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Background Factors such as age, pre-injury health, and injury severity, account for less than 35% of outcome vari-
ability in traumatic brain injury (TBI). While some residual outcome variability may be attributable to genetic fac-
tors, published candidate gene association studies have often been underpowered and subject to publication bias.

Methods We performed the first genome- and transcriptome-wide association studies (GWAS, TWAS) of genetic
effects on outcome in TBI. The study population consisted of 5268 patients from prospective European and US stud-
ies, who attended hospital within 24 h of TBI, and satisfied local protocols for computed tomography.

Findings The estimated heritability of TBI outcome was 0¢26. GWAS revealed no genetic variants with genome-
wide significance (p < 5£ 10�8), but identified 83 variants in 13 independent loci which met a lower pre-specified
sub-genomic statistical threshold (p < 10�5). Similarly, none of the genes tested in TWAS met tissue-wide signifi-
cance. An exploratory analysis of 75 published candidate variants associated with 28 genes revealed one replicable
variant (rs1800450 in the MBL2 gene) which retained significance after correction for multiple comparison
(p = 5¢24£ 10�4).

Interpretation While multiple novel loci reached less stringent thresholds, none achieved genome-wide signifi-
cance. The overall heritability estimate, however, is consistent with the hypothesis that common genetic variation
Abbreviations: TBI, Traumatic brain injury; GWAS, Genome wide association study; TWAS, Tissue wide association study; SNV,

Single nucleotide variant; GCS, Glasgow coma scale; GOSE, Glasgow outcome scale - extended; MRI, Magnetic resonance imaging

*Corresponding author at: Center for Genomic Medicine, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA

CPZN-6810, USA.

**Corresponding author at: Division of Anaesthesia, University of Cambridge, Box 93, Addenbrooke’s Hospital, Cambridge CB2

0NU, UK.

E-mail addresses: jrosand@partners.org (J. Rosand), dkm13@cam.ac.uk (D.K. Menon).
1 These authors contributed equally to this work.

www.thelancet.com Vol 77 Month March, 2022 1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.103933&domain=pdf
mailto:jrosand@partners.org
mailto:dkm13@cam.ac.uk
https://doi.org/10.1016/j.ebiom.2022.103933
https://doi.org/10.1016/j.ebiom.2022.103933


Articles

2

substantially contributes to inter-individual variability in TBI outcome. The meta-analytic approach to the GWAS
and the availability of summary data allows for a continuous extension with additional cohorts as data becomes
available.

Funding A full list of funding bodies that contributed to this study can be found in the Acknowledgements section.

Copyright � 2022 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Traumatic brain injury; Genome-Wide association study; Outcome; Recovery; Consortia
Research in context

Evidence before this study

Even the best multivariable prognostic models account
for »35% of inter-individual variability in outcome from
moderate-severe traumatic brain injury (TBI), and per-
form even worse in mild TBI. Correction for between-
centre differences, and more precise characterization of
injury severity (e.g., using MRI and blood-based bio-
markers) still leaves over 50% of outcome variation
unexplained. This suggests that host-specific factors,
not just injury severity, play important roles in outcome.
Highly penetrant rare genetic variants can cause life-
threatening brain swelling in response to trivial head
injury, and several candidate gene studies have offered
preliminary knowledge on the role of common variants
in TBI outcome. Recent systematic reviews concluded
that existing publications regarding the impact of
genetic variation on TBI outcome were limited by small
sample size, publication bias, and other shortcomings
of study design. In particular, there has been no rigor-
ously conducted, large, unbiased genome-wide associa-
tion study (GWAS) examining the impact of common
genetic variation on TBI outcome.

Added value of this study

We have conducted the first GWAS of TBI outcome,
using a sample size at least four times larger than any
previous study. The estimated heritability of the impact
of genetic variation on outcome was 26%, which is
within the range of common neurological diseases that
have recognised genetic associations. While none of the
associations in our analysis reached genome-wide sig-
nificance, several achieved statistical thresholds that
merit further investigation. A supplementary transcrip-
tome-wide association study (TWAS) of genetically reg-
ulated gene expression did not identify genes
achieving genome-wide significance, but identified sev-
eral biologically plausible associations.

