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Objectives: To test whether genetic associations with behavioral outcomes after early
childhood traumatic brain injury (TBI) are enriched for biologic pathways underpinning
neurocognitive and behavioral networks.

Design: Cross-sectional evaluation of the association of genetic factors with early
(~ 6 months) and long-term (~ 7 years) post-TBI behavioral outcomes. We combined
systems biology and genetic association testing methodologies to identify biologic
pathways associated with neurocognitive and behavior outcomes after TBI. We then
evaluated whether genes/single nucleotide polymorphism (SNPs) associated with these
biologic pathways were more likely to demonstrate a relationship (i.e., enrichment)
with short and long-term behavioral outcomes after early childhood TBI compared to
genes/SNPs not associated with these biologic pathways.

Setting: Outpatient research setting.

Participants: 140 children, ages 3-6:11 years at time of injury, admitted for a TBI or
orthopedic injury (Ol).

Interventions: Not Applicable.
Main Outcome Measures: Child behavior checklist total problems T score.

Results: Systems biology methodology identified neuronal systems and
neurotransmitter signaling (Glutamate receptor, dopamine, serotonin, and calcium
signaling), inflammatory response, cell death, immune systems, and brain development
as important biologic pathways to neurocognitive and behavioral outcomes after TBI.
At 6 months post injury, the group (TBI versus Ol) by polymorphism interaction was
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significant when the aggregate signal from the highest ranked 40% of case gene
associations was compared to the control set of genes. At ~ 7 years post injury, the
selected polymorphisms had a significant main effect after controlling for injury type when
the aggregate signal from the highest ranked 10% of the case genes were compared to
the control set of genes

Conclusions: Findings demonstrate the promise of applying a genomics approach,
informed by systems biology, to understanding behavioral recovery after pediatric TBI.
A mixture of biologic pathways and processes are associated with behavioral recovery,
specifically genes associated with cell death, inflammatory response, neurotransmitter
signaling, and brain development. These results provide insights into the complex biology

of TBI recovery.

Keywords: traumatic brain injury, genetics, systems biology, pediatrics, behavioral outcomes

BACKGROUND

Traumatic brain injury (TBI) is one of the most common
causes of morbidity and mortality in children and young adults
(Bruns and Hauser, 2003; Faul et al., 2010; Faul and Coronado,
2015; Popernack et al., 2015; Taylor et al, 2017). Behavior
problems constitute a predominant aspect of post TBI morbidity
(Arciniegas and Wortzel, 2014; Max, 2014; Babikian et al,
2015; Kennedy et al., 2017). Neurocognitive and behavioral
issues, including attention problems, poor processing speed,
and internalizing and externalizing behavioral problems, are
among the most burdensome sequelae long-term after TBI and
have a significant impact on everyday function (Babikian et al.,
2015). Various injury-related, host, and environmental factors
are linked to behavioral outcomes after injury (Babikian et al.,
2015). However, a comprehensive biopsychosocial model of
recovery is lacking, specifically an understanding of the role of
genetic factors.

The role of genetics in behavioral recovery after TBI is
incompletely understood. Research on the association of genetic
factors with behavioral and cognitive outcomes after TBI is
growing, in both adults and children (Diaz-Arrastia and Baxter,
2006; Jordan, 2007; Dardiotis et al., 2010; McAllister, 2010,
2015; Kurowski et al., 2012; Weaver et al, 2012; Davidson
et al., 2014; Lipsky and Lin, 2015; Kassam et al.,, 2016). Prior
work demonstrated associations of inflammatory, dopamine,
neuroplasticity, cognitive, and cell metabolism-related genes
and polymorphisms with outcomes after brain injury (Weaver
et al., 2012; McAllister, 2015; Kurowski et al., 2017a). However,
this prior work is primarily limited to narrow evaluations of
a candidate gene and single polymorphism (Kurowski et al.,
2017a). Based on the modest effect size of the associated variants,
any one candidate gene or polymorphism is unlikely to explain
substantial variation in recovery. Rather, many genes and variants
are likely to contribute to recovery after brain injury (McAllister,
2015). Therefore, alternative approaches that consider multiple
genes or polymorphisms are needed to characterize the role
of genetic factors in outcomes after brain injury. Similarly,
broader systems-level perspectives, rather than reductionist

perspectives, that consider all elements of a particular system
are needed for genetic studies (Ideker et al, 2001). Studies
of genetic association for complex traits indicate that multiple
biologic pathways are likely to underlie any given genetic
association (Hirschhorn, 2005).

