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Systematic Review, Meta-Analysis, and Population
Attributable Risk of Dementia Associated with Traumatic
Brain Injury in Civilians and Veterans
Raquel C. Gardner,1-3,* Amber Bahorik,1,4 Erica S. Kornblith,1,4 Isabel Elaine Allen,5

Brenda L. Plassman,6 and Kristine Yaffe1,2,4,5

Abstract
Traumatic brain injury (TBI) is an established risk factor for dementia. However, the magnitude of risk is highly
variable across studies. Identification of sub-populations at highest risk, with careful consideration of potential
sources of bias, is urgently needed to guide public health policy and research into mechanisms and treat-
ments. We conducted a systematic review and meta-analysis of risk of all-cause dementia after all-severity
TBI. We assessed for effect of participant age and sex, veteran status, research methods, and region. The
search window covered January 1990 to January 2019. We followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) reporting guidelines. Thirty-two studies met inclusion criteria. Data
were pooled using random effects models. Population attributable risk (PAR) of dementia due to TBI in the
U.S. was calculated by sex and veteran status. Pooled risk ratio (RR) for dementia after TBI was 1.66 (95% con-
fidence interval 1.42-1.93). Younger age, male sex, and studies from Asia were associated with significantly
higher risk; veteran status was not. Risk of dementia associated with ‘‘head injury/trauma’’ was not signifi-
cantly different from that associated with ‘‘TBI’’ diagnosis specifically. PAR of dementia due to TBI among
U.S. veterans was twice that of the general U.S. population, largely due to the high prevalence of TBI exposure
in the majority male veteran population. This meta-analysis found that TBI is associated with nearly 70%
increased risk of dementia. Risk may be highest among younger adults, men, and cohorts in Asia. Efforts to
prevent TBI and also to prevent post-TBI dementia are of high importance. Additionally, improved methods
for diagnosing and tracking TBI on a public health level, such as national registries, may improve the quality
and generalizability of future epidemiological studies investigating the association between TBI and dementia.

Keywords: dementia; systematic review; traumatic brain injury; veterans

Introduction
Traumatic brain injury (TBI) is very common across the

life-course and is increasingly recognized as an important

risk factor for dementia. Several meta-analyses have

investigated this association and nearly all have reported

a pooled risk ratio in the range of 1.6-1.9.1–6 However,

there is substantial heterogeneity in the magnitude of

reported risk across individual studies with some report-

ing risk ratios as high as 3 or 4.7,8 This heterogeneity sug-

gests that there are either sub-groups at especially high
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risk for post-TBI dementia or methodological sources

of bias or both. In order to provide the best evidence to

inform public health strategies and guide further research

into modifiable or targetable mechanisms underlying the

connection between TBI and dementia, a deeper under-

standing of the major contributors to this heterogeneity—

including identification of sub-populations at highest

risk—is urgently needed.

Leveraging the large number of recent, high quality,

large scale epidemiological studies published across sev-

eral countries in recent years, we sought to: 1) conduct a

meta-analysis of risk of dementia after TBI; 2) investigate

the role of several potential contributors to heterogeneous

findings across studies including age, sex, geographical

location, quality of TBI exposure ascertainment, TBI def-

inition (e.g., TBI vs. head trauma/injury), lag from TBI to

dementia diagnosis, quality of dementia ascertainment,

dementia definition, military veteran status, study design,

and publication year; and 3) estimate population attribut-

able risk of dementia due to TBI in the U.S. with specific

attention to comparisons across subgroups of men versus

women and civilians versus veterans rather than the abso-

lute PAR value, which can be challenging to generalize

due to the many assumptions that must be made.

We hypothesized that several factors would account

for much of the heterogeneity across different studies.

