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INTRODUCTION: Up to 20% of young veterans have had a traumatic brain injury (TBI), with many
older veterans having TBI as well. Some epidemiological studies have reported a link between TBI and
increased risk of dementia even after years of active life post injury, however, few have examined what
factors may increase or decrease the risk of dementia after TBI. In recent decades, as the country has
become more racially and ethnically diverse, so has the U.S. military. However, no studies have
examined how race and ethnicity may influence the TBI outcomes and risk of developing dementia.
Findings have linked TBI with negative socioeconomic, medical and psychiatric consequences. Yet,
these factors also have been identified independently as risk factors for cognitive impairment. This new
and unique research collaboration will leverage two established epidemiological datasets to investigate
factors associated with adverse cognitive outcomes among veterans with head injuries. Our overall
hypothesis is that veterans who are non-white, have lower socioeconomic status and education, and
those with greater psychiatric and medical comorbidities will have a higher risk of dementia after TBI.
Further, we hypothesize that these differences will still be present after accounting for early life
exposures and genetics by studying a large cohort of 3000 twin pairs. Finally, we will determine the
population attributable risk (PAR) or proportion of dementia attributable to TBI, both among Veterans
and non-veterans. This estimate will allow us to compare TBI to other important risk factors in order to
design better prevention and intervention strategies and help highlight the public health significance of
TBI.

KEYWORDS: Dementia, aging, cognitive impairment (Cl), Alzheimer’s disease (AD), traumatic brain injury
(TBI)

ACCOMPLISHMENTS:

o What were the major goals of the project?

e Task 1: Planning and Regulatory Review (Months 1-5)

e Task 2: Aim 1 - To determine the contribution of sociodemographic factors such as race,
ethnicity, education, and socioeconomic status (SES) to the association between TBI and
dementia in the VA TBI Cohort. (Months 5-15)

e Task 3: Aim 2 - Determine the contribution of medical and psychiatric conditions to the
association between TBI and dementia in the VA TBI Cohort. (Months 8-24)

e Task 4: Aim 3 - Capitalizing on the twin design, determine the contribution of
sociodemographic factors such as SES and education to the association between TBI and risk
of cognitive decline and dementia in the Twin Registry. (Months 6-15)

e Task 5: Aim 4 - Using the Twin Registry, to determine the contribution of medical and
psychiatric conditions to the association between TBI and cognitive decline/dementia. (Months
9-24)

e Task 6: Aim 5 - Estimate the attributable risk of TBI on dementia among veterans and the
portion of that risk attributable to each of the mediating or moderating variables including
medical and psychiatric comorbidities. (Months 22-36)

o What was accomplished under these goals?

This project was extremely productive, and we had an excellent working partnership between
the UCSF and Duke groups. Over the course of this project, we examined many factors that
affect the relationship between traumatic brain injury (TBI) and late-life dementia, described in
six peer-reviewed publications.

= Aim 1: In our first study (Kornblith et al., 2020; Appendix 1) we examined the effects of sex,
and race on risk of dementia after TBI, finding that in a large, nation-wide cohort of older
Veterans, all race groups with TBI had increased risk of dementia diagnosis, but there was an
interaction with White Veterans at greatest risk for dementia following TBI.

= Aim 3: The next study (Plassman et al., 2022; Appendix 2) was completed in a cohort of older
Veteran twins. The findings suggest that non-AD mechanisms may underlie the association
between TBI and dementia, potentially providing insight into inconsistent results from prior
studies.



= Aim 2: Another manuscript (Kornblith et al., 2022; Appendix 3) studied the relationship
between TBI, cardiovascular disease (CVD) and dementia in older Veterans, finding that TBI
and CVD increase dementia risk in an additive manner, but CVD does not explain much of the
association between TBI and dementia.

= Aim 2: The fourth manuscript (Albrecht et al., 2022; Appendix 4) compared different control
groups and risk of dementia, showing that the estimated effect of TBI on incident dementia
was strongly impacted by the choice of the comparison group.

= Aim 5: The fifth study was a systematic review and meta-analysis (Gardner et al., 2023;
Appendix 5) of risk of post-TBI dementia with the aim of specifically investigating contributors
to heterogeneity including age, sex, and veteran status. Overall, age, sex, region, TBI
exposure ascertainment method, and dementia outcome ascertainment method all contributed
to heterogeneity.

= Aim 4: The most recent publication (Chanti-Ketterl et al., 2023; Appendix 6) from this project
examined the association between TBI and cognitive performance in older male veteran twins
accounting for medical and psychiatric conditions. The findings support an association on the
impact of TBI on lower cognitive score and the rapidity of cognitive decline in later life. The
results in monozygotic pairs, who share all genes and many exposures particularly in early life,
provide additional evidence of a causal relationship between TBI and poorer late life cognitive
outcomes.

o What opportunities for training and professional development has the project provided?

