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Abstract

This study investigated patterns of cortical organization in adolescents who had sustained a traumatic brain injury (TBI) during
early childhood to determine ways in which early head injury may alter typical brain development. Increased gyrification in
other patient populations is associated with polymicrogyria and aberrant development, but this has not been investigated in
TBI. Seventeen adolescents (mean age = 14.1 £2.4) who sustained a TBI between 1-8 years of age, and 17 demographically-
matched typically developing children (TDC) underwent a high-resolution, T1-weighted 3-Tesla magnetic resonance imaging
(MRI) at 6-15 years post-injury. Cortical white matter volume and organization was measured using FreeSurfer’s Local
Gyrification Index (LGI). Despite a lack of significant difference in white matter volume, participants with TBI demonstrated
significantly increased LGI in several cortical regions that are among those latest to mature in normal development, including
left parietal association areas, bilateral dorsolateral and medial frontal areas, and the right posterior temporal gyrus, relative to
the TDC group. Additionally, there was no evidence of increased surface area in the regions that demonstrated increased LGI.
Higher Vineland-II Socialization scores were associated with decreased LGI in right frontal and temporal regions. The present
results suggest an altered pattern of expected development in cortical gyrification in the TBI group, with changes in late-
developing frontal and parietal association areas. Such changes in brain structure may underlie cognitive and behavioral
deficits associated with pediatric TBI. Alternatively, increased gyrification following TBI may represent a compensatory
mechanism that allows for typical development of cortical surface area, despite reduced brain volume.
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Introduction brain cortical configuration is continuously remodeled and re-

organized during the first 2 decades of life, possibly as a result of

MUCH IS UNKNOWN about developmental mechanisms re-
sponsible for giving the human cerebral cortical mantle
its characteristic appearance of outward folds and inward fis-
sures, although experimental evidence indicates the fundamental
role of specific progenitor cell types, cellular processes, and genetic
programs on cortical folding,' as well as the importance of me-
chanical forces.”> While the majority of folding in humans occurs
between the 25th week of gestation to a postnatal age of 4 months,’

myelination and continued synaptic modifications® as it grows
by radial expansion.* While genetic causes of abnormal cortical
development remain poorly understood, recent evidence sug-
gests that cytoskeletal structural proteins (e.g., centrosomal and
microtubule-related proteins) are important in cortical develop-
ment, and that related genetic mutations may interfere with proper
neuronal migration and result in cortical malformations and
microcephaly.’
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The extent to which folding patterns of the cerebral cortex may
reflect brain function has been a challenging question for neuro-
anatomists for more than a century.® Most striking are the severe
cognitive deficits observed in congenital brain abnormalities such as
lissencephaly, polymicrogyria, and pachygyria.> Evidence from
previous studies also suggests that neurobehavioral disorders may
be associated with abnormal cortical morphology® including de-
velopmental language disorder,” autism,® bipolar disorder and
schizophrenia,” neurofibromatosis type 1,'° William’s syndrome,'!
and temporal lobe epilepsy.'? It is plausible that significant life
events during development (e.g., brain trauma, malnutrition, neu-
rotoxicity, etc.) may also alter the normal maturational development
of cortical folding. Indeed, animal models indicate that microgyria
can be induced in rats by producing focal freeze lesions within key
timeframes during early development,'® and such malformation
may be associated with pronounced alterations of both architec-
ture and physiology of the neocortex and thalamus, likely due to
disturbances of underlying network connections.'* However, to our
knowledge, the potential impact of early traumatic brain injury
(TBI) on cortical folding has not been investigated to date.

The current study investigated patterns of cortical organiza-
tion (gyrification) in adolescents who had sustained TBI in early
childhood to determine ways in which early TBI may alter expected
structural brain development. We hypothesized that cortical gyr-
ification would be altered in individuals who had sustained TBI
in early childhood, due to disrupted cortical maturation during key
developmental periods. This was investigated using the local gyr-
ification index (LGI), which is a metric applied to cortical recon-
structions of data. Higher LGI values reflect regions of more
extensive cortical folding. The LGI at a given vertex on the corti-
cal mantle reflects the ratio of the cortex invaginated within the
sulci relative to the extent of outer, visible cortex; thus, the LGI is
directly dependent on the amount and size of the sulci. Maximal
LGI values are typically located in the vicinity of the Sylvian fis-
sure, which reflects the large amount of insular cortex hidden
within the Sylvian fissure.'> Other moderately high LGI maxima
are located in sulci that appear during early development of the fetal
cortex (intraparietal sulcus, superior temporal sulcus, and in the
vicinity of the parieto-occipital sulcus and calcarine sulcus),'®
which is another indication that LGI may be closely associated with
neural development.'

