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Introduction: There is significant unexplained variability in behavioral and executive functioning after pediatric traumatic brain injury (TBI). Prior research indicates that there are likely genetic contributions; however, current research is limited. The purpose of this study is to use a systems biology informed approach to characterize the genomic signature related to behavioral and executive functioning ∼12 months after moderate through severe TBI in children.
Methods: Participants were from two prospective cohorts of children with severe TBI (Cohort #1) and moderate-severe TBI and an orthopedic injury (OI) group (Cohort #2). Participants included 196 children (n = 72 and n = 124 total from each respective cohort), ranging in age between 0–17 years at the time of injury. In total, 86 children had severe TBI, 49 had moderate TBI, and 61 had an OI. Global behavioral functioning assessed via the Child Behavior Checklist and executive function assessed via the Behavioral Rating Inventory of Executive Function at ∼ 12 months post injury served as outcomes. To test for a genomic signature, we compared the number of nominally significant (p < 0.05) polymorphisms associated with the outcomes in our systems biology identified genes to a set 10,000 permutations using control genes (e.g., not implicated by systems biology). We used the ToppFun application from Toppgene Suite to identify enriched biologic processes likely to be associated with behavioral and executive function outcomes.
Results: At 12 months post injury, injury type (TBI vs OI) by polymorphism interaction was significantly enriched in systems biology selected genes for behavioral and executive function outcomes, suggesting these genes form a genomic signature. Effect sizes of the associations from our genes of interest ranged from .2–.5 for the top 5% of variants. Systems biology analysis of the variants associated with the top 5% effect sizes indicated enrichment in several specific biologic processes and systems.
Discussion: Findings indicate that a genomic signature may explain heterogeneity of behavioral and executive outcomes after moderate and severe TBI. This work provides the foundation for constructing genomic signatures and integrating systems biology and genetic information into future recovery, prognostic, and treatment algorithms.
Keywords: traumatic brain injury, genomics, systems biology, pediatrics, long-term, behavior, executive function
INTRODUCTION
Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in children. Recovery is the result of a multitude of factors including injury-related, individual, social-environmental, medical, behavioral, therapeutic (e.g., physical, occupational, and speech therapy), and other factors as well as interactions among factors. (Abecasis et al., 2001; Kenzie et al., 2017; Petranovich et al., 2020; Kenzie et al., 2022; Kurowski et al., 2022). However, why outcomes differ so markedly remains unexplained and a definitive model of recovery is lacking. Emerging research suggests that genetics likely influence recovery; yet, there continue to be critical gaps in understanding the nature of these associations and which genes/gene pathways are most salient. (Reddi et al., 2022). A better understanding of the influence of genetics on recovery could help to elucidate unexplained heterogeneity and lead to individualized prognosis and management of individuals at risk for prolonged neurocognitive and behavioral problems who may require closer monitoring and more aggressive intervention.
Genetics are believed to influence brain injury recovery. Based on human and animal studies, genes involved in neurotransmitter, inflammatory, neurogenesis, and neural repair signaling, among other pathways, have demonstrated associations with outcomes after traumatic brain injury. (Kurowski et al., 2019; Treble-Barna et al., 2020; Cortes and Pera, 2021). However, most prior studies have taken narrow approaches to evaluating a single or a few genetic variants with an array of outcomes, including behavior, cognition, mortality, global functioning, and post-traumatic seizures. (Kurowski et al., 2017a; Kurowski et al., 2019). Effect sizes of these candidate approaches are modest at best and this prior research indicates that it is unlikely that a single gene or genetic variant will explain most outcomes. Highly varied TBI outcomes may be analogous to complex traits for which the effects of multiple genes or variants in concert with environmental influences will explain recovery more fully than narrow candidate gene approaches. (Goddard et al., 2016). Systems biology approaches represent a potential way to understand the complex relationships among multiple genes and outcomes. Systems biology methods represent a balance between breaking a system down into smaller parts (reductionism) and understanding how the parts work together to function as a whole (synthesis). (Hillmer, 2015). Additionally, prior TBI work using a systems biology approach suggests that a genomic signature involving multiple genes associated with brain injury recovery-related processes might better explain the heterogeneity in recovery after TBI than narrow or candidate gene approaches. (Kurowski et al., 2019).
The current multi-cohort, international project described in this manuscript uses a system biology and genomic approach, combined with gene-set enrichment methods to elucidate whether brain injury recovery genetic variants are associated with behavioral and executive function outcomes after moderate and severe pediatric TBI. We hypothesized that a genomic signature, characterized by genes linked to biologic processes critical to TBI recovery, would be more likely to be associated with neurobehavioral outcomes than a set of genes not linked to such processes. To ensure we were capturing associations specific to the brain injury, we also tested whether these genomic associations differed between children with TBI and an orthopedic injury (OI) control group of children. This project is a critical first step toward understanding whether a system of genes enriched with biologic processes important to brain injury recovery can be used to explain heterogeneity in neurobehavioral outcomes after moderate and severe pediatric TBI. Combining system biology methods, genetic association, and gene-set approaches allows for insights to be drawn from smaller sample sizes and represents an approach that is likely able to characterize the contributions of multiple genes in biologic systems important to TBI recovery, a systems-biology informed genomic signature of recovery.