Within the field of TBI recovery, narrow genetic approaches
focusing on a single variant at a time have predominated
(Kurowski et al., 2012, 2017a). However, emerging research
suggests that recovery after TBI is a complex trait and
is influenced by multiple genes plus environmental factors
(McAllister, 2015; Kurowski et al., 2017a,b; Treble-Barna et al.,
2017c). As such, any one variant is likely to have a relatively
modest effect given the probability that good or poor recovery
reflects a complex interplay of many genes, each with modest
effects. Recovery after TBI likely is influenced by a complex
neurodevelopmental network of genes. An integrative, systems-
biology based approach may help to improve the understanding
of how a network of genes, rather than one or only a few genes, is
associated with recovery. Such an approach also would provide
novel insights into the biologic processes and networks that
influence recovery (Kurowski et al., 2017a).

We hypothesized that the genes associated with behavioral
recovery from TBI will be enriched for biologic pathways
underpinning complex neurocognitive and behavioral networks.
To test this hypothesis, we combined systems biology and
traditional genetic association testing to identify biologic
pathways or systems associated with early and later behavior
outcomes after early childhood TBI. Based on a systematic
review of primarily candidate gene association studies in the
TBI literature and a systems biology informatics approach, we
previously identified overrepresentation of gene variants in two
primary biologic processes related to broad clinical outcomes
following TBI: response to injury (cell proliferation, cell death,
inflammatory response, cellular metabolism) and neurocognitive
and behavioral reserve (brain development, cognition, and
behavior) (Kurowski et al, 2017a). In the present study,
we conducted a gene-enrichment analysis, in combination
with systems biology methodology, of prospectively collected
observational data. We hypothesized that single nucleotide

Frontiers in Genetics | www.frontiersin.org

May 2019 | Volume 10 | Article 481


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kurowski et al.

Genetics Behavior TBI Systems Biology

polymorphisms associated with early (~6 months post injury)
and long-term (~7 years post injury) behavioral outcomes
would be enriched within genes belonging to neurocognitive
and behavioral processes or pathways identified through use
of systems biology methodology. We also expected to identify
novel genes and polymorphisms likely important to these
neurocognitive and behavioral processes that have not yet been
evaluated in relation to TBI recovery.

METHODS

Design

Cross-sectional evaluation of early and long-term behavioral
outcomes in a longitudinal cohort of children with orthopedic
injuries (OI) and TBIs.

Participants

Children who sustained a TBI or OI from age 3 to age
6 years, 11 months were recruited from three tertiary care
children’s hospitals and one tertiary care, general hospital in
Ohio (Yeates et al., 2010; Wade et al., 2016; Treble-Barna et al.,
2017a). Inclusion criteria included hospitalization overnight for
traumatic injury (TBI or OI), no evidence of child abuse as
the cause of the injury, no history of documented neurological
problems or developmental delays preinjury, and English as
the primary language spoken in the home. Severity of TBI was
characterized using the lowest post-resuscitation Glasgow Coma
Scale (GCS) score (Teasdale and Jennett, 1974). GCS scores range
from 3-15, with lower scores indication a more severe injury.
Severe TBI was defined as a GCS score less than or equal to 8.
Moderate TBI was defined as a GCS score of 9-12 with or without
abnormal neuroimaging or a higher GCS score with abnormal
neuroimaging as defined by an intracranial or parenchymal
injury or depressed skull fracture. Mild TBI was defined as a
GCS score > 13 without abnormal neuroimaging. The OI group
included children who sustained a bone fracture (not including
skull fractures), had an overnight stay in the hospital, and did not
exhibit alterations in consciousness or other signs or symptoms
of head trauma or brain injury. The study was completed in
accordance with Institutional Review Board (IRB) guidelines.
Written informed consent was obtained in accordance with the
Declaration of Helsinki. Written parental/guardian consent was
obtained for all participants.