Implications of all the available evidence

The heritability estimation confirms the hypothesis that
host genetic variation does indeed play a role in TBI out-
come. Nonetheless, even a sample size of »5000
appears to be underpowered to identify specific com-
mon-variant genetic effects in such a complex pheno-
type. The failure for replication of previously published

candidate single nucleotide variants (SNVs) or genes to
show a significant effect underlines the need for caution
in making inferences from candidate gene studies,
although they continue to have a clear role where there
is a strong biological rationale and a more quantifiable
outcome. The heritability estimate, along with identifi-
cation of associations through GWAS and TWAS analy-
ses at lower thresholds of significance, make a case for
extending the current meta-analysis with additional fol-
low-up studies to increase overall sample size and thus
power. Furthermore, the failure to demonstrate a clear
association with GOSE might indicate the need to addi-
tionally explore more precise outcomes directly related
to underlying biology.
Introduction
Traumatic brain injury (TBI) is a leading cause of mor-
tality and disability.1�3 While severity of initial injury
varies from mild to moderate to severe <35% of the
inter-individual variability in outcomes is explained by
injury severity, age, or pre-injury health.4,5 A fraction of
residual variability in outcome is attributable to practice
variation.6 The vast majority remains unexplained. Fac-
tors specific to the individual TBI victim likely play a
substantial role.

Genetic variation can have a potent effect on individ-
ual response to TBI.7,8 Mutations in CACNA1A or Na
+/K+ ATPase, for example, can cause life-threatening
brain swelling in response to trivial head injuries.9,10

The present study is the first step toward identifying
common genetic variants that modulate a person’s
response to TBI. Such variants offer the promise of
yielding novel targets for desperately needed therapies
that could dampen the “dose” of neurotrauma, or
improve the trajectory of recovery and ultimate func-
tional outcome.

Prior studies of TBI have been limited to small,
underpowered candidate gene association studies with
inconclusive and sometimes contradictory results.7,8

Major challenges in undertaking an appropriately pow-
ered GWAS in TBI include assembling sample sizes
with adequate statistical power, ensuring that phenotyp-
ing is harmonised across cohorts, and that outcome
assessment is uniform.
www.thelancet.com Vol 77 Month March, 2022
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The International Traumatic Brain Injury Research
(InTBIR, https://intbir.nih.gov) initiative has generated
well-characterized study cohorts with detailed clinical,
neuroimaging, and outcome assessment, and blood
banked for genetic analysis. The two largest InTBIR
studies: CENTER-TBI11 (Collaborative European Neuro-
Trauma Effectiveness Research, https://www.center-tbi.
eu) and TRACK-TBI12 (Transforming Research and
Clinical Knowledge in TBI, https://tracktbi.ucsf.edu)
utilized the NIH/NINDS Common Data Elements
(https://www.commondataelements.ninds.nih.gov), to
ensure harmonization. Smaller cohorts from Cam-
bridge (UK), Turku (Finland), and Mass General Brig-
ham (MGB; Boston, USA) which banked DNA have
also collected such standardized phenotypic data.

These groups formed the Genetic Associations in
Neurotrauma (GAIN) Consortium to perform the first
GWAS and transcriptome-wide association study
(TWAS) in TBI. In addition, we report a targeted analy-
sis of previously reported TBI candidate gene variants.
Methods
Data are reported in compliance with STREGA13 guide-
lines (Supplementary Materials). Individuals included
were recruited between 2000 and 2018 at 78 centres in
Europe (CENTER-TBI, Cambridge, and Turku) and the
US (TRACK-TBI and MGB) (Supplementary Methods).
All patients presented to hospital with TBI within 24 h
of injury, and underwent head CT imaging. Outcomes
were measured using the extended Glasgow Outcome
Scale (GOSE), ranging from 1 (dead) to 8 (upper good
recovery), measured 6 months post-TBI. For individuals
in CENTER-TBI and TRACK-TBI in whom GOSE at 6
months was missing, but GOSE was measured at
another time point within one year of the injury, miss-
ing 6-month GOSE values (499/2455 in the core CEN-
TER-TBI and 274/1672 in the TRACK-TBI cohort) were
imputed using a Markov multi-state model exploiting
available longitudinal GOSE measurements. Used
multi-stage approach relies on Markov assumptions
and allows to model the probability of transitions
between GOSE states and outperforms alternative panel
imputation methods as discussed in detail by Kunz-
mann et al.14 Where no GOSE values were available at
any time point, patients were excluded from the analy-
sis. TBI severity was specified using the Glasgow Coma
Score (GCS), with TBI classified as mild (GCS 13-15),
moderate (GCS 9-12), or severe (GCS 3-8).