MATERIALS AND METHODS
Design: The present study combines participants from two prospective cohorts of participants with pediatric TBI or OI who were approached after participation in one of two larger TBI cohorts to consent to provide DNA for genetic analysis. The first cohort was enrolled from the larger Ohio Head Injury Outcomes (OHIO) study, which included children aged 3–7 years hospitalized following moderate to severe TBI or IU recruited from three tertiary care children’s hospitals and one tertiary care general hospital in Ohio. (Taylor et al., 2001; Stancin et al., 2002; Taylor et al., 2002; Wade et al., 2002; Yeates et al., 2002; Schwartz et al., 2003; Kurowski et al., 2016; Kurowski et al., 2017b; Kurowski et al., 2019; Treble-Barna et al., 2020; Rempe et al., 2022; Treble-Barna et al., 2022; Treble-Barna et al., 2023). The second cohort was enrolled from the larger Approaches and Decisions in Pediatric TBI (ADAPT) trial, an international comparative effectiveness trial of ICU interventions in children aged 0 to <18 years with severe TBI. (Bell et al., 2022; Kochanek et al., 2022). Table 1 outlines inclusion criteria for the OHIO and ADAPT studies.
TABLE 1 | Inclusion criteria for cohorts from which participants were recruited.
[image: Table 1]Participants: Inclusion criteria for the OHIO study were overnight hospitalization for traumatic injury (TBI or OI), age between 3 and 7 years at time of injury, no evidence of child abuse as the cause of the injury, no history of prior TBI, documented neurological problems, or developmental delays pre-injury, and English as the primary language spoken in the home. TBI severity was determined using the lowest post-resuscitation Glasgow Coma Scale (GCS) (Teasdale and Jennett, 1974) score and clinically obtained neuroimaging findings. Severe TBI was defined as a GCS score ≤8. Moderate TBI was defined as a GCS score of 9–12 with or without abnormal neuroimaging (moderate TBI) or a higher GCS score with abnormal neuroimaging as defined by an intracranial or parenchymal injury or depressed skull fracture. Children in the OI group sustained a bone fracture (not including skull fractures), had an overnight hospitalization, and did not exhibit alterations in consciousness or other signs or symptoms of head trauma or brain injury. Participants included in the ADAPT trial consisted of youth who were ages 0 to <18 years at time of injury and sustained a severe TBI as defined by a Glasgow Coma Scale (GCS) score ≤8; who were admitted to the pediatric intensive care unit (PICU) and underwent placement of an intracranial pressure (ICP) monitor. (Bell et al., 2022; Kochanek et al., 2022). Children that sustained a less severe injury (GCS >8) or did not survive the injury prior to consent were excluded. Attempts were made to contact all participants from each cohort to consent for collection of saliva samples and completion of outcomes assessment. All study activities were completed in accordance with the Helsinki Declaration, approved by the institutional review boards at participating sites, and parental/guardian consent was obtained in accordance with the Declaration of Helsinki. Figure 1 illustrates the participants included in the present analysis: Total n = 196, OI n = 61, Moderate TBI n = 49, Severe TBI n = 86. Table 2 compares the characteristics of participants by injury group. Models were developed using these injury groups consistent with prior research examining outcomes after pediatric TBI. (Kurowski et al., 2016; Treble-Barna et al., 2017; Kurowski et al., 2019; Treble-Barna et al., 2020; Treble-Barna et al., 2022; Treble-Barna et al., 2023).
[image: Figure 1]FIGURE 1 | Flow chart for participants included in the analysis. The flow chart characterizing the inclusion of participants in analysis from the ADAPT and OHIO Cohorts.
TABLE 2 | Participant characteristics by injury type.
[image: Table 2]Outcome Measures: Executive Functioning: The Behavior Rating Inventory of Executive Function (BRIEF) (Gioia et al., 2002; Vriezen and Pigott, 2002; Gioia and Isquith, 2004; Karunanayaka et al., 2007; Power et al., 2007; Wozniak et al., 2007; Muscara et al., 2008a; Muscara et al., 2008b; Conklin et al., 2008; Merkley et al., 2008; Sesma et al., 2008; Walz et al., 2008; Chevignard et al., 2009; Donders et al., 2010) preschool (2 - <6 years), school age (6 - < 18 years) and adult (>18 years) versions were used to assess executive functioning. The BRIEF has been well validated in pediatric TBI. (Gioia et al., 2000; Gioia and Isquith, 2004; BRIEF Behavior Rating Inventory of Executive Function, 2021). The global executive composite (GEC) T score served as the measure of executive function behaviors, with higher scores indicating greater executive dysfunction. Behavior: The Child Behavior Checklist (CBCL) (Fletcher et al., 1990; Ewing-Cobbs et al., 2004; Beebe et al., 2007; Chapman et al., 2010) was used as the primary behavioral measure in the study. The CBCL–infant/toddler was used for children ages 1.5–5 years, and the CBCL - child was used for children >5 years. The CBCL total problems T score was used as the measure of behavior problems to provide a comprehensive assessment of parent-reported internalizing and externalizing behavior problems across domains, with higher scores indicating more behavior problems. Both measures were proxy-reports completed by parent/guardian. Measures were administered by research staff for each cohort at ∼ 1 year post injury (Mean = 1.08 years, IQR: 1.0–1.3). Pearson correlation analysis between measures indicated high correlation (r = .81).