The extant literature documents chronic aspects of not only
medical and health status, but also cognitive/academic, emotional/
behavioral, and family/social outcomes following pediatric TBL'”
Frontal and temporal lobe brain regions are particularly vulnerable
to injury as a result of TBIL,'® and these regions are also implicated
as neural substrates of social information processing and social
behavioral regulation.'® Social behavior changes over time as
typically developing children mature; similarly, brain regions im-
plicated in social behavior (including anterior cingulate, ventro-
medial, orbitofrontal, and dorsolateral prefrontal cortex, among
other brain regions) change with maturation.”® Therefore, we
hypothesized that individuals with a history of TBI would
likely receive lower ratings on the Vineland-1I Adaptive Behavior
Scales, which are measures of personal and social skills utilized
for daily living. We further hypothesized that abnormal cortical
folding would be related to behavioral and social skills, as assessed
using the Vineland-1I Adaptive Behavior Scales.

Methods

The data used in the present study were part of a research pro-
gram on pediatric TBI that was conducted at Baylor College of
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Medicine and the University of Arkansas for Medical Sciences.
Institutional Review Board approval at these institutions was
obtained for the current study.

Participants

Participants included 22 children ages 10-18 who had previ-
ously been hospitalized within 24 h after sustaining complicated
(abnormal day-of-injury CT finding) mild, moderate, or severe TBI
in early childhood (mean age at injury =4.1£2.0 years; range = 1-8
years). Injury severity was defined by the lowest post-resuscitation
Glasgow Coma Scale (GCS)?! score obtained at the time of the
injury, where those with GCS scores between 13—15, 9-12, and 3-8
are considered to have suffered from mild, moderate, and severe
injuries, respectively. Participants were adolescents at the time of
imaging (mean age at evaluation=13.5+2.3 years). Only patients
with closed head injury (i.e., acceleration/deceleration, or impact
with a blunt object) were recruited to increase homogeneity in
pathophysiology. Patients injured as a result of non-accidental
trauma (as indicated by medical chart notes) were excluded due to
increased risk for repeated head trauma. Participants meeting these
criteria were identified by a review of medical records, and the
families were contacted to explain the study and enrollment pro-
cedures. Twenty typically developing children (TDC) who were
demographically similar to the TBI patients (mean age at evalua-
tion=13.612.3) were recruited by community advertising.

In addition to recruiting participants with comparable distribu-
tions of age and sex in the TBI and TDC groups, recruitment of the
TDC participants was conducted to ensure that a Socioeconomic
Composite Index (SCI) based on occupational status of the parent,
annual household income, and years of maternal education were
comparable to that of the children with TBI. The SCI was derived
according to the guidelines provided by Yeates and colleagues,*
where z-scores correspond to socioeconomic status (SES) relative
to the average of the entire sample. This socioeconomic back-
ground information was provided by the parent via questionnaire.
Handedness ratio was determined using the Edinburgh Handedness
Inventory.?

The informed consent form was approved by the Institutional
Review Boards, and parents or legal guardians of the participants
provided informed consent. The participants were fluent in English,
had no pre-existing major developmental disorder (e.g., autism
or mental deficiency), and had not subsequently been hospitalized
for brain injury. Of the recruited participants, 34 participants
(17 TBI, 17 TDC) had imaging data that were of sufficient quality
to be retained in the present analysis. Reasons for exclusion due to
poor scan quality included severe motion artifact/poor image res-
olution (one case), extensive lesions that interfered with cortical
reconstruction (two cases), cortical reconstruction errors that were
not able to be corrected by editing (one case) and failure of the
LGI processing in FreeSurfer (one case); refer to Supplementary
Table S1 for details regarding cases with lesions. Demographic
details for the present sample of 34 participants are provided in
Table 1, and injury characteristics, with initial findings on CT, are
provided for each TBI participant in Table 2.

