may contribute to attrition. Motion artifact,
scan quality, and scanner issues may also reduce the number of scans available at each time
point. Using only longitudinal cases often means losing up to 30 to 50 percent of available
data. Assuming that data are missing at random, the total sample has the potential to provide
a reasonable estimate of the magnitude of an effect and of change over time. This
comparative analysis of effect sizes for a total sample compared to a longitudinal sample
advocates that the use of mixed models should be investigated for application to other DTI
metrics and samples. Based on the comparability of findings across the total and longitudinal
samples, and the increased power to identify interactions among key developmental
variables, the discussion focuses on findings from the general linear mixed model analysis of
the total sample.

Interaction of Brain Injury, Age, and Time of Scanning

Our findings are similar to those of longitudinal studies of children and adults with TBI that
showed reduction in FA and elevation in RD in the majority of regions and pathways
investigated (Bendlin, et al., 2008; Dinkel, et al., 2014; Sidaros, et al., 2008). We identified
increase in AD in several left hemisphere association pathways in both the TBI and Ol
groups. In prior studies, the impact of TBI on longitudinal AD has been inconsistent; values
have decreased (Farbota, et al., 2012), increased (Sidaros, et al., 2008) or remained
unchanged (Dinkel, et al., 2014).

In the present study, FA was significantly lower in the TBI group compared to the Ol group
in all pathways. FA increased significantly from three to 24 months after injury in both
groups. Importantly, age at injury exerted a significant influence on the patterns of findings
from the association and limbic pathways. For all association pathways in the left
hemisphere, age % group x time interactions were obtained for FA. FA was lower in the TBI
than Ol group in the superior and inferior longitudinal, inferior fronto-occipital, and
uncinate fasciculi. Investigation of effects related to age showed that the youngest children
with TBI were disproportionately affected initially but showed the greatest increase in FA
over the follow-up while the adolescents with TBI showed less initial impact but limited
change over time. The superior longitudinal fasciculus is a dorsal pathway that incorporates
the arcuate fasciculus and contains both long and short fibers connecting perisylvian regions
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of frontal, temporal, and parietal lobes. The inferior longitudinal fasciculus courses along a
ventral path with short and long fibers connecting the occipital and temporal lobes (Mori, et
al., 2005). The inferior longitudinal fasciculus also connects with limbic regions via the
projections to temporal lobe, as well as to the amygdala and hippocampus (Catani and de
Schotten, 2012). The inferior fronto-occipital fasciculus is a ventral pathway connecting
occipital regions to the orbitofrontal cortex. Based on recent studies examining growth and
timing of white matter development using DTI, growth in these three cortico-cortical
association pathways peaks relatively early in adolescence (Lebel, et al., 2008; Simmonds, et
al., 2014). The uncinate fasciculus, a ventral pathway connecting anterior temporal with
medial and lateral orbitofrontal cortex (Mori, et al., 2005), continues to develop after
adolescence into adulthood (Lebel, et al., 2008; Simmonds, et al., 2014). These association
pathways share the attribute of connecting prefrontal lobes with other lobes. It is possible
that the frequent injury to frontal lobes in patients with TBI renders association pathways
particularly vulnerable to disruption. In addition, the rapid development of these pathways in
school-aged children may be associated with initial disruption but some catch-up growth
over time while the more stable pathway development in adolescents may limit
microstructural recovery or reorganization.

FA from the limbic and projection pathways was lower in TBI group, increased with
increasing age, and increased over time. However, in contrast to the pattern in the
association pathways, the developmental variables did not interact with group. Like other
projection tracts integrating cortical and subcortical structures, the corticospinal tract
matures relatively early in late childhood. The cingulum is a medial tract coursing within the
cingulate gyrus that connects medial frontal, parietal, occipital, and temporal lobes and
portions of the cingulate cortex as well as the posterior hippocampal extension into the
medial temporal lobe (Catani and de Schotten, 2012; Mori, et al., 2005). The cingulum-
cingulate and cingulum-hippocampal have different growth trajectories. The former shows
biphasic changes, with peak growth periods at ages 8 and 20; the latter peaks at 13.5
(Simmonds, et al., 2014). Despite the broad range of ages of peak maturation, these
pathways did not appear to be preferentially disrupted at any age or to show reduced growth
over time in the participants with TBI.