= Dr. Marianne Chanti-Ketterl, a junior investigator at Duke, conducted the analyses examining
lifetime history of TBI and cognitive change over time, then drafted and published the
manuscript. Her work on this project in risk factors for late life cognitive impairment led to
her appointment as a RCMAR scientist for the USC-AD cohort 2021-2022. Dr. Erica
Kornblith, a junior investigator at UCSF and the SFVAMC, published two manuscripts in well-
respected journals. During this project she collaborated with this group’s experienced team
of researchers, gaining knowledge about traumatic brain injury, Veteran’s health, and
working with large administrative datasets.

o How were the results disseminated to communities of interest?
= For this project we selected national and international meetings to disseminate our work
through poster and oral presentations in which a broad range of multidisciplinary
researchers and clinicians invested in reducing the effects of traumatic brain injury on
cognitive aging and improving Veterans’ health would be present. We submitted our
manuscripts to journals that also target multidisciplinary researchers and clinicians who are
invested in improving TBI outcomes and Veterans’ health.

o What do you plan to do during the next reporting period to accomplish the goals?
= N/A Final Report

e IMPACT:
o What was the impact on the development of the principal discipline(s) of the project?
= Nothing to report
o What was the impact on other disciplines?
= Nothing to report
o What was the impact on technology transfer?

= Nothing to report



o What was the impact on society beyond science and technology?

Nothing to report

e CHANGES/PROBLEMS:

o Changes in approach and reasons for change

Nothing to report

o Actual or anticipated problems or delays and actions or plans to resolve them

Nothing to report

o Changes that had a significant impact on expenditures

Nothing to report

o Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents

e PRODUCTS:

N/A

o Publications, conference papers, and presentations

Journal publications.

Kornblith, E., Peltz, C., Xia, F., Plassman, B., Novakovic-Apopain, T., Yaffe, K. Sex, Race,
and Risk of Dementia after Traumatic Brain Injury among Older Veterans. Neurology,
2020, 95(13).

Plassman, BL., Chanti-Ketterl, M., Pieper, CF, Yaffe, K. Traumatic Brain Injury and
Dementia Risk in Twins - Controlling for Genetic and Early Life Non-Genetic Factors.
Alzheimer’s and Dementia, 2022, 1-9.

Kornblith E, Bahorik A, Li Y, Peltz CB, Barnes DE, Yaffe K. Traumatic Brain Injury,
Cardiovascular Disease, and Risk of Dementia among Older US Veterans. Brain Injury,
2022. (https://doi.org/10.1080/02699052.2022.2033842).

Albrecht JS, Gardner RC, Weibe D, Bahorik A, Xia F, Yaffe K. Comparison Groups Matter
in Traumatic Brain Injury Research: An Example with Dementia. Journal of Neurotrauma,
2022; 39:1-6. (DOI: 10.1089/neu.2022.010).

Gardner R, Bahorik A, Kornblith E, Allen I, Plassman B, Yaffe K. Systematic review, meta-
analysis, and population attributable risk of dementia associated with traumatic brain injury
in Civilians and Veterans. Journal of Neurotrauma, 2023; 40(7-8):620-634.

Chanti-Ketterl, M., Pieper, CF, Yaffe, K., Plassman, BL. Traumatic Brain Injury and
Cognitive Aging Trajectories Among Older Veteran Men — A Twin Study Accounting for
Genetics and Medical Conditions. Neurology, 2023; 101(18):e1761-e1770.

Books or other non-periodical, one-time publications.

Nothing to report


https://doi.org/10.1080/02699052.2022.2033842

Other publications, conference papers, and presentations.

Chanti-Ketterl, M., Pieper, CF, Yaffe, K., Plassman, BL. Traumatic Brain Injury and
Cognitive Aging Among Older Veteran Men — A Twin Study Accounting for Genetics and
Medical Conditions. Accepted for presentation at the 2023 Alzheimer’'s Association
International Conference, Amsterdam, The Netherlands.

Gardner RC, Bahorik AL, Mangal P, Allen IE, Yaffe K. Novel insights into risk of dementia
after traumatic brain injury: a systematic review, meta-analysis, and heterogeneity
analysis. Alzheimer’s & Dementia: The Journal of the Alzheimer’'s Association, 16 (S110).
2020 Alzheimer’s Association International Conference.

Chanti-Ketterl, M., Pieper, CF, Yaffe, K, Plassman, BL. (2020) TBI and Increased Risk of
Non-Alzheimer’s disease dementia in older male twins. Alzheimer's & Dementia: The
Journal of the Alzheimer’s Association, 16 (S110). 2020 Alzheimer’s Association
International Conference.

Website(s) or other Internet site(s)

Nothing to report

o Technologies or techniques
Nothing to report

o Inventions, patent applications, and/or licenses
Nothing to report

o Other Products

Duke compiled approximately 20 years of longitudinal data collection for analyses for this
project. The researchers have cleaned and finalized data containing information on
demographics, cognitive screening scores traumatic brain injuries, and diagnoses of
dementia for over 15,000 twins. UCSF utilized a database containing demographic,
psychiatric, medical information, etc., for nearly 2 million veterans who received
healthcare in the VA from 2005-2015. The project researchers have used this database
for analyses, selected subsamples, and created variables as appropriate for each project.

o PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name:

Kristine Yaffe

Project Role:

Principal Investigator

Researcher Identifier (e.g.