Behavioral, cognitive, and social functioning

The Vineland Adaptive Behavior Scales, 2nd Edition (Vineland-
I0),* is a measure of personal and social skills utilized for daily
living. Adaptive behavior consists of the individual’s ability to
perform daily self-care activities and interact well with others.
Appropriate adaptive behavior is based on expected levels of be-
havior for the individual’s same age peer group. Ratings of adaptive
behavior reflect the typical performance rather than the potential
maximum ability of the individual. The Vineland-II consists of four
behavioral domains: Communication, Daily Living Skills, Socia-
lization, Motor Skills (typically administered for children ages
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TABLE 1. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS
OF PARTICIPANTS

TBI TDC
(n=17) (n=17)
n % n % oy df p
Sex 0.13 1 0.714
Male 11 65 12 71
Female 6 35 5 29
Ethnicity 1.11 2 0.574
African 0 0 1 6
American
Caucasian 12 71 12 71
Hispanic/Latino 5 29 4 24
M SD M SD t df p
Age at evaluation 14.1 24 140 23 0.14 32 0.888
Age at injury 3.8 20
Years post-injury 9.9 2.9
Glasgow Coma 8.5 3.6
Scale
Handedness ratio 81.8 32.1 91.2 21.8 1.00 31 0.324
SCI z-score -0.03 083 0.22 0.71 095 32 0.351

TBI, traumatic brain injury; TDC, typically-developing children; SCI,
Socioeconomic Composite Index.??
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5 years or younger, or for older children with suspected deficits
in this domain), and an optional Maladaptive Behavior domain.
An Adaptive Behavior Composite score is generated based on the
ratings for the individual’s ability to perform tasks in the various
behavioral domains and is likely the best indicator of overall func-
tional level. Vineland-II standard scores have a mean of 100 and
standard deviation of 15. A subset of the participants with adequate
neuroimaging data (16 TBI, 12 TDC) were rated by one of their
parents on the Vineland-II questionnaire at the time of testing.

The participants were also administered cognitive measures,
including the California Verbal Learning Test—Children’s version
(CVLT-C; a measure of word-list learning and delayed recall)
and select subtests of the Delis-Kaplan Executive Function System
(D-KEFS). Specifically, the D-KEFS Color Word Interference Test
Inhibition/Switching scaled scores and D-KEFS Verbal Fluency
Category Switching were included as measures of cognitive flexi-
bility. Performance on these measures was previously reported for
this data set.>>*® However, the current study examines performance
on these cognitive measures in relation to brain gyrification, as this
was not within the scope of the previous studies. With the exception
of one TBI participant who did not have D-KEFS Color Word
Interference Test scores, all cognitive test score data was collected
from all participants.

Magnetic resonance image acquisition and processing

Patients were scanned at the Brain Imaging Research Center
at the Psychiatric Research Institute of the University of Arkansas
for Medical Sciences (7 TBI, 7 TDC) or at Texas Children’s
Hospital (10 TBI, 10 TDC) on Philips 3T Achieva (Philips,
Cleveland, OH) scanners. Both locations used scanners that have

TABLE 2. INJURY CHARACTERISTICS OF PARTICIPANTS WITH TRAUMATIC BRAIN INJURY

Day-of-injury CT results

Age at Injury
Subject Sex injury TSI mechanism GCS Primary injury Hemi Location
1 F 3 7 MVA (pass) 3 SF R Temporal
2 M 2 9 MVA (ped) 8 SF R Temporal
L Parietal
L Basilar
3 M 3 15 BFT 9 CBH R Cerebellar
4 M 5 8 Fall 5 EDH R Frontal
R Parietal
5 M 4 8 BFT 10 SDH R Parietal
6 F 8 5 RVA 12 CC B Occipital
7 M 5 9 Fall 13 PCH L Parietal
8 F 4 14 MVA (pass) 3 HC R Temporal
9 F 4 10 MVA (pass) 11 SAH R Lateral ventricle
M Fourth ventricle
10 M 2 9 Fall 13 IVH R Choroid plexus
R Lateral ventricle
11 M 5 6 RVA 7 SDH L Along posterior fossa near
cisterna magna
12 M 2 13 Fall 8 SAH L Temporal
13 F 4 13 Fall 8 EDH L Occipital
14 M 8 6 MVA (pass) 3 DAI R Temporal
R Basal ganglia
L Frontal
15 M 1 15 MVA (ped) 8 Basilar SF B Occipital
16 M 3 12 Fall 15 IVH B Occipital horns
17 F 2 9 Fall 8 Basilar SF L Cranial fossa

