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Summary
Background Post-traumatic stress disorder (PTSD) and depression are common after mild traumatic brain injury
(mTBI), but their biological drivers are uncertain. We therefore explored whether polygenic risk scores (PRS) derived
for PTSD and major depressive disorder (MDD) are associated with the development of cognate TBI-related
phenotypes.

Methods Meta-analyses were conducted using data from two multicenter, prospective observational cohort studies
of patients with mTBI: the CENTER-TBI study (ClinicalTrials.gov ID NCT02210221) in Europe (December 2014–
December 2017) and the TRACK-TBI study in the US (March 2014–July 2018). In both cohorts, the most common
causes of injury were road traffic accidents and falls. Primary outcomes, specifically probable PTSD and
depression, were defined at 6 months post-injury using scores ≥33 on the PTSD Checklist-5 and ≥15 on the
Patient Health Questionnaire-9, respectively. We calculated PTSD-PRS and MDD-PRS for patients aged ≥17
years who had a Glasgow Coma Scale score of 13–15 upon hospital arrival and assessed their association with
PTSD and depression following TBI. We also evaluated the transferability of the findings in a cohort of African
Americans.

Findings Overall, 11.8% (219/1869) and 6.7% (124/1869) patients were classified as having probable PTSD and
depression, respectively. The PTSD-PRS was significantly associated with higher adjusted odds of PTSD in both
cohorts, with a pooled odds ratio (OR) of 1.55 [95% confidence interval (CI) 1.30–1.84, p < 0.001, I2 = 20.8%].
Although the MDD-PRS increased the risk of depression after TBI, it did not reach significance in the individual
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cohorts. However, in a combined analysis, the risk was significantly elevated with a pooled OR of 1.26 [95% CI
1.03–1.53, p = 0.02, I2 = 0%]. The addition of PRSs improved the proportion of outcome variance explained in the
two study cohorts from 19.5% and 30.3% to 21.6% and 34.0% for PTSD; and from 11.0% and 22.5% to 12.8%
and 22.6% for depression. Patients in the highest cognate PRS quintile had increased odds of 3.16 [95% CI
1.80–5.55] and 2.03 [95% CI 1.04–3.94] of developing PTSD or depression compared to the lowest quintile,
respectively.

Interpretation Associations of PRSs with PTSD and depression following TBI are not disorder-specific. However, the
overlap between MDD-PRS and depression following TBI is less robust compared to PTSD-PRS and PTSD. PRSs
could improve risk prediction, and permit enrichment for interventional trials.

Funding This study was supported by funding by an FP7 grant from the European Union, Hannelore Kohl Stiftung,
Integra LifeSciences Corporation, NeuroTrauma Sciences, US National Institutes of Health, US Department of
Defense, National Football League Advisory Board, US Department of Energy, and One Mind.

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Traumatic brain injury; Mental health; Post-traumatic stress disorder; Depression; Polygenic risk score
Research in context

Evidence before this study
We searched PubMed for articles (including original research
and systematic reviews and meta-analyses published until
August 1, 2023) exploring the genetic associations of post-
traumatic stress disorder (PTSD) and depression following
traumatic brain injury (TBI) using the following terms
(“genetic” OR “genomics” OR “genome-wide association
study” OR “GWAS” OR “polygenic risk score” OR “PRS”) AND
(“traumatic brain injury” OR “TBI”) AND (“post-traumatic
stress disorder” OR “PTSD” OR “depression”). Additional
references were checked from the citation lists of papers
identified using this search. We found no genome-wide
association studies for PTSD and depression following TBI,
and only one single-centre study using a polygenic risk score
specifically in the context of TBI.

Added value of this study
Our demonstration that polygenic risk scores (PRS) for major
depressive disorder (MDD) and PTSD are associated with the
development of depression and PTSD after TBI, both with
cognate and non-cognate TBI-related psychological health,
speaks to the shared genetic vulnerability for adverse
psychological health outcomes across specific diagnoses,
replicated across two large cohort studies in TBI.

Implications of all the available evidence
Our results confirm that PTSD and depression following TBI
have biological as well as environmental drivers, and that the
genetic vulnerability to adverse psychological outcomes
following TBI are shared across diagnoses. These findings
could improve prediction of individual risk in prognostication,
and permit enrichment of populations for trials of existing or
new therapies.
Introduction
Traumatic brain injury (TBI) poses a substantial burden
to individuals, families, and societies.1 Patients with
mild TBI (mTBI; defined as a Glasgow Coma Scale
(GCS) score of 13–15) represent over 80% of cases, and
a large proportion (∼50%) fail to recover completely by
six months post-injury.1 In the prospective TRACK-TBI
study, civilians with mTBI exhibited a significantly
higher rate of probable major depressive disorder
(MDD) than orthopaedic trauma controls at three
months (8.8% vs. 3.0%) but not at six months.2 In the
same study, the 6-month rate of probable post-traumatic
stress disorder (PTSD) was 19.2% in the mTBI group
and 9.8% in the orthopaedic control group. Similarly,
another sample demonstrated high rates of persistent
affective and other mTBI-related symptoms one year
post-mTBI, despite a relatively complete recovery of
cognitive performance and functional abilities.3