ORCID ID):

KYAFFE

Nearest person month worked: | 1

Contribution to Project:

Dr. Yaffe, in coordination with Dr. Plassman, provides scientific
leadership and input on the analyses and interpretation of results

Funding Support: n/a




Name:

Carrie Peltz

Project Role:

Project Coordinator

Researcher Identifier (e.g.
ORCID ID):

n/a

Nearest person month worked:

5

Contribution to Project:

Dr. Peltz coordinates the project and assists with data analysis and
publication

Funding Support: n/a

Name: Feng Xia
Project Role: Programmer
Researcher Identifier (e.g. n/a

ORCID ID):

Nearest person month worked: |6

Contribution to Project:

Ms. Xia performs statistical analyses for this project.

Funding Support:

n/a

Name:

Tamar Simone

Project Role:

Research Associate

Researcher Identifier (e.g.
ORCID ID):

n/a

Nearest person month worked:

5

Contribution to Project:

Ms. Simone assists with project coordination, scheduling meetings,
assisting with reporting requirements, etc.

Funding Support:

n/a

Name:

Adrita Chatterjee

Project Role:

Research Associate

Researcher Identifier (e.g.
ORCID ID):

n/a

Nearest person month worked:

2

Contribution to Project:

Ms. Chatterjee assists with reporting requirements, project coordination,
and presentations.

Funding Support:

n/a




Name: Julia Cheunkarndee

Project Role: Research Associate

Researcher Identifier (e.g.

ORCID IDY: n'a

Nearest person month worked: |2

Contribution to Project: Ms. Cheunkarndee assists with reporting requirements, analyses, and

presentations.
Funding Support: n/a
Name: Brenda L. Plassman
Project Role: Co-Principal Investigator

Researcher Identifier (e.g.

ORCID ID): 000-0003-2867-7198

Nearest person month worked: |1

Dr. Plassman, in coordination with Dr. Yaffe, provides scientific

Contribution to Project: leadership and input on the analyses and interpretation of results

Funding Support: n/a
Name: Marianne Chanti-Ketterl
Project Role: Co-Investigator

Researcher Identifier (e.g.

ORCID ID): 000-002-0438-676X

Nearest person month worked: |2

Contribution to Project: Dr. Chanti-Ketterl performs statistical analyses for the project

Funding Support: n/a

o Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since
the last reporting period?

Nothing to report
o What other organizations were involved as partners?
= Nothing to report
SPECIAL REPORTING REQUIREMENTS

o Not Applicable
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ABSTRACT

Objective: To investigate whether sex and race differencest @exdementia diagnosis risk

associated with TBI among older Veterans.

Methods: Using Fine-Gray regression models, we invest@jateident dementia diagnosis risk

with TBI exposure by sex and race.

Results: After excluding baseline prevalent dementia, thalfsample (all Veterans 55+
diagnosed with TBI during the 2001-2015 study peeaod a random sample of all Veterans
receiving Veterans Health Administration care) utigld nearly one million Veterans (4.3%
female and 81.8% White, 11.5% Black and 1.25% Hhgpa96,178 with TBI and 903,462
without TBI. Compared to those without TBI, Hispak'eterans with TBI were almost two
times more likely (17.0% vs. 10.3%; HR: 1.74, 95%1C51-2.01), Black Veterans with TBI
were over two times more likely (11.2% vs. 6.4%;3#2R.5, 95% CI: 2.02-2.30), and White
Veterans with TBI were nearly three times morellike receive a dementia diagnosis (12.0%
vs. 5.9%; HR=2.71, 95% CI: 2.64-2.77). A signifitenteraction between TBI and race for
dementia diagnosis was observpd(.001). Both male and female Veterans with TBtave
more than twice as likely (males: 11.8% vs 5.9%; BRBO; 95% CI 2.54-2.66; females 6.3% vs
3.1%, HR: 2.36; 95% CI 2.08, 2.69) to receive aydasis of dementia compared to those
without. There was a significant interaction effeetween sex and TBI (p=0.02), but the

magnitude of differences was small.

Conclusions: In this large, nation-wide cohort of older Veteraalé race groups with TBI had
increased risk of dementia diagnosis, but thereamagateraction effect such that White Veterans

were at greatest risk for dementia following TBFurther research is needed to understand



mechanisms for this discrepancy. Differences inelgm diagnosis risk for males and females
after TBI were significant but small, and male dehale Veterans had similarly high risk of

dementia diagnosis after TBI.

INTRODUCTION

Traumatic brain injury (TBI), including mild TBI JLis a well-known risk factor for
dementia [2-8]. Veterans are particularity at fiekTBI and therefore may be more vulnerable
to developing dementia [9]. Most existing researshTBl and risk of dementia diagnosis in
Veterans has been conducted with predominately araé/Nhite participants. As the U.S.
military becomes more diverse, understanding theamoes that females and non-white service
members may face after TBI is essential. Femakesareasingly involved in combat and at
risk for TBI [10], and the number of female Vetesaparticularly those over 55, is expected to
rise sharply in the coming years [11]. The projporbf Black, Hispanic, and other (including
American Indian/Alaska native, Asian, and Paciiahder) minority Veterans is also expected

to climb [12].

The few studies which directly examine the effdctex on risk of dementia diagnosis
after TBI ([2] [13] [14] have shown small increasesisk for males but not females. Most
existing studies of risk for dementia diagnosig@ftBl do not directly examine race differences,
and many do not report the racial makeup of theines [15]. Understanding the possible
impact of sex- and race-based health differencefeamentia diagnosis risk is key to improving

care for the growing population of diverse oldetarans with TBI.