We specifically hypothesized that risk would be lower

for studies using an insensitive TBI exposure ascertain-

ment method due to exposure misclassification, that risk

would be lower for studies requiring at least a 1-year

lag between TBI and dementia diagnosis due to mitiga-

tion of reverse-causation, and that risk would be higher

for men and for military veterans due to their propensity

towards more severe or more frequent TBIs.9

Methods
Literature search
We followed the Preferred Reporting Items for Systematic

Reviews and Meta-analyses (PRISMA) reporting guide-

line. We added articles published before March 2015

based on the previous meta-analysis of risk of all-cause

dementia after all-severity TBI by Li and colleagues that

covered the period from January 1, 1990 to March 31,

2015.2 Additional primary articles were identified through

a systematic search of manuscripts published in PubMed,

Embase, and Web of Science from March 2015 to Janu-

ary 2019. We used a combined text and MeSH heading

search strategy including several terms for TBI/brain injury

and dementia. The protocol for the meta-analysis was reg-

istered on the international prospective register of system-

atic reviews (Prospero ID CRD42020162106).

Inclusion criteria and study selection
We first applied broad inclusion criteria to select arti-

cles for full-text review based on initial title and abstract

review by two independent reviewers. Discrepancies

were resolved by a third independent reviewer. We

selected studies for full-text review if they were original

case control or cohort studies published in peer reviewed

journals and if they assessed the association between

any severity of TBI and any type of clinical diagnosis

of dementia. Studies were excluded if they were book

chapters, reviews, or conference abstracts.

Articles that met broad inclusion criteria underwent

full-text review by two independent reviewers who

applied detailed inclusion criteria to determine inclusion

in the meta-analysis (RCG, AB). Discrepancies were

resolved via discussion with a third reviewer (KY).

Detailed inclusion criteria were: 1) study assessed all

cause TBI as the exposure (which we defined broadly

so as to include the many high quality studies published

pre-2010 that universally defined the exposure as ‘‘head

injury/trauma’’ and not as ‘‘TBI’’ specifically); 2) com-

pared participants without TBI to participants with TBI;

3) ascertained TBI using a TBI screen/interview or Inter-

national Classification of Diseases, Ninth Revision or

Tenth Revision, Clinical Modification (ICD-9 or 10-

CM) codes; 4) evaluated dementia as the outcome; 5)

compared participants without dementia to participants

who developed dementia; 6) reported at least age-

adjusted relative risk estimates or odds ratios with their

corresponding 95% confidence intervals (Cis; or the cor-

responding author was able to provide an age-adjusted

estimate upon request); 7) reported a mean age of at

least 40 years during the study; 8) included sufficient

TBI-exposed participants (e.g., for small case-control

studies, at least five exposed participants in each group);

and 9) included a sufficiently generalizable population

(e.g., not restricted to a narrow population of participants

with a specific, relatively rare, pre-existing condition

such as type-1 diabetes or thalassemia).

Data extraction and quality scoring
The following data fields were extracted for each study

by a single reviewer and then validated by a second

reviewer: publication year, study design (cohort or case-

control), region, U.S. military veteran status of cohort,

sample size, age, TBI ascertainment method, TBI

definition/severity, required lag from TBI to dementia

diagnosis, dementia ascertainment method, dementia def-

inition, the maximally-adjusted dementia risk estimate

reported, adjustment/matching variables applied to rep-

orted risk estimate. When possible, mean age of the

entire study cohort was extracted. When this was not

available, mean age was calculated based on reported

mean or median age of cases, controls, or other reported

sub-groups within each study.

Quality scoring was performed by a single reviewer

using a modified Newcastle Ottawa Quality Scoring

system10 tailored for case-control or cohort studies
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assessing risk of dementia after TBI. While the Prospero

protocol originally stated that we would use the

QUADAS tool for quality scoring, the QUADAS tool

was designed for diagnostic accuracy studies and was

deemed less appropriate for the studies in this meta-

analysis. For case control studies, the quality scoring

system assessed adequacy of the dementia definition, rep-

resentativeness of the dementia cases, selection of con-

trols, definition of controls, comparability of cases and

controls, and quality and comparability of the TBI

exposure ascertainment. For cohort studies, the quality

scoring system assessed representativeness of the TBI-

exposed cohort, selection of the no TBI cohort, ascer-

tainment of the TBI exposure, demonstration that the

dementia outcome was not present at the start of the

study, comparability of the TBI and no TBI cohorts,

and quality of assessment of dementia outcome. Itemized

scores for each study are reported in the Supplementary

Data.