Since FA was significantly lower in the TBI than Ol groups for all pathways examined, we
completed follow-up examination of the diffusivities. RD, which is believed to relate to
myelination status, was substantially elevated across pathways in the TBI group. RD
decreased over time in virtually all pathways and showed greater reduction in younger than
older children for the left superior longitudinal fasciculus, left uncinate, and bilateral
cingulum bundle-cingulate. However, RD values remained significantly elevated two years
after TBI. This finding supports prior studies highlighting the sensitivity of RD to
microstructural changes following TBI (Caeyenberghs, et al., 2010; Dennis, et al., 2015;
Dinkel, et al., 2014; Ewing-Cobbs, et al., 2008; Farbota, et al., 2012). Chronic elevation of
RD implicates dysmyelination as a significant long-term factor contributing to chronic
differences in white matter after TBI. In contrast to FA and RD values, AD, which is
believed to relate to axonal status, was not significantly related to TBI but showed age-
related increases over time in left hemisphere association pathways, including the inferior
longitudinal, inferior frontal occipital, and uncinate fasciculi.
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Change over Time—A major challenge in studying the changes in brain microstructure
following injury is characterizing how damage to pathway microstructure evolves over time
and interacts with ongoing developmental changes. The trajectory of change over time must
be compared to what is expected at different developmental stages. In contrast to the
relatively stable development of white matter in middle adulthood, TBI sustained during
childhood and adolescence is superimposed on a “moving target” of brain development
(Giza, et al., 2009). To assess the impact of TBI on subsequent growth and integrity of white
matter, change over time must be compared to what is expected at different developmental
stages. i.e., by the change in the comparison groups in longitudinal studies. In the present
study, FA increased in both the Ol and TBI groups across in the younger (.015, .028), mid (.
017, .022) and older (.019, .013) age ranges. In studies of adults, healthy comparison groups
had no significant change in DTI metrics over one to several years. Adults with TBI showed
reduction in FA in most regions of interest (Dinkel, et al., 2014; Farbota, et al., 2012); with
restricted increase in FA in the superior longitudinal fasciculus and portions of the optic
radiation (Farbota, et al., 2012).

Our findings suggest that by the subacute to chronic stage of recovery, the core of
association and projection pathways identified using TBSS shows continued developmental
changes over the first 2 years after TBI in school-aged children and adolescents. Over longer
follow-up intervals, it remains to be seen what developmental function best characterizes
longer term changes in tissue microstructure in different pathways and structures. Following
the usual pattern of initial deficit and partial recovery after TBI, it is possible that metrics in
some pathways will plateau, reflecting a stable deficit. It is also possible that metrics in other
pathways may show increasing normalization over time and continue to close the gap as a
result of compensatory reorganization or other mechanism. Our current knowledge about
pathophysiological processes such as apoptosis and neuroinflammation occurring in TBI
patients post injury is far more advanced for the acute/subacute stages relative to the chronic
period. Particularly in pediatric patients at different stages of white matter maturation at the
time of injury, it is difficult to differentiate between the complex interplay of separate
neurobiological processes such as ongoing neurodegeneration (decreased FA, increased
RD), arrested development (lack of expected signs of white matter maturation), and possible
compensatory mechanisms to overcome brain injury (signs of cortical plasticity). The need
to pursue this area is highlighted by our current findings of the youngest TBI group
(mean=8yo) exhibiting the lowest FA values at 3 months, yet demonstrated the greatest
increase in FA values over the first 2 years after injury. This suggests that less mature white
matter tracts at this age may be more vulnerable, but also possibly more resilient to
pathophysiological processes via increased neuroprotective mechanisms and/or increased
neural plasticity to overcome structural deficits following head injury. This finding
underscores the need for longitudinal follow-up studies extending several years after injury
to characterize the trajectory of change and identify factors predicting which clinical
characteristics predict which trajectory.

Hemispheric Effects

Despite similar rates of left, right, and bilateral hemispheric injury in participants with TBI,
interactions of injury group with age at injury and time since injury occurred more

Hum Brain Mapp. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ewing-Cobbs et al.