The goal of our study was to examine whether diffiees in TBl-associated risk of

dementia diagnosis by sex and race exist amonge ¢tahort of older Veterans, and to evaluate



the impact of other demographic factors, medicat@didities, and psychiatric conditions on

this relationship.
METHODS
Standard Protocol Approvals

All study procedures were approved by institutiaeaiew boards and the University of
California, San Francisco and San Francisco Vesepdfairs Medical Center; and US Army
Medical Research and Material Command, Office cfdech Protections, Human Research
Protection Office. Informed consent was waiveddose of the use of deidentified archival data.
Additionally, many participants were deceased olomger receiving medical care through VA

at the time of study completion.
Study Population

We identified all Veterans Health AdministrationH) patients 55 years of age or older
who received a TBI diagnosis between October 1120@ September 30, 2015 and a 2%
random sample of patients who received VHA caréiwithe same time frame (n=1,024,601).
Data were sourced from two nationwide VHA systertadases: the inpatient and outpatient
visits database (National Patient Care Databas€[Pand the Vital Status File. We excluded
Veterans with prevalent dementia during the 2-ym@aeline period (defined as within 2 years
prior to the index date; i.e., the date of TBI diagis or random selection date) (n=24,959). The

final sample size was 999,642.

We identified all VHA patients who received an itipat or outpatient TBI diagnosis
using the Defense and Veterans Brain Injury Cdigeof International Classification of

Disease, Ninth Revision (ICD-9) Codes for TBI sultaace [data available from Dryad



(Appendix 1)_https://doi.org/10.7272/Q6V69GSWe next identified prevalent dementia at

baseline using the VA Dementia Steering Committeecemmended list of ICD-9 codes (2016

version)[16]; data available from Dryad (Appendjx 2ttps://doi.org/10.7272/Q6V69G SOFor

incident dementia diagnoses during the follow-upgat we used a modified version of the

same list that excluded prion disease and alcahdiug-induced dementia.

Biological sex data were also taken from VHA ingat or outpatient files in which each
Veteran was coded as male or female. Two parttgplaad missing sex data, and the final
sample size was 999,640 for sex analyses. Racethnutity were retrieved from VHA
inpatient and outpatient files (supplemented wittdidare data after 2004). Veterans were
coded as Non-Hispanic Black, Non-Hispanic Whitesgdinic, or Other/Unknown. The
Other/Unknown race category was removed from tha finadjusted and adjusted race models
because of the likelihood of missing data in thienawvn group confounding interpretation of
information about respondents in the “other” catggdhese codes are based on self-report of
patient sex and race. The final sample size w#@s388 for race analyses, reflecting 62,262

participants with missing data (“other/unknown’y face.

We obtained data on demographics, medical comitigsdhealth care visits, and
psychiatric conditions using VHA inpatient and atipnt files. Zip codes and 2016 American
Community Survey data were used to categorize "egeresidences into educational and
income categories (for education, less than orlaquzb% of the adult population has a
bachelor’s degree or higher vs. more than 25%;nme&cwas categorized into median income
tertiles). Medical and psychiatric comorbiditiesidentified by ICD-9 codes were assessed
during the 2-year baseline. Comorbidities inclublgdertension, diabetes mellitus, myocardial

infarction, transient ischemic attack (TIA)/strokéyonic pain, posttraumatic stress disorder



(PTSD), depression, drug/alcohol abuse, and tobase@r smoking. Health care visits were
defined as any inpatient or outpatient visit froA Medical records, and included information

regarding date of visit and diagnosis.

Baseline characteristics of Veterans in each radesax group were compared by TBI
status using tests for continuous variables arfil square tests for categorical variables.
Although TBI prevalence by race and sex is repotieese data points represent estimates only;
because of the oversampling of TBI patients insample, these figures lack precision. We
used Fine-Grey proportional hazards regression lmpdecounting for the competing risk of
death, to examine time to dementia diagnosis acuptd TBI status for each sex and race group
with age as the timescale. Models were unadjusteldadjusted for demographics and
medical/psychiatric comorbidities that significandiffered between sex/race grouppai0l
(age, race or sex, education, income, hypertendiabgetes, myocardial infarction, TIA/stroke,
chronic pain, PTSD, depression, drug/alcohol abarse tobacco use/smoking). For cumulative
incidence graphs (Figures 1 and 2), we used age @5cutoff point, and 1% of data (n=9751)
were truncated. Assumptions of the Fine-Gray n®d@re examined and found to be satisfied.
We used the cumulative residuals with respectte {ASSESS statement) to test the

proportional hazards assumption.

We also separately examined the interaction effe¢BI with sex and with race on risk
of dementia diagnosis in adjusted models and sulesgly conducted stratified analyses to
examine the interactions. Finally, in sensitiatyalyses we a) conducted models in which we
excluded Veterans receiving a dementia diagnostimi year of TBI diagnosis for a “washout
period” in order to address concerns about revaassation and etiology (TBI vs.

neurodegenerative) and b) examined the impact mben of health care visits during the



follow-up period to determine whether increasedlngment in/access to health care accounted
for some of the race-based differences in demeéidgnoses we identified. Statistical

significance was set pk.05 (two-sided). SAS version 9.4 was used foaadllyses.