TSI, time-since-injury (years); GCS, Glasgow Coma Scale score (initial); Hemi, hemisphere; F, female; M, male; MV A, motor vehicle accident (pass,
passenger, ped, pedestrian); BFT, blunt force trauma; RVA, recreational vehicle accident; SF, skull fracture; CBH, cerebellar hematoma; EDH, epidural
hematoma; SDH, subdural hematoma; CC, cortical contusion; PCH, parenchymal hematoma; HC, hemorrhagic contusion; SAH, subarachnoid
hemorrhage; IVH, intraventricular hemorrhage; DAI, diffuse axonal injury; R, right; L, left; B, bilateral; M, midline.
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similar platforms and the same software release to increase the
compatibility of the data across sites. Volumetric T1-weighted
magnetic resonance imaging (MRI) scans were acquired using a
32-channel head coil with the following acquisition parameters:
170 contiguous 1-mm thick slices, matrix size =256x256 mm,
repetition time = 6.95 msec, echo time=3.13 msec, field of view=
256256 mm. All scans were evaluated by a board-certified
neuroradiologist with specific expertise in pediatrics, who also
recorded all observed lesions.

Cortical reconstruction, including segmentation and volumetric
analysis, was performed using the FreeSurfer structural image
analysis tools (v.5.1.0; http://surfer.nmr.mgh.harvard.edu), as de-
scribed previously.?”-*® Results for each subject were visually in-
spected, and manual editing was performed to optimize accuracy,
when necessary. Once the three-dimensional cortical reconstruc-
tion was complete, the LGI technique'® was utilized in order to
quantify the gyrification of the cortex over the extent of the whole
cortical surface. Smoothing was performed using a 5-mm full-
width half-maximum Gaussian kernel prior to statistical analysis.
White matter volumes for each participant were also derived from
FreeSurfer using well-described standard pipelines for cortical seg-
mentation and parcellation. This is a surface-based, region of
interest-based metric that includes all white matter within the
cerebrum.

Statistical analysis

Two-tailed independent #-tests were used to examine group
differences on demographic variables, such as age at evaluation
(years), handedness ratio, and SES, as measured by the SCI for
household income, occupational status of the parent, and maternal
years of education. Two-tailed independent #-tests also were used
to examine group differences on white matter volume. The data for
all 34 participants were included in this analysis. Chi-squared
analysis was used to examine group differences in sex, ethnicity,
and study site.

Two-tailed independent #-tests were also performed to examine
group differences on the Vineland-1I Composite Scores. Within the
TBI group, Pearson correlations were used to evaluate the rela-
tionship between injury severity (i.e., GCS) and standard scores
on the parent-rated Vineland-II Communication, Daily Living
Skills, Socialization, and Adaptive Behavior Composite scales.
Supratentorial brain volume (controlling for intracranial vol-
ume) was compared between groups using analysis of covariance
(ANCOVA). The threshold for statistical significance was set at
p<0.05, and Cohen’s d was utilized as a measure of effect size
for between-group comparison, where d 2 |0.20|, |0.50|, and |0.80|
was interpreted as small, medium, and large, respectively.?

Cortical surface-based statistical maps were created by fitting a
general linear model at each surface vertex for the following: 1)
LGI differences between groups; 2) surface area; 3) the relation of
LGI to the Vineland-II Composite Scores within the entire sample;
4) the relation of LGI to cognitive measures (i.e., CVLT-C Total
Learning T-scores, CVLT-C Delayed Recall scaled scores,
D-KEFS Color Word Interference Test Inhibition/Switching scaled
scores, and D-KEFS Verbal Fluency Category Switching scaled
scores) within the entire sample; and 5) the relation between LGI
and injury severity (i.e., GCS) within the TBI group. A Monte Carlo
simulation™ was used to perform cluster-wise correction for
multiple comparisons (vertex-wise threshold of p <0.05; 10,000
iterations). Cluster-wise probabilities are reported, which represent
the likelihood of finding a maximum cluster of the same size or
larger during simulation. A negative sign was used when correcting
for multiple comparisons for the between-group LGI comparisons,
given the observed uncorrected results and prior findings from le-
sion studies in rodents.'® Absolute signs were used for all other
corrections for multiple comparisons.
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To assess for other brain abnormalities that may be present in
patients with TBI, two-tailed independent #-tests were used to ex-
amine group differences in white matter volume. Additionally,
within the entire sample, Pearson correlations were used to evaluate
the relationship between white matter volume and standard scores
on parent-rated Vineland-II scales that demonstrated a significant
relationship with LGI.

Finally, to assess whether study site or observable lesions
affected the LGI results, we conducted the between-group
comparison of LGI two additional times as supplementary
analyses—with study site included as a covariate, and excluding
two additional participants with lesions that may have subtly af-
fected cortical reconstruction (in contrast to the two participants
that were originally excluded from the analyses due to significant
interference of lesions on cortical reconstruction; Supplementary
Table S1).