Measures

Parents completed the age-appropriate form of the Child
Behavior Checklist (CBCL) (Achenbach and Rescorla, 2001). The
CBCL is a parent-report measure of child behavioral adjustment
and possesses high test-retest reliability and criterion-related
validity. We used the age- and sex-standardized Total Problems T
score to assess child behavioral adjustment early (~6 months post
injury) and long-term (~ 7 years post injury) after injury. The T
score is normed for age and sex, with an average score of 50 and
standard deviation of 10. Higher scores reflect poorer behavioral
adjustment. The CBCL is a National Institute of Neurological
Disorders and Stroke (NINDS) recommended common data

elements for pediatric TBI and well-validated for the pediatric
TBI population (McCauley et al., 2012).

DNA Collection, Genotyping, and
Quality Control

DNA was collected from saliva samples and purified using the
Oragene OG-500 self-collection tubes (DNA Genotek, Ottawa,
Canada) (Abraham et al., 2012). The HumanExome v1.1 Bead
Chip (Illumina, San Diego, CA) was used to perform genotyping
using the Illumina iScan. SNPs from the sex chromosome,
mitochondrial, and indels were excluded from analysis. Quality
of SNP calls from the chip were also evaluated. SNPs that failed
Hardy Weinberg Equilibrium (p <0.0001) or had minor allele
frequencies below 10% were excluded. Thresholds for quality
control for call rates at individual and SNP levels were 99 and
90%, respectively. Combined Annotation Dependent Depletion
(CADD) was used to annotate SNPs with respect to associated
gene and type of variant (Kircher et al., 2014). SNPs located
in intergenic regions and not associated with a specific gene
according to CADD annotation were also excluded prior to
analysis. The exome chip comprised 542,585 variants initially,
and 134,527 variants remained after exclusions (Figure 1).

Analyses Overview

We combined systems biology and genetic association testing
methodologies to evaluate whether genes/SNPs associated with
neurocognitive and behavior-related biologic pathways were
more likely to demonstrate a relationship (i.e., enrichment)
with short and long-term behavioral outcomes after early
childhood TBI compared to genes/SNPs not associated with these
biologic pathways.

Demographic and Outcome Measure
Comparison Between and Within
Participants With and Without TBI

Sex, race, age at injury, age at short-term follow-up, age at long-
term follow-up, zSES, GCS, CBCL total problems short-term and
CBCL total problems long-term were compared between TBI and
OI groups using an independent t-test for continuous variables
or chi-squared test for categorical variables. Comparison between
CBCL total problems short-term and CBCL total problems long-
term within groups was completed using a paired ¢-test. A level
of significance was established at alpha = 0.05.

System Biology Platform

Information from a literature review was used to identify
known TBI-associated genes (Kurowski et al., 2017a). Based
on this review,18 genes were identified that previously showed
an association with neurocognitive and behavioral outcomes
after TBI:(Kurowski et al, 2017a) angiotensin I converting
enzyme (ACE), adenosine Al receptor (ADORA1), Ankyrin
repeat and kinase domain contacting 1 (ANKK1), apolipoprotein
E (APOE), BCL2, apoptosis regulator (BCL2), brain derived
neurotrophic factor (BDNF), BMX non-receptor tyrosine kinase
(BMX), catechol-O-methyltransferase (COMT), dopamine beta-
hydroxylase (DBH), fatty acid amide hydrolase (FAAH),
glutamate decarboxylase 1 (GAD1), glutamate ionotropic
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Variants on chip
542,585

|

Unique variants
535,372

|

Autosomal variants
519,762

l

Autosomal variants
w/oindels 507,318

l

Variants submitted to
CADD 239,518

|

Variants assigned to genes by CADD
(21,256 genes)
134,527

Repeats removed
7,197

Non-autosomal

¢ Sexchromosomes 15,197
¢ Mitochondrial 413
Indels 12,444

Quality control exclusions
Monomorphic: 185,318
MAF less than 10% 80,470
pHWE less than 0.0001 1,835
Call rate less than 90% 177

