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Abstract

The mortality of traumatic brain injury (TBI) has been largely static despite advances in monitoring and imaging techniques.

Substantial variance exists in outcome, not fully accounted for by baseline characteristics or injury severity, and genetic factors

likely play a role in this variance. The aims of this systematic review were to examine the evidence for a link between the

apolipoprotein E4 (APOE4) polymorphism and TBI outcomes and where possible, to quantify the effect size via meta-analysis.

We searched EMBASE, MEDLINE, CINAHL, and gray literature in December 2017. We included studies of APOE genotype in

relation to functional adult TBI outcomes. Methodological quality was assessed using the Quality in Prognostic Studies Risk of

Bias Assessment Instrument and the prognostic studies adaptation of the Grading of Recommendations Assessment, Devel-

opment and Evaluation tool. In addition, we contacted investigators and included an additional 160 patients whose data had not

been made available for previous analyses, giving a total sample size of 2593 patients. Meta-analysis demonstrated higher odds

of a favorable outcome following TBI in those not possessing an ApoE e4 allele compared with e4 carriers and homozygotes

(odds ratio 1.39, 95% confidence interval 1.05 to 1.84; p = 0.02). The influence of APOE4 on neuropsychological functioning

following TBI remained uncertain, with multiple conflicting studies. We conclude that the ApoE e4 allele confers a small risk of

poor outcome following TBI, with analysis by TBI severity not possible based on the currently available published data. Further

research into the long-term neuropsychological impact and risk of dementia is warranted.
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Introduction

Traumatic brain injury (TBI) is a substantial health prob-

lem, which shows substantial variance in outcome—only

about a third of which can be accounted for by known covariates.1

There is an increasing interest in exploring whether some of the

unexplained variance may arise from genetic differences in pro-

cesses involved in cognitive reserve, injury mechanisms, repair

mechanisms, or neurodegenerative processes. Several genes have

been explored in this context, and the polymorphisms studied
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include those coding for brain-derived neurotrophic factor, cyto-

kine, neurotransmitter and mitochondrial gene families, and other

individual candidate genes. However, the most common focus of

study in this context has been variations in the APOE gene, which

codes for apolipoprotein E. Since the original report2 of worse

outcomes in TBI patients possessing the e4 allele of apolipoprotein

E (APOE), a large number of studies have tested the influence of

sequence variants in specific genes on mortality, functional, and

neuropsychological outcomes. The mechanisms by which APOE

polymorphisms might modulate these outcomes are detailed in

Supplementary Appendix 1: Background to APOE. This manu-

script is one of a pair of systematic reviews addressing the effect of

genetic variation in TBI and will concentrate on the effect of the e4
allele of APOE. A companion systematic review, which addresses

non-APOE genes, has recently been published.3

APOE is undoubtedly the most extensively studied gene in the

field of TBI. It codes for a 34kDa protein, which has a central role in

central nervous system lipid transport, including movement of

cholesterol into cells to aid repair processes in damaged neurones.

Three common alleles have been characterized (e2, 3, and 4), which

code for protein isoforms E2, E3, and E4. The literature to date

supports an association between possession of the e4 allele and a

variety of negative neuropsychiatric outcomes, including a dose-

dependent increase in the risk of late onset Alzheimer’s disease as

well as intracerebral haemorrhage.4 There is some evidence that

APOE2 may exert a neuroprotective effect opposite to that of E4,

but its relatively low population incidence is a limiting factor in

research.

The neurochemical mechanisms for toxic effects of APOE4

have been reviewed extensively.5 In brief, it is thought that the E4

isoform (which uniquely contains an arginine replacing a cysteine

at residue 112) exhibits a property known as domain interaction,

whereby an exposed arginine at residue 61 interacts with the C-

terminal domain. This change in the tertiary structure of the

peptide results in aberrant cleavage within the endoplasmic re-

ticulum, releasing neurotoxic fragments into the cytosol, where

they impair mitochondrial and cytoskeletal function, potentially

leading to cellular apoptosis. There is evidence that APOE4 in-

hibits neurite outgrowth (unlike E2/E3, which encourage it) and

that release of pro-inflammatory mediators (interleukin [IL] 6,

nitric oxide) from stimulated microglia is greater in the presence

of E4. Traumatic brain injury involves a mechanical insult trig-

gering a complex pathogenic process, with inflammation and

neurotoxicity featuring prominently in the development of sec-

ondary brain injury.6 As the E4 isoform has been shown to exhibit

a number of pathological functions with respect to these pro-

cesses, it has been hypothesized that TBI patients who are homo-

or heterozygous for the e4 allele may experience a more severe

TBI for a given cause of injury, with greater secondary injury and

impaired capacity for recovery.