To account for the effect of injury severity on out-
come, we used sliding dichotomization15 to categorize
outcome as favourable or unfavourable. A GOSE � 4
was used to define an unfavourable outcome for
patients with either moderate (GCS 9-12) or severe
(GCS 3-8) TBI, while the unfavourable group was
extended to patients with GOSE � 7 if they had mild
www.thelancet.com Vol 77 Month March, 2022
(GCS 13-15) TBI (Supplementary Methods, Supplemen-
tary Fig. 1).
Genotyping
Genotyping was completed at FIMM Technology Center
for CENTER-TBI, Cambridge, Turku patients and the
Broad Institute for TRACK-TBI, using the Illumina
Global Screening Array (GSA-24v2-0 +Multi-Disease).
The MGB cohort were genotyped using Illumina’s
Multi-Ethnic Global array (MEGA) and the pre-releases
forms, including MEGA and MEGA-Ex arrays at Illu-
mina at the MGB Translational Genomics Core. A uni-
fied quality control procedure was applied for each
study cohort and the array-based genotypes were
imputed using the Haplotype Reference Consortium16

panel. Details regarding genotyping and imputation are
in the Supplementary Methods.

TBI patients’ ancestry were determined by self-
reports and confirmed through principal components
(PCs) calculated based on the genotypes of the study
population combined with the genotypes of the 1000
Genomes17 reference data (Supplementary Methods).
The final data set contained 4710 individuals of Euro-
pean ancestry. TRACK-TBI patients clustered to the
1000 Genomes Africans (n = 245) and Admixed Ameri-
cans (n = 313) ethnic groups were included in the trans-
ethnic GWAS meta-analysis, allowing us to constitute a
multi-ethnic cohort of 5268 individuals. Target sample
size was not defined a priori, but was the largest com-
bined cohort of well-phenotyped patients with out-
comes, and DNA that satisfied quality control
requirements.
Genome-wide association analysis and meta-analysis
Genome-wide single-marker scans were performed
using a penalized likelihood-based Firth logistic regres-
sion, and implemented in PLINK18 v2.0. Using favour-
able outcome as reference, models were fitted on the
basis of imputed allelic dosages. Age, sex, major extra-
cranial injury (MEI) (Supplementary Methods), and
pupillary reactivity were included as covariates, also the
first 10 PCs to reduce the confounding effect introduced
by population structure. Study cohort (CENTER-TBI,
Cambridge, Turku) was an additional covariate in the
CENTER-TBI GWAS.

Fixed-effects meta-analysis of the three European
ancestry GWAS was performed using METAL.19 For
trans-ethnic meta-analysis, summary statistics of five
GWASs in patients of European, African and Admixed
Americans were aggregated via MR-MEGA20 v.0.1.6. To
examine associations with isolated TBI, we undertook a
secondary analysis confined to patients without the con-
founding effects of MEI.

For the genome-wide meta-analyses, significance
was set at p < 5£ 10�8 and a second, less stringent,
3
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sub-genome-wide significance level of interest at p <

10�5. Analysis details are provided in the Supplemen-
tary Methods.
Candidate gene analyses
We performed further in silico analysis of single nucleo-
tide variants (SNVs) in 28 genes identified through sys-
tematic review of published candidate gene studies
(Supplementary Table 5). The majority of these studies
had been conducted with small sample sizes (n < 100).
We examined associations in candidate genes if SNVs
could be imputed with minor allele frequency (MAF) >
1% in all three study cohorts. We applied a Bonferroni
corrected significance of 6¢67£ 10�4 (0¢05 / 75 SNVs
tested).