Page 15

frequently in left than right hemisphere pathways for the total sample. For left hemisphere
FA, significant 3-way interactions were found in 5 of 7 pathways and trends (p < .10) were
found in the remaining 2. For right hemisphere pathways, none of the 3-way interactions
was significant and trends were noted for 2 pathways. It is unclear why the effects of TBI
and age were more pronounced in the left than right hemisphere. In healthy children, FA
tends to be higher in a number of left than right hemisphere structures, which may reflect
different rates of maturation and connectivity. Studies using a variety of methods, age
ranges, and imaging parameters, have reported inconsistent findings regarding asymmetry of
FA in a number of pathways. Leftward asymmetry, indicating higher left than right
hemisphere values, was noted in several regions, including the cingulum (Wilde, et al., 2010;
Yu, et al., 2014), posterolateral corpus callosum, basal ganglia (Simmonds, et al., 2014),
uncinate fasciculus (Hasan, et al., 2009), as well as in the anterior and posterior limbs of the
internal capsule, cingulum, corticospinal tract, inferior longitudinal fasciculus, and/or
centrum semiovale (Bonekamp, et al., 2007; Dennis, et al., 2015; Snook, et al., 2005; Wilde,
et al., 2009). In contrast, other studies noted symmetry in FA from the superior longitudinal
fasciculus (Urger, et al., 2015) as well as very small absolute differences in FA across left
and right hemispheres for major white matter tracts, deep gray matter structures, and
subcortical white matter (Lebel, et al., 2008). Higher FA and/or lower diffusivity have been
interpreted as indicating effects of maturation on fiber organization and myelination status.
The functional significance of different rates of maturation in pathways in left and right
hemispheres remains an area of investigation. Recent DTI studies show that structural
connectivity increases more rapidly with age in the left hemisphere in children (Dennis and
Thompson, 2013; Krogsrud, 2016) and decreases in the right hemisphere during adolescence
(Dennis, et al., 2013). It is possible that left hemispheric structures that are developing
rapidly during school-age and adolescent years may be particularly vulnerable to the effects
of acquired injury. Clearly, additional research addressing hemispheric differences in
microstructure, as well as functional implications of any difference in vulnerability of left
hemisphere structures, is needed.

Limitations and Future Directions

Several methodological issues limit the strength of our findings. First, as with many clinical
studies, the sample size is relatively small, which reduces power to detect significant effects
related to brain injury and to normal developmental changes. Given heterogeneity in the
distribution of shear injury and other pathological focal and diffuse clinical findings, larger
samples provide more robust estimates of the impact of TBI on various pathways. Second,
although acceptable at the time this longitudinal imaging study started acquisitions, the DTI
protocol used 21 gradient sampling orientations, which is insufficient for robust estimates of
diffusivity measures by current standards. Future studies would benefit from increasing the
number of gradient directions to improve angular resolution which would enhance the
estimation of fiber orientation and diffusivity metrics, particularly in regions with complex
architectures of crossing fibers (Jones, 2004). Third, TBSS, along with other quantitative
structural imaging techniques, are limited in investigation of patients with gross lesion loads.
Scans of patients with large focal lesions may not register adequately to study templates,
which often results in trimming severely injured patients from the sample and reducing the
effect size. Fourth, TBSS includes only the core portion of each pathway. Therefore, it is not
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possible to ascertain whether microstructural changes in the peripheral regions of pathways
are similar to or diverge from those identified by TBSS. For example, although DTI metrics
reflecting the core of a pathway may show typical developmental changes, there may be
different pathological processes, such as ongoing neurodegeneration, in distal regions, that
are not detectable. Additionally, the values extracted from the TBSS analysis were averaged
across the whole pathway based on the JHU atlas. Examination of segments of pathways
(Dennis and Thompson, 2013; Park and Friston, 2013) may lead to the identification of
specific portions of pathways which are differentially related to the effects of injury, age,
change over time, and their interactions.