With regard to the previously published data on this topic, there

have been many reviews that have tried to collate the available data

at different times. For brevity, we have concentrated on the most

recent of these, which examine the effect of APOE genotype on

global functional outcome from TBI, both of which reported an

increased incidence of poor outcome in carriers of the risk of the e4
allele.7,8 A separate meta-analysis examining purely cognitive out-

come measures found that no firm association between APOE al-

leles and post-TBI function could be demonstrated.9 A narrative

systematic review of APOE and TBI outcomes reported a deleteri-

ous effect of APOE4 on functional outcomes in severe TBI but no

consistent association in milder injury.10

The aim of this meta-analysis and systematic review is to pro-

vide a comprehensive report of the association between APOE

variants (focusing on the effect of possession of an e4 allele) and

outcome in adults suffering TBI. We have divided outcomes of

interest into ‘‘global’’ measures such as the Glasgow Outcome

Score, which represent overall levels of disability after injury, and

more detailed neuropsychiatric and cognitive assessments such as

measures of verbal reasoning and executive functioning. We report

a meta-analysis of global outcomes, and narratively summarize the

evidence regarding neuropsychiatric and cognitive recovery. It is

important to point out that our meta-analysis includes substantial

unpublished data not available to those authors of the recent meta-

analyses discussed above; concordances and discordances with

these reviews are covered in detail in the Discussion section.

Methods

This review was conducted and reported in line with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Statement.11 A protocol was registered on June 10,
2014, with the University of York’s International Prospective
Register of Systematic Reviews (PROSPERO) database (registra-
tion number CRD42014013623; available at http://www.crd.york
.ac.uk/PROSPERO/display_record.asp?ID=CRD42014013623).

This review is being prepared as a ‘‘living systematic review’’ as
part of the Collaborative European NeuroTrauma Effectiveness
Research in TBI (CENTER-TBI) project (www.center-tbi.eu).12 A
living systematic review is a high quality up-to-date online sum-
mary of health research that is updated as new research becomes
available.13 In practice, this means that the searches will be re-run
and any new studies incorporated into the review. We will seek to
publish regular updates.

Search methods for identification of studies

In May 2014, EMBASE, MEDLINE, and CINAHL (all via
National Institute for Health and Care Excellence Healthcare Da-
tabases) and Google Scholar were searched for published studies,
and conference abstracts published in peer reviewed journals in-
dexed in the above databases. Developed with search experts at
Monash University’s National Trauma Research Institute, the
search strategies used a combination of keywords and MeSH terms
(Supplementary Appendix 2: Search Strategies). Study reference
lists were manually reviewed to identify relevant publications not
identified by the search strategy. Conference abstracts prompted
further PubMed searches to discover whether the data had subse-
quently been published in full. Searches were re-run in August
2015, November 2016 and December 2017 using the identical
protocol.

Selection criteria

Citations were downloaded into Endnote (Thomson Reuters),
duplicates removed, and were then screened by one author (CAM)
on title/abstract using the following selection criteria:

1. Adult TBI patients (aged over 16 years).

2. A functional outcome measure of any type, reported by patient

genotype—this included the Glasgow Outcome Scale (GOS),

Glasgow Outcome Scale-Extended (GOS-E), modified Rankin

Scale (mRS), Disability Rating Scale (DRS), Neurobehavioral

Rating Scale (NRS), as well as neuropsychological measures.

3. English language.

Studies were excluded if they dealt with in vitro/animal work, or
included non-TBI/pediatric patients and did not report separate out-
come data for the adult TBI cohort. Studies reporting nonfunctional
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outcome measures, such as histological findings at post mortem, were
also excluded.

After screening, the remaining citations were reviewed in full
text independently by two authors (CAM and VFJN/FAZ) to assess
them for eligibility. Disagreements regarding eligibility were re-
solved by consensus, and referral to a third reviewer (DKM) was
not required.

Quality assessment

Risk of bias was assessed using the Quality In Prognostic Studies
(QuIPS) criteria, a validated domain-based tool for quality assess-
ment of prognostic studies.14 Two authors (CAM and VFJN/FAZ)
independently completed the QuIPS for each study, and then reached
a final judgement on each of the six domains by consensus. In line
with the guidance given by the team who developed QuIPS, no
overall rating of quality is assigned to each study.

