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Plasticity is often implicated as a reparative mechanism when addressing structural
and functional brain development in young children following traumatic brain injury
(TBI); however, conventional imaging methods may not capture the complexities of
post-trauma development. The present study examined the cingulum bundles and
perforant pathways using diffusion tensor imaging (DTI) in 21 children and adolescents
(ages 10-18 years) 5-15 years after sustaining early childhood TBI in comparison
with 19 demographically-matched typically-developing children. Verbal memory and
executive functioning were also evaluated and analyzed in relation to DTl metrics. Beyond
the expected direction of quantitative DTl metrics in the TBI group, we also found
qualitative differences in the streamline density of both pathways generated from DTI
tractography in over half of those with early TBI. These children exhibited hypertrophic
cingulum bundles relative to the comparison group, and the number of tract streamlines
negatively correlated with age at injury, particularly in the late-developing anterior regions
of the cingulum; however, streamline density did not relate to executive functioning.
Although streamline density of the perforant pathway was not related to age at injury,
streamline density of the left perforant pathway was significantly and positively related
to verbal memory scores in those with TBI, and a moderate effect size was found in
the right hemisphere. DTI tractography may provide insight into developmental plasticity
in children post-injury. While traditional DTl metrics demonstrate expected relations to
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Wilde et al. Neuroplasticity 5-15 Years After Early TBI

FIGURE 3 | Executive functioning and CB tractography in typically-developing children and children with traumatic brain injury. Executive functioning is reflected by
scaled scores (mean = 10 £ 3) on the color naming (CN), word reading (WR), inhibition (IN), and interference/switching (IS) trials of the Delis-Kaplan Executive
Function System (D-KEFS) Color-Word Interference Test (CWIT). CB, cingulum bundle; GCS, Glasgow Coma Scale score.
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FIGURE 4 | Verbal memory and PP tractography in typically-developing children and children with traumatic brain injury. Verbal memory performance is measured by
T-scores (mean = 50 + 10) on Trials 1-5 (T1-5) and z-scores (mean = 0.0 + 1.0) on short-delay free recall (SDFR) and long-delay free recall (LDFR) trials of the
California Verbal Learning Test (CVLT). PP, perforant pathway; GCS, Glasgow Coma Scale score.

functioning and verbal memory in the participants who  injury are differentially related to changes in streamline density
experienced a childhood TBI when compared to those in the  and tract integrity of the CB versus the PP.

TDC group. Our results also suggest that in those with early These results are consistent with previous studies reporting
childhood TBI, cognitive performance and age at the time of  impaired cognitive outcome due to injuries sustained to the CB
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TABLE 6 | Partial correlations between diffusion metrics and age at injury.

rp p "gp

Streamline points

CB Right —0.56 0.024 0.29

CB Left —0.62 0.011 0.34

PP Right —0.38 0.149 0.12

PP Left —0.03 0.925 0.00
FA

CB Right —0.55 0.027 0.28

CB Left —0.49 0.056 0.20

PP Right —0.20 0.456 0.04

PP Left —0.06 0.833 0.00
MD

CB Right 0.13 0.631 0.02

CB Left —0.08 0.778 0.01

PP Right 0.13 0.638 0.01

PP Left 0.03 0.909 0.00

Bold values indicate statistical significance (p < 0.05) without correction for multiple
comparisons. Squared semipartial correlations are interpreted as small, medium, and
large effect sizes when r§p > 0.01, 0.09, and 0.25, respectively.

CB, cingulum bundle; PR, perforant pathway; FA, fractional anisotropy; MD,
mean diffusivity.