Statistical analysis
Because prevalence of dementia is low, odds ratios (ORs)

were considered an approximation of risk ratios (RRs),

per the rare disease assumption.11,12 Because studies rep-

orting hazard ratios (HRs) used incidence for an overall

time period, then HRs were considered equivalent to

RRs.11 Data were pooled using random effects models.

Between-study heterogeneity was assessed using the I2

statistic and Q test. RRs for dementia associated with

TBI were calculated with a 95% CI and the individual

and pooled RRs were visualized using a forest plot.

Publication bias was assessed using a funnel plot with

Hedges G13 and Egger and Begg statistics.14 All analyses

were performed using R version 4.0.2.

Heterogeneity was analyzed using several statistical

approaches, sub-group analyses, and meta-regression

analyses. See the Supplementary Data for a detailed

description of these methods.

We calculated population attributable risk (PAR) of

dementia due to TBI in the U.S. among relevant sub-

populations, including U.S. veterans versus civilians,

using the following formula: PAF = [P · (HR – 1)] / [1 +
P · (HR-1)], where P = lifetime prevalence of TBI in the

sub-population and HR is the pooled risk estimate in

the sub-population. We used the pooled risk estimate,

including both cohort and case-control studies, because

the pooled risk estimates ultimately were identical for

pooled cohort and pooled case-control studies (see the

Results section).

For TBI prevalence, we used the U.S. national preva-

lence of lifetime TBI exposure derived from the Health

and Retirement Study (HRS) 2014 TBI module survey,

which administered the Ohio State TBI Identification

Method (OSU TBI-ID) to a random sub-set of respon-

dents to the 2014 core HRS survey (n = 1489 of the

16,642 non-proxy HRS respondents). The OSU TBI-ID

is an NINDS TBI Common Data Element15 and is cur-

rently considered a gold standard for self-reported life-

time history of TBI. TBI was defined as any prior

history of head injury that resulted in loss of conscious-

ness or peri/post-traumatic amnesia or feeling dazed.

Using raking and weight trimming, HRS sampling

weights were applied to derive nationally representative

prevalence of TBI for the entire community-dwelling

older adult population as well as sub-groups identified

in the 2000 US Census and 2004 Current Population Sur-

vey: males, females, veterans, civilians.16 Additional

background, analysis, and discussion of the unexpectedly

lower lifetime prevalence of TBI among U.S. male veter-

ans versus male civilians identified in the Health and

Retirement 2014 survey was reported previously.9 Prev-

alence of TBI reported in this HRS survey is within the

range of estimates reported previously by other large

population-based surveys among civilian adults of all

ages.17

Results
Figure 1 shows the study screening and selection flow-

chart. The database search generated 1001 original arti-

cles. An additional 78 original articles were derived

from the reference lists of relevant reviews. After dupli-

cates were removed, 795 articles underwent title and

abstract screening, of which, 751 were removed due to

not meeting broad inclusion criteria; most either did not

assess the relationship between TBI and dementia or

were book chapters, reviews, or conference abstracts.

A total of 76 studies were retained for full-text review.

Three articles met all inclusion criteria except did not

report an age-adjusted risk estimate.18-20 For these

studies, authors were contacted via email to request an

age-adjusted risk estimate and one author provided an

estimate for inclusion in the meta-analysis.18 A total of

32 studies, reporting a total of 39 risk estimates, ultima-

tely met all inclusion criteria and were included in the

meta-analysis (Table 1).7,8,18,21–49

Overall, study quality was high (Table 1). Among both

case-control and cohort studies, the most common reason

for losing points on quality scoring was low quality TBI

exposure ascertainment (e.g., TBI ascertainment method

different for cases and controls, interviewers not blinded

to case/control status, patients with dementia reporting

own history of TBI, or very brief TBI screen).