Data extraction

Citations and full text files were uploaded to Covidence (www
.covidence.org). Two authors (CAM, and either VFJN or FAZ)
worked independently, resolving disagreements through consen-
sus. The following characteristics were extracted:

1. Inclusion/exclusion criteria.

2. Baseline characteristics, where possible for each genotype

within the cohort:

a. Cohort gender composition.

b. Age (mean – standard deviation [SD] if available).

c. TBI severity according to the Glasgow Coma Scale (GCS)

which was quantified, wherever possible, as mean GCS –
SD, or GCS grouped according to existing guidelines for

classification.15

3. Outcome data (see below).

4. Funding source(s).

In the case of studies covering global functional outcomes (e.g.,
GOS/GOS-E, mRS, NRS, DRS, mortality), scores were extracted at
all available time-points for each genotype. The total numbers of
patients assigned a given score at each time-point were extracted
and used to calculate the number of patients with a ‘‘favorable’’
outcome. Categorical scales were dichotomized in line with pre-
viously recognized methods for defining ‘‘favorable’’ outcomes
(i.e., GOS 4 to 5, GOS-E 5 to 8.)16 When authors reported self-
defined favorable or unfavorable outcomes without a breakdown of
the underlying raw categorical data, this was extracted instead. If
ordinal data were not available, the mean scores and standard de-
viations (or standard errors/95% confidence intervals) were ex-
tracted. In studies dealing with neuropsychological scales or other
outcomes (e.g., measures of fatigue), reports of statistically sig-
nificantly differences between genotype results (at the alpha level
selected by the study’s authors) were extracted, with a narrative
note made of nonsignificant results. In the case of no significant
results being reported, a narrative note of negative findings was
made.

Statistical analysis

Studies were subdivided for analysis by outcome measures.
Where studies were sufficiently homogenous (in terms of gene
studied, patient characteristics, and outcome measured), they were
pooled statistically using RevMan 5.3 (Nordic Cochrane Centre
2014).17 Only studies reporting global functional outcome scores in
relation to APOE genotype were entered into meta-analysis.

The quality of evidence contributing to each pooled outcome
was assessed according to the Grading of Recommendations As-
sessment, Development and Evaluation (GRADE) framework,

modified for prognostic studies.18 This examines eight factors; six
that can downgrade the evidence (phase of investigation, study
limitations, inconsistency, indirectness, imprecision, publication
bias) and two that can increase it (moderate or large effect size,
exposure–response gradient).

For the meta-analysis, outcome was extracted for dichotomized
genotypes (APOE4 carriers vs. non-carriers), with outcome scores
dichotomized as GOS 4-5/GOS-E 5-8 representing a ‘‘favorable
outcome.’’ The primary meta-analysis was of outcome data at 6
months; one study (Ponsford and colleagues)19 did not report 6-
month data, and so the next available time-point (12 months) was
used instead. Throughout the review, where not otherwise speci-
fied, ‘‘unfavorable outcome’’ or ‘‘poor outcome’’ is in reference to
a GOS score of 1–3, or a GOS-E of 1–4, with ‘‘good’’ or ‘‘favor-
able’’ outcome referring to GOS 4–5 or GOS-E 5–8.

We employed the random effects model implemented in Rev-
Man (Nordic Cochrane Centre 2014).17 Between-study heteroge-
neity was explored with the chi-squared test, and quantified using
the I2 statistic. Significant heterogeneity was defined as I2 > 50%.
A pooled effect estimate for the total study population was calcu-
lated as Mantel-Haenzel odds ratios and 95% confidence intervals
(see http://handbook.cochrane.org/chapter_9/9_4_4_3_random_
effects_method.htm for details). We defined the clinical impor-
tance of the observed associations as small (odds ratio [OR] <2.5),
moderate (2.5–4.25), or large (> 4.25), in line with the definition
proposed in a recent Cochrane prognostic review.18

Sensitivity analysis. During the data extraction process, it
became clear that there was variation in the manner in which out-
come data were reported and interpreted by authors. Willmott and
colleagues20 for example use a GOS-E score of 7 to 8 (living in-
dependently/return to work) as a marker of ‘‘good recovery’’ for
their analyses. We recognize that identical odds ratios might be
assumed if the GOS-E is considered as an ordinal scale, as is done
with proportional odds regression analysis.21 In addition, some
studies reported outcome data over significantly longer time scales,
ranging from 36 months to 25 years. The time-point chosen for
meta-analysis and outcome dichotomization employed was not
based on a priori scientific evidence, but reflected the most com-
mon practice of authors in the field. Post hoc sensitivity analyses
were therefore constructed as follows:

1. Six-month outcome data (or next available time-point) with

GOS-E dichotomized in line with Willmott and colleagues.

2. Last available time-point, with GOS 4/5 or GOS-E 5–8 re-

presenting ‘‘favorable outcome.’’

3. Last available time-point, with the Wilmott dichotomization

of GOS-E.