A survey of U.S. Army soldiers returning from
deployment to Iraq found PTSD rates of 27.3% among
those with mTBI, 16.2% among those with other in-
juries, and 9.1% among those with no injury.4 A pro-
spective cohort study of civilians who sustained
traumatic injuries found that individuals with mTBI
were more likely to develop PTSD, with an odds ratio of
1.92.5

A prospective longitudinal cohort study utilised
hospital-based patient registry data from a tertiary aca-
demic medical centre to compare individuals without
head injuries to age-, sex-, and race-frequency-matched
patients with mTBI. One year after the initial
encounter, the hazard ratio for depression in the mTBI
www.thelancet.com Vol 78 December, 2024
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group was 3.9 (95% confidence interval (CI) 3.0–4.9)
and for anxiety disorder (presumably including PTSD,
though not separated out) was 2.9 (95% CI 2.4–3.6).6

Risk factors for these adverse psychological health
outcomes are well recognised (including female sex, a
history of mental health issues, prior TBI, and TBI
caused by violence or assaults),2 but explain less than
10% of the variance in the risk of experiencing such
outcomes following TBI. It would be useful to better
understand the risk factors and mechanisms that pre-
dispose to these outcomes following TBI, since better
understanding of their biological underpinnings in this
context may allow more rational approaches to identi-
fying, testing, and using therapeutic interventions.

One approach to elucidating the mechanisms un-
derlying these processes would be to seek genetic as-
sociations that predict risk of their development. Such
information could also provide information on the
relative contributions of host vulnerability (as distinct
from injury characteristics) in predisposing to these
outcomes. Genome-wide association studies (GWAS)
implicate multiple single nucleotide polymorphisms
(SNPs) in PTSD7,8 and in MDD occurring in the
absence of TBI.9,10 A pooled expression of risk posed by
these SNPs can be expressed as polygenic risk scores
(PRS) which better predict disease phenotypes than
single SNPs.11 PRSs have been used to estimate the
genetically determined risk of both MDD12 and
PTSD.13,14 The interactions of environmental insults
such as trauma with genetic susceptibility are well
recognised in psychiatric disorders.15–17 More generally,
it is recognised that environmental insults may be
required to uncover biological susceptibility (such as
seen with smoking and lung disease). However, well-
established prediction models for a range of out-
comes from TBI18,19 primarily focus on injury charac-
teristics. While, for mTBI, the impact of pre-existing
psychological health is recognised,20 none of these
prediction models explicitly acknowledge or account
for genetic susceptibility.

Given this context, it is interesting that we have
recently shown that PRS can improve risk prediction of
incident PTSD following mTBI.21 While these results
are intriguing, several issues need to be addressed. First,
given the relatively small sample size in our original
study (n = 714),21 these results would benefit from
robust replication. Second, it is important to determine
if PRSs for MDD are similarly related to the risk of
depression following TBI, and, if results were positive,
undertake a replication of these findings. Finally, it is
important to determine whether the relationship
between PRSs for PTSD and depression are diagnosis-
specific for their cognate psychological health pheno-
types, or whether both represent an overall increase in
the genetic risk of adverse psychological health out-
comes, with associations that were blurred across the
two diagnostic categories.
www.thelancet.com Vol 78 December, 2024
Overall, there remains substantial uncertainty about
the relative contributions of injury severity and charac-
teristics, impaired cognitive reserve, and genetic pre-
disposition to the development of psychopathology after
TBI. Disentangling these contributions is important to
understand pathophysiology, identify therapeutic tar-
gets, and select enriched populations of patients who are
more likely to respond to therapies aimed at such
targets.

This study examines whether established PRSs for
PTSD and MDD are associated with PTSD and
depression following mTBI, explores whether associa-
tions with increased risk parcellate specifically with
phenotype and cognate PRS, and undertakes cross
replication and meta-analysis of findings from two large
studies, one from Europe and one from the USA.
Methods
Study design
Participants were included from two prospective obser-
vational cohort studies: the Collaborative European
NeuroTrauma Effectiveness Research in TBI (CENTER-
TBI; ClinicalTrials.gov ID NCT02210221) study in
Europe and Israel22; and the Transforming Research and
Clinical Knowledge in TBI (TRACK-TBI) study in the
USA.23 The CENTER-TBI study recruited 4509 patients
between December 2014 and December 2017,24 while
the TRACK-TBI study recruited 2697 patients between
March 2014 and July 2018.25 Patients recruited to both
studies presented with TBI within 24 h of injury, were
triaged for an initial computed tomography (CT) scan,
and had study consent available. Patients were excluded
if they had a severe pre-existing neurological condition.
The current analysis included patients genetically
similar to the reference population from Europe (EUR)
and Africa (AFR), aged ≥17 years, triaged to undergo
CT, with a GCS score on hospital arrival of 13–15, with
PTSD Checklist-5 (PCL-5) and Patient Health
Questionnaire-9 (PHQ-9) scores at 6 months post-
injury, and with genotyping array data permitting the
calculation of PRSs. The TRACK-TBI patients included
in this analysis were part of a previous study of PTSD
following mTBI.21 However, the current analysis in-
tegrates them in a meta-analysis with CENTER-TBI pa-
tients and extends the analysis to include depression
outcome, as well as replicating the associations in an
African American cohort. The selection of subjects is
shown in Supplementary Figure S1. From the
CENTER-TBI cohort, 42 individuals genetically similar
to non-European reference populations were excluded
(4 African, 22 Latino, and 16 Asian). In the TRACK-TBI
cohort, 497 individuals were identified as genetically
similar to non-European reference populations. Among
these, 188 African American participants were included
in the analysis, while 309 patients were excluded (138
Latino, 32 Asian, and 139 from other origins such as
3
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Alaskan, Oceanian, Filipino, and mixed populations).
This study followed the Strengthening the Reporting of
Genetic Association Studies (STREGA) reporting
guidelines.