For APOE,8 individuals were assessed as e4 carriers
and non-carriers (rs429358 and rs7412). We assessed
the impact of e4 on outcome (both sliding dichotomy
approach and the range of ordinal GOSE) across the
entire cohort and by TBI severity subsets. Pearson’s chi-
squared test was used to identify differences in outcome
distribution between APOE e4 carriage groups.
Transcriptome-wide association study
Genetically regulated gene expression (GREx) was
imputed using a regression model fitted on a separate
gene expression database, consistent with standard
approaches.21�23 Elastic net models provided by
PrediXcan24,25 for all available GTEx brain tissues and
whole blood were used (Supplementary Table 2).
Imputed SNVs were pre-filtered by imputation quality
(INFO > 0¢8 for CENTER-TBI, R2

> 0¢8 for TRACK-
TBI and MGB) and MAF > 1%. The resulting number
of distinct genes per tissue for which genetically regu-
lated gene expression could be imputed is given in the
Supplementary Table 2. The overall number of unique
genes and transcripts for which genetically regulated
gene expression is available in at least one tissue is
15104 (39¢7%). Tissue-specific Bonferroni-corrected sig-
nificance level of 0¢05 based on the number of imputed
genes per each tissue was used.

For TWAS, we used the same sliding dichotomy
model for outcome with the same set of covariates as in
the GWAS, but PCA components were replaced with
the top five PCs of the respective gene expression data.
The same set of 28 candidate genes separately assessed
were also studied in TWAS. We were unable to examine
seven genes (ABCB1, AQP4, IL1A, IL1B, IL6, MBL2, and
OPRM1) because they were not available in any of the
tissues of interest with PrediXcan.
Ethics statement
For the main CENTER-TBI cohort ethical approval was
obtained separately within each country. As an example,
permission in the UK was obtained from the National
Research Ethics Committee East of England � Norfolk
(12/EE/0395) - other national ethical approvals are
detailed on the CENTER-TBI website (https://www.cen
ter-tbi.eu/project/ethical-approval). The historical Cam-
bridge cohort was recruited with ethical permission
from Cambridgeshire Research Ethics Committee
(REC 97/290), the Turku patients based on approval
from the review board of the Hospital District of
Southwest Finland (decision 68/180/2011). Ethical
approval for the TRACK-TBI study was provided by the
San Francisco General Hospital Panel Institutional
Review Board (IRB #: 12-09465; Reference #: 313687).
The MGB study was performed in compliance with
the privacy and data protection regulations as defined
by the Mass General Brigham Biobank (IRB #:
2017P002397). Further details are available in the Sup-
plementary Methods.
Role of funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, and
writing of the report.
Results
Subjects were predominantly men (53-75% across
cohorts), with a mean age ranging from 34 to 61 years.
The majority (59-91% across cohorts) of cases had
mild TBI (GCS 13-15). Differences in TBI severity were
associated with differences in GOSE in each cohort:
mortality was between 2% and 10%; combined death
or severe disability between 9% and 25%; and com-
plete recovery between 24% and 41% (Table 1, Supple-
mentary Table 1).
Genome-wide association meta-analyses
Primary analysis. 4710 individuals of European ances-
try were included from CENTER-TBI (n = 3187),
TRACK-TBI (n = 1114) and MGB (n = 409). Heritability
estimate (liability scale) of TBI outcome was h2

g = 0¢26.
Following post-imputation data quality control (INFO >

0¢4 or R2
> 0¢4, MAF > 1%), we assessed associations

of 7246366 imputed autosomal variants common to all
three datasets in 2509 unfavourable and 2201 favour-
able TBI outcome patients. Individual contributory
study-level Manhattan plots are presented in the Supple-
mentary Fig. 2. The results were combined using a
fixed-effect meta-analysis (the genomic inflation factor,
λ = 0¢983). No genetic variant reached genome-wide sig-
nificance (p < 5£ 10�8) (Figure 1), but we detected 83
variants in 13 loci associated with TBI outcome, which
met a less stringent, pre-specified sub-genome-wide
threshold of interest (p < 10�5) (Table 2). All but one
(rs1047208 in MYO1D gene) of these signals were
www.thelancet.com Vol 77 Month March, 2022
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CENTER-TBI* TRACK-TBI MGB

Ancestry European European African Ad Mixed American European

Patients (n) 3187 1114 245 313 409

Age (mean [sd; range]) 47 (19; 16-80) 44 (18; 18-90) 39 (15; 18-76) 34 (13; 18-72) 61 (17.5; 15-95)