The overall pooled RR for dementia associated with

TBI from the 39 risk estimates, representing 7,634,844

individuals was 1.66 (9 5% CI 1.42-1.93; Fig. 2), indicat-

ing that TBI was significantly associated with a nearly

70% increased risk of dementia. As expected, there was

substantial heterogeneity (I2 = 98.7%, Q test p < 0.001).

Several pre-planned statistical approaches were used to

investigate sources of heterogeneity and are described in

622 GARDNER ET AL.



detail in the Supplementary Data. In summary, removal

of studies found to be outliers based on statistical appro-

aches did not significantly reduce heterogeneity.

To identify sub-groups at greatest risk for post-TBI

dementia, several pre-planned sub-group analyses were

conducted using meta-regression as shown in Table 2.

Overall, age, sex, region, TBI ascertainment method,

lag between TBI and dementia diagnosis, and dementia

ascertainment method all contributed to heterogeneity

(all p < 0.07). Specifically, risk was significantly higher

for studies using ICD codes compared with those using

a brief screen to identify TBI exposure, risk was higher

for studies using ICD codes compared with those using

other methods for dementia diagnosis, risk was lower

for studies requiring at least a 1-year lag between TBI

and dementia diagnosis, risk was lower with higher

age, risk was highest in studies from Asia and lowest in

studies from North America, and risk was highest in stud-

ies with <50% females compared with those with >50%

females. While risk for U.S. veterans was slightly higher

than others, this difference was not statistically signifi-

cant. Risk for AD was also not significantly different

from unspecified/other dementias.

Visual inspection of the funnel plot (Fig. S2 in the

Supplementary Data) showed that the studies were distrib-

uted fairly symmetrically around the effect size, suggesting

little evidence of publication bias. Egger and Begg’s tests

for small sample bias were not significant (bias, 0.39; stan-

dard error 1.70; p = 0.81 and p = 0.40, respectively), addi-

tionally suggesting little potential for publication bias.

Population attributable risk (PAR) of dementia due to

TBI exposure in the U.S. population, including among

sub-groups of U.S. veterans, men, and women, is reported

in Table 3. Women had the lowest estimated PAR (9%

U.S. females; 3.8% U.S. female veterans) while men

had the highest estimated PAR (32% U.S. males; 29%

U.S. male veterans). Estimated PAR of dementia due to

TBI among U.S. veterans was twice that of the general

U.S. population. Estimated PAR of dementia due to

TBI among U.S. men was four times that of U.S. women.

FIG. 1. Study screening and selection flowchart. The search window spanned January 1990 to January
2019 and included searches in PubMed, Embase, and Web of Science databases.
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Discussion
This meta-analysis of 39 risk estimates from 32 studies,

representing 7,634,844 individuals, identified a 66%

increased risk of all-cause dementia associated with all-

severity TBI with substantial heterogeneity across stud-

ies. Younger age, male sex, studies from Asia, studies

that did not require at least a 1-year lag between TBI

and dementia diagnosis, and studies that relied on medi-

cal records data for TBI or dementia diagnosis were all

associated with higher risk. Notably, while the risk esti-

mate of dementia after TBI was slightly higher among

U.S. veterans versus non-U.S. veterans, this difference

was not statistically significant. Further, the risk estimate

for AD after TBI was essentially identical to that for other

dementias after TBI. Lastly, PAR of dementia due to TBI

was found to be highest for U.S. men (32%) and lowest

FIG. 2. Pooled risk ratios (RRs) for dementia risk associated with traumatic brain injury (TBI). Studies are
listed in chronological order. Individual study RRs are depicted as squares; the pooled RR is depicted as a
diamond. CI, confidence interval; *CSHAS, Canadian Study of Health and Aging Study group.
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for U.S. veteran women (3.8%). PAR for U.S veterans

was higher than that of U.S. civilians overall and slightly

lower than that of U.S. men and reflects the majority male

sex composition of current U.S. veterans. Overall, these

findings confirm that TBI is a significant risk factor for

all-cause dementia and that this risk may be greatest

for younger adults, men, and possibly for individuals in

Asia.