Measures
Clinical and demographic data, including the sex of
study participants, were recorded by investigators at
presentation (<24 h after TBI). Severity of brain injury
was categorised using baseline GCS.26 Extracranial in-
juries were classified using the Abbreviated Injury
Scale.27 A self-reported history of psychiatric illness was
recorded for separate disorders and summarised as
present or absent.

Outcomes
Mental health outcomes were assessed using self-report
questionnaires that are commonly used to screen for
potential disorders. Definitive diagnosis of mental
health disorders, e.g., within the framework of the
Diagnostic and Statistical Manual-5 (DSM-5), requires a
clinical interview, which was not part of the study.

The PCL-5 consists of 20 items covering four clusters
of symptoms that characterise PTSD in DSM-5.28 The
assessment has a total score of 0–80, and a score of 33 or
more was used as a cut-off to identify probable PTSD.

The PHQ-9 consists of 9 items that are common
symptoms of depression and yields a total score from
0 to 27. A cut-off of 15 or more was used to indicate
probable MDD.29,30 These instruments and threshold
scores have been widely used, with free translations in
multiple languages,31 and are recommended by the
NIH-NINDS Common data elements scheme for TBI
outcomes,32,33 and in the case of PHQ-9, by the Common
Measures in Mental Health Science Initiative (which did
not consider PTSD).34

Genotypes
Genotyping was performed using the Illumina Global
Screening Array (GSA-24v2-0 + Multi-Disease). A stand-
ardised quality control process was applied across cohorts,
excluding individuals with a call rate <97%, discrepancies
between reported and genotype-based sex, and extreme
heterozygosity (±3 standard deviation (SD) from the
cohort mean). Autosomal variants were filtered by call
rate (<97%), Hardy–Weinberg equilibrium (p < 1 × 10−6),
minor allele frequency (<1%), and strand ambiguity (C/G
or T/A polymorphisms) prior to imputation. Genotypes
were imputed with the Haplotype Reference Con-
sortium35 (release 1.1) imputation panel. Detailed quality
control and imputation methods for CENTER-TBI and
TRACK-TBI have been described previously.36

Polygenic risk scores
Polygenic risk scores for PTSD (PTSD-PRS) and major
depressive disorder (MDD-PRS) were calculated using
PRS-CS (PRS-CS-auto, version 2021-01-04),37 which in-
fers posterior SNP effect sizes under continuous
shrinkage priors based on GWAS summary statistics
and an external LD reference panel (503 European
samples in 1000 Genomes Project) using HapMap3
variants.

To estimate SNP effect sizes for polygenic scores, we
used GWAS summary statistics from the United States
VA Million Veteran Program38,39 (MVP) of individuals
genetically similar to the reference population from
Europe. Over 1/3 of MVP participants have TBI40 and
PTSD was defined as a total score of a 17-item self-
report measure of past-month PTSD symptoms (PCL-
Total GWAS, n = 186,689).38 Depression case–control
status in the MVP cohort was determined based on an
algorithm using an International Classification of Dis-
eases codes captured in electronic health records, and
meta-analysed with the UK Biobank, the Psychiatric
Genomics Consortium, and FinnGen (n = 846,913).39

23andMe data was excluded. PRSs were standardised
separately in each cohort (CENTER-TBI, TRACK-TBI
EUR, and TRACK-TBI AFR) to a mean of 0 and SD of 1.

Statistics
CENTER-TBI and TRACK-TBI studies were compared
using a t-test for mean age and Pearson’s chi-square test
for categorical variables. Spearman’s correlations were
calculated for mental health total scores and Pearson’s
correlations for the PRSs.