Genetic Sample Collection: Collection of saliva samples occurred via mail or through an additional in-person visit. Samples were checked to ensure adequate quality of DNA purification. If problems were noted with the purification, attempts to repeat collection of the sample were undertaken. The Oragene (DNA Genotek, Ottawa, Ontario, Canada) DNA Self-collection kit was used. (Nunes et al., 2012). DNA was extracted using the manufacturer’s recommended procedure for Oragene samples. DNA from saliva was extracted on a Promega Maxwell 16 nucleic acid extractor (Promega Corporation, Madison, WI) according to manufacturer’s instructions. Extraction was performed via magnetic bead-based protocol. Following extraction, genomic DNA was assayed on a Lunatic nucleic acid quantification System (Unchained Labs, Pleasanton, CA) for quality and quantity. Completion of DNA extraction and genotyping was performed using the genetics core at CCHMC. Genotyping for OHIO cohort was done using the HumanExome v1.1 Bead Chip (Illumina, San Diego, CA) and for ADAPT cohort we used the Omni 2.5 Omni2.5-8v1.5 chip (Illumina, San Diego, CA) in accordance with manufacturer’s protocols. (Fan et al., 2003; SNP Genotyping and Copy Number Analysis, 2023).
Data quality control and genetic variant imputation and annotation: Prior to conducting any genetic analysis, we examined the genetic data for rare and poor quality genetic variants. To be included, we required a minor allele frequency of at least 10%, ≥95% at a SNP level and 90% at participant level to be assigned a genotype for each variant. Variants were excluded if Hardy-Weinberg equilibrium was violated (p < 10–4) to reduce chance for aberrant associations. (Turner et al., 2011). Testing for cryptic relatedness was done using graphical representation of relationship (GRR). (Abecasis et al., 2001). Prior to statistical analysis, we also examined the distribution and quality of the outcome data on the CBCL and GEC. Imputation and Annotation: Variants from both chips that passed quality control were submitted for imputation using the TOPMed Imputation Server on the NIH BioData Catalyst using the TopMed R2 reference panel. (TOPMed Imputation ServerFree Next-Generation Genotype Imputation Service, 2024). A total of 1,088,732 variants were submitted for imputation from the Omni2.5-8v1.5 and 248,886 variants from the HumanExome v1.1Bead Chip. In the imputed data, we removed variants with an Rsq <0.95 and a minor allele frequency less than 10%. Our final dataset included 1,984,163 imputed variants, which corresponds to 2,708 genes. Annovar software (Wang et al., 2010) was used to annotate genetic variants. We excluded intergenic variants, defined as variants with more than 5,000 base-pairs from the closest genes. See Figure 2 for single nucleotide polymorphism processing flow chart.
[image: Figure 2]FIGURE 2 | Single nucleotide polymorphism chip processing flow. Single nucleotide polymorphism gene chip processing flow diagram. Final dataset included 1,984,163 single nucleotide polymorphism after quality control, processing, and imputation. SNP, single nucleotide polymorphism, MAF, minor allele frequency, HWE, Hardy Weinberg Equilibrium violated at p < 0.0001, QC, quality control, ANOVAR, Analysis of Variance.
System biology pathways and processes to identify case and control gene-sets: Information from a literature review was used to identify known TBI-associated genes. (Kurowski et al., 2017a). In this prior work, 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 A1 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 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 (WWC1). These 18 genes represented our known or “training” gene list. The training gene list was then evaluated using a systems biology platform, ToppGene Suite. (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). The ToppGene methods are described in detail elsewhere and we refer the reader to these methods (https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-8-392#Sec15). (Chen et al., 2007) ToppGene was used to identify brain injury recovery related biologic processes and pathways using the training set of genes, and then additional genes, i.e., “case” genes (exclusive of the training set), likely to be highly related to brain injury recovery related biologic processes were identified. The case genes were ranked based on their functional similarity to the training set using the ToppGene application with default parameters. (Chen et al., 2007). The functional similarity between the training and case genes was computed using a variety of gene annotations: pathways, biological processes, phenotype, literature, protein interactions, and co-expression as described previously. (Chen et al., 2007). Control gene set identification: To identify a control set of genes, i.e., genes unlikely related to brain injury recovery, we used results from the ToppGene Suite analysis described above to identify genes not enriched in biologic processes and pathways associated with brain injury recovery.