Variants w/o gene assignment
104,991

FIGURE 1 | Quality control flow diagram and selection of genes and variants on exome chip to be used in analyses.

receptor NMDA type subunit 2A (GRIN2A), monoamine
oxidase A (MAOA), NADH dehydrogenase, subunit 1 (MT-
ND1), NADH dehydrogenase, subunit 3 (MT-ND3), neuroglobin
(NGB), solute carrier family 6 member 4 (SLC6A4), WW and
C2 domain containing 1 (WWCI1). These 18 genes represented
our known or “training” gene list. The training gene list was
then evaluated using a systems biology platform, ToppGene
Suite, to identify biologic pathways likely associated with brain
injury recovery. Using these brain injury recovery and brain
injury-related biologic pathways, additional genes, i.e., case genes
(exclusive of the training set), likely to be highly associated with
these brain injury recovery and brain injury-related biologic
pathways were compiled. The case genes were ranked based on
their functional similarity to the training set using the ToppGene
application (ToppGene Suite) with default parameters (Chen
et al., 2007). ToppGene Suite is a comprehensive platform used
for gene set enrichment analyses and machine learning-based
candidate gene ranking (Chen et al., 2009). Functional similarity
among training and case genes was computed using a variety
of gene annotations: pathways, biological processes, phenotype,
literature, protein interactions, and co-expression.

Control Gene Set Identification
To identify a control set of genes, ie., genes not related to
TBI outcomes or associated with biologic systems or pathways

implicated in TBI, we used results from the ToppGene Suite
analysis described above to identify genes unlikely to be related
to TBI outcomes or brain injury-related biologic processes.

Genetic Association Analyses
Analyses were conducted using PLINK v.07 (http://pngu.mgh.
harvard.edu/purcell/plink) (Purcell et al., 2007). Prior to analyses,
child outcome data were reviewed and reduced according to the
following rules to limit the potential influence of outliers: (1)
participants with changes in outcome scores between the short-
term and long-term time point that exceeded three standard
deviations of change were excluded from respective analyses (n =
0); and (2) outcome scores of T > 90 (4 standard deviations above
the normative mean) were Winsorized to 90 (n = 1) (Treble-
Barna et al., 2017c). Prior to genetic analyses, cryptic relatedness
(i.e., genetic similarly between individuals indicating unexpected
relationship) was checked using Graphical Representation of
Relationship (GRR) (Abecasis et al., 2001). Principal component
analysis was employed to confirm European and African
continental ancestry using 482 validated ancestry informative
markers (Tandon et al., 2011). Concordance with self-reported
race was > 95%.

To identify significant SNPs, we used linear models for
association of each SNP as well as SNP X injury group interaction
(to test whether a SNP’s association with outcome differed by
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injury group). In all association tests, we used an additive
genetic model where major homozygotes were coded as 0,
heterozygotes as 1, and minor homozygotes as 2. Covariates
initially included the child’s pre-injury functioning on the CBCL
(i.e., retrospective rating of child’s behavior prior to injury) and
socioeconomic status (defined by averaging sample z scores for
maternal education and median census track income) (Yeates
et al., 2010) and were then trimmed if non-significant. The first
principal component from the ancestry analysis was included to
correct for population structure as it captured the vast majority
of variation. PLINK v.07 was used for association tests.