Our findings are consistent with prior meta-analyses on

this topic that have reported pooled risk ratios between

1.6-1.9.1–6 Given the large number of studies published

on this topic to date, we were able to thoughtfully refine

inclusion and exclusion criteria with the goal of optimiz-

ing the quality of studies included in this updated meta-

analysis, such as requiring risk estimates to be age

adjusted and excluding studies that did not have at least

a minimum number of TBI-exposed individuals in each

group. This approach is reflected in the fairly high-quality

scores assigned to all included studies.

Notably, a recent meta-analysis of 25 studies assessing

risk of dementia after TBI reported a similar pooled OR

of 1.81.6 This meta-analysis, however, excluded studies

of ‘‘head injury/trauma.’’ This resulted in exclusion of

most high-quality studies published before 2010, includ-

ing a landmark study in veterans31 as well as many stud-

ies that defined the exposure as ‘‘head injury/trauma with

LOC [loss of consciousness].’’ We specifically chose to

include studies that defined the exposure as head trauma/

injury in our meta-analysis. We hypothesized that the

biological difference between ‘‘TBI’’ and ‘‘head injury/

trauma’’ in the epidemiological studies of associated

risk of dementia conducted to date – all of which have

Table 2. Sub-Group Risk Estimates

Sub-group Categories (n = number of studies) RR (95% CI) or B (95% CI) Contribution to heterogeneity

Mean age N/A -0.02 (-0.01- 0.00) p < 0.01
Age category Mean age <65 years (n = 15)

Mean age >65 years (n = 24)
1.99 (1.58-2.50)
1.49 (1.25-1.79)

Q = 3.67, p = 0.05

Sex < 50% female (n = 14)
> 50% female (n = 25)

2.07 (1.61-2.65)
1.43 (1.22-1.68)

Q = 5.83, p < 0.05

U.S. veterans U.S. veterans (n = 4)
All non-veterans (n = 35)

2.13 (1.42-3.21)
1.60 (1.37-1.87)

Q = 1.65, p = 0.19

U.S. vs. non-U.S. U.S. (n = 15)
Non-U.S. (n = 24)

1.52 (1.18-1.96)
1.75 (1.46-2.09)

Q = 0.76, p = 0.38

Region North America (n = 19)
EU/Australia (n = 15)
Asia (n = 5)

1.63 (1.25-2.13)
1.51 (1.29-1.77)
2.36 (1.56-3.57)

Q = 7.18, p < 0.05

TBI type TBI (n = 22)
Head injury (n = 17)

1.62 (1.35-1.94)
1.73 (1.34-2.23)

Q = 0.16, p = 0.68

TBI severity TBI with LOC (n = 14)
All other studies (n = 25)

1.38 (1.02-1.88)
1.79 (1.53-2.08)

Q = 2.10, p = 0.14

TBI ascertainment ICD codes (n = 16)
Brief screen (n = 23)

1.88 (1.58-2.23)
1.44 (1.16-1.80)

Q = 3.34, p = 0.06

Dementia type AD (n = 16)
Dementia (n = 23)

1.68 (1.30-2.18)
1.64 (1.37-1.97)

Q = 0.02, p = 0.88

Dementia ascertainment ICD codes (n = 14)
Other methods (n = 25)

1.92 (1.60-2.30)
1.46 (1.19-1.80)

Q = 3.66, p = 0.05

Lag between TBI and dementia At least 1-year lag required (n = 3)
No/unspecified lag (n = 36)

1.24 (1.18-1.32)
1.67 (1.43-1.96)

Q = 11.90, p < 0.001

Design Case-control (n = 18)
Cohort (n = 21)

1.66 (1.29-2.12)
1.66 (1.38-1.99)

Q = 0.01, p = 0.99

Publication year N/A -0.01 (-0.02-0.01) p = 0.27

RR, risk ratio; CI, confidence interval; B, beta coefficient; N/A, not applicable; EU, European Union; TBI, traumatic brain injury; LOC, loss of con-
sciousness; ICD, International Classification of Disease; AD, Alzheimer’s dementia.