Analytic methods: We combined systems biology and genetic association testing methodologies to evaluate whether genes/variants associated with biologic processes critical to TBI recovery (i.e., training plus “case” gene set) were more likely to demonstrate associations (i.e., enrichment) with behavioral and executive function outcomes compared to genes/variants not associated with these biologic pathways (i.e., control gene set).
Genetic ancestry: Because continental ancestry is a potential confounder for genetic association studies, we used a set of Ancestry Informative Markers (AIMs) to estimate continental ancestry using principal components (PC) analysis (Patterson et al., 2006). The 1000G data were used as an anchor for continental ancestry. (1000 Genomes Project Consortium et al., 2015). Ancestral populations were divided into Ad Mixed American, African, East Asian, European, and South Asian following 1000G super population classification. Using ancestral population categories allowed for consistent comparison across participants from different countries. We evaluated the scree plot to empirically determine the number of PCs, and found one PC was sufficient for representing genetic similarity (PC1).
Demographic and outcome measure comparison between groups: Sex, genetic similarity (PC1), age at injury, time since injury at follow-up, CBCL, and GEC scores were compared between TBI and OI groups and the two cohorts using two-sample t-tests for continuous variables or Chi-squared tests for categorical variables.
Model development: Prior to the genetic analyses, we used multivariable regression to identify potential covariates. The primary goal of the non-genetic models was to use covariates to account for non-genetic variation and then evaluate whether genetic factors account for substantial additional variation in outcomes. Initial non-genetic models developed for the CBCL and GEC outcomes incorporated demographics (age at injury, sex, genetic similarity (PC1), an interaction term between age at injury and sex, and injury group (3-levels moderate TBI, severe TBI, or OI). Inclusion of the interaction term of age at injury and sex accounted for significant variance in outcomes; therefore, age at injury, sex, and their interaction were carried forward in subsequent analyses. PC1 from the genetic ancestry analyses was included in all models. To ensure cohorts (ADAPT versus Ohio) from which participants were recruited did not add to variation in the model beyond the injury group, we investigated how inclusion of the cohort term affected the models. See Supplementary Table S1 for comparison of participants across injury group and cohorts (ADAPT and Ohio) from which they were recruited. Our analysis indicated that cohort (ADAPT versus Ohio) did not account for substantial additional variation beyond the injury group variable in models based on R-squared change (R-square change <0.2% and p > 0.5); therefore, only the injury group term was included in final models. Genetic models included a genetic variant term, the interaction term between group and genetic variant, in addition to variables in the non-genetic model. To test for genetic variant association, we used linear models to test for association of each variant as well as variant x injury group interaction (to test whether a SNP’s association with outcome differed by 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. To provide effect size estimates, we standardized all continuous variables (M = 0, SD = 1) prior to analyses and obtained parameter estimates based on the final model for each dependent variable. The resulting coefficients are akin to standardized regression coefficients for continuous predictors and to standardized mean differences (e.g., Cohen’s d) for categorical variables. Because standardized regression coefficients can be scaled to correlations (Cohen, 1988), we used conventional definitions of effect size to characterize the magnitude of standardized parameter estimates for continuous predictors (i.e., 0.1 is small, 0.3 is medium, and 0.5 is large). Likewise, we used conventional definitions of effect size for mean differences to characterize the magnitude of parameter estimates for categorical predictors and any interactions involving them (i.e., 0.2 is small, 0.5 is medium, 0.8 is large). Analyses were conducted using PLINK version1.9. (Purcell et al., 2007).
Gene-set analyses were performed using R software (http://www.R-project.org) to test whether there was a greater number of genetic associations present in the case vs control set of genes. 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 system biology-based rankings to create subsets of the larger set of ranked genes to determine if a more restrictive list was sufficient. We created subset 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 top 10% of ranked genes), etc., until all training and case genes were 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 genes 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%. 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 (North et al., 2002), the case genes at these percentile epochs were considered to be enriched for genes/SNPs associated with each outcome individually. While we recognize that many of the nominally associated genes are false positive associations 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). Therefore, we did not correct for multiple testing among the cumulative subsets of variants as these are not mutually exclusive subgroups. The 10,000 matched control runs (for each comparison group) ensures that the p-value accounts for the number of variants tested. Separate analyses were performed for the behavioral and executive function outcomes.
Precision biologic process identification based on genetic association analysis: To identify what genes/pathways contributed the largest effects more precisely on outcomes, we explored whether genes associated with variants having the top fifth centile of effect sizes with behavioral and executive function outcomes in this analysis continued to implicate prior biologic processes identified. We used the ToppFun application from Toppgene Suite (Chen et al., 2009) to identify which biologic processes were significantly enriched and likely to be associated with behavioral and executive function outcomes. Benjamini–Hochberg (Galwey, 2023; Yang et al., 2024) correction was used for multiple testing in the gene-enrichment analysis.