Results

The participants in the TBI and TDC groups were well matched
for demographic factors including age at evaluation, sex, ethnicity,
SCI, and handedness, and there was no relationship between par-
ticipant group and study site (32=0.00, p=1.00). Parent ratings
on the Vineland-II Composite Scores did not significantly differ
between the two groups, although there was a medium-large effect
size for higher ratings for the TDC group on the Communication
domain, suggesting that they demonstrated better communication
skills, on average (Table 3). Further, correlational analyses dem-
onstrated a significant positive relationship between TBI sever-
ity (i.e., GCS) and Vineland-II Communication domain scores
(r=0.62, p=0.011), suggesting that communication skill decreases
with increasing injury severity. Moderate effect sizes were also
observed for higher standard scores in the TDC group on the
Vineland-II Socialization domain and Adaptive Behavior Com-
posite; however, no relationships were found between TBI severity
and standard scores on these Vineland-II scales or that of the Daily
Living Skill domain.

In the analysis of LGI between groups, a total of 149,926 vertices
were examined for the right hemisphere, and 149,955 vertices were
examined for the left hemisphere. In relation to the TDC group,
participants with TBI demonstrated significantly increased LGI
in several regions, including left parietal association areas, bilat-
eral dorsolateral and medial frontal areas, and the right posterior
temporal gyrus (Fig. 1). The increased LGI in these regions sug-
gests the presence of more extensive folding in these regions in

TABLE 3. VINELAND-II ADAPTIVE BEHAVIOR SCALE
SCORES (PARENT INFORMANT)

TBI TDC
(n=16) (n=12)
Domain M SD M SD t26) p d
Socialization 96.0 11.2 1019 6.7 1.62 0.117 0.64
Communication 96.9 16.3 108.2 12.5 1.99 0.057 0.78
Daily Living Skills 100.9 13.7 105.3 10.3 0.91 0.370 0.36
Adaptive Behavior 98.1 14.5 1058 8.0 1.67 0.107 0.66

Composite

All scores are reported as standard scores with a mean of 100 and a
standard deviation of 15; Cohen’s d>0.20|, \0.504, and |0.80] indicate a
small, medium, and large effect size, respectively.

TBI, traumatic brain injury; TDC, typically-developing children; M,
mean; SD, standard deviation.
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FIG. 1.

Comparison of Local Gyrification Index (LGI) between traumatic brain injury (TBI) and typically developing child (TDC) groups.

Warm color highlights regions of significant difference in LGI between groups of adolescents with TBI versus those in the TDC group, where
increased LGI is demonstrated in the TBI group. The most significant differences appear in yellow in the bilateral medial and dorsolateral
frontal, left parietal, and right temporal areas of the cortical surface, which are among the latest to develop. Color image is available online.

the TBI group. No regions of increased LGI were seen in the TDC
group, relative to those with TBI.

As examples, Figure 2 compares T1-weighted MRI scans of two
of the children in the present cohort who sustained a severe injury at
young ages with two age-, sex-, and SES-matched peers in the TDC
group. Of note, there is an absence of focal lesions, and the white
matter appears to be relatively intact in both cases; however, the
depth of the cortical folding and the shape of the gyri are different
in the children with TBI.

The supplementary between-group analysis, in which the effects
of study site were controlled for, demonstrated very similar re-
sults as those presented above, where an absence of findings in
the right posterior temporal region was the only exception (Sup-
plementary Fig. S1). Additionally, the supplementary analysis
that was performed excluding two additional TBI participants
with lesions that may have subtly affected cortical reconstruction
also revealed very similar results to the original between-group
comparison, with the exception that the LGI group differences did
not extend as far into the right dorsolateral frontal and right medial
inferior frontal regions (Supplementary Fig. S2).

ANCOVA revealed no difference in cortical surface area or
white matter volume between the two groups; however, a com-
parison of supratentorial brain volume (controlling for intracranial
volume) indicated that the TDC group had significantly larger brain

volume (1150.0+104.4 cm3) relative to the TBI group [1134.6+
100.9cm®), F(2, 33)=40.197, p<0.001].