4. Six-month outcome data (or next available time-point) but

omitting studies rated as high risk of bias in one or more

QuIPS domains.

Assessment of publication bias. For studies included in the
meta-analysis, we examined funnel plot asymmetry (which may
indicate the presence of publication bias), using RevMan 5.3
software (the Nordic Cochrane Centre). Where data were unable to
be pooled, we assessed the likelihood of publication bias qualita-
tively, based on included study characteristics and the advice of
experts within and beyond the author team about the possibility of
relevant unpublished studies.

Results

Search results

A total of 6925 citations were identified through database sear-

ches (Fig. 1). After removing duplicates, 6272 were screened on
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citation and abstract, with 6033 excluded. We obtained 239 cita-

tions in full text (including 91 review articles), of which 41 studies

were excluded. The reasons for exclusion included non-TBI study

populations and ineligible outcome measures (Supplementary

Table S1).

Included studies

Forty-nine studies examining APOE2,19,22–68 were identified.

Of these, 21 reported a global outcome such as GOS or

GOSE,2,16,19–33,55,59–61 and of these studies, 142,16,19,22–28,31,32,55

provided sufficient detail for meta-analysis (see Table 1, which

includes all 21 studies and specifies the studies that were included in

the meta-analysis). Study designs consisted of 38 prospective co-

hort studies, 10 retrospective cohort studies, and one case-control

study. Population sizes were heterogeneous; 21 studies included

100 or more patients and the remaining 28 less than 100.

Our meta-analysis included data on 2593 subjects, of which 160

were additional individual patient data from two previous publi-

cations,22,28 which were kindly provided by the study authors as the

published manuscript did not contain enough data to be included in

previous meta-analyses. We also contacted the corresponding au-

thors of three other papers23,24,33 to source raw data, but did not

receive responses, preventing us from including these studies in our

meta-analysis. We nonetheless include more patients than two re-

cent meta-analyses.7,8

Risk of bias

The studies all constitute observational research, and in most

there were areas of methodological weakness, even in otherwise

well conducted studies. In 25 studies, one or more domains were

judged to be at high risk of bias. For 13 studies, this was due to

concern regarding significant attrition of the study cohort, espe-

cially if demographic homogeneity between patients who did and

did not drop out was not demonstrated by the authors. The included

studies’ risk of bias ratings for each of the six QuIPs domains can be

seen in Supplementary Table S2.

Apolipoprotein E genotype and meta-analysis
of functional outcomes

Twenty-one studies investigated the relationship between APOE

genotype and functional outcome in adult patients. Fourteen of

these studies reported data in sufficient detail (or provided it on

request) to allow entry into the meta-analysis.

The absence of the APOE4 genotype was associated with a

significant increase in the odds of a favorable outcome in patients

with TBI (odds ratio [OR] 1.39, 95% confidence interval [CI] 1.05

FIG. 1. Study selection flowchart.
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to 1.84; p = 0.02; Fig. 2). The low quality of the evidence meant that

the confidence in this effect size was low. Due to the prevalence of

mixed severity patient populations, subgroup analysis by TBI se-

verity was deemed inappropriate—only two papers (Alexander and

colleages22 and Olivecrona31) studied purely severe TBI cohorts.

The results of the four sensitivity analyses provided effect sizes

which were consistent with the primary meta-analysis (Supplemen-

tary Figs. S1–S4). Moderate heterogeneity was noted within the

studies, with an I2 statistic of 37%. The sensitivity analysis including

only high-quality studies (Supplementary Fig. 4) demonstrated a

slightly stronger effect estimate (OR 1.58, 95% CI 1.11 – 2.24;

p = 0.01) but with slightly higher overall heterogeneity (I2 45%).

The quality of the evidence for the association between APOE

and functional outcome was rated as low due to serious study

limitations: most studies were rated as moderate risk of bias. Ac-

cording to the GRADE framework for prognostic studies, this

means that our confidence in the effect estimate is limited and that

the true effect may be substantially different from the estimate of

the effect.18 Details of the GRADE framework assessment can be

found in Supplementary Table S3. A funnel plot showed no evi-

dence of publication bias in the reviewed literature (Fig. 3).

Studies not included in meta-analysis

Studies that provided global outcome measures, but insufficient

detail for meta-analysis, and those that reported on end-points other

than global outcomes are summarized in Table 2. For studies that

were not included in the meta-analysis, this table provides readers

with a summary of the reported direction of effect (or absence of

effect) of ApoE genotype on the end-points of interest.