RESULTS
Genetic data were collected from 196 participants (Table 2). The median age was 5.7 years (IQR 4.3–7.2), 103 were female. Based on genetics, 74% were European descent, 17% were African descent, 8% had other ancestry. The ADAPT cohort was older on average than the OHIO cohort. The OI group had lower (better) scores on the CBCL and GEC compared to the TBI groups.
Gene-set analysis results: For the CBCL total at 12 months post injury, we found significant enrichment for the injury group by variant interaction across multiple deciles of ranked genes. The number of significant brain injury recovery ranked variants associated with total behavior problems was greater than expected by chance at the 95 percentile compared to the control set of genes (Figure 3). When evaluating the cumulative effect of these ranked genes, we find that across all deciles (Figure 3A), the number of nominally significant SNPs in genes within the ranking, represented as dots in Figure 3A, are higher than the control set. The incremental effect (Figure 3B) supports enrichment within the fifth, 10th, 15th, 30th, 80th, and 100th centiles. These results suggest that the genomic signature, i.e., aggregate signal from the ranked genes, accounted for substantial variability in total behavior problems and significantly by injury group. For executive function behaviors (GEC) at 12 months post injury, cumulative enrichment effects for the injury group by variant interaction for our ranked genes were less robust than the CBCL model (Figure 3C). The incremental effect supports enrichment at the fifth, 20th, 30th, 50th, and 100th centile (Figure 3D).
[image: Figure 3]FIGURE 3 | Gene-set analysis and genetic enrichment. The vertical axis is the number of nominally significant variants (p < .05). The horizontal axis represents the centiles based on ranked genes from the systems biology approach. The centile lists 5% (training set plus top 5% of ranked genes), 10% (training set plus top 10% of ranked genes), etc., until all (i.e., 100%) training and case genes were included, thus, these lists are described as percentiles of case genes. The dot represents the number of significant genetic variants by injury group interactions identified in the case set of genes. The box and whisker plots represent the distribution of the significant variant by injury group interactions identified in the control set of genes. When the dot is above the whisker, this pattern represents enrichment in the case set of genes. That is, it represents the 95% confidence cut-off at which there is a greater number of variants by injury group interactions in the case set of genes than expected when compared to the control set of genes. Panels (A, C), represent cumulative number of genetic variants by injury group interactions and panels (B, D), represent the within centile relationship. Panels (A, B) are the Child Behavior Checklist (CBCL) outcome and panels (C, D) are the Behavioral Rating Executive Function (BRIEF) Global Executive Composite (GEC) outcome.
To further characterize the relationship of genes with outcomes, we evaluated the standardized effect sizes of the variants in our case set of genes (Table 3). Most variants had small effect sizes. For the interaction effect, there were a modest number of variants with small to medium effect sizes. When considering the main effect in the TBI group, the effect size distribution was also small to medium, see Table 3. Of note the CBCL outcome was associated with more variants in the medium effect size range than the GEC. These small and medium effect size magnitudes are consistent with the concept that the overall genetic influence on outcomes after TBI is driven by the combined contribution of multiple genes.
TABLE 3 | Variant effect size magnitude range for interaction and TBI only models and the number of associated genes.
[image: Table 3]Known and novel biologic processes identified from data: Functional enrichment analysis using the ToppFun application of the ToppGene Suite of the genes most highly associated (i.e., genes with effect sizes in the top fifth centile) with outcomes in the interaction and TBI only models indicated a high association with several expected and potentially novel biologic pathways and processes. We used the top fifth centile of the ranked genes for each outcome. A comparison of these genes across outcomes showed modest overlap, suggesting overlapping but non-identical genomic signatures for behavioral and executive function outcomes (Figure 4). However, these gene sets shared several pathways and biological processes suggesting the contribution of different genes to the same pathway or biological processes (Figure 5). Learning/memory, synapse organization, axonogenesis, behavior, and inflammatory response related biologic pathways were highly implicated as contributing to outcomes.
[image: Figure 4]FIGURE 4 | Venn diagram demonstrating overlap genes associated with genetic variants in the top 5% for effect size magnitude. The venn diagram demonstrates the magnitude of overlap among genes associated with genetic variants in the top 5% effect sizes for the genetic variant by group interaction (CBCL 5 and GEC 5) models and main effect models of variants within the TBI only (GEC_TB 5I and CBCL TBI_5) groups for both the behavioral (CBCL) and executive function (GEC) outcomes. This diagram indicates there is modest overlap in the genes across these models. 12 genes were common across all the models.