Table 3. Population Attributable Risk (PAR) of Dementia due to Traumatic Brain Injury (TBI) in the United States

Population Estimated RR TBI Prevalence PAR
Estimated total cases

of dementia in U.S.
Estimated cases of dementia
attributable to TBI exposure

Total U.S. population 1.52 31% 14% 6,200,000 860,696
U.S. males 2.07 43% 32% 2,400,000 756,277
U.S. females 1.43 22% 9% 3,800,000 328,412
U.S. veterans 2.13 35% 28% 767,544 217,530
U.S. male veterans 2.13 36% 29% 738,304 213,493
U.S. female veterans 2.13 3.5% 3.8% 29,240 1112

Estimated risk ratios (RR) are from Table 2; estimates for men and women are based on the pooled estimate of studies including <50% females vs. >50%
females, respectively. TBI prevalence is based on weighted estimates from the 2014 Health and Retirement Study TBI module survey and is representative
of community-dwelling older adults in the U.S. Estimates of total dementia cases in the U.S. are from the 2021 Alzheimer’s Disease Facts and Figures50 and
from an expert consensus projection report published online in 2013 by the Department of Veterans Affairs.51
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employed either brief self/proxy-reported screens or ret-

rospective medical record analysis—was likely minimal.

And indeed, we found that the pooled risk estimate was

not significantly different across epidemiological studies

that defined the exposure as head injury/trauma (HR 1.73,

95% CI 1.34-2.23) versus TBI specifically (HR 1.62,

95% CI 1.35-1.94; p for contribution to heterogeneity

0.68). Thus, our meta-analysis included 32 studies and

was perhaps better powered to study certain sub-groups

of interest (e.g., AD, TBI with LOC).

Whether risk of dementia after TBI differs in veterans

versus civilians has not been rigorously studied directly.

While some have hypothesized that TBI and dementia are

more prevalent among veterans,52 this hypothesis has not

been supported by recent evidence. For example, we

found that prevalence of lifetime history of TBI is slightly

lower among male veterans versus male civilians.9 Sim-

ilarly, a study of veterans in England identified a lower

prevalence of dementia among veterans compared with

matched civilians53 and the Adult Changes in Thought

Study reported that military employment was not associ-

ated with cognitive decline or dementia in later life.54

However, a recent systematic review of TBI and risk of

all-cause dementia in veterans (U.S. and non-U.S.)

reported a pooled hazard ratio of 1.95,55 which, is slightly

higher than that reported in most prior meta-analyses

that included mostly civilians.1–5 Ultimately, our meta-

analysis did identify a similarly elevated risk of demen-

tia after TBI among U.S. veterans (HR 2.13), and while

this point estimate was indeed higher than the point

estimate for the other studies of civilians, it was not sta-

tistically significantly higher. Thus, at this time, there is

no clear evidence to support a significantly higher risk

of dementia after TBI among veterans compared with

civilians.

To investigate how severity of TBI was associated

with risk of dementia, we assessed risk of dementia

after ‘‘TBI with LOC’’ as this is the most common

severity-related TBI definition used in epidemiological

studies (used by n = 14 of the studies in our meta-

analysis). It is notable that the risk estimate for TBI

with LOC (HR 1.38) is lower than most of the other esti-

mates. This is surprising because ‘‘TBI with LOC’’

would be expected to capture not only mild TBI with

LOC but also moderate and severe TBIs. One explana-

tion of this finding is that most of these 14 studies defined

TBI based on self-report in response to a brief screen.

Brief screens are known to be poorly sensitive56 making

exposure misclassification likely. Exposure misclassifi-

cation would in turn lead to attenuation of the detectable

effect size associated with the exposure.