Gene Enrichment Analyses

Gene enrichment analyses were performed using R software
(http://www.R-project.org). Enrichment is indicated when a
greater number of genetic associations are present in case vs.
control genes. To test for enrichment, we compared the number
of associations in our case set that met the p < 0.05 threshold
to the number of associations meeting the same criteria in over
10,000 matched runs of our control set of genes. Given the large
number of case genes, we used the ranking from the systems
biology approach to create subsets of the larger set of ranked
genes in order to determine if a more restrictive list was sufficient.
We created subsets gene lists and the full gene list. These lists
include 0% (training set only), 5% (training set plus top 5% of
ranked genes), 10% (training set plus 10% of ranked genes of
ranked genes), etc., until all genes are included, thus these lists
are described as percentiles of case genes. We then selected sets
of control genes (for each set of case genes, 10,000 control gene
were selected for each set). SNPs for the control set were matched
to the case gene set on the ratio of minor allele frequency (MAF)
using MAF bands as follows: 10-15%; 15-20%:%; 20-30%:%;
30-50%. We then tested whether our outcomes were associated
with polymorphisms within our case and control genes. Using
the 10,000 matched runs from the control sets, we established
the 95th percentile for the number of associations expected by
chance. When the number of nominal (p < 0.05) associations in
the case genes exceeded the 95th percentile expected by chance,
the case genes at these percentile epochs were considered to
be enriched for genes/polymorphisms associated with outcomes.
While we recognize that many of the nominally associated genes
are false positive association due to an inflated family-wise error
rate, our question is whether there is enrichment of association
across the overall set of variants (rather than any specific variant).
The 10,000 matched control runs (for each comparison group)
ensures that the p-value accounts for the number of variants
tested. We did not correct for multiple testing among the subsets
of variants as these are not mutually exclusive subgroups.

RESULTS

Participants

Of the 221 participants enrolled in the original study, 140
provided DNA samples and had covariate and outcome data
available (Table 1). Participants with genetic data did not differ
significantly from those without genetic data in demographic
characteristics or on various study measures. Of those included

TABLE 1 | Demographics: participant characteristics by injury group.

(o]] TBI P
N=T1 N =69
Gender, n (%) 0.601
Male 37 (52.1) 39 (56.5)
Female 34 (47.9 30 (43.5
Race, n (%) 0.289
White 55 (77.5) 48 (69.6)
Non-white 16 (22.5) 21 (30.4)
Age at injury in years, 5.11 (1.06) 5.10 (1.15) 0.927
M (SD)
zSES, M (SD) 0.11 (0.95) —0.14 (0.99) 0.140
GCS, M (SD) NA 11.23 (4.45) NA
CBCL Total Problems 45.62 (11.80) 50.43. (13.63) 0.027
at injury, M (SD)
CBCL Total Problems 43.76 (9.22) 52.80. (13.86) <0.001
short-term, M (SD)
CBCL Total Problems 45.12 (10.87) 55.79 (12.96) <0.001

long-term, M (SD)

CBCL, Child Behavior Checklist; GCS, Glasgow Coma Scale; zSES, socioeconomic
Status z score.

in the present analyses, 10 had mild TBI, 43 had moderate TBI,
16 had severe TBI, and 71 had OIL The TBI and OI groups
did not differ significantly in race, sex, age at injury, age at
assessment, or socioeconomic status (Table 1). Children with TBI
had poorer behavioral adjustment than children with OT at both
the short-term and long-term assessments (Table 1). The CBCL
total problems short-term and long-term were similar within the
OI group (p = 0.7959), but increased at long-term time point
within the TBI group (p = 0.026). These results are consistent
with our prior reports based on the larger sample from this cohort
(Narad et al., 2016; Treble-Barna et al., 2017b).

Systems Biology Approach

After completion of genotyping and initial quality control, 13 of
the 18 original “training” set genes and 646 of 847 compiled case
genes (as described in Methods) were found to be represented
on the exome chip (Figure 2). Further, 16,648 control genes were
identified on the exome chip and 3,949 genes were excluded as
they demonstrated a potential relationship with TBI recovery or
TBI-related biologic processes, thus not fitting the criteria for a
case or control gene (Figure 2).