Vineland-II scores were collected from a total of 16 participants
in the TBI group and 12 in the TDC group. The statistical brain map
of the correlation between LGI and Vineland-II Socialization do-
main scores (Fig. 3) demonstrates a negative correlation in right
dorsolateral, superior temporal, and medial prefrontal regions;
thus, lower Socialization scores are associated with increased
gyrification. There were no regions with positive correlations with
Socialization, and no significant correlations between LGI and
other Vineland-II domain or Adaptive Behavior Composite stan-
dard scores. There also was no significant correlation between
white matter volume and the Vineland-II Socialization score. Ad-
ditionally, no correlation was found between LGI and CVLT-C
scores or performance on the Category Switching trial of the
D-KEFS Verbal Fluency test; however, a negative correlation
was found between LGI in the left rostral middle frontal region
(p<0.005) and performance on the Inhibition/Switching trial of
the D-KEFS Color-Word Interference Test, such that increased
gyrification was associated with lower test scores (Fig. 4).

Finally, injury severity in the TBI group was positively corre-
lated with LGI in left medial temporal and occipital regions
(p=0.0001), such that higher GCS scores (i.e., less severe injuries)
were associated with increased gyrification in these regions
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Matched TDC

FIG. 2. Examples of gyrification patterns in two adolescents several years after pediatric TBI compared with two demographically-
matched adolescents in the TDC comparison group on conventional T1-weighted imaging. Note the irregular pattern and seemingly
deeper gyrification in the medial aspects of the frontal lobes (regions within the overlaid red circle) in the children with TBI versus their
age-, sex-, and SES-matched controls. TBI, traumatic brain injury; TDC, typically developing child; AAI, age at injury; AAS, age at
scan; GCS, Glasgow Coma Scale score. Color image is available online.

(Fig. 5). No negative correlations were found between injury
severity and LGI in any region.

Discussion

Itis well-known that dynamic changes in brain organization take
place over the course of the human lifespan, with cortical volume
increasing during childhood and decreasing during adolescence,
and white matter volume increases that appear to continue into
the third decade of life.*! Cortical re-organization has also been
observed throughout the lifespan, and it may be facilitated under
conditions of early development and in response to neural insult
by means of neuroplasticity.32 Higher LGI in other patient popu-
lations is associated with polymicrogyria and aberrant develop-
ment, but this is the first indication of altered cortical organization
as manifest by increased LGI following pediatric TBI. The cur-
rent findings suggest an altered pattern of expected development
in cortical organization in the TBI group, with changes in late-
developing frontal and parietal association areas. Such changes in
brain structure may underlie cognitive and behavioral deficits as-
sociated with TBI sustained in early childhood. Therefore, cortical
gyrification patterns may reflect the effect of biological processes
that underlie cognitive functioning,'> and disruptions of these bi-
ological processes may contribute to deficits in cognitive func-
tioning. Indeed, neurobehavioral changes in rodent models of
microgyria have been observed,” including increased suscepti-
bility to learning and memory deficits, auditory temporal proces-
sing, and working memory deficits.>**>

We found increased gyrification in regions implicated in social
cognition, social behavior, and emotional regulation, including

ventromedial, orbital and medial prefrontal cortex, anterior cingu-
late, dorsolateral prefrontal cortex, anterior superior temporal cortex,
and parietal association cortex.’>** According to brain-based
models of social cognitive development, these brain regions and
others undergo gradual maturation, beginning with regions such as
the fusiform gyrus, which subserve basic social functions such as
facial recognition and identification of emotions; regions such as the
medial prefrontal and superior temporal cortices regions mature la-
ter, gradually forming a network supporting more complex social
cognitive processes such as empathy, theory of mind and social
problem solving.*'** The maturational processes include morpho-
logical development, myelination, synaptogenesis, and later pruning
of synapses of the prefrontal cortex, in addition to protracted, linear
development of white matter within the anterior brain regions.°

In the current study, although the group level mean scores were
within an average range, the parent-rated Vineland-II scores
demonstrated a meaningful effect size for higher functioning in
the TDC group on the Communication domain, along with some-
what lower, moderate effect sizes for the Socialization domain and
Adaptive Behavior Composite. These observations suggest that
even after several years of recovery and development, children who
acquired a TBI at a young age may display poorer communica-
tion and social skills compared with their age-matched peers.
Lower Vineland-II Socialization scale parent ratings also corre-
lated with increased LGI in the right dorsolateral prefrontal and
anterior superior temporal regions. The uncinate fasciculus con-
nects the anterior temporal lobe with the orbitofrontal (:01'tex,43 and
though its function is poorly understood, the uncinate is thought to
be involved in emotional processing, memory, language functions,
and social cognition.** The uncinate fasciculus in the right
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FIG. 3. Relationship between Local Gyrification Index (LGI) and parent-rated Vineland-II Socialization domain scores. Blue regions
are indicative of significant negative correlation between increased LGI in the right medial, ventrolateral frontal, and superior temporal
brain regions and decreased Socialization scores on the parent-rated Vineland—II Adaptive Behavior Scale in both groups combined
(16 traumatic brain injury, 12 typically developing children). Color image is available online.

hemisphere, specifically, has been shown to play an important role
in the emotional empathy network.*’ Therefore, our results suggest
that increased LGI in the cortical regions connected by the unci-
nate may be related to the deficits in communication and social/
emotional functions observed in our sample of children with TBI.