Sex: female 952 (30%) 343 (31%) 83 (34%) 78 (25%) 191 (47%)

Major Extracranial Injury 1173 (37%) 208 (19%) 50 (20%) 55 (18%) 107 (26%)

Pupillary reactivity:

Both reacting 2782 (87%) 1042 (94%) 233 (95%) 294 (94%) 398 (97%)

One reacting 186 (6%) 15 (1%) 3 (1%) 3 (1%) 3 (1%)

Both unreactive 219 (7%) 57 (5%) 9 (4%) 16 (5%) 8 (2%)

Glasgow Coma Scale:

13-15 (mild TBI) 1866 (59%) 884 (79%) 201 (82%) 235 (75%) 371 (90¢7%)

9-12 (moderate TBI) 333 (10%) 46 (4%) 9 (4%) 30 (10%) 19 (4¢65%)

3-8 (severe TBI) 988 (31%) 184 (17%) 35 (14%) 48 (15%) 19 (4¢65%)

GOSE at 6 months:

1 327 (10¢3%) 70 (6¢3%) 6 (2¢4%) 9 (2¢9%) 20 (4¢9%)

2 or 3 332 (10¢4%) 57 (5¢1%) 19 (7¢8%) 32 (10¢2%) 6 (1¢5%)

4 169 (5¢3%) 28 (2¢5%) 6 (2¢4%) 3 (1¢0%) 11 (2¢7%)

5 352 (11¢0%) 120 (10¢8%) 34 (13¢9%) 39 (12¢5%) 27 (6¢6%)

6 396 (12¢4%) 211 (18¢9%) 69 (28¢2%) 74 (23¢6%) 43 (10¢5%)

7 567 (17¢8%) 278 (25¢0%) 47 (19¢2%) 82 (26¢2%) 135 (33¢0%)

8 1044 (32¢8%) 350 (31¢4%) 64 (26¢1%) 74 (23¢6%) 167 (40¢8%)

TBI outcome:

Unfavorable** 1613 (51%) 674 (61%) 162 (66%) 206 (66%) 222 (54%)

Favorable 1574 (49%) 440 (39%) 83 (34%) 107 (34%) 187 (46%)

Table 1: Characteristics of the TBI patients.
GOSE: Glasgow Outcome Scale (ranging from Death [GOSE = 1] to Upper Good Recovery [GOSE = 8]); sd: standard deviation.

* Cohorts recruited in Europe (CENTER-TBI, Cambridge and Turku).

** Defined using sliding dichotomy: GOSE � 7 for patients with mild TBI (GCS 13-15) and GOSE � 4 for patients with moderate (GCS 9-12) and severe

(GCS � 8) TBI.
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driven by the largest study cohort (CENTER-TBI) (Sup-
plementary Table 3).

Among those associations achieving sub-genome-
wide significance (p < 10�5), rs2390015 on chromo-
some 1, achieved the lowest p-value (p = 1¢34£ 10�6)
(Table 2). Located in an intronic region of COL24A1
gene, this variant is predicted to act as an expression
quantitative trait locus (eQTL) by GTEx database,
potentially altering COL24A1 expression. Among the
other top hits, rs6543009, located in chromosome 2,
in an intronic region of the TBC1D8 gene, was pre-
dicted acting as eQTL and splicing quantitative trait
locus (sQTL), possibly modifying TBC1D8 and RPL31
gene expression and splicing in different tissues,
with potential neurological associations.26,27 A third
eQTL variant, rs1047208 on chromosome 17, was
located in the 3’ UTR region of MYO1D.28 GWAS
Catalog and LDlink queries highlighted that none of
the findings were previously identified as significant
by other association studies, nor being in strong link-
age disequilibrium with previously published GWAS
hits.