To analyse the association between PRS and mental
health outcomes, mixed-effects logistic regression
models with random intercepts for each study centre
were employed. These analyses were conducted using
the ‘glmer’ function from the R package ‘lme4’. Models
were adjusted for age, sex, cause of injury, pre-injury
psychiatric illness (yes or no), prior TBI (yes or no),
and the first five ancestral principal components (PCs).
Age was incorporated as a categorical variable (17–39,
40–64, or 65–90 years) to account for its potential non-
linear effects related to the type of injury
(Supplementary Table S1). We examined the perfor-
mance of each PRS separately, and also the two in
combination to determine associations with PTSD and
depression following TBI. Adjusted odds ratios (aOR)
and corresponding 95% confidence intervals are re-
ported. aORs represent the odds for developing a given
psychological health outcome per standardised unit in-
crease in PRS, and pooled ORs (pORs) represent the
adjusted odds for developing a given psychological
health outcome across the two cohorts. Patients with
missing data were excluded from multivariable analysis
models. The performance of multivariable models was
assessed using the conditional R2, calculated via
the ‘r.squaredGLMM’ function from the ‘MuMIn’
package in R and area under the receiver operating
characteristic curve (AUC). Sensitivity analyses were
www.thelancet.com Vol 78 December, 2024
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CENTER-TBI
(n = 1143)

TRACK-TBI
(n = 726)

p-valuea

Age (years) <0.001

Mean (SD) 50.6 (17.7) 44.5 (18.2)

Median (IQR) 53 (36–64) 43 (28–59)

17–39 331 (29.0%) 334 (46.0%)

40–64 529 (46.3%) 269 (37.1%)

65–90 283 (24.8%) 123 (16.9%)

Sex 0.71

Female 392 (34.3%) 256 (35.3%)

Male 751 (65.7%) 470 (64.7%)

Care pathway 0.03

Emergency Room 335 (29.3%) 202 (27.8%)

Admitted to hospital 534 (46.7%) 311 (42.8%)

Intensive Care Unit 274 (24.0%) 213 (29.3%)

Cause of injury <0.001

Road traffic accident 469 (41.5%) 370 (51.1%)

Fall 520 (46.0%) 246 (34.0%)

Violence/assault 41 (3.6%) 21 (2.9%)

Other 100 (8.8%) 87 (12.0%)

Missing/unknown 13 2

GCS score at baseline 0.003

13 82 (7.2%) 26 (3.6%)

14 192 (16.8%) 141 (19.4%)

15 869 (76.0%) 559 (77.0%)

Pre-injury psychiatric illness <0.001

Absent 985 (86.7%) 514 (70.8%)

Present 151 (13.3%) 212 (29.2%)

Missing 7 0

Prior TBI <0.001

Absent 956 (87.1%) 524 (76.7%)

Present 142 (12.9%) 159 (23.3%)

Missing 45 43

SD, standard deviation; IQR, interquartile range; GCS, Glasgow Coma Scale; TBI, traumatic brain injury. aCENTER-
TBI and TRACK-TBI studies are compared using a t-test for mean age and Pearson’s chi-square test for
categorical variables.

Articles
performed using linear mixed-effects models to assess
the effect of PRS and baseline risk factors on PCL-5 and
PHQ-9 total scores.

Fixed-effects model with inverse-variance weights
was used for estimating pORs and 95% CIs using the
‘rma’ function in R package ‘metafor’.41 Pooled AUC
values and 95% CIs across multiple studies were
calculated assuming fixed effects and implemented in R
package ‘metamisc’.42 Statistical heterogeneity was
assessed by Cochran’s Q test and I2 statistic.

In order to demonstrate that concordant results
were obtained in each study, results are presented
separately for each study and in addition, whenever
possible, for pooled analyses across studies (the ex-
ceptions being where regulatory barriers prevented an
appropriate level of data sharing). A two-sided p-value
<0.05 was considered to indicate statistical signifi-
cance. All statistical analyses were conducted using R
(version 4.2.2).43

Ethics
Ethical approval was obtained for each centre in accor-
dance with local laws and procedures, and written
informed consent was obtained from each participant,
or from an ethically approved representative, enrolled in
accordance with each approved protocol. Details of
ethical committees granting approvals and approval
numbers for CENTER-TBI institutions are provided on
the CENTER-TBI website (https://www.center-tbi.eu/
project/ethical-approval). Ethical approval for the
TRACK-TBI study was provided by the San Francisco
General Hospital Panel Institutional Review Board (IRB
#12-09465; Reference #313687).

Role of funding source
The funders had no role in the study design, data collec-
tion, data analysis, interpretation, or writing of the report.
Table 1: Demographic and clinical characteristics of the two study cohorts.

Outcome CENTER-TBI
(n = 1143)

TRACK-TBI
(n = 726)

p-valuea

PCL-5 Total score

≥33 (n, %) 103 (9.2%) 116 (16.2%) <0.001

Median (IQR) 7 (2–17) 9 (3–22)

Missing 19 12

PHQ-9 Total score

≥15 (n, %) 63 (5.6%) 61 (8.4%) 0.02

Median (IQR) 3 (1–7) 3 (1–7)

Missing 16 4

IQR, interquartile range; PCL-5, Post-traumatic Stress Disorder Checklist-5; PHQ-
9, Patient Health Questionnaire-9. aCENTER-TBI and TRACK-TBI studies are
compared using Pearson’s chi-square test.