[image: Figure 5]FIGURE 5 | Heat map of select enriched features across the models. Heat map demonstrates the hierarchically clustered biological processes, pathways, phenotypes (rows) significantly enriched across the models using the interaction term genetic variant by injury group (CBC 5 and GEC 5) and main effect (GEC_TBI and CBC TBI_5) only TBI models (columns) for both the behavioral (CBC) and executive function (GEC) outcomes. Genetic variants demonstrated the most association with learning or memory, synapse organization, axonogenesis, cognition, behavior, and inflammatory response across all four models. Enrichments were performed using the ToppFun application of the ToppGene Suite and the heatmap was generated using the Morpheus application (https://software.broadinstitute.org/morpheus) with color intensity and size of the circles being proportional to the significance (negative log p-values). Complete list of enrichment results are included in the Supplementary Table S1.
DISCUSSION
Our results demonstrate that a genomic signature, linked to a priori defined TBI recovery biologic systems, was associated with behavioral and executive function outcomes after pediatric TBI. This project evaluated the association of a genomic signature, measured using a genome-wide SNP chip, with behavioral outcomes in participants with moderate and severe pediatric brain injury compared to an orthopedic injury group. Consistent with our hypothesis, the genomic signature was differentially associated with outcomes after TBI. Notably, the majority of effect sizes were modest, supporting an oligogenic/polygenic genetic inheritance contributing to recovery. As such, there is likely a need to move away from single variant or even single gene-based effects in TBI-genetic investigations because single or narrow gene or variant models are unlikely to be informative without taking into account broader genomic effects. Considering the genes in aggregate, the results suggest that there are multiple biologic pathways important to TBI recovery, with patterns of gene-enrichment highlighting learning/memory, synapse organization, axonogenesis, behavior, and inflammatory response related biologic pathways. These results support the value of using a systems biology informed genomic approach to elucidate genetic determinants of TBI recovery and to provide insight into candidate biologic pathways to explore.
We found that we could detect a genomic signature associated with behavioral and executive function outcomes that differed. The genomic signature approach described here is novel. It is informed by system biology insights that identified genes associated with biologic pathways and processes important to TBI recovery and evaluated the cumulative association of many genetic variants to behavioral and executive function outcomes after moderate to severe pediatric TBI. The findings from this study build on prior work examining the influence of inflammatory polygenic risk scores on behavioral outcomes after pediatric TBI and the combined influence of several dopamine-related polymorphisms on outcomes after pediatric brain injury. (Treble-Barna et al., 2017; Treble-Barna et al., 2020). The genomic signature approach is a more genome focused and moves the field beyond single candidate variant/gene approaches and even risk score approaches that typically consider a very small number of variants in the genome. Further, the genomic signature approach described here benefits from system biology insights. Our primary genomic signature was based on the interaction between injury type and genetic variants. Using a typical single variant approach, researchers would evaluate in more detail to understand the nature of the interaction. However, in this genomic approach we are considering hundreds to thousands of variants jointly (>1 million) in the models and it is outside the scope of this analysis to deconstruct the individual interaction terms. The interaction indicates differential effects by injury type and analyses are hypothesis generating, not hypothesis testing in this case. Examining a single variant misses the larger context of the genomic signature. Indeed, we expect that for some variants the interaction may be that associations become stronger with increasing severity and others become weaker, while others may have opposite effects for severe vs non-TBI groups. Rather, the fact that the injury type by variant genomic signature is significantly enriched in our systems biology informed gene set suggests that the genomic signature is not simply capturing behavioral outcomes broadly, but rather, it is specifically capturing aspects of the heterogeneity in outcomes.
This study also provides insight into the pattern of the association of genetic factors with behavioral and executive function outcomes. Since the CBCL and GEC are known to be highly correlated (r = .81 data for this manuscript), it was expected that the pattern of genomic associations with these outcomes would be similar. However, the case genes were more consistently associated with the behavioral problems assessed by the CBCL compared to the executive function behaviors measured by the GEC. This novel observation indicates that associations of genes with different neurobehavioral outcomes are overlapping, but there are observable differences in the genes associated with different types of neurobehavioral outcomes after pediatric TBI. More broadly, this finding suggests that there may be genetic factors that could differentiate between behavioral and executive functioning as measured by the CBCL and BRIEF GEC, respectively. This observation has potential implications for considering how genetic factors might influence executive and behavioral functioning in typically developing children and other congenital and acquired conditions. (Greene et al., 2008; Gaysina, 2022).