and PP (15, 16, 31). Projections from the CB to the prefrontal
cortex (also late developing), posterior cortex, and limbic regions
surrounding the corpus callosum promote communication
between these regions (37). The function of the CB is linked to
cognitive control, working memory, and executive functioning,
and these functions are compromised when the CB is damaged
(15, 38); hence, our inclusion of the CWIT, which is a sensitive
measure of components of executive functioning, including
cognitive inhibition and response flexibility (23). The PP has been
linked to verbal episodic memory (16), and previous studies have
reported that performance on the CVLT, a sensitive measure of
verbal learning and memory, is impaired by injuries sustained to
the PP (39-42); our results are consistent with these findings.
Prior DTI studies in moderate-to-severe TBI generally report
overall decreases in FA and increases in MD, which are reflected
by diminished tractographic renderings of WM tracts in the
affected areas (15, 16). However, despite these anticipated
group differences, careful visual inspection of our data revealed
unexpected, qualitative differences in the tractography-derived
pathways of children who sustained early injuries. Using
quantitative diffusion tractography, which evaluates the number
of distinct streamlines that pass through an ROI, we observed
elaborated, hypertrophic pathways that were more prominent
in children who experienced TBI at a younger age. These
elaborations were particularly evident in the CB and, to a
lesser extent, the PP; however, the relation of the DTI-derived
parameters extracted from these tracts demonstrated a disparate
relation to age at injury and performance on cognitive testing.
An increased number of tract streamlines in the bilateral CB
was strongly associated with younger age at injury, particularly
in late-developing frontal regions, though the number of
streamlines was not related to executive functioning, as measured
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FIGURE 5 | Relation between white matter integrity of the CB and age at brain
injury. In the top panel, younger age at injury is associated with increased
fractional anisotropy (FA) of the cingulum bundle (CB), but not the perforant
pathway (PP; not shown). Younger age at injury is also associated with an
increased number of streamline points for the right CB (middle panel) and the
left CB (bottom panel) but not the PP (not shown).

by the CWIT (Figure 3). In contrast, the streamline density
of the PP was not related to age at injury; rather, a greater
number of streamline points, higher FA, and lower MD in the
left PP was associated with better verbal memory performance
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on the CVLT. In the right PP, lower MD, without change in
streamline density or FA, was also associated with improved
verbal recall ability. The positive relationship observed between
the number of PP streamlines and verbal memory may illustrate
adaptive neuroplasticity that occurs following damage to an
early-developing tract, which was relatively mature at the time
of injury. In contrast, the absence of such a relationship in the CB
may reflect the long-term, adverse effects of an injury sustained
to this late-developing tract and its support of both executive
functioning and memory.

There are several potential explanations for changes in WM
integrity following pediatric TBI in children with differing ages
at the time of injury. These findings may merely represent
the heterogeneity associated with TBI, where injury severity
influences the extent of axonal injury, with partial injury
permitting the myelin reconstitution associated with recovery
(10, 43). Furthermore, apparent axon regeneration has been
reported in those with late recovery from a minimally conscious
state (44). In support of this, our supplementary analysis of
measures of directional diffusivity revealed that the higher FA
and lower MD associated with verbal memory performance in
the TBI group are likely driven by decreased RD, largely without
change in AD, which suggests that some extent of remyelination
of these pathways may have occurred. Remyelination by
surviving oligodendrocytes has been shown to occur after trauma
(45, 46), particularly to the developing brain, and it has been
suggested that this process may have a neuroprotective effect
against axonal damage and neurodegeneration (47).

Another possible mechanism underlying these observations
in tractography is that potential dynamic changes in pediatric
TBI relate to potential injury-induced proliferation of neural
progenitor cells (NPCs). Increased expression of NPC markers
has been described in human tissue surrounding focal lesions
following injury (48), presumably as a restorative response. Two
primary hippocampal pathways have been implicated in the
generation, migration, and integration of new neurons into local
circuitry (49-51): the subgranular zone (SGZ), which neighbors
aspects of the PP, and the subventricular zone (SVZ), which
borders aspects of the ventricles, striatum, and CB (52, 53).
Interestingly, it is these two regions that also reflect the altered
tractography observed in our sample.