Table 2: Summary statistics of mental health outcomes for study
cohorts.
Results
Characteristics of patients with mTBI included in the
analysis, compared with patients who were excluded, are
shown in Supplementary Table S2. A total of 1143 (65.7%
males) patients were included from CENTER-TBI and
726 (64.7% males) patients from TRACK-TBI (total
n = 1869; Table 1). The mean age was 50.6 (SD 17.7)
years in CENTER-TBI and 44.5 (SD 18.2) in TRACK-TBI.
In both cohorts, road traffic accidents and falls were the
most common causes of injury. The cohorts differed in
the presence of pre-injury psychiatric illness (29.2% in
TRACK-TBI vs. 11.3% CENTER-TBI; p < 0.001).

Among analysed patients with mTBI, there were
more PTSD and MDD patients 6-months after the
injury in TRACK-TBI (PCL-5 ≥ 33: 16.2% in TRACK-
TBI vs. 9.2% in CENTER-TBI, p < 0.001; PHQ-9 ≥ 15:
8.4% in TRACK-TBI vs. 5.6% in CENTER-TBI, p = 0.02;
Table 2).
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Consistent with previous studies, there were strong
relationships between the PHQ-9 and PCL-5 total scores
for the mental health assessments (r = 0.71, p < 0.001 in
CENTER-TBI; r = 0.69, p < 0.001 in TRACK-TBI), and
moderate relationships between PTSD and MDD PRSs
(r = 0.37, p < 0.001 in CENTER-TBI; r = 0.43, p < 0.001
in TRACK-TBI).

PTSD-PRS in a multivariable model showed a sig-
nificant association with increased adjusted odds of
PTSD at 6 months post-injury in both cohorts with a
pOR of 1.55 (95% CI 1.30–1.84, p < 0.001, I2 = 20.8%;
Fig. 1a; Table 3, model 1). The baseline model of PTSD,
adjusted for demographic and clinical features, and
CENTER−TBI

TRACK−TBI

Pooled effect

1 1.5
aOR

CENTER−TBI

TRACK−TBI

Pooled effect

1 1.5
aOR

a

b

Fig. 1: Forest plots of PRS associations with PTSD and depression follo
(aORs) and 95% CIs together with the pooled effect using a fixed-effects
PRS on depression following TBI.
ancestry PCs, showed a pooled AUC of 0.774 (95% CI
0.740–0.804). The proportion of variance explained by
the fixed and random effects was 19.5% (CENTER-TBI)
and 30.3% (TRACK-TBI). The addition of PRS improved
pooled AUC further to 0.790 (95% CI 0.757–0.820), and
the variance explained to 21.6% (CENTER-TBI) and
34.0% (TRACK-TBI) (Supplementary Figures S2a and c;
Supplementary Table S3).

There was also a statistically significant relationship
between MDD-PRS and PTSD (pOR = 1.25, 95% CI
1.07–1.47, p = 0.006, I2 = 0%; Table 3, model 2). When
both PRSs were assessed jointly, the PTSD-PRS
remained significantly associated with a PTSD
2

1.40 [1.11, 1.79]

1.71 [1.34, 2.19]

1.55 [1.30, 1.84]

aOR [95% CI]

1.00 1.04 1.08 1.12 1.16

2

1.30 [0.99, 1.70]

1.21 [0.91, 1.62]

1.26 [1.03, 1.53]

aOR [95% CI]

1.00 1.04 1.08 1.12 1.16

wing TBI 6 months post-TBI. The multivariable-adjusted odds ratios
meta-analysis are presented for (a) PTSD-PRS on PTSD and (b) MDD-
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Outcome Model PRS used in
the model