Data Availability Statement

The data are derived from VHA electronic healttords and contain protected health
information; therefore, the data cannot be plaoea public repository. Please contact the

authors for additional details regarding the prea#saccessing these data.

RESULTS

The final analytic cohort (all Veterans 55+ with [ldiring the study period and a 2%
random sample of all Veterans in the VHA) inclu@&j178 Veterans with TBI and 903,464
Veterans without (4.3% female; 81.8% White, 11.5p4cB and 1.25% Hispanic). Median

follow-up was 4.3 years (interquartile range 1.6}7.

TBI Risk for Dementia Diagnosis by Sex

Table 1 shows characteristics of male and fematerdas with and without TBI. Male
Veterans were older (p<0.001). All Veterans wiBl Tegardless of sex had higher prevalence
of medical and psychiatric comorbidities compa@thbse without TBI history. Among male
Veterans, those with TBI were more than twice kalyito receive a dementia diagnosis (HR:
2.87, 95% CI 2.81-2.94) compared to those witholiBadiagnosis. Among females, those with
TBI vs. no TBI were more than twice as likely teeeve a dementia diagnosis (HR: 2.51, 95%
Cl 2.22-2.84). The difference lessened somewlhet atljustment for demographics and
comorbid conditions: (male HR=2.60; 95% CI=2.54&2 &#male HR=2.36; CI: 2.08-2.69).

There was a significant interaction effect of sed 2Bl on dementia diagnosis rigk={02) such



that males with TBI demonstrated slightly increasskl of receiving a dementia diagnosis
compared to females. The interaction between séx &h on dementia diagnosis risk remained
significant after adjustmenp£.03). Adjusted cumulative incidence curves fog agdementia
diagnosis, accounting for competing risk of motyadire shown in Figure 1 for male and female

Veterans.

TBI Risk for Dementia Diagnosis by Race

Table 2 shows characteristics of White, Black, Higpanic Veterans with and without
TBI. Across all race groups, those with TBI weengrally younger, more likely to be female,
better educated, more likely to fall in the low-emee group, and were less likely to be diagnosed
with hypertension and diabetes but otherwise hakrealth and psychological comorbidities
compared to those without TBI history. - The Hisgagnoup was unique, however, in that
Hispanic Veterans with TBI were older (p<0.001) atdinot differ from Hispanic Veterans
without TBI on sex (p=0.78). All Veterans with TRere much more likely to fall in the low-
income group, but low income group membership wasttikely in the Black and Hispanic
groups (31.6% of White Veterans with TBI compar@&8.1% of Black Veterans and 70.1% of
Hispanic Veterans with TBI).

White Veterans with TBI had an almost 3-fold in@ed risk of dementia diagnosis
(HR=2.93, 95% CI 2.86-3.00) compared to those witiidI while Black and Hispanic
Veterans with TBI had about a two-fold increaset#t (Black: HR=2.27, 95% CI 2.13-2.41 and
Hispanic: HR= 1.98, 95% CI 1.74-2.24). There waggaificant interaction between TBI and
race on risk of receiving a dementia diagnosisdx), such that White Veterans with TBI were
at highest risk for dementia diagnosis with simriaks for Blacks and Hispanics. After

adjustment for demographics, medical and psychiatmnditions, White Veterans with TBI



remained at higher risk (HR=2.71; 95% CI: 2.64-2 @@mpared to Black and Hispanic veterans
with TBI (Black, HR= 2.15; 95% CI 2.02-2.30 and plsic, HR= 1.74; 95% CIl 1.51-2.01). The
interaction between TBI and race on risk of denzediagnosis remained after full adjustment
(p<.001). Adjusted cumulative incidence curves fge at dementia diagnosis, accounting for
competing risk of mortality are shown in Figureo2 White, Black, and Hispanic Veterans.
Results of one-year lag “washout” sensitivity asalyshowed slightly attenuated HRs but the
pattern of sex and race results was identical. ithoiéhl adjustment for number of clinic visits
slightly attenuated risk estimates but did not geatne pattern of results (White HR=2.33; 95%

Cl 2.26-2.39, Black HR= 1.94; 95% CI 1.82-2.08, &tispanic HR=1.63; 95% CI| 1.41-1.89).
DISCUSSION

In this diverse sample of older Veterans, we showneareased risk of dementia diagnosis
with a diagnosis of TBI compared to those withaurt\feterans of both sexes and all major race
groups, consistent with previous work on this tapithe Veteran population [9]. We also
identified differences in the risk of dementia diagis after TBI based on race. Specifically,
older White Veterans appear to have an elevatkafiseceiving a dementia diagnosis after TBI
compared to Blacks and Hispanics. Sex differenctdementia diagnosis risk after TBI
observed in this large sample, although statidyicagnificant, were small and of unclear clinical
significance.