DTI and TBSS have great potential for characterizing factors affecting developmental
trajectories of recovery in both natural history and intervention studies. Future studies
should include additional extended follow-up scans to characterize whether changes in
microstructural metrics in children with TBI are linear or nonlinear and to determine
whether there are later-developing changes in the magnitude of residual deficit in relation to
age at injury and severity of TBI. In addition, the use of multi-modal imaging approaches
will better characterize the complexity of microstructural and macrostructural pathological
changes. Examination of indices of pathway integrity in relation to neuropsychological
outcomes and growth in cognitive abilities over time is essential to understanding the
cumulative impact of injury on clinical outcomes.

Conclusions

Developmental variables, including age at injury and time since injury, are critically
important to inform our understanding of the impact of TBI on both initial recovery and on
the subsequent development of white matter connectivity. FA values from several association
pathways showed a 3-way interaction of group, age at injury, and time of scanning. In the
left hemisphere superior and inferior longitudinal, inferior frontal-occipital, cingulum-
hippocampal extension, and uncinate fasciculi, school-aged children with TBI had the lowest
initial pathway integrity and showed the greatest increase in FA over time suggesting
continued development. However, it is unknown whether this steeper recovery slope persists
and whether it is associated with enhanced microstructural recovery in school-aged children
relative to adolescents. Contrary to expectation, the adolescents with TBI in this sample
showed limited change in both FA and RD compared to older participants with Ol across the
two year follow-up. It remains to be seen whether their reduced growth trajectory in some
pathways is associated with specific neuropsychological impairment or to the emergence of
deficits over time. Despite continued increases in FA across the follow-up, the participants
with TBI showed a persistent deficit in pathway microstructure and did not close the gap
between the integrity of the association, limbic, and projection pathways and that of the
children with OI. The pattern of DTI findings is strikingly similar to the pattern often noted
in behavioral outcomes. Following an initial deficit and initial recovery during the first
several months after TBI, neuropsychological abilities continue to develop, albeit at a
reduced rate relative to preinjury levels. Clearly, longer follow-up intervals are essential to
characterize the long-term impact of injury on the trajectory of both brain and behavioral
outcomes as children transition into adolescence and adulthood.
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Figure I.
Mean skeletonized FA image with masks corresponding to a) SLF (blue) and ILF (red); b)

IFOF (blue) and UF (red); ¢) Cingulum; d) Cingulum hippocampal
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Fractional Anisotropy of Superior Longitudinal Fasciculi
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Figure I1.
The 3-way interaction of group, age at injury, and time of scanning is plotted for left and

right hemisphere FA values from the superior longitudinal fasciculus for the total sample.
After controlling for age at scan, younger children with TBI had the lowest initial pathway
integrity and showed the greatest increase in left hemisphere FA over time. The adolescents
with TBI showed the least increase in FA from 3 to 24 months after injury and the greatest
deficit at 24 months relative to the Ol group. Right hemisphere values showed main effects
for group, age, and time but no interactions.
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Diffusivities of Superior Longitudinal Fasciculi
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Figure I11.

After controlling for age at scan, both radial and axial diffusivities of the left superior

longitudinal fasciculus showed more change over time in children than adolescents in both
the TBI and Ol groups. RD values were significantly elevated in the TBI group suggesting
dysmyelination; AD values did not vary by group.
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Demographic information and injury characteristics for traumatic brain and orthopedic injury groups

Table |

Group

Traumatic Brain Injury  Orthopedic Injury

Statistic (p)

Demographic Variables (n=44) (n=43)
Months of age at injury M (SD) 131.3(34.4) 124.2 (35.3) t(85) = —0.95 (.344)
Sex % male 72.7 60.5 X2(1, N=87) =1.47 (.225)
Ethnicity (n) X2(3, N=87) = 1.70 (.736)
African American 7 10
Hispanic 13 14
Other/Multiethnic 4 4
Caucasian 20 15
Maternal education (n) X2(3, N=87) = 3.03 (.387)
<High School 11 5
HS Graduate 11 13
Partial College 12 16
College or Graduate Degree 10 9
Injury Characteristics
External cause of injury (n) X2(4, N=87)=24.80 (.000)
Fall 8 17
Motor vehicle collision 24 5
Vehicle-pedestrian 9 8
Sports/recreational 2 13
Other 1 0
Injury-scan interval (m)
M (SD)
Initial 3.14 (1.42) 3.24 (2.53) t(83) = .067 (.947)
Follow-up 24.83 (2.86) 23.0 (4.97) t(75) = —2.06 (.042)
Injury Severity Score M (SD) 22.52 (10.48) 8.40 (1.76) t (85) =-10.19 (.000)
Modified Injury Severity Score M (SD) 7.14 (8.89) 8.40 (1.76) t(85) = 0.91 (.365)
Glasgow Coma Scale score (n)
3-8 31 --
9-12 10 -
13-15 3 --
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Distribution of usable scans by age and group