CENTER-TBI TRACK-TBI Pooled analysis

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

PCL-5 ≥ 33 1 PTSD-PRS 1.40 (1.11–1.79) 0.006 1.71 (1.34–2.19) <0.001 1.55 (1.30–1.84) <0.001

2 MDD-PRS 1.21 (0.97–1.52) 0.09 1.30 (1.03–1.65) 0.03 1.25 (1.07–1.47) 0.006

3 PTSD-PRS 1.36 (1.05–1.75) 0.02 1.67 (1.28–2.19) <0.001 1.50 (1.24–1.80) <0.001

MDD-PRS 1.10 (0.86–1.39) 0.45 1.06 (0.82–1.38) 0.66 1.08 (0.91–1.29) 0.39

PHQ-9 ≥ 15 4 MDD-PRS 1.30 (0.99–1.70) 0.06 1.21 (0.91–1.62) 0.20 1.26 (1.03–1.53) 0.02

5 PTSD-PRS 1.49 (1.11–1.99) 0.008 1.56 (1.15–2.11) 0.004 1.52 (1.23–1.88) <0.001

6 MDD-PRS 1.15 (0.85–1.54) 0.36 1.01 (0.73–1.40) 0.93 1.08 (0.87–1.35) 0.48

PTSD-PRS 1.41 (1.03–1.93) 0.03 1.55 (1.11–2.16) 0.01 1.47 (1.17–1.85) 0.001

OR, odds ratio; CI, confidence interval; PRS, polygenic risk score; PTSD, post-traumatic stress disorder; MDD, major depressive disorder; PCL-5, Post-traumatic Stress Disorder
Checklist-5; PHQ-9, Patient Health Questionnaire-9. Results are provided separately for each study and for the pooled meta-analysis. Each model estimates the impact of
PRS on one mental health outcome, with all models adjusted for age, sex, cause of injury, prior TBI, psychiatric history, and five principal components. Models 1–3 assess the
associations with PTSD and Models 4–6 with depression following TBI.

Table 3: Multivariable logistic regression analyses for mental health outcomes after 6 months of injury.
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outcome, while the MDD-PRS did not (Table 3, model 3;
Supplementary Table S4). The incidence of PTSD scaled
with the PTSD-PRS, such that, when compared to pa-
tients in the lowest quintile, patients in the top quintile
had a pOR of 3.16 (95% CI 1.80–5.55) of developing
PTSD (Fig. 2a; Supplementary Table S5).

While MDD-PRS increased the risk of developing
depression following TBI, this association did not ach-
ieve significance in either individual cohort
(Supplementary Table S3). However, a combined anal-
ysis across both cohorts showed that the MDD-PRS
resulted in a significantly increased risk of depression
following TBI, with a pOR of 1.26 (95% CI 1.03–1.53,
p = 0.02, I2 = 0%; Fig. 1b; Table 3, model 4). Adjusted
for demographic and clinical characteristics, and PCs,
the baseline model of TBI-related depression yielded a
pooled AUC value of 0.741 (95% CI 0.694–0.783) with
the proportion of variance explained of 11.0% (CENTER-
TBI) and 22.5% (TRACK-TBI). Subsequently, the addi-
tion of PRS further increased the pooled AUC to 0.749
(95% CI 0.702–0.791) and the proportion of outcome
variance explained improved to 12.8% in the CENTER-
TBI and to 22.6% in the TRACK-TBI cohort, respec-
tively (Supplementary Figures S2b and d;
Supplementary Table S4).

The PTSD-PRS was also associated with the risk of
depression following TBI with a pOR of 1.52 (95% CI
1.23–1.88, p < 0.001, I2 = 0%; Table 3, model 5). When
both PRSs were assessed jointly, the association of post-
TBI depression with the PTSD-PRS remained signifi-
cant (pOR = 1.47, 95% CI 1.17–1.85, p = 0.001, I2 = 0%),
but the association with the MDD-PRS failed to retain
significance (pOR = 1.08, 95% CI 0.87–1.35, p = 0.48,
I2 = 0%; Table 3, model 6).

Unlike the association seen between PTSD and
PTSD-PRS, the incidence of post-TBI depression did not
scale with increase of MDD-PRS (Fig. 2d). Further, a
comparison between the lowest and the highest quin-
tiles of the PTSD-PRS and MDD-PRS in modelling post-
www.thelancet.com Vol 78 December, 2024
TBI depression showed a higher pOR for the PTSD-PRS
(3.62, 95% CI 1.76–7.44 vs. 2.03, 95% CI 1.04–3.94),
although the confidence intervals for the two overlapped
substantially (Supplementary Table S5). We found no
evidence of heterogeneity between studies
(Supplementary Table S6).

Sensitivity analyses using PCL-5 and PHQ-9 total
scores showed that both PTSD-PRS and PTSD, as well
as MDD-PRS and depression following TBI, were sta-
tistically significantly associated (Supplementary
Tables S7 and S8). In a cohort of African Americans
(Supplementary Table S9), the association between
PTSD-PRS and depression following TBI was replicated.
However, PTSD was found to be more strongly linked to
MDD-PRS rather than PTSD-PRS (Supplementary
Tables S10 and S11). Supplementary Figure S3 illus-
trates the distribution of PRSs across the two reference
populations.
Discussion
Established risk factors for adverse psychological health
outcomes following TBI include female sex, TBI caused
by violence or assaults, prior TBI, and a history of
mental health issues,2 reflected in the fact that a higher
incidence of past psychiatric illness in the TRACK-TBI
cohort (29.2% vs. 13.3%) was associated with higher
rate of both PTSD (16.2% vs. 9.2%) and depression
(8.4% vs. 5.6%) when compared to the CENTER-TBI
cohort. However, these risk factors account for only a
fraction of the variance in the risk of experiencing such
outcomes. Our results, replicated across cohorts, sug-
gest that even when known risk factors are accounted
for, there may be genetic predisposition to adverse
psychological health outcomes after TBI.