The limited available data about the effect of gexdementia risk after TBI show
increased risk for males but not females. For gtanan older meta-analysis of 11 case control
studies conducted before 1991 suggested thatithareincreased risk of dementia (specifically
AD) after TBI for males, but not females [2]; anetimetanalysis published in 2003 examining 7

additional studies replicated that finding [13].récent population-based study in Denmark



conducted in 2018 similarly found slightly incredsesk of dementia after TBI in males
compared to females (30% vs. 19% increased rigK) [Our results showing a similarly high

risk for both males and females are novel and isistent with this prior work. Therefore,

further exploration of sex-based differences in eetia risk after TBI for Veterans is indicated.
For example, it is possible that although the TRiSered by civilian females may be less severe
on average than those suffered by civilian malederand female Veterans may suffer TBIs of
similar severity. Additionally, military femalesay experience a unique profile of injuries in
which repeated injuries caused by intimate pani@ence (IPV) are superimposed on single or
multiple concussive or sub-concussive head injudesferring elevated dementia risk compared
to civilian females.

Most existing studies of risk for dementia afterl ™® not directly examine race
differences, and many do not report the racial mpla their samples [15]. For example, in a
recent review of the evidence for the associatetwvben TBI and dementia, race was not listed
as a known demographic factor impacting that retestip [17]. Our finding that White
Veterans may be at increased risk for dementia aBé¢ therefore, is novel. Our findings stand
in contrast to previous research which has shoanBlack and Hispanic adults have worse
functional outcomes (as defined by standardizedsarea such as the Disability Rating Scale,
Functional Independence Measure, and the CommUlntégration Questionnaire) compared to
White adults one year after moderate-severe THIL [Hbwever, the different methodological
approach in our work, which utilizes medical recdada including diagnostic codes rather than
standardized measures of functional outcome, meyuet for some of these discrepancies. Our
results may also be explained by race-based diftexein the documentation of dementia

diagnoses by health care providers; if providees far example, more likely to consider



dementia as a diagnosis for white patients, thaldcaccount for our findings of increased
dementia diagnosis risk for white Veterans.

It is clear that more research is needed to uralaighe impact of race on dementia
diagnosis risk after TBI. Differential risk for aentia by race among Veterans is unknown, and
a topic of current ongoing research, and it matheecase that non-white Veterans have higher
baseline risk, such that having a TBI may not lesishcreased risk for these race groups, as it
does for Whites. Health disparities research sstggbat White individuals may be more likely
to interact with health care and receive a diagnd®, 20], which may result in inflated rates of
TBI and dementia diagnoses for white Veterans coetps other groups. However, in our
sample White veterans had fewer follow-up visiteipared to Black and Hispanic Veterans, and
after adjustment for number of visits, the incregsek of dementia after TBI for White Veterans
persisted. Itis also possible that Black and tigp individuals, who are significantly more
likely to live in multigenerational households whigh levels of family support compared to
White individuals [21], may function well indepemdly in the community for longer because of
this increased support and therefore delay reag@idementia diagnosis. However, all
Veterans were followed at VA and cognitive probldmerefore were likely to have been
detected, even in the absence of concern frommatad/or families. Additionally and
importantly, there may be unmeasured and unrecedrsacial factors impacting differences in
medical care and driving differences in outcomds/ben race groups that deserve further study
in the future.

Furthermore, we did not measure ApolipoproteinABQE e4) allele status, which differs by
race and increases risk for dementia [22]. Althotig allele is more common among

individuals of African descent [23], White individis have a greater increased risk for dementia



with APOE e4, compared to other racial groups [ZHjese findings support our results showing
increased risk for White Veteranghere is also some evidence that APOE e4 increesefor
negative outcome, including dementia, after TBFZ3, which may be related to its decreased
ability to effectively protect and repair neurastile after trauma, compared to APOE e3 [28].
Other unknown and unmeasured genetic factors nayaltole in the race differences and the
increased risk of dementia diagnosis for White &te after TBI seen here, and further research

is required to identify such mechanisms.

Although our study was not designed to preciselgsnee prevalence of TBl among
older Veterans, the TBI prevalence estimates wertequggest differential patters in prevalence
of TBI by both sex and race in our sample thatcfirecally interesting and bear further study.
Our results suggest a greater prevalence of TRirrale Veterans compared to male Veterans.
These results may reflect a departure from civifiadings, which generally show higher rates
of TBI in males [29]. Our results also suggestphssibility of increased prevalence of TBI
among Hispanic Veterans compared to Black and Wreterans. This pattern may represent a
novel finding, and in fact there is a dearth okagsh available on the prevalence or risk of TBI
by race among Veterans and Civilians, an arealglesguiring further study. Existing VA
research shows that Hispanic Operation Enduringdénm/Operation Iraqi Freedom (OEF/OIF)
Veterans are less likely to receive care for a BBH that Hispanic Veterans of all eras are at
higher risk for mortality after a TBI [30, 31], btitese studies do not report prevalence of TBI
among Hispanic Veterans. In contrast, our resulggiest that Hispanic Veterans receive more
follow-up care compared to White Veterans but tees Black Veterans. These patterns
demonstrate that further research specifically $eduon investigating race and sex differences in

TBI prevalence among Veterans is clearly indicated.