Time of Scanning

Group 3 Months 24 Months
Years of Age at Injury
TBI 6-10 | 11-15 | 6-10 | 11-15
GCS 3-8 12 9 13 8
GCS 9-15 4 3 5 6
Ol 19 14 17 11
Total 35 26 35 25
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Number of parenchymal and extra-axial lesions visualized on acute CT scans for the total sample of TBI

participants

Table Il

Lesion Location
Lesion Type Left | Right | Bilateral | Midline
Parenchymal
Contusion 3 3 13 0
Intracerebral hemorrhage 0 0 4 0
Shear 0 1 7 1
Edema 2 1 5 0
Extra-axial hemorrhage
Subarachnoid/IVH 3 8 0
Subdural 3 2 2 4
Epidural 2 3 3 0
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Least Square Means Adjusted for Age and Standard Errors for Pathway Fractional Anisotropy for Traumatic
Brain Injury and Orthopedic Injury Groups: Left and Right Hemisphere Values at 3 and 24 Months after Injury

Traumatic Brain Injury

Orthopedic Injury

Total Sample Left Right Left Right
Months after Injury Months after Injury

Pathway 3 24 3 24 3 24 3 24
Superior Longitudinal 437 (.0045) | .456 (.0037) | .447 (.0041) | .465 (.0040) | .461 (.0044) | .477 (.0038) | .466 (.0040) | .482 (.0041)
Inferior Longitudinal 473 (.0050) | .489 (.0041) | .480 (.0043) | .497 (.0039) | .509 (.0049) | .519 (.0042) | 512 (.0041) | .524 (.0040)
Inferior Frontal Occipital | .481 (.0053) | .495 (.0044) | .485 (.0048) | .501 (.0044) | .518 (.0052) | .530 (.0045) | .519 (.0047) | .530 (.0045)
Uncinate 446 (.0053) | 459 (.0047) | .438 (.0054) | .454 (.0054) | .483 (.0052) | .498 (.0049) | .470 (.0052) | .489 (.0056)
Cingulum 492 (.0069) | 513 (.0074) | .451(.0072) | .477 (.0079) | 530 (.0067) | .552 (.0076) | .489 (.0071) | .516 (.0081)
Cingulum Hippocampal | .397 (.0050) | .410 (.0044) | .442 (.0047) | .456 (.0043) | .414 (.0048) | .426 (.0045) | .468 (.0045) | .477 (.0044)
Corticospinal .582 (.0048) | .597 (.0041) | .582 (.0041) | .595 (.0035) | .606 (.0046) | .615(.0042) | .604 (.0039) | .615 (.0036)
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Final models from mixed model analysis of fractional anisotropy values for group, age, and time of scan for
left and right hemisphere pathways

Pathway and Hemisphere

Within-Subjects Effects

Between-Subjects Effects

Group x Time x
Age

Time x Age

Time x Group

Time

Group

Age

df (1,30) F (p)

df (1,30) F (p)

df (1,30) F (p)

df (1,30) F (p)

df (1,83) F (p)

df (1,83) F (p)

Superior Longitudinal

Left 5.16 (.030) 0.05 (.817) 5.97 (.021) 11.34 (.002) 1.72 (.193) 9.15 (.003)

Right 74.11 (<.0001) | 10.76 (.002) 12.19 (.001)
Inferior Longitudinal

Left 4.88 (.035) 0.20 (.657) 5.91 (.021) 3.69 (.064) 0.20 (.007) 3.69 (.654)

Right 42.61 (<.0001) | 30.17 (<.0001) | 9.34 (.003)
Inferior Frontal Occipital

Left 4.67 (.039) 1.49 (.231) 5.20 (.030) 6.99 (.013) 0.28 (.597) 6.64 (.012)