The 18 “training” genes and the ToppGene-ranked top 10%
of case genes (85/847) were also combined and functional
enrichment analysis was performed to characterize key biological
processes. Figure 3 depicts a network representation of selected
biologic processes identified as important to TBI neurocognitive
and behavioral recovery using ToppGene Suite. Enriched
biological processes and pathways included neuronal systems
and neurotransmitter signaling (Glutamate receptor, dopamine,
serotonin, and calcium signaling), inflammatory response, cell
death, immune systems, and brain development (see Figure 3
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Case genes Control genes Excluded genes
]
Training genes Ranked genes
18 847 51,00%
On chip after QC On chip after QC On chip after QC On chip after QC
13 646 16,648 3,949

FIGURE 2 | Number of case and control genes and excluded genes on exome chip after quality control (QC) was completed.

functional enrichment results can be found in Supplementary Table.

Neuronal
system
Glutamate
receptor DRD3 VLDLR PEX13 DRD1
signaling GABRA2
TYR DLG4 DRD5 NGF
Neurotransmitter SRR
signaling SNAP25 TH DRD4 SCN1A
CHRNA7
i PAFAH1B1GRIN1T  SYN1 MAPT
comT Dopamine PSEN2
! signaling
GAD1 AGT KCNMA1 DRD2 RELN
BRAF
MAOA
2 Synapse NOS1 DLG3  Npci CTNNB1
SLC6A4 assembly GRIA1
GRIN2A NLGN1 PAK1  GRIA3 NTRK1
APOE Serotonin IGF1 Candidate
Training set gpjF signaling GNAS CDK5 SLC18A2 KRAS genes - top
genes 4 St 10%
DBH = ACE2 TPH2 sLc6A3 NTRK2
NGB Calcium PRKCA
- signaiing PPP3CB ADRB2 CHRNA4 TSC2
ADQRM ITPR3
m Inflammatory HDC ATP2B2 KALRN KCND2
ACE response AR
C CHAT CDK5R1 PSEN1 AGTR2
- IL1RAPL1
Cell death LRRK2 GRIN2B GRIK1 GRIK2
ADORA2A
SOD1 NKX2-1  App KCNAB1
Immune ABAT
system NTF4 CASP3 GRM7 GRIN2D
PACS1
Ty SNCA MECP2 syNJy1 FMR1
development

FIGURE 3 | Network representation of select enriched biological processes, pathways and genes. Select enriched biological processes and pathways (o <0.05) are
represented as blue rectangles along with their associated training set genes (orange ellipse) and top 10% case genes (purple ellipse). Only genes (training or case
sets) that are associated with terms identified by ToppGene suite as being influential to brain injury recovery are shown in the network. Complete details of the

and Supplementary File for a complete list of enriched biological
processes and pathways).

Gene-Enrichment Analysis Results
Using the CBCL Total Problems score as the dependent variable,
the number of nominally associated SNPs in the case genes were

compared to number of associations expected to be identified by
chance in the control set of genes. At the early time point (~ 6
months post injury), the group (TBI vs. OI) by polymorphism
interaction was significant. At the 40th percentile and higher
centiles in the case set of genes, the number of SNPs associated
with the CBCL Total Problems score was larger than what was
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FIGURE 4 | Differential response to outcome by injury type (TBI vs. Ol) for short (A) and long (B) term of behavioral outcomes. Centiles represent the portion of case
genes used in the genetic association analysis: 0% includes that only the training list was included, 5th percentile includes the training list plus the top 5% highest
ranked genes, 10th centile includes the training list plus the top 10% of ranked genes and so forth until all ranked genes were included (i.e., 100th centile). Vertical axis
represents the number of single nucleotide polymorphisms. Box plots represent the number of significant SNPs in the 10,000 runs of control gene SNPs. The dot
indicates that number of nominal associations (p < 0.05) identified in case genes. Enrichment is indicated when a greater number of genetic associations are present
in case vs. control genes; therefore, when the number of associations in case genes (represented by the dot) exceeded the upper 95th percentile threshold in the run
of control genes. In panel A, at the 40th centile and above, the dot is above the 95th percentile indicating that there are more case-gene SNPs significantly associated
with short-term behavioral outcomes than what would be expected by chance, indicating enrichment. In panel B, the number of case gene SNP associations are
below number of associations in the control set, indicating that case genes are unlikely to be enriched for pathways specific to long-term behavioral outcomes after
TBI compared to Ol. Because this figure represents the point estimates for the interaction term of group (TBI vs. Ol) with SNPs, these findings demonstrate that there