There are some important limitations to our studiyolv impact the interpretation and
generalizability of our results. For example, aexl race were based on self-report, and sex was
coded as a binary variable only (i.e., transgemividuals were not captured), likely excluding
some of the true complexity of this variable. Rermore, our sample had some limitations: we
were unable to examine Asian Veterans and Vetedamifying their race/ethnicity as “other”
because of small sample size. Further researclsdéooon Asian Veteran samples and those that
identify their race as “other” would be helpful amebvide insights for treatment planning and
prevention as this growing cohort of Veterans addereover, because of oversampling of TBI
patients, we are unable precisely measure TBI peauain veterans. Although TBI prevalence
by race and sex is reported, these data pointesept estimates only. Additionally, because of
our use of medical record data, there are likelyedalifferences between the sex and race groups
studied that we were not able to measure but wdmeldriving differences in risk of dementia
after TBI. Also, we used ICD-9 codes in existmgdical records for dementia diagnoses,
which may result in less accurate categorizatiopaoficipants compared to studies in which
participants were given a comprehensive dementaaexation. Because we included Veterans
in our sample who may have received a dementiandsg shortly after their TBI diagnosis, we
are not able to draw conclusions about causalijeafientia diagnoses or make inferences about
neurodegenerative vs. traumatic etiology. Finabgults may not generalize to Veterans who do
not receive VA health care.

This is one of the first studies to examine diffei@ risk for dementia diagnosis after
TBI based on sex and race. This study is novallse of the large sample size and the direct,
explicit consideration of race and sex and thepant on dementia risk following TBI among

Veterans. Our results show a doubling of dematéignosis risk after TBI for both males and



females, and an interesting difference by sex wisicdmall and of unclear clinical significance.
Risk of dementia diagnosis was also approximatelybted for all Veterans across race
categories after TBI, with White Veterans showingeaen greater increased risk. These
findings suggest that understating the possibfemintial impact of TBI on dementia diagnosis
risk based on race is worth exploring. This isaftigular importance given the increasing
diversity and rapid aging of our military and Vetermpopulations, and may provide the VA with
an important opportunity to identify and correcspible health disparities in TBI and dementia

identification and care.
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Table 1

Baseline characteristics of male and female Vegtevath and without TBI

Values n (%) unless otherwise stated

Male (n=956,622)

Female (n=43,018)

No TBI TBI (n=90,414 No TBI TBI (n=5,764%
(n=866,208) (n=37,254)
Age, years [mean (SD)] 70.03 (9.53) 68.76 (10.43) 5.0% (9.86) 65.63 (10.53)
Race
NonHispanic White 719,105 (83.0) 69,860 (77.3) 24,641 (66.1) 3,98186
Non-Hispanic Black 90,589 (10.5) 11,860 (}3.1 4,847 (13.0) 766 (13.3)
Hispanic 9,250 (1.1) 2,182 (2.4) 265 (0.7) (60)
>25% college ed. in zip code 355,716 (42.2) 38 /4861) 16,755 (46.9) 2,673 (48.1)
Low income tertile (<$43,018) 277,115 (33.0) 31,432.3) 11,684 (33.4) 1,770 (32.5)
Follow-up time, years [Mean 5.06 (3.69) 3.65(3.19) 4.01 (3.47) 3.31(3.03)

(SD)]

Total follow-up visits

60.96 (83.86)

88.54 (114.61) 46.00 (75.56)

80.20 (115.91)

Follow-up visits/yr. 15.23 (28.42) 34.09 (50.02) .40(45.10) 34.89 (63.79)
Hypertension 161,449 (186) 14,024 (15.5)  4,356711 724 (12.6)
Diabetes 74,690 (8.6) 7,252 (8.0) 1,873 (5.0) H0)(
Myocardial infarction 19,428 (2.2) 3,162 (3.5) 2868) 90 (1.6)
TIA/stroke 33,166 (3.8) 11,402 (12.6) 778 (2.1) 410)
Chronic Pain 2,452 (0.3) 1,094 (1.2) 167 (0.5) ©a)
PTSD 21,699 (2.5) 6,027 (6.7) 652 (1.8) 347 (6.0)
Depression 47,416 (5.5) 10,629 (11.8) 2,152 (5.8) 99 @0.4)
Drug/alcohol abuse 27,678 (3.2) 7,525 (8.3) 514)(1. 217 (3.8)
Tobacco use/smoking 58,787 (6.8) 7,754 (8.6) 1(81D 297 (5.2)

Abbreviations: SD = standard deviation; TIA: trargiischemic attack; PTSD: posttraumatic stressdies

!p values for all comparisons TBI vs. no TBI: <0.001
?p values for all comparisons TBI vs. no TBI <0.06tept agef=0.07); >25% college ed. in zip cods=0.09);
low income tertile (<$43,018p€0.35); and HTN §=0.06).
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Table 2
Characteristics of Veterans with and without TBIrbge