We were able to demonstrate these associations with
the increased sample size afforded by combining the
CENTER-TBI and TRACK-TBI datasets, which pro-
spectively collected data using the NIH/NINDS
7
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Fig. 2: Adjusted odds ratios (aOR) for each quintile of the PRS for PTSD and depression following TBI. aOR and 95% CI are calculated
relative to TBI patients with PRS in the lowest quintile. Quantiles are plotted for cognate PRSs (a) PTSD phenotype vs. PTSD-PRS and (d)
depression following TBI phenotype vs. MDD-PRS, and for non-cognate PRSs (b) PTSD phenotype vs. MDD-PRS and (c) depression following
TBI phenotype vs. PTSD-PRS.
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Common Data Elements scheme,44 best illustrated by
the association of MDD-PRS with post-TBI depression
which only reached significance in the combined anal-
ysis. The magnitude of the associations with PRSs was
comparable to that reported in studies conducted in
non-TBI settings, even after adjusting for prior psycho-
logical health.13,45

The incidence of PTSD increased with higher PTSD-
PRS, but TBI-related depression did not scale with in-
crease of MDD-PRS. These discordant findings were in
keeping with an examination of the association between
PTSD and TBI-related depression with non-cognate
PRSs (i.e., PTSD with MDD-PRS and TBI-related
depression with PTSD-PRS)—both of which were sig-
nificant. These cross-diagnosis relationships are
consistent with the latent structure of mental disorders,
which consistently show that PTSD and MDD load
together on a Distress Disorders subfactor of Internal-
izing Disorders,46 implying a high degree of shared
vulnerability to these two conditions.47,48

However, models which included both PRSs showed
that the association between MDD-PRS and PTSD
outcome no longer achieved significance. Surprisingly,
in a similar combined model, the association between
PTSD-PRS and TBI-related depression remained sig-
nificant, while that between MDD-PRS and TBI-related
depression did not. These results suggest that the
PTSD-PRS provides a better estimate of biological
vulnerability to post-TBI depression than the MDD-PRS.

Several potential explanations can be offered for this
unexpected finding. First, many patients may have suf-
fered from both PTSD and TBI-related depression, and
www.thelancet.com Vol 78 December, 2024
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the shared phenotype may have been better captured
by the assessment tool used for PTSD (PCL-5) than
that used for depression (PHQ-9). Indeed, of the
13.7% (n = 256) of our overall cohort of 1869 patients
who were likely experiencing PTSD or depression
using these instruments, 34.0% (n = 87) had both con-
ditions. Second, while the thresholds that we selected on
each instrument to define cases were based on past
literature,28–30 the classification of TBI-related depression
may have been either too lenient or stringent to optimally
seek associations with genetic risk. Exploration of patients
with isolated diagnoses of PTSD and depression, and/or
the exploration of alternative thresholds might address
these issues, but our sample size was not large enough to
do this.

However, even with the PHQ-9 threshold we used
for classification, TBI-related depression does not
appear to be less genetically driven than MDD, since we
were able to show significant associations between this
phenotype and the PTSD-PRS. Indeed, in past studies,
MDD associated with traumatic events shows increased
heritability compared to non-trauma-related MDD,47 and
genetic loading for PTSD was significantly associated
with reporting trauma in individuals with MDD.48 It is
therefore possible that MDD in the absence of trauma
may be biologically different from depression seen in
the context of TBI (and possibly other trauma), and
hence poorly predicted by a PRS derived from non-TBI-
related MDD, and less responsive to conventional
pharmacotherapy used in MDD.49,50 This hypothesis is
supported by a recent publication showing that abnor-
malities in network connectivity in functional magnetic
resonance imaging studies of TBI-related depression are
different from those seen in MDD,51 and are similar to
those that predict poor response to conventional anti-
depressant pharmacotherapy,52,53 and responsiveness to
neuromodulation using non-pharmacological in-
terventions.54 Our data strengthen the view that con-
ventional MDD and TBI-related depression are not
identical, but may have different genetic, phenotypic,
and therapeutic attributes.

We demonstrated that, even when using GWAS data
from individuals genetically similar to European refer-
ence populations, the distributions of PTSD-PRS and
MDD-PRS between Europeans and non-Europeans
showed substantial overlap. Consequently, we were
able to replicate the association between PTSD-PRS and
depression following TBI, though not with PTSD, in an
African American cohort. The greater variability in
PTSD-PRS distributions between groups may account
for this difference. With the growing availability of large
multi-ancestry and non-European GWAS datasets, such
as those from the MVP and the All of Us Research
Program, we can now include SNPs more common in
underrepresented ancestries. This facilitates the devel-
opment of multi-ancestry PRSs for predicting risk of
mental health outcomes following TBI.
www.thelancet.com Vol 78 December, 2024
Most health outcomes are viewed as the result of
interactions between environmental factors and an in-
dividual’s susceptibility to these factors.55 However, TBI
has commonly been excluded from such conceptual
constructs. In the TBI literature, the dominant view has
traditionally been that the severity and location of the
mechanical injury primarily determines outcomes—i.e.,
the functional, cognitive, and psychological sequelae. It
has long been known that simple host factors like age
can modify recovery, but the realisation that other as-
pects of host biology can also modulate injury outcomes
is relatively new.