is differential outcomes in the TBI vs. the Ol group in the short-term rather than the long-term.
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expected by chance (Figure 4, p range:0.004-0.043), indicating
that the aggregate association of case genes/polymorphisms is
larger compared to the control genes/polymorphisms and more
likely to be associated with differential behavioral outcomes in
those with TBI compared to OI over the first 6 months post
injury. At the long-term follow-up (~ 7 years post-injury),

the group (TBI vs. OI) by gene/polymorphism interaction
was not significant. This result indicates that it is unlikely
enrichment is present in case genes when evaluating whether the
case genes are associated with differential long-term behavioral
outcomes between the TBI and OI groups. However, the main
effect for SNPs was significantly associated with long-term
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behavioral outcomes after controlling for injury type (TBI vs.
OI). At the 10th percentile and higher centiles, the number
of SNPs associated with the CBCL Total Problems score was
larger in the case genes compared what is expected by chance
(Figure 5, p range: 0.001 to 0.033), indicating that the network
of genes/polymorphisms in the case genes is associated with
differential long-term behavioral outcomes after traumatic injury
(i.e., for both TBI and OI).

DISCUSSION

The results of this study suggest that behavioral outcomes
after early childhood TBI are associated with a combination of
genes underpinning an array of biologic processes, including
immune system functioning, inflammatory response, cell death,
neurotransmitter signaling (serotonin, dopamine, glutamate
receptor, and calcium signaling), and brain development. These
results indicate that a complex relationship exists among a
variety of genes, the biologic process they influence, and
behavioral recovery after early childhood TBI. The findings
suggest that an aggregate signal from a set of genes may provide
important insights to genetic influences on behavioral outcomes
of pediatric TBI.

It is likely that certain genetic factors will be differentially
associated with earlier and later outcomes after injury. Our results
indicate that the network of neurocognitive and behavioral
related genes evaluated in this work may be specific to shorter-
term behavioral outcomes after pediatric TBI. Later after injury,
genetic influences on behavioral outcomes did not differ between
TBI and OI groups although a network of genes was associated
with long-term behavioral outcomes regardless of injury type
(TBI or OI). This finding indicates that the network of genes
evaluated might be specific to shorter-term recovery after TBI
and long-term behavioral outcomes after any of sort of trauma
in general or may contribute to variations in behavior in the
population at large.

In agreement with the initial hypotheses, several genes that
have not previously been studied in TBI populations were
identified, indicating that a broader focus on the genetic
influences upon biologic processes or pathways might assist
in elucidating the aggregate genetic factors associated with
recovery after TBI and supports the concept that any one
gene is unlikely to be as important as a combination of genes.
These findings are in agreement with prior work that indicates
the biology of behavioral and psychiatric traits is incompletely
understood and most of the genes involved in behaviorally
related traits are difficult to predict a priori (Gelernter, 2015).
A better understanding of the systems or processes associated
with recovery from TBI may help to inform prognosis and
development of treatments that target a variety of biologic and
physiologic pathways. Overall, this early work demonstrates the
promise of applying a genomics approach, informed by systems
biology, to understanding behavioral recovery in the short- and
long-term after pediatric TBL

Our results suggest that behavioral recovery from TBI is
a complex trait. Complex trait is a term that refers to traits
that do not typically follow Mendelian inheritance patterns
(e.g., dominant, recessive, or sex-linked inheritance) (Manolio

et al., 2009; Gelernter, 2015). Complex inheritance patterns of
behavioral traits may be related to various factors, including
the presence of multiple risk alleles; gene-gene interactions;
epigenetic effects; and gene-environment interactions (Bookman
etal, 2011; Gelernter, 2015). Although not the focus of this study,
integrating broader consideration of how genes interact across
biological systems and with the environment will be critical
to understanding the complex nature of neurocognitive and
behavioral recovery after TBI.