Among studies that collected but did not fully publish global

outcome measures, conflicting results were found. In studies of

severe TBI patients, Lichtman and colleagues47 reported worse

outcomes for APOE4+ patients on the Functional Independence

Measure (driven by poor motor recovery), and Mejia and col-

leagues67 describe an association between APOE3+ genotypes and

improved DRS scores at 6 months (including APOE 3/4 hetero-

zygote patients). Chamelian and colleagues 24 found no difference

in mean GOS at 6 months among mild-moderate TBI patients while

Ost and colleagues33 found an increase in mortality among

APOE4+ men. Nielson and colleagues could not demonstrate an

association between poor outcome and APOE genotype in their

topological data analysis of the Transforming Research and Clin-

ical Knowledge in TBI (TRACK-TBI) cohort.63 Miller and col-

leagues48 found no effect of APOE genotype on early or delayed

post-traumatic seizure occurrence in a severe TBI cohort. Jiang and

colleagues43 suggest that APOE4 carriage increases the odds of

early clinical deterioration within the first 7 days after injury, with

Olivecrona and Koskinen64 observing higher maximum intracra-

nial pressures and an increased risk of requiring decompressive

craniectomy within 36 h of injury. Jiang and colleagues extend their

findings to the A-419T polymorphism in the APOE gene promoter

region in a separate paper42 and Lendon and colleagues,45 studying

the G-219T promoter SNP, found the TT genotype experienced

significantly worse outcomes at 6 months on the GOS scale.

Apolipoprotein E and neuropsychological outcomes

Studies investigating the effects of APOE4 carriage on neu-

ropsychological outcomes also reported conflicting results. A broad

overview of how the published evidence has been reported can be

found in Supplementary Tables S4 and S5. With regard to measures

of working memory and verbal recall, Han and colleagues39 found

that APOE4 carriers actually outperform APOE4– patients at 5

weeks post-injury, whereas Anderson and colleagues37 and Craw-

ford and colleagues38 demonstrated the opposite effect at 6 months.

Shadli and colleagues,52 Padgett and colleagues,61 and Millar and

colleagues29 all found no difference in performance on multiple

tests of executive functioning, working memory, and verbal recall,

despite in the case of Millar and colleagues having demonstrated

a significant difference in GOS between genotypes. Han and col-

leagues40 also found that change in job status (to a less demanding

workload) following TBI was predicted by number of post-concussive

symptoms and pre-morbid IQ among APOE4- patients, but by

degree of memory impairment alone in APOE4+ patients, perhaps

suggestive that a higher pre-morbid IQ does not protect against

post-TBI cognitive impairment to the same degree among APOE4+
patients.

Hodgkinson analyzed 100 patients with severe TBI undergoing

rehabilitation, and could find no cognitive differences between APOE

genotypes at 6 months.68 Liberman and colleagues46 showed that

APOE4+ predicts worse performance on tests of mental arithmetic

FIG. 2. Meta-analysis of the effect of apolipoprotein E4 (APOE4) on traumatic brain injury outcome.

1130 MCFADYEN ET AL.



(Paced Auditory Serial Addition Test 2.8 serial addition) 3 weeks

after injury, but that patients have recovered to similar levels re-

gardless of genotype by 6 weeks. A large Australian cohort of prior

TBI patients analyzed by Eramudugolla and colleagues demon-

strated significantly worse episodic memory performance in young

APOE carriers (ages 20–24 at recruitment), and slower reaction

times in middle aged APOE4+ TBI patients. The effect size in the

younger cohort was driven chiefly by those with moderate or se-

vere injuries, and no APOE4 · TBI interaction could be detected

in the oldest (60–64 years old) cohort.57 Merritt and Arnett,60

studying college athletes who had suffered a mild TBI in the last 3

months, showed an increase in post-concussive symptom burden

among APOE4 carriers, and Banks and Bernick59 found worse

verbal memory performance among APOE4+ combat sports par-

ticipants. This latter finding was nonetheless not associated with a

decrease in hippocampal or thalamic volume, leaving the physi-

ological underpinnings of APOE4 mediated cognitive impairment

unclear.

In the longer term, although the quality of evidence is variable,

several publications suggest that APOE4 carriage predisposes to

some degree of accelerated cognitive decline in the context of TBI,

but no complete agreement between studies. Rapoport and col-

leagues51 found no increased incidence of dementia in the 2 years

following TBI, regardless of genotype, whereas Isoniemi and col-

leagues41 followed patients for an average of 30 years from injury

and found that APOE4+ subjects display greater deterioration on a

composite neuropsychological battery, performing on average 7.4

SD below the norm for age. This difference, however, was driven

entirely by the development of dementia in six of the 19 APOE4+
subjects, with no cognitive decline in the other 13. No APOE4–

patients had developed dementia at follow-up, consistent with the

well documented dementia risk associated with the e4 allele. Sund-

ström and colleagues have reported on head injury patients from the

Betula longitudinal study being conducted in Sweden, which has

recruited 4000 subjects from the general population since 1988 and

carries out five yearly tests relating to aging, cognition, and health.