From a different perspective, the Vineland-1I scores of the TBI
group were within normal range despite having sustained severe,
generally diffuse injuries during a period of rapid brain develop-
ment. Taken together with their reduced supratentorial brain region
volume, increased LGI may represent a compensatory mechanism.
Consistent with theoretical models of cognitive and social cogni-
tive development,*®*” which integrate brain region development
and environmental factors, the children who sustained early TBI
were raised in families with socioeconomic resources that did not
differ significantly from the TDC group; consequently, we would
not expect that recovery and acquisition of cognitive and social
cognitive abilities was further disrupted by a disadvantageous
environment in the TBI group.

Previously, some aspects of executive functioning were ob-
served to be stronger in the TDC group than the TBI group in
this cohort, including performance on the D-KEFS Color Word
Interference (Inhibition/Switching Trial),%® as well as was a me-
dium effect size (but no significant difference) in delayed verbal

memory performance.® In the current study, lower performance on
D-KEFS Color Word Interference (Inhibition/Switching Trial)
correlated with increased LGI in the left rostral middle frontal
cortex. Of note, gray matter volume of this region also cor-
relates with performance on this task,*® and executive function-
ing in general is often associated with frontal lobe integrity.
However, verbal fluency (category switching) and verbal memory
performance were not correlated with LGI in any brain region,
suggesting that cortical folding is not a good predictor of perfor-
mance in all cognitive domains. Further, given that the correlation
between LGI and performance on the Color-Word Interference test
was seen in the left rostral middle frontal region, whereas that
between LGI and social skill was seen in right medial, ventrolateral
frontal, and superior temporal brain regions, bi-directional causa-
tion between cognitive and social skill deficit is not likely. Given
the current findings, further study of the relationship between LGI
and cognitive functioning is warranted.

In some respects, the observed finding of greater cortical
folding and the association of a negative correlation between
cortical folding and functioning may seem counterintuitive, given
the expectation that greater cortical folding (presumably re-
presenting increased complexity of the underlying neural cir-
cuitry) would instead be associated with greater intelligence or
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FIG. 4. Relationship between Local Gyrification Index (LGI) and inhibition/switching scaled scores on the Delis-Kaplan Executive
Function System (D-KEFS) Color-Word Inhibition Test. Blue color highlighting is indicative of a negative correlation between
increased LGI in the left rostral middle frontal region and poorer inhibition/switching performance in both groups combined
(16 traumatic brain injury, 17 typically developing children). Color image is available online.

higher functioning.** However, there is evidence that cortical
folding during normal development typically appears to decrease
with age in adolescence,’*? during a period of time that is as-
sociated with increases in cognitive skills and functional level.
Specifically, in healthy children, developmental decreases in
brain surface complexity appear first in the occipital lobes and
move anteriorly as they mature into young adulthood.’” This ap-
pears to be consistent with the results of the current study, which
found alterations in LGI in medial frontal, dorsolateral frontal, and
parietal association areas, all of which are among the last regions to
develop in childhood and adolescence.>® Accordingly, we would not
expect to find increased LGI following later onset of TBI during the
preadolescent age range when reduction of cortical folding is typi-
cally ongoing. This view is consistent with evidence that severe TBI
is more disruptive when it occurs at an early stage of brain
maturation.>*

The inferior aspects of the frontal and temporal lobes are known
to be the most common location of cortical contusions following
TBI due to their proximity to the irregular inner surface of the
skull, which moors the dural covering of the brain under normal
circumstances but becomes a vulnerability to injury under high-
impact conditions.'"® However, the pattern of increased cortical
gyrification in the current study is less likely to be related to de-
formation of the cortex as a result of the injury itself, particularly

as the regions of increased cortical gyrification overlap only par-
tially with inferior frontal and temporal lobes. It is more likely that
the alteration in gyrification occurred as a pathological and/or
compensatory developmental response to injury.