It is not yet well understood by what mechanisms
genetic factors (as referenced by PRSs) for neuropsy-
chiatric disorders increase risk for these disorders in the
context of mTBI. The lack of detail available regarding
prior psychological health in our datasets means that it
is impossible to completely exclude unmasking of a pre-
existing mental health condition. Further, even if the
associations we demonstrate are not confounded by
prior psychological health, linkages between PRS and
highly polygenic phenotypes such as PTSD and
depression may have complex and variable substrates.
These include direct or indirect genetic susceptibility,
interactions between genes and environmental insults
(TBI in our case), or associations between genes and
environment that have no genetic causal basis.56

Additional questions relate to mechanisms for our
results. It has been suggested that mTBI may diminish
the capacity to employ cognitive resources that would
normally be engaged in problem-solving and regulating
emotions after trauma, thereby increasing susceptibility
to PTSD and related problems such as MDD.57 It would
follow, then, that those individuals at increased genetic
risk for these disorders would be most likely to develop
mental disorders in the context of mTBI. It is also worth
noting that a recent GWAS study of TBI occurrence
determined that TBI occurrence has a heritable basis
and is genetically correlated to risk-taking behaviours
and several psychiatric disorders, notably PTSD.40 These
observations raise the possibility of shared genetic risk
for exposure to TBI and these frequently observed psy-
chiatric sequelae. Future work that attempts to disag-
gregate these various genetic risk factors will be
important in advancing our understanding of these as-
sociations between mTBI and mental disorders such as
PTSD and MDD.

Critically, a large proportion of this enormous
burden of disability following mTBI arises from adverse
psychological health outcomes, including PTSD and
depression. Effective early interventions are available for
both conditions in other contexts,58,59 and could be
strong candidates for evaluation (and eventually, estab-
lished therapy) in TBI. While these PRSs are not yet of
clinical utility, the primary contribution of our paper is
the demonstration that there is a genetic component to
the risk for these mental health outcomes following TBI,
9
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and that this is shared with these disorders when they
occur outside of the context of TBI. Future larger multi-
ancestry GWAS, or exome or whole genome
sequencing, might generate PRSs consisting of com-
mon and rare variants that could explain even more
variance than the current versions.

Our multicenter, longitudinal, prospective design,
the large number of participants in comparison to most
previous genetic association studies in TBI, replication
and meta-analysis across two large studies, and the use
of multivariable statistical analysis that incorporated
non-genetic predictors in addition to PRS, are all
strengths of the study.

We acknowledge clear limitations. All patients were
aged over 17 years, mostly recruited from large trauma
centres, and required a head CT based on local pro-
tocols—all of which constrain severity and case-mix.
Patients lost to six-month follow-up were excluded
from the analysis, and such missingness seemed to be
non-random as revealed by significant differences in
key characteristics (e.g., cause of injury and prior TBI
in CENTER-TBI and age, psychiatric history, CT scans,
major extracranial injury, and prior TBI in TRACK-
TBI; Supplementary Table S2) between included and
excluded patient groups. Our self-reported label of pre-
existing psychiatric history is subject to recall and
reporting bias and lacks detailed information
regarding the specific type of psychiatric illness. The
instruments we used to identify PTSD and depression
(PCL-5 and PHQ-9) have been widely used, but still do
not fully replicate the gold standard diagnosis resulting
from an interview by an experienced clinician. In the
current dataset, no specific diagnosis is provided for
pre-injury psychological conditions. While compari-
sons with non-TBI participants from previous
studies2–5 suggest that the mental health outcomes
under investigation are likely linked to TBI, we cannot
definitively confirm this causal relationship. Currently,
calculated PRSs are primarily applicable to individuals
genetically similar to the reference population from
Europe. A future priority is to extend these findings to
other ancestral groups to promote greater diversity in
genetic research and prevent the exacerbation of health
disparities among different populations.60 We have not
included non-psychiatric comorbidities in these ana-
lyses and need to recognise that significant systemic
illness may represent an unmeasured confounder in
our analyses. Finally, since we only included patients
with a GCS score of 13–15, these results only apply to
mild TBI presenting to hospital. Additional studies will
be needed to replicate these results in moderate and
severe TBI,61 or patients with TBI who do not present
to hospital, such as individuals with sport-related
concussion.

Despite these limitations, the findings we provide are
important. They suggest that PTSD and depression
following TBI may have biological as well as
environmental drivers, and that the genetic risks we
demonstrate are associated with development (or wors-
ening) of these mental health phenotypes after TBI. The
association that we demonstrate with existing PRSs (and
subsequent improvements in these scores)11 may allow
some refinement of individual risk in prognostication
and could permit enrichment of populations for trials of
existing or new therapies. Finally, these findings may
allow exploration of the early use of antidepressants
following TBI. One option, if genetic data are available,
might be a secondary analysis of data from current trials
of antidepressant medication in TBI.62
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