Values are n (%) Non-Hispanic White(n=817,561) Non-Hispanic Black (n=108,062) Hispanic
unless otherwise stated (n=11,757)
No TBI TBI* No TBI TBI* No TBI TBI?
(n=743,747) (n=73,814) (n=95,436) (n=12,626) (n=9,515) (n=2,242)
Age, years 70.74 (9.42) 69.55 (10.43) 66.45 (8.90) 66.21 (p.63 70.91 (10.61) = 72.69 (11.64)
[mean(SD)]
Female 24,641 (3.3) 3,954 (5.4) 4,847 (5.1) 768)(6. 265 (2.8) 60 (2.7)
>25% college ed. in 314,585 (43.4) 32,598 (45.6) 31,135 (33.8) 4,434 2,953 (33.3) 830 (41.0)
zip code
Low income tertile 215,604 (29.9) 22,430 (31.6) 51,410 (56.1) 7,081(p 5,455 (62.1) 1,404 (70.1)
(<$43,018)
Follow-up time, years 5.15 (3.70) 3.68 (3.21) 491 (3.67) 3.73 (3.26) 94B76) 3.47 (3.14)
[mean(SD)]

Total follow-up visits ~ 58.61 (79.12)  87.68(111.10) 83.13 (114.24)  103.55 (141.07)  77.87(101.98) 88194.60)

Follow-up Visits/yr. 14.34 (27.00)  33.76 (50.63) .2 (32.01) 36.52 (49.13) 19.55 (29.10)
Hypertension 139,748 (18.8) = 11,256 (15.3) 16,8907)1 2,024 (16.0) 1,479 (15.5)
Diabetes 62,412 (8.4) 5,801 (7.9) 9,344 (9.8) 1(B02) 940 (9.9)
Myocardial infarction 16,969 (2.3) 2,716 (3.7) 1474.8) 320 (2.5) 236 (2.5)
TIA/stroke 28,786 (3.9) 9,117 (12.4) 3,653 (3.8) 646 (13.0) 395 (4.2)

Chronic pain 2,054 (0.3) 950 (1.3) 332 (0.4) 142)1 22 (0.2)

35.74 (@B.3
296 (13.2)
171 (7.6)
76 (3.4)
384 (17.1)

17 (0.8)



PTSD 16,813 (2.3) 4,661 (6.3) 3,679 (3.9) 944 (7.5) 267 (2.8) 108 (4.8)

Depression 40,448 (5.4) 8,634 (11.7) 5,682 (6.0) 411(11.2) 586 (6.2) 239 (10.7)
Drug/alcohol abuse 20,344 (2.7) 5,519 (7.5) 5,B0)( 1,263 (10.0) 319 (3.4) 170 (7.6)
Tobacco/smoking 49,132 (6.6) 6,083 (8.2) 7,248)(7. 1,133 (9.0) 490(5.2) 155 (6.9)

Abbreviations: SD = standard deviation; TIA: tramgiischemic attack; PTSD: posttraumatic stressrdiés

!p values for all comparisons TBI vs. no TBI <0.001
2p values for all comparisons TBI vs. no TBI p<0.@Xtept FemalepE0.78); hypertensiorpE0.01); diabetespE0.001); myocardial infarctiorp€0.02); and

tobacco use/smoking£0.001)



Figure Legends

Figure 1. Adjusted* cumulative incidence of demantige at dementia diagnosis with and without TBI,
accounting for mortality in male and female Vetaran
*Adjusted for demographic and health charactesstic
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Figure 2. Adjusted* cumulative incidence of demantige at dementia diagnosis with and without TBI,
accounting for mortality in White, Black, and HispaVeterans
*Adjusted for demographic and health charactesstic
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1 | INTRODUCTION

Marianne Chanti-Ketterl®® |

Carl F. Pieper®* | Kristine Yaffe®

Abstract

Introduction: This study leveraged the twin study design, which controls for shared
genetic and early life exposures, to investigate the association between traumatic brain
injury (TBI) and dementia.

Methods: Members of the National Academy of Sciences-National Research Council’s
Twins Registry of World War || male veterans were assigned a cognitive outcome based
on a multi-step assessment protocol. History of TBI was obtained via interviews.
Results: Among 8302 individuals, risk of non-Alzheimer’s disease (non-AD) dementia
was higher in those with TBI (hazard ratio [HR] = 2.00, 95% confidence interval [Cl],
0.97-4.12), than for AD (HR = 1.23, 95% Cl, 0.76-2.00). To add more control of genetic
and shared environmental factors, we analyzed 100 twin pairs discordant for both TBI
and dementia onset, and found TBI-associated risk for non-AD dementia increased fur-
ther (McNemar odds ratio = 2.70; 95% Cl, 1.27-6.25).

Discussion: These findings suggest that non-AD mechanisms may underlie the associ-
ation between TBI and dementia, potentially providing insight into inconsistent results

from prior studies.

KEYWORDS
Alzheimer’s disease, dementia, traumatic brain injury, twin studies

because the data are often collected decades after exposure and thus

are prone to recall error.!2 Twins studies have significant advantages

Traumatic brain injury (TBI) has been reported as a risk factor
for Alzheimer’s disease (AD),23 non-AD dementia,* and all-cause
dementia®®> by a number of studies, but not by all.®~8 The inconsis-
tent results may be due to differences in study design, but may also be
due to the many potentially confounding factors occurring that mani-
fest during the decades in a person’s life prior to the onset of demen-
tia that may lead to analytic under-control of the confounders. AD and
other types of dementia have complex etiologies influenced by multi-
ple genetic and non-genetic factors occurring throughout the lifespan.?
Several childhood adversities such as parental death, family violence,
economic hardship, poor quality education, and poor nutrition have
been linked to increased risk of dementia.1%1! However, it