We found a striking relation between age at injury and
the number of CB streamlines generated through tractography.
Specifically, we observed that children injured as toddlers
generally demonstrated the most elaborated structures, whereas
this relation with streamline density of the CB was less apparent
in children who were injured at an older age (Figure 3). Age-
dependent increases in post-traumatic neurogenic response to
injury have been found to be more robust in the immature
brain as opposed to the adult or aged brain in experimental
models (54), specifically within the SVZ (55). While this response
has generally been presumed to underlie greater functional
recovery following TBI (49), it has also been shown to result
in altered cell migration patterns, which may contribute to
long-term cognitive deficits and the phenomenon of growing
into an injury after childhood TBI (55). However, the role
that neurogenesis and cell migration have in repair following

early TBI and whether these responses are beneficial have yet
to be determined. Additionally, this response may also differ
regionally; although the generation and migration of neurons
remains most apparent in early childhood (49, 55), levels of
neural proliferation may remain substantially higher in the SVZ
(which borders the CB) as compared to the SGZ (which borders
the PP) as the individual matures. This is consistent with our
observation that the elaboration of the CB in children with
early TBI appeared more age-dependent than the PP. The CB is
one of the latest-developing tracts within the human brain (56),
which may render it more prone to developmental alteration and
myelination following TBI. On the contrary, the PP is an earlier-
developing tract that projects from the entorhinal cortex to all
fields of the hippocampal formation (57, 58).

Limitations and Future Directions

Despite the significant findings and moderate-to-large effect
sizes, a larger sample is needed to replicate and confirm
our observations, especially in view of the heterogeneous
pathophysiology in moderate-to-severe TBI in this age range
and the long-term effects on neurodevelopment. Although the
exclusion of inflicted injury limited recruitment of children who
sustained a TBI during infancy, this approach enabled us to
focus on children who sustained a single TBI that was well-
specified for age at injury without confounding by repetitive head
trauma. We also acknowledge the wide range of the time-since-
injury interval and age at follow-up in this preliminary study;
however, one of the strengths of the study is the close matching
of demographic characteristics between the TBI and TDC groups,
which mitigated the number of confounding variables that could
influence the results of our study. Another limitation of the
study is the heterogeneity in mechanism of injury across our
sample, as well as the location and severity of focal injury
(Table 2). Although we examined structures considered to be
important in verbal memory and executive functioning, as well
as those in proximity to NPC migration, there may be additional
sites of injury that contribute to cognitive deficit and structural
change. Longitudinal DTT analysis would further elucidate the
integrity of WM and its development throughout the injury-
to-imaging time interval and inform the evolution of long-term
structural and cognitive outcomes within the TBI group. We also
appreciate that individual outcome after early TBI is affected
by unique environmental factors, such as stress (2), as well
as accessibility and quality of therapeutic intervention, genetic
factors, and pre-existing psychological and behavioral disorders
that were not assessed in this study. Additionally, single tensor-
based methods, such as DTI, are neither able to account for
complex architecture or crossing fibers within a voxel nor to
determine the accurate origin and destination of fibers (59-61).
Furthermore, DTI-derived metrics may be affected by several
factors related to image acquisition and preprocessing (60, 62—
66). More advanced diffusion-weighted imaging approaches have
more recently emerged that demonstrate improvements over
the shortcomings of DTI (32), such as high-angular resolution
diffusion imaging (67, 68), diffusion spectrum imaging (69),
and generalized g-sampling imaging (70); thus, future studies
should take advantage of these techniques whenever possible.
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Finally, the present findings are limited by the fact that streamline
density is largely dependent on the fiber tracking algorithm used,
thus it is not a true reflection of the underlying fiber density
(32); however, steps were taken to standardize the fiber tracking
algorithm and control for any influence of data quality. For
these reasons, we do not believe that the importance of the
present findings is undermined. We strongly urge, however, that
caution is taken when generalizing the present findings to other
samples, particularly when other fiber tracking algorithms are
used for analysis.

CONCLUSION

The aim of this study was to investigate neuroplasticity and its
implications for WM recovery and cognitive outcome after early
childhood TBI. As expected, we found evidence that pediatric
TBI disrupts WM structure and function, though age at injury
may play a significant role in the post-injury development of
brain structure. DTT analyses did not fit the conventional tenet
of static pathology following TBI, rather these analyses support
the possibility of fundamentally altered development in some
children who are injured at a very young age. The present
findings also challenge the concept that post-trauma indices
of brain structure directly relate to functional outcome in an
expected pattern.
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