A secondary analysis in a subgroup of patients with
no major extracranial injury (n = 3223) showed no
www.thelancet.com Vol 77 Month March, 2022
genomic variants with genome-wide significance (Sup-
plementary Table 4, Supplementary Fig. 3).
Candidate gene analysis. We explored 28 candidate
genes previously reported with GOSE. After Bonferroni
correction, the rs1800450 exonic polymorphism in
MBL2 demonstrated statistically significant association
with TBI outcome (p = 5¢24£ 10�4), followed by three
nominally significant (p < 0¢05, uncorrected) associa-
tions (rs1800629 in TNF; rs5030737 and rs7096206 in
MBL2) (Supplementary Table 5). None of the other pre-
viously published variants showed significant associa-
tions with TBI outcome.
APOE e4. APOE e4 showed no association with TBI out-
come in the overall cohort (p = 0¢70) nor TBI severity
subsets (p-values for mild, moderate and severe TBI
patients were 0¢90, 0¢18 and 0¢78, respectively) using
sliding dichotomisation. Exploring the entire ordinal
range of GOSE, e4 non-carriers with mild TBI achieved
a significant shift in GOSE compared to carriers with
mild TBI (p = 0¢035) (Supplementary Fig. 4). We did
5



Figure 1. Manhattan plot of European ancestry meta-analysis for TBI outcome (n = 4710). The red line indicates the genome-wide
significance level threshold to account for multiple testing (p < 5£ 10�8) and the blue line indicates a sub-genome-wide signifi-
cance level of p < 10�5.
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not observe such differences for moderate (p = 0¢61) or
severe (p = 0¢84) subsets. After Bonferroni correction
for multiple comparisons, none of the results remained
significant.
Trans-ethnic meta-analysis. We performed a trans-eth-
nic meta-analysis on 5268 subjects (three European
(n = 4710) cohorts combined with one African (n = 245)
and one Admixed American (n = 313) cohort). We con-
sidered only variants present in all five cohorts, analy-
sing 6318669 imputed autosomal variants. Study-level
Manhattan plots are given in the Supplementary Fig. 2.
The results were combined with meta-regression (geno-
mic inflation factor, λ = 0¢939). We found no genome-
wide significant association with TBI outcome (Supple-
mentary Fig. 5), but 40 variants attained sub-genome-
wide significance (p < 10�5) in eight loci (Table 3). As
the sample consists of »90% of Europeans, the results
are mainly driven by individuals of European ancestry
(Supplementary Table 6). However, of these, four loci
were not present in the results of the European-specific
meta-analysis.
Transcriptome-wide association study
The 4710 individuals of European ancestry were
included in the TWAS and GREx could be imputed
using PrediXcan for a total of 15104 unique genes across
15 GTEx tissue types (Supplementary Table 2). No
single gene reached significance at a transcriptome-
wide level of p < 0¢05 after Bonferroni adjustment for
the number of comparisons within each tissue. TWAS
Manhattan plots by tissue are given in Figure 2. A list of
the top three associations per tissue are given in the
Supplementary Table 7. Of these, LINC00957 is an
intergenic variant of unclear biological function. Of the
remaining potential hits, AKR1E2 polymorphisms have
been indirectly linked to sleep duration (rs7896356)29

and mathematical ability (rs12773994);30 TBX6 has
been indirectly linked to multiple sclerosis
(rs3809627);31 DOC2A, which is mainly expressed in
the brain, and is involved in calcium-dependent neuro-
transmitter release, has been indirectly associated with
autism and schizophrenia (rs11646127, rs12691307,
rs3814881).32�34

A focused analysis of 28 candidate genes previously
associated with TBI did not link any of the candidates to
the sliding dichotomy outcome via gene expression
(Supplementary Table 8).
Discussion
We report the first GWAS and TWAS on TBI outcome.
The largest genetic study of TBI to date, it leverages
methodological approaches that enhanced power,
including harmonized outcomes, inclusion of impor-
tant covariates to mitigate variations in injury severity,
and use of a sliding dichotomy to enable inclusion of all
TBI severities. Finally, we comprehensively assessed
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prior published candidate gene associations in order to
produce the most definitive assessment to date of the
role of genetic variation in TBI outcome.

Our genome-wide estimate of heritability is consis-
tent with a contribution of common genetic variation to
inter-individual variability in TBI outcome. The esti-
mated effect size (h2

SNP = 0¢26) is comparable with the
heritability of risk of neurological and neuropsychiatric
traits and diseases,35�39 many of which share pheno-
typic characteristics and, perhaps, common biology
with TBI. While the precise measure of heritability is
likely to change with larger sample sizes and evaluation
of more precise phenotypic measures such as imaging
variables, our result provides strong motivation for a
continued search for genetic variants that alter individ-
ual responses to TBI.