They report a significant deterioration in task performance among

APOE4+ patients in three of nine cognitive domains tested,53 with

increased measures of fatigue54 and an increased risk of developing

dementia during the study period.55 They found an odds ratio for

developing dementia in the years following TBI in APOE4+ sub-

jects (compared to APOE4- non-TBI controls) of 5.2 (95% CI 2–

14), compared with 3.0 (95% CI 1.9–4.7) for APOE4+ non-TBI

controls, and 0.9 (95% CI 0.4–1.8) for APOE4– TBI patients. This

suggests that the dementia risk in APOE4 carriers may be amplified

following TBI.

Synthesis of the main results

We found 14 studies eligible for meta-analysis. Our main finding

in this regard is that the overall effect of the APOE4 allele on early

functional outcomes from TBI is a negative impact, which is

quantified as small, based on criteria in a recent Cochrane prog-

nostic review.15 Over longer time scales such as those addressed by

Isoniemi and colleagues41 and Sundström and colleagues,53–55 the

evidence suggests that TBI may provide an additive factor in the

already elevated background risk of dementia among APOE4+
patients. This increased incidence of dementia may account for

worse performance on neurocognitive testing during long term

follow-up.

It is worth noting that the drivers of poor outcome in some of the

studies relating APOE4 allele carriage to cognitive outcome were

not uniform across the study populations, and may have been

heavily influenced by performance on a subset of cognitive tests, or

the development of late dementia. While the implications for

clinical practice remain to be defined, taken together, it seems

reasonable to conclude that the APOE4 allele may have an adverse

effect on neurocognitive recovery from TBI and dementia inci-

dence over the long-term, with a small impact on the acute clinical

course and early outcome.

Discussion

An extensive research effort has been expended on uncovering

associations between candidate genetic variants and TBI outcomes.

It is likely that genetic variation constitutes a contributing influence

rather than being a dominant driver of outcome in TBI, and the

integration of this emerging information into clinical practice is

still a work in progress. Genetic profiling might provide an addi-

tional prognostic factor that could be used to refine current prog-

nostic schemes, with the more accurate prognostication allowing

better risk adjustment in research and audit. It might also aid

therapy stratification, either by targeting treatment based on risk of

poor outcome, or based on mechanistic differences in patient

subgroups. The first of these options would be realized by any

improvement in overall prognostication. The second, while possi-

ble in principle,69 will only be possible in practice if we identify

mechanistic correlates that drive the differences in outcome impact

from genetic variation. Because the clinical course of TBI is indeed

a complex trait, successfully identifying genetic variants with an

effect on outcome will require large sample sizes of homogenously

characterized individuals. With regard to prognosis, there are cur-

rently no genetic variants that have been incorporated into existing

models, although APOE represents an obvious candidate in this

context.

On the basis of our meta-analysis, we conclude that APOE e4 has

a small impact on shorter-term outcomes (over a time scale of

months to 2 years), as measured by functional assessments such as

GOS or GOS-E. The conclusion of earlier publications—that the

effect of APOE4 is more pronounced among severe TBI patients—

could not be tested with sufficient statistical rigor based on the

available evidence.

FIG. 3. Funnel plot for primary meta-analysis: global outcome
(6-month data or closest, all studies).
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Assessment of data and analysis quality

We are confident that we identified all relevant published studies

in the field of TBI genetics using a comprehensive search strategy,

in line with PRISMA guidance. Unpublished data, which have been

provided to us, were unavailable to previous systematic meta-

analyses,7,8 which added an additional 160 patients, resulting in a

total of 2593 patients.

There are nonetheless limitations to this review. The summa-

rized studies are underpowered, and the likelihood is high that

negative results exist but have never been published. Only one

reviewer carried out the initial screening of studies (although full

text review was carried out by two separate authors). It is likely we

have missed studies published in the non-English literature. With

the exception of four papers entered into meta-analysis, the re-

maining studies cover largely Caucasian populations, and in almost

all studies the majority of patients were male. This former obser-

vation reflects the ethnic composition of the countries that are in-

volved in leading TBI research and the latter the demographics of

real-world TBI populations. We are confident that our main finding,

that APOE4 has a small effect on initial recovery, is an accurate

assessment of the true effect size, and is generalizable to adult non-

penetrating TBI populations.