Further, apart from leading to new insights into the biological underpinnings of outcomes after TBI, the systems biology guided approach used will encourage the development of new and innovative research on the pathways and biological processes that have been hitherto understudied in TBI outcomes and recovery. Specifically, we found that the majority of effect sizes identified were modest. This finding is consistent with findings from other GWASs of complex traits. However, it has substantial implications for TBI recovery genetic studies. To ensure that one is powered to detect modest effect sizes at the genome wide significance threshold, beyond 100,000 participants may be required. To minimize the risk of false positive associations, candidate genes/variants may be selected. However, the selection of candidates may be biased. To overcome this concern, we leveraged a systems biologic approach which considers multiple lines of evidence in determining the relationship between genes. Additionally, the systems biology approach, apart from partially addressing the limitations of the conventional gene-based approaches, can have direct implications to translational research including biomarker and drug discovery process. Combining genomic, systems biology, and detailed phenotyping has the potential to change the field and move from genetic to genomic-based approaches. Using this approach, genes harboring the largest effect sizes were associated with several shared biologic processes. The processes most strongly associated with the genomic signature were learning/memory, synapse organization, axonogenesis, behavior, and inflammatory response related biologic processes (Figure 5; Supplementary Table S2).
Consistent with prior work, the biologic processes associated with the genomic signature have also been identified as important biologic processes in TBI recovery in model organism studies. Cellular processes important to remapping of neural circuits include axonal sprouting, synaptogenesis, and synaptic pruning (i.e., synapse organization and axonogenesis). (Yu et al., 2016; Cortes and Pera, 2021). Further, injury related processes, like inflammatory response, are critical biological responses to injury that are the precursors to repair. (Marion et al., 2018; Cortes and Pera, 2021). The recovery process also invokes cellular based mechanisms important to learning and memory, including long-term potentiation and dendrite formation. (Marion et al., 2018; Cortes and Pera, 2021). This is the first pediatric TBI genomic study to create a genomic signature linked to critical brain injury recovery processes.
Limitations: Although one of the largest genetic studies in pediatric TBI to date, a main limitation to this study is the limited sample size; however, the significance of the approach used is the ability to perform genome wide studies for outcomes for a complex phenotype that are challenging to collect tens of thousands or more participants. The limitations, in this regard, are that we used the liberal nominal threshold for significance, so many of the variants identified may have simply been associated due to chance. However, by comparing a set of selected genes to a control set of genes, we controlled for this error. Nonetheless larger sample sizes may provide increased specificity for associations. The study also only included individuals that survived moderate and severe TBI, thus we are unable to make conclusions on the association of genetics with survival. Participants were recruited across two cohorts; therefore, there is potential for an unaccounted difference that may introduce bias; however, because models with and without a cohort specific variable did not significantly differ, it is likely that the cohort effect is nonexistent or very minimal. Further, because this study focused only on individuals that survived a moderate and severe brain injury, conclusions about whether the association of genetics with outcomes would be similar in milder TBIs, non-traumatic brain injuries or other trauma populations is unclear. Other limitations include the lack of longitudinal data, so we are unable to evaluate the association with changes in behavior and executive function over time after injury. Pre-injury measures of outcomes are unavailable; therefore, it is difficult to discern how pre-injury behavioral and executive function impacted outcome assessment at ∼12 months post injury. A large proportion of participants in the ADAPT cohort did not participate in genetic sample collection and longer-term outcome assessment; therefore, there is potential bias related to those who participated in the longer-term data collection. Participants in this study were primarily English speaking. There may also be unknown variations in acute and longer-term treatment approaches within and between the groups. In regard to polymorphism and gene selection, we selected the top 5 centile for the effect size because we felt like the number of genes to consider for enrichment analyses was optimal. The concern about a 1% threshold was that there would have been too few genes and likely driven by sporadic findings. A 10th centile was considered, but the number of genes may have been too many and would have generated more noise and been uninformative. Additionally, due to the complex nature of TBI recovery, genetic contributions are likely a combination of the small effects of many genes rather than any particular gene, therefore, we attempted to balance being too stringent and being too inclusive and creating unintended noise. We would expect that changing the number of genes considered could impact the results but did not test this formally. Despite these limitations, these findings indicate there is a high likelihood that a genomic signature of TBI can be identified, even in a diverse sample. Larger studies are needed to begin to define nuances and move toward a more individual, precision-based medicine approach.
Future directions: Future work will need to continue to evolve toward more polygenic and genomic approaches to understand the complex interplay among genes, associated polymorphisms, and outcomes after TBI. While prior TBI-genetic studies have noted modest effect sizes, they were still limited to a single gene or a handful of genes. Our systems biology approach demonstrates that there are many genes contributing to TBI outcomes, and these genes underpin or are enriched in certain biologic processes. Future genomic research should focus on these biological processes with the goal of potentially identifying genetic signatures of TBI recovery. This manuscript uses foundational methods that combine systems biology and genetic association methodology and provides the field with a path toward identifying genomic signatures to inform prognostication and future precision medicine approaches in pediatric TBI. Additionally, methods that combine environmental and polygenetic and genomic approaches will be needed to move the field closer toward precision prognosis and management. Epigenetic approaches should also be considered in the future along with performing analyses to understand the association of genetics with endophenotypes, like structural and functional brain imaging. (Bigos et al., 2016; Dixson et al., 2018; Greene et al., 2008; Gaysina, 2022). Studies focused on mild TBI populations are also needed. A next step in the evolution of this project would potentially be a larger scale study that includes more diverse population, the spectrum of TBI severity (mild to severe), environmental factors, and a combined omics approach that includes expression and epigenetic information in addition to genomic factors. Collecting a larger sample would be resource intensive and would require coordination and collection of common data elements (McCauley et al., 2012; Catroppa et al., 2023; Fitzgerald et al., 2023) to fully reach its potential. Collection of a diverse population regarding injury severity, demographic, and environmental factors can elucidate the heterogeneity in recovery after TBI. The current study provides a methodologic framework to use in such a larger study. Elucidating the association of genetic factors with outcomes after pediatric TBI is nascent and will require team-based science approaches to truly move the field forward.