Given that there was no significant difference in cortical surface
area between the two groups, despite reduced brain volume in the
TBI group, the present results suggest that an increase in gyrifica-
tion might allow for the development of increased cortical surface
area as a compensatory strategy. This interpretation of the in-
creased LGI in the early TBI group is broadly consistent with
studies of pre-term and very pre-term infants, where MRIs per-
formed at term demonstrated increased surface area in various brain
regions, including the right and left parietal regions, which pre-
dicted higher scores on the Bayley-III Cognitive and Language
scales, respectively, when measured at 2 years of age.>® In contrast
to surface area, the same study found that LGI was predictive of
Bayley scores in fewer brain regions, and the direction of the
correlation was inconsistent.’® In the present study we postulate
that higher LGI had compensated for the lower supratentorial brain
volume in the early TBI group, who were imaged during adoles-
cence; their cognitive functioning at the time of imaging is also
consistent with this view.

Alternatively, a possible mechanistic explanation for the in-
creased gyrification has been observed in William’s syndrome,
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FIG. 5. Relationship between Local Gyrification Index (LGI) and injury severity (i.e., Glasgow Coma Scale [GCS]) in adolescents
with traumatic brain injury (n=17). Warm color highlighting is indicative of a positive correlation between increased GCS and
increased LGI, suggesting that less severe injury (i.e., higher GCS) is associated with increased gyrification in the left medial temporal

and occipital regions. Color image is available online.

where small microvascular infarcts may affect gyral folding dur-
ing early cortical development.'! This can have implications for
altered cortical folding in pediatric TBI as well, given that micro-
vascular alterations have been observed following TBI, likely in
association with secondary hypoxic/ischemic events.>’
Limitations of the current study include the small sample size,
which restricted our ability to explore other factors such as sex
differences. This would be of interest for future research since
evidence from rat studies suggests that sex differences might exist
in relation to microgyria and neurobehavioral functioning.”® An-
other limitation was the retrospective nature of the current study,
with heterogeneity in age at injury and post-injury time intervals.
Larger studies that compared groups of children who sustained TBI
at different stages of development have found that trajectories of
cognitive functioning differ depending on age and severity of
TBI; severe injury during infancy had persistent, adverse effects
on intellectual development even 30 months later, whereas an in-
jury of comparable severity occurring later in childhood had a more
favorable recovery.” A recent study reported similar results, as
communication skills declined from 3 to 12 months post-injury
in infants, whereas performance improved over this time period in
toddlers.>* Severe TBI during infancy often has diffuse effects,
which disrupt development of brain regions and networks at a time
when cortical maturation and myelination are rapidly advancing.

These effects interfere with learning cognitive skills and often re-
sult in persistent cognitive impairment relative to age expectation;
however, long-term follow up over a decade has not confirmed
whether cognitive deficits emerge or worsen when the brain injured
child reaches the age when the cognitive ability in question is
typically established.®

Future studies may further explore the nature of developmental
changes in cortical organization over time, which will require
greater control over post-injury time intervals. The use of rating
scales of behavior is also less than ideal, as ratings may be more
subjective than standardized neuropsychological testing; however,
subjective rating scales often provide information that may not
be fully captured in neuropsychological testing. In the future, the
relation of neuropsychological performance to LGI should also
be further explored, especially in longitudinal studies. Finally,
similar future studies are necessary to further elucidate the con-
sistency of our findings, the relation of these changes to injury at
various levels of the severity continuum, and the mechanism
underlying our observations.

Conclusions

In summary, brain maturation includes both cortical thinning
(starting at about the age of puberty, ostensibly through synaptic
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pruning) as well as the re-organization of gyrification. Higher LGI
in other patient populations is associated with polymicrogyria and
aberrant development, but this is the first indication of altered cor-
tical organization following pediatric TBI. The current results
suggest that increased gyrification may occur in response to TBI in
early childhood, with changes in late-developing frontal and pari-
etal association areas. Such changes in brain structure may un-
derlie cognitive, behavioral, and social deficits associated with
early TBI. The specific mechanism and function of increased cor-
tical folding in response to early pediatric TBI remains unclear;
however, results of the present study suggest that increased gyr-
ification following early TBI may represent pathological develop-
ment and/or a compensatory mechanism that allows for typical
development of cortical surface area, despite reduced brain volume.
Longitudinal imaging and neuropsychological assessment of early
and later pediatric TBI cohorts would elucidate the mechanisms
underpinning LGI.
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