As can be seen from the Risk of Bias judgements (Supplemen-

tary Table 2), methodological quality was variable, and most

publications were rated as having medium or high Risk of Bias in

one or more domains. There are three major methodological limi-

tations that were common across the studies analyzed. The majority

of studies contained mixed severity cohorts with generally small

cohort sizes; the few larger cohorts contained both pediatric and

adult patients across all severities and attempt to control for this

later through regression analysis. Current large multi-center inter-

national research collaborations that form part of the International

Traumatic Brain Injury Research Initiative (InTBIR; https://intbir

.nih.gov) aim to address these issues by recruiting large, well-

characterized TBI cohorts.

The effect size that we demonstrate are similar to those dem-

onstrated in genetic association studies in other acute neurological

diseases such as stroke,70 and if confirmed, could be important to

contribute to a multivariable prognostic profile. Further, given the

substantial interest in developing amyloid modifying therapies in

Alzheimer’s disease, these potentially present a target for therapy

and therapy stratification. However, while our analysis is in keep-

ing with an effect of APOE e4 carriage on outcome, our confidence

in the magnitude of this effect size is limited by the quality and

heterogeneity of the contributing studies. We note that publication

bias for positive candidate gene association studies has been dem-

onstrated in other clinical contexts.71,72 Our funnel plot (Fig. 3)

suggested no such bias in our analysis.

The other major issues relate to the research and statistical ap-

proaches used by many groups. The traditional alpha for statistical

significance (0.05) is frequently thought to be inadequately rigorous

when considering multiple gene assays, necessitating large and well-

designed trial populations. Hirschhorn and colleagues73 and Na-

kaoka and Inoue74 highlight further potential methodological pitfalls

in their reviews of commonly reported genetic associations, such as

linkage disequilibrium and ethnic admixture as potential causes of

false positive results. Both Hirschhorn and colleagues73 and Loh-

mueller and colleagues75 emphasize the need for very large cohorts

in order to suitably power studies, and suggest that data should al-

ways be published in sufficient detail to enable meta-analysis. This

latter criterion is notably not met in the current TBI genetic literature.

Agreements and disagreements with other reviews

Two other meta-analyses of the effects of the APOE4 allele on

functional TBI outcomes have been published. Zhou and colleagues7

used seven studies, all contained in our analysis, but excluded one29

when sensitivity analysis showed that its inclusion was responsible

for the significant between-study heterogeneity. On the basis of the

remaining six studies, they concluded that APOE4 carriage was as-

sociated with a higher risk of poor outcomes 6 months post-injury

(risk ratio 1.49, 95% CI, 1.11–2.00). A second meta-analysis by Zeng

and colleagues8 contained data from 13 studies. Of these, nine are

included in our meta-analysis. The remaining four comprise a study

of pediatric TBI,76 a study in which the outcome measured was

worsening of CT scan findings,77 a study in a journal not listed on the

databases we searched,78 and results taken from a letter of reply79 to a

paper we deemed ineligible.80 Zeng and colleagues did not report on

six papers (comprising 915 patients) that are included in our review,

including Ponsford and colleagues,19 which is the second largest

cohort that we included. The authors did not include a list of their

excluded studies, so it is not possible to ascertain why studies we

chose to include did not form part of their analysis. Zeng and col-

leagues concluded that the APOE4 allele was associated with lower

odds of a good prognosis (OR = 0.68, 95% CI: 0.48–0.96; p = 0.027),

and performed subgroup analyses, which revealed a slightly larger

effect size if only severe TBI is included.

Our overall result is similar to these two preceding meta-

analyses—we find that there is an odds ratio indicative of favorable

outcomes among APOE4 non-carriers of 1.39 (95% CI 1.05 to 1.84;

p = 0.02). As our study selection process identified only two papers

with purely severe TBI patients, we did not deem it appropriate to

perform a subgroup analysis of severe TBI. Sensitivity analysis re-

vealed similar effect sizes regardless of time-point post-injury or

definition of ‘‘favorable’’ versus ‘‘unfavorable’’ outcomes.

A narrative systematic review of the APOE TBI literature by

Lawrence and colleagues10 containing 69 studies reported an

overall negative influence of APOE4 on outcome and incidence of

dementia following TBI, with a more marked effect in severe TBI.

The same authors conclude that APOE4 may impair neuropsy-

chological functioning following severe TBI. The review contains

multiple studies excluded from our review, as they included pedi-

atric TBI research, and papers with non-functional outcomes such

as measures of cerebral blood flow and coagulation. The authors

also stratify papers (including many discussed in this review) by

TBI severity, even if the studies contain heterogeneous cohorts with

a simple or absolute majority of one degree of TBI severity and do

not report separate data for each injury strata. We considered em-

ploying a subgroup analysis of this nature for our meta-analysis

(severe vs. mild/moderate injury), but following advice from our

statisticians and methodologists, decided it was not appropriate.