While we identified some variants and genes that
met sub-genome-wide significance thresholds for an
association with TBI outcome, none achieved thresh-
olds for genome-wide significance using either GWAS
or TWAS. Despite inclusion of 5268 TBI patients, our
cohort was likely insufficiently powered to detect var-
iants associated with outcome variability. This analysis
and the overall simple and straightforward strategy
used, from the definition of the trait to the analysis set-
tings, lays the groundwork for inclusion of additional
cohorts, providing the power needed to understand the
impact of genetics in such a heterogeneous disease.
Indeed, substantially larger GWAS analyses promoted
by international consortia have been required for identi-
fication of variants associated with complex disorders
such as stroke,40 psychiatric disorders,41 epilepsy,38 and
Alzheimer’s disease.42

We did not replicate prior reported associations with
TBI outcome for most variants previously studied in
smaller candidate gene studies. Of note, we found a
weak association between carriage of an APOE e4 allele
and outcome in a secondary analysis. We identified a
single variant in MBL2 (rs1800450; C>T), which
reached statistical significance after correction for multi-
ple testing in the current analysis, and was associated
with better outcomes. The association of this mutation
is biologically plausible, since the variant is associated
with lower levels of mannose-binding lectin43 (MBL)
and susceptibility to autoimmune disease and infec-
tions, and has been associated with improved outcome
in ischaemic stroke.44 The remaining three variants
that reached nominally significant associations with
outcome (uncorrected p < 0¢05) were also in inflamma-
tory host response genes: rs361525 in the TNF gene
(associated with higher levels of TNFa);45 rs5030737
and rs7096206 in the MBL gene (associated with low
MBL levels).46,47 The presence of neuroinflammation
in response to TBI has already been extensively
described and characterized using different in vivo and
in vitro models.48�50 Additional analyses focusing on
pathways involved in neuronal immune response, as
7



Locus Lead variant Chr Position (Hg38) Alleles (EA/OA) MR-MEGA

EAF p-value

COL24A1 rs2390015 1 86101570 C/A 0¢467 1¢09£ 10�6

BHLHE40* rs2163909 3 5044114 A/G 0¢441 1¢51£ 10�6

FHIT rs113548485 3 59415748 T/C 0¢081 2¢47£ 10�6

EIF4G1* rs56148883 3 184333858 A/G 0¢082 9¢56£ 10�6

BLOC1S5-TXNDC5 rs1150893 6 7967713 T/C 0¢531 7¢69£ 10�6

PSD3 rs57832455 8 18484815 G/C 0¢585 2¢71£ 10�6

MBL2* rs11003134 10 52778399 A/C 0¢138 4¢14£ 10�6

PIGH* rs2319844 14 67598317 T/C 0¢809 1¢42£ 10�6

Table 3: Loci attaining sub-genome-wide significance (p < 10�5) in association with TBI outcome in trans-ethnic meta-regression
(n = 5268).
Chr: chromosome; EA: effect allele; OA: other allele; EAF: effect allele frequency.

* New loci compared to European ancestry meta-analysis (Table 2).
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well as on other mechanisms involved in TBI patho-
physiology,51 will be required to further investigate the
genetic and biological background underlying TBI out-
come, potentially unraveling new drug targets for TBI
treatment. The lack of validation of most candidate var-
iants is consistent with the well-established limitations
and interpretation of candidate gene studies.52 How-
ever, these results do not exclude a role for candidate
gene studies where strong biological evidence exists.
Due to technical limitations, such as its absence from
the genotyping array used, limited imputation accuracy,
or MAF <1%, we were not able to address the impact of
rs333, the 32bp deletion on CCR5 gene,53 or variants in
TRPM4, which have been associated with TBI outcome
and lesion progression.

A transcriptome-based analysis yielded no statisti-
cally reliable new associations with TBI outcome. Our
negative result is most likely due to inadequate power,
but could alternatively indicate that environmental fac-
tors, rather than genetic predisposition, dominate the
regulation of the relevant expression levels.

We did not undertake HLA-specific genotype impu-
tation,54 also expression imputation was limited in this
region. This limits any conclusions we can draw about
outcome associations of the HLA region, and thus can-
didate interleukin genes.