Indeed, most high-quality case-control studies pub-

lished to date have used a very brief TBI screen to

assesses lifetime history of TBI and also ask a proxy-

informant to report on this exposure both in cases and

controls. While this approach avoids differential ascer-

tainment bias between cases and controls, it does lead

to substantial under-reporting of the TBI exposure and

subsequent massive exposure mis-classification. To put

this in perspective, the overall lifetime prevalence of at

least one TBI in community dwelling older adult respon-

dents to the nationally representative HRS 2014 compre-

hensive Oregon Health & Science University TBI-ID

survey was 31%.57 Among the 18 case-control studies

included in this meta-analysis, the lifetime prevalence

of TBI among cases and controls ranged from 4 to 24%

with only four studies reporting prevalence 20% or higher

among either cases,23,33 or controls46 or both.27 Under-

reporting will lead to exposure mis-classification and

reduction of the magnitude of any identified association

between exposure and outcome. This is in fact what we

observed when we compared studies that employed a

brief screen (HR 1.44) versus those that relied upon

ICD codes/medical records (HR 1.88). There is also the

challenge that among most case control studies, the expo-

sure of interest is lifetime TBI while most large prospec-

tive cohort studies using medical records only capture

isolated incident cases of TBI during a specified time-

frame, not lifetime exposure.

Only three prior studies included a required one-plus

year lag between TBI and dementia diagnosis in their pri-

mary analysis and were included in our lag sub-group

analysis.31,39,44 However, several prior well-designed

studies have conducted multi-level sensitivity analyses

with ever-increasing lags between TBI and dementia

diagnosis. All have found that the risk estimates decline

as the lag increases and most level off near a RR of 1.2

by 10+ or 30+ years,23,44,47,48 with only three studies—

none of them cohort studies—reporting no significant

risk after 10 + 24 or 30 + years.23,48 Fann and colleagues47

specifically showed that dementia risk is exceptionally

high immediately after TBI but declines rapidly over 2

years, leveling out and remaining fairly stable out to at

least 14 years post-injury. This elegant study suggests

that future studies investigating mechanisms of post-

TBI dementia should perhaps treat the early post-TBI pe-

riod within 2 years of injury separately from the chronic

phase beginning 2 or more years post-injury.

Consistent with these prior studies that dove deeply

into this issue, our lag sub-group analysis also found

that studies requiring a 1-year lag reported significantly

lower risk estimates (pooled RR 1.24) than studies not

requiring a lag (pooled RR 1.67). There are many poten-

tial explanations for this finding. It is possible that TBI

may (rarely) directly cause an immediate diagnosis of

TBI-related dementia, similar to the concept of stroke-

related dementia. In these cases, the risk estimate

would be falsely low after excluding dementia diagnosed

within one year of TBI. However, it is debatable whether

these cases should be classified as ‘‘dementia’’ or simply
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TBI-related cognitive impairment. A more relevant and

likely explanation is reverse-causation. That is, dementia

may be present before the TBI, might be a risk factor for

sustaining the TBI, but may not be diagnosed until after

the TBI as a result, perhaps, of increased neurological

care received for the TBI.

Indeed, our prior study evaluating risk of dementia

after TBI versus non-TBI trauma was designed specifi-

cally to address this question of revere-causation by com-

paring patients who only differed on the location of their

trauma and therefore were likely well-matched for un-

measured pre-injury factors such as un-diagnosed demen-

tia. In this prior study, which additionally implemented a

required 1-year lag and contributed to our lag sub-group

analysis, our risk estimate was indeed near HR of 1.2.39

Thus, a RR around 1.2 may be considered a very conser-

vative estimate of the residual risk of dementia associated

with TBI after aggressively mitigating the possibility of

reverse-causation. Of course, by matching to non-TBI

trauma, risk estimates may be falsely low as this compar-

ison essentially controls for many other co-occurring

exposures such as psychological trauma or systemic

inflammation that may contribute to the causal pathway

between TBI and dementia.58 Similarly, by extending

the lag out to 30+ years, risk estimates will be stripped

of the possibility that a TBI may accelerate a pre-existing

neurodegenerative process leading to an earlier age of

dementia diagnosis than would have otherwise occurred.