A potential next step is to understand when certain biologic
processes are most critical in recovery after brain injury. That
is, linking gene profiles of biologic processes associated with
recovery with specific gene expression and proteomic factors over
time after injury (acute to chronic) would assist in characterizing
when these biologic processes are most critical for recovery.
For example, inflammatory processes may be critical acutely
and chronically after injury (Dalla Libera et al, 2011; White
et al., 2013; Juengst et al., 2015; Kumar et al.,, 2015; Witcher
et al., 2015; McKee and Lukens, 2016; Lagraoui et al., 2017),
whereas neurotransmitters and behavioral signaling may be more
important primarily later after injury (McAllister, 2009; Willmott
et al., 2013; Failla et al., 2015; Myrga et al., 2015, 2016; Kurowski
et al., 2017a,b; Treble-Barna et al., 2017c). Characterizing these
processes would be an important step toward determining when
specific treatments may have the greatest impact on recovery and
could also severe as a biomarker to provide a more proximal
measure of treatment benefits. Ultimately, optimal brain injury
treatment may require targeting multiple biologic processes at
various times post injury to maximize recovery.

Further, recovery after brain injury is associated with
a complex interaction among cellular, host, treatment, and
environmental factors (Adams et al., 2017; Kenzie et al., 2017,
2018). Thus, to move toward a true precision medicine approach,
an improved understanding how genetic and other biologic
factors interact with other host, injury-related, treatment, and
environmental factors to influence recovery will be critical. Age
at injury, sex, and environmental factors, such as parenting
style, may interact with genetic factors to influence recovery
(Treble-Barna et al., 2016; Kurowski et al., 2017b; Smith-
Paine et al, 2018). Prior work by our group demonstrated
that, in an adverse parenting environment, a catechol-o-
methyltransferase (COMT) polymorphism is protective in
regards to neurocognitive functioning 18 months after pediatric
TBI (Kurowski et al, 2017b) Integrating genetics, biologic,
psychosocial, environmental, and individual factors into analyses
to inform development of a comprehensive biopsychosocial
model of recovery would allow for better development of
individualized prognosis and treatment plans, but requires large-
scale, collaborative, multicenter studies (Cotter et al., 2017;
Kenzie et al., 2017).

Limitations and Considerations for

Future Studies

Several limitations should be considered when interpreting the
results from this study. Previous research was used in defining the
case set of genes; therefore, selection bias related to publication
bias of genetic reports may influence the results. Other influential
genes may not have been considered. This study also lacks a
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validation/replication cohort and replication of these findings
should be a focus of future research. An exome chip was utilized
in this study, and the genes and polymorphisms evaluated
were restricted to those polymorphisms represented on the
chip. Although difficult in practical terms, a GWAS approach
may help elucidate additional genes and pathways that may
have been missed. Imputation was also considered; however,
confidence in obtaining valid and reliable imputation was low
due the sparseness of the data available on the exome chip.
Additionally, since we were interested in evidence of overall
gene enrichment, rather than specific associations, imputation
is likely unwarranted. The study also focused on children with
mild to severe injuries; however, due to overall limited sample
sizes, subgroup analyses are not justified. Future studies should
consider how injury severity may or may not moderate genetic
association. Furthermore, limited sample sizes also precluded
consideration of other modifying factors, such as the family
environment. This study also focused on children injured at an
early age; therefore, generalization to other age groups should be
done cautiously. The outcome utilized represents parent/proxy
report of behavior; therefore, the association with self-report
or other objective measures of behavioral functioning are
uncertain. Future studies should also consider applying similar
methodology to identify genetic risks for specific behavioral
subtypes and other outcomes as well.

CONCLUSION

Recovery after TBI is complex, and multiple biologic processes
likely influence outcomes. Broader approaches that consider
a system or network of genes provides a perspective on
how genes in combination influence behavioral recovery after
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