We acknowledge that using GCS for defining inclu-
sion and substratification is not perfect. However, it
does provide direct translatability to disease constructs
understood by clinicians, and allowed us to map onto
past studies of genetic associations of TBI outcome. We
considered using CT classifications as covariates of
interest, but chose not to do so, since many CT features
(including the extent of intracranial haemorrhage and
severity of oedema, and hence the presence of mass
effect) are plausibly on the mediation path of genetic
drivers of outcome. The exploration of differential
effects on different TBI subtypes would have been inter-
esting, but were constrained by sample size and conse-
quent statistical power.
While GOSE provides an excellent summary mea-
sure of overall functional outcome, the level of recovery
achieved by any individual is dependent on a complex
mixture of physical disability, mental health sequelae,
and cognitive deficits, and is modulated by variable
access to rehabilitation. The use of endpoints such as
depression, anxiety, and post-traumatic stress disorder
provide opportunities for more refined analyses that
focus on individual facets of outcome. When data are
available, subsequent analyses will involve measurable
intermediate phenotypes such as lesion progression on
quantitative CT imaging, admission levels and dynamic
patterns of protein biomarkers in blood, or changes in
brain volume and structure. These intermediate pheno-
types may be more strongly related to quantitative trait
loci, and provide a more tractable initial approach to
understanding the impact of host biology on disease
progression and outcome in TBI. We elected to assess
GOSE at 6 months, as this is the conventional time
point for outcome assessment in TBI, and the primary
endpoint in our contributing studies. However, we rec-
ognise longer term outcomes, as well as the trajectory of
recovery beyond six months would have been interest-
ing to study.

The use of a multi-state model for imputation
allowed us to expand sample size and increase study
power, but we need to recognise that, even using this
approach, we had to exclude patients in whom no follow
up was possible. These patients were not missing
completely at random, and their exclusion needs to be
taken into account when considering the generalisabil-
ity of our results.

We chose to implement a logistic regression for
genome-wide single-marker analysis. Although multi-
level regression models might provide an unbiased esti-
mate of standard errors, given the nested data structure,
we elected not to use this approach. The simpler logistic
regression model was less complex to implement, more
easily scalable for further studies, and expected to pro-
vide unbiased point estimates of effects despite some
www.thelancet.com Vol 77 Month March, 2022



Figure 2. Manhattan plots of European ancestry TWAS by tissue for TBI outcome (n = 4710). Red lines correspond to tissue-wide sig-
nificance under Bonferroni correction, blue line is fixed at a p-value of 10�4.
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underestimation of standard errors for the variance
component.

Despite the limitations of this analysis, the GAIN
consortium has provided the foundation for a meticu-
lous and complex process of phenotype harmonization
across the different study sites, as well as a synchro-
nized and collaborative analysis of the genetic data.
Building on this pivotal effort, we were able to demon-
strate a substantial genetic component of TBI through
our heritability analysis and to show that the detailed
mapping of the complex genetics underlying TBI are
yet beyond the reach of even this collaboration. The
www.thelancet.com Vol 77 Month March, 2022
generation of this large TBI international patient cohort,
the standardized collection and curation of traits of
interest, as well as the setting up of a standardized ana-
lytical and meta-analytical pipeline are therefore only a
first crucial step that lays the basis for the inclusion of
additional TBI cohorts in future TBI GWAS studies. We
would argue that all substantive ongoing TBI studies,
both observational and interventional, which collect key
injury covariates and good quality outcome data, should
be encouraged to use harmonizable common data ele-
ments, bank DNA, and obtain consent for subsequent
collaborative analyses using the approaches we have
9
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described. The incremental costs of banking DNA are
minimal, and those of genotyping rapidly falling. Estab-
lishing a sample size of tens of thousands of TBI
patients with fully harmonized (or harmonizable) data
and outcomes would provide a strong basis for leverag-
ing funding for genotyping and analysis.

In conclusion, the international collaborative effort
promoted through the GAIN initiative has allowed us to
perform the first GWAS and TWAS analyses of TBI out-
come, providing the foundation for future analyses. The
inclusion of additional cohorts, as well as the analysis of
additional traits, will furthermore clarify the role of
genetic factors underlying the observed phenotypic vari-
ability, potentially identifying still unraveled therapeutic
targets.
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