Right 42.6 (<.0001) | 26.34(<.001) | 12.32(.001)
Uncinate

Left 451 (.042) 6.32 (.012) 4.76 (.037) 16.55 (<.001) 0.96 (.331) 4.75 (.032)

Right 32.83 (<.0001) | 23.03 (<.0001) | 4.62 (.035)
Cingulum

Left 27.37 (<.0001) | 17.60 (<.0001) | 6.61(.012)

Right 45.42 (<.0001) | 14.95(.001) 10.92 (.001)
Cingulum Hippocampal

Left 4.13 (.051) 0.14 (.707) 4.02 (.054) 2.27 (.143) .060 (.811) 8.24 (.005)

Right 18.02 ((.001) | 16.75(<.0001) | 9.57 (.003)
Corticospinal

Left 16.83 (.001) 15.44 (.001) 6.28 (.014)

Right 31.85 (<.0001) | 18.14 (<.0001) | 3.06 (.084)
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Final models from mixed model analysis of radial diffusivity values for group, age, and time of scan for left
and right hemisphere pathways

Pathway

Within-Subjects Effects

Between-Subjects Effects

Group x Time x Age

Time x Age

Time x Group

Time

Group

Age

df (1,30) F (p)

df (1,83) F (p)

df (1,30) F (p)

df (1,30) F (p)

df (1,83) F (p)

df (1,83) F (p)

Superior Longitudinal

Left 13.33 (.001) 22.66 (<.0001) | 17.18 (<.0001) | 14.76 (.001)

Right 6.51 (.016) 18.59 (.0001) | 15.66 (.0002) | 18.73 (<.0001)
Inferior Longitudinal

Left 9.48 (.004) | 26.76 (<.0001) | 8.21(.005)

Right 4.35 (.045)
Inferior Frontal Occipital

Left 8.43 (.007) 12.47 (.002) | 30.56 (<.0001) | 7.93 (.006)

Right 37.72 (<.0001) | 29.46 (<.0001) | 16.70 (<.0001)
Uncinate

Left 19.53 (.0001) 27.72 (<.0001) | 29.89 (<.0001) | 5.17 (.026)

Right 29.87 (<.0001) | 30.99 (<.0001) 8.86 (.004)
Cingulum

Left 11.68 (.002)

Right 13.65 (.0008) 30.18 (<.0001) | 21.22 (<.0001) | 15.81(.0001)
Cingulum Hippocampal

Left 11.26 (.002) 12.43(.001) | 17.14 (<.0001)

Right 29.58 (<.0001) | 22.00 (<.0001) | 19.72 (<.0001)
Corticospinal

Left

Right 33.48 (<.0001) | 24.55 (<.0001) | 7.37 (.008)

Note: Values in bold survived Bonferroni correction at a critical value of .007.
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Final models from mixed model analysis of axial diffusivity values for group, age, and time of scan
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Pathway Within-Subjects Effects Between-Subjects Effects
Group x Time x Age Time x Age Time x Group Time Group (1,31) Age
df (1,30) F (p) df (1,31) F (p) | df (1,31) F(p) | df (1,31) F(p) | df (1,84) F (p) | df (1,84) F (p)
Superior Longitudinal
Left 5.86 (.021) 16.56 (.001) 1.98 (.164) 4.17 (.044)
Right
Inferior Longitudinal
Left 5.36 (.027) 17.14 (.001) 0.13 (.716) 0.34 (.560)
Right
Inferior Frontal Occipital
Left 3.45 (.073) 6.47 (.016) 23.61 (<.0001) [ 0.09(.759) 0.79 (.378)
Right 4.98 (.033)
Uncinate
Left 4.67 (.038) 20.07 (<.0001) | 0.05 (.825) 0.95 (.333)
Right
Cingulum
Left 2.55 (.120) 0.84 (.362) 0.70 (.404)
Right
Cingulum Hippocampal
Left 0.48 (.493) 0.31 (.579) 5.93 (.017)
Right
Corticospinal
Left 2.89 (.099) 2.29 (.134) 7.15 (.009)
Right

Note: Values in bold survived Bonferroni correction at a critical value of .007.
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