Padgett and colleagues performed a meta-analysis of studies

analyzing APOE genotype in relation to cognitive function in the

first 12 months post-TBI.9 They report that no significant differ-

ences could be demonstrated for either general cognitive function

or test subdomains analyzing verbal, visual and working memory.

Meta-analysis of cognitive subdomains involved pooling results of

different tests (e.g., California Verbal Learning Test and Rey Au-

ditory Verbal Learning Test [RAVLT]) and sections of tests ana-

lyzing differing aspects of the same subdomain (e.g., RAVLT

immediate and delayed recall). We decided not to perform a pooled

meta-analysis of such studies, as the cohorts and cognitive batteries

involved in the published literature are heterogeneous. The studies

covered by Padgett and colleagues are all discussed individually in
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our review. Necessarily due to the design of meta-analyses, many

studies discussed in our manuscript are omitted from the Padgett

publication (for example Eradmudugolla and colleagues’ study of a

>6000 patient cohort) although the authors note these in their

Discussion section. Padgett and colleagues raise the need for future

TBI genomic research to use large cohorts and investigate gene ·
gene and allele dose interactions, a recommendation with which we

wholeheartedly agree.

Mechanisms by which APOE4 might contribute
to worse outcome

The mechanisms by which APOE4 carriage might drive worse

outcomes in TBI has been the subject of much investigation and

speculation, and has included direct neurotoxicity, modulation of tau

biology, abnormal cerebrovascular function, effects on the blood–

brain barrier, inflammation, and oxidant injury. In addition, pre-injury

level of education is one of the strongest predictors of outcome from

mild traumatic brain injury (alongside age and pre-existing psychi-

atric disorder).2 It is therefore plausible that any pre-morbid genetic

disposition to reduced cognitive function may indirectly impair re-

cover. An analysis of the relevant literature is beyond the scope of this

review, but is briefly summarized in Supplementary Appendix 2.

Conclusion

The APOE4 allele has a small impact on the acute clinical course

following TBI, but the evidence for its effect on neuropsychological

recovery remains incomplete. Genetic association studies of complex

traits have repeatedly demonstrated that with sufficient sample sizes,

genetic influences can be identified. There is no reason to suspect that

outcome from TBI should be any different. What have been missing

are large cohorts of TBI patients, who have been both richly and

homogeneously characterized. Now that such cohorts are being as-

certained, there is every reason to be optimistic that the genetic

influences on TBI outcome will emerge. These discoveries will be

the first step toward making genetics useful in TBI care.
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Table 2. Summary of Non–Meta-Analysis Papers’ Results

Type of outcome

Effect of APOE e4 allele on outcome (total study cohort size in parentheses)

Positive impact No impact/uncertain Negative impact

Global scales (GOS, GOS-E, DRS, FIM)
and Clinical (seizure incidence, need
for DC, mortality)

Ariza 2006 (77)* Lichtman 2000 (31)
Chamelian 2004 (90)* Olivecrona 2017 (46)*
Mejia 2016 (170) Öst 2008 (96)*
Miller 2010 (322) Jiang 2006 (110)
Nielson 2017 (586)* Total n = 283
Olivecrona 2012 (48)*
Røe 2016 (129)*
Total n = 1422

Neuropsychological Han 2007 (78) Eramudugolla 2014 (6333) Anderson 2009 (51)
Han 2009 (46) Ariza 2006 (77)
Kristman 2008 (318) Banks 2016 (120)
Lee 2017 (189) Crawford 2002 (110)
Liberman 2002 (78) Merritt 2016 (42)
Padgett 2016 (142) Müller 2009 (59)
Shadli 2011(19) Noé 2010 (67)
Hodgkinson (100) Sundström 2004 (34)
Total n = 7225 Teasdale 2000 (39)

Yue 2017 (114)
Total n = 713

Dementia incidence Rapoport 2008 (49) Isoniemi 2006 (61)
Sundström 2007a (31)
Sundström 2007b (71)
Total n = 163

Total number of subjects studied 78 8696 1159

APOE studies classified by type of outcome and authors’ interpretation of results. Studies included in meta-analysis not included. TBI cohort sizes for
each paper given in brackets. Papers reporting multiple outcomes listed in ‘‘Negative impact’’ if any outcome measure statistically significant for negative
outcome and remainder of outcomes showed no effect. Studies with an asterisk (*) are also featured in Table 1.

GOS, Glasgow outcome scale; GOS-E, Glasgow outcome scale-extended; DRS, disability rating scale; FIM, functional independence measure; DC,
decompressive craniectomy.
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