Thus, the question of mitigation of reverse-causation in

epidemiological studies of TBI and risk of dementia

is complex. Individual studies should be designed with

special attention to their specific scientific aims rather

than a one-size-fits-all methodology.

We found that studies with younger average age rep-

orted higher risk of dementia after TBI. The definition

of ‘‘age,’’ however, is quite heterogeneous across the

included studies. Age sometimes refers to age at TBI,

sometimes to age at the study baseline (which may be

either before or after TBI), and sometimes to age at the

time of outcome ascertainment. This finding at first

seems contrary to our prior California-wide study of

risk of dementia after TBI that identified an interaction

with older age and TBI severity such that milder TBIs

became increasingly risky with increasing age at the

time of injury.39 It is possible that this discrepancy is

due to the dearth of studies investigating risk of demen-

tia after TBI specifically in the oldest-old age-strata, as

we did in our prior study.39 However, it is also possible

that our finding was confounded by shorter time since

injury in the oldest-old. The study by Fann and collea-

gues47 presents, perhaps, the most nuanced treatment

of age of any prior study with careful investigations of

risk of dementia according to age at time of TBI as

well as by time since injury/age at time of outcome ascer-

tainment. Their results suggest that risk estimates go

down with increasing time since injury which also

means that risk estimates will appear to go up with

increasing age at injury.47

Six studies in this meta-analysis reported sex-stratified

risk estimates for men versus women and of these, four

reported higher risk among men 21,24,28,29 while two

reported higher risk among women.25,30 We were able

to investigate the effect of sex by categorizing studies

as being greater than or less than 50% female. With

this novel approach, we were able to include all 39 risk

estimates in our sex analysis and determine that sex is

a significant contributor to heterogeneity with studies

including majority males reporting significantly higher

risk. This finding is consistent with the majority of

prior studies reporting sex-stratified risk estimates.

We were surprised to find that region was a signifi-

cant contributor to heterogeneity with studies from Asia

reporting significantly higher risk of dementia after

TBI. This finding may be due to methodological dif-

ferences as five of six of these studies had an average

age of 40s and five of six of these studies used medical

records for diagnosis; both of these factors were found

to be associated with higher risk estimates in this meta-

analysis. However, whether there may be other region-

specific contributors to this finding deserves further

study.

This meta-analysis has many strengths. It is the most

comprehensive meta-analysis on risk of all-cause demen-

tia after all-severity TBI to date. We only included high

quality studies. We were able to carefully explore sources

of heterogeneity. However, the study is limited by sub-

stantial residual heterogeneity and resultant uncertainty

of the final pooled risk estimate, the possibility of expo-

sure misclassification in many included studies, the

possibility of under-diagnosis of dementia and reverse-

causation in many included studies, the lack of reliable

definitions for mild TBI in most studies, and of course,

the substantial heterogeneity of methods and definitions

used across different studies. Additionally, our PAR of

dementia due to TBI estimates may be influenced by

additional factors often seen with TBI such as post-

traumatic stress disorder and other comorbidities, are a

result of many assumptions about prevalence of exposure

and outcome, are a result of pooled estimates across very

heterogeneous studies, and may not generalize to individ-

uals under 50 given that the TBI prevalence data was

taken from the Health and Retirement Study. Thus, the

specific estimates of attributable cases of dementia in

the U.S. (e.g., n = 860,696) should be interpreted with

all of these limitations in mind and readers are encour-

aged instead to focus on the relative comparison of PARs

across sub-groups.

In conclusion, this meta-analysis found that TBI is a

significant risk factor for all-cause dementia, increas-

ing risk by approximately 70%. This finding supports
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the importance of continued TBI prevention efforts as

well as continued efforts to identify therapeutic targets

for post-TBI dementia. Further research is additionally

warranted to determine mechanisms of the higher risk

observed in younger adults, men, and individuals from

Asia. Given the higher prevalence of TBI in men and vet-

erans, in combination with the higher estimated risk of

dementia after TBI in these groups, TBI prevention

in men and Veterans is of especially high public health

importance.
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