CONCLUSION
This project builds on prior work and indicates that using a genomic signature approach may help to explain heterogeneity of behavioral and executive function after moderate and severe pediatric TBI. This work provides the foundation for integrating genomic signatures into future recovery, prognostic, and treatment algorithms for pediatric TBI. It also has implications for future studies attempting to elucidate the association of genetics with outcomes after brain injury more broadly as well. These findings indicate there is great promise to using system biology and genomic approaches to better elucidate how genetic factors influence recovery after TBI. Further exploration of the results indicate that genes associated with axonal guidance biologic pathways are potentially highly involved in long-term cognitive and behavioral outcomes after pediatric TBI.
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Participant 37 years at time of injury, no evidence of child abuse as the cause of the | Ages 0 to <18 years at time of injury and sustained a severe TB. Children

characteristics injury, no history of prior TBI, documented neurological problems, or | that sustained a less severe injury (GCS >8) or did not survive the injury
developmental delays pre-injury were excluded

Hospitalization Overnight stay in hospital Admitted to intensive care unit with intracranial pressure monitoring

characteristics

TBI severity definition | Glasgow Coma Scale (GCS) score and clinically obtained neuroimaging | Glasgow Coma Scale (GCS) score <8
findings. Severe TBI was defined as a GCS score <8. Moderate TBI was
defined as a GCS score of 9-12 with or without abnormal neuroimaging
(moderate TBI) or a higher GCS score with abnormal neuroimaging as

defined by an intracranial or parenchymal injury or depressed skull
fracture

Non-TBI group Orthopedic injury group sustained a bone fracture (ot including skull | None
fractures), had an overnight hospitalization, and did not exhibit
alterations in consciousness or other signs or symptoms of head trauma or
brain injury

Geographic location | United States, specifically Ohio United states, maultiple states, and international

Language English primary language Primarily English, but mixed
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Characteristi Overall, N = 196° Ol Moderate, N = 492 867 p-value

Sex 04
Female 103 (53%) 30 (49%) 23 (47%) 50 (58%)
Male 93 (47%) 31 (51%) 26 (53%) 36 (42%)
Age at injury, years 57 (43,72) 52 (4.2,6.0) 52 (4.1, 6.1) 103 (4.7, 13.9) <0.001
Time since injury, years 108 (10, 12) L11 (11, 12) 116 (11, 12) 104 (10, 1.1) <0.001
Ancestral populations 02
Ad Mixed American 11 (5.6%) 1(16%) 2(4.1%) 8 (9.3%)
African 34 (17%) 9 (15%) 11 (22%) 14 (16%)
East Asian 2 (10%) 0 (0%) 0(0%) 2 (2.3%)
European 146 (74%) 51 (84%) 36 (73%) 59 (69%)
South Asian 3 (15%) 0 (0%) 0(0%) 3 (3.5%)
Ethnicity 07
Hispanic or Latino 6 (3.1%) 3 (4.9%) 2(4.1%) 1(12%)
Non-Hispanic or Latino 165 (84%) 58 (95%) 47 (96%) 60 (70%)
Missing 25 (13%) 0(0%) 0/(0%) 25 (29%)
CBCL 50 (41, 59) 41 (38, 50) 52 (42, 57) 56 (47, 65) <0.001
Missing 4 0 0 4
BRIEF 53 (43, 63) 45 (41, 52) 55 (42, 61) 60 (50, 70) <0.001
Missing 3 0 0 3

" (%); Median (IQR).
"Pearson’s Chi-squared test; Kruskal-Wallis rank sum test; Fisher’s exact test.
Demographic and descriptive data of participants in the analysis. CBCL, child behavior checklist; BRIEF, behavior rating inventory of executive function.
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Total 403,824 2,708 403,824 2,708

*Effect size to characterize the magnitude of standardized parameter estimates for continuous predictors and main effects is as follows: 0.1 is small, 0.3 is medium, and 0.5 is large. Likewise,
conventional definitions of effect size for mean differences to characterize the magnitude of parameter estimates for categorical predictors and any interactions involving them is s follows: 02is
small, 0.5 is medium, 0.8 s large. SNPs_interaction = number of variants associated with each effect size magnitude for the interaction model; Genes interaction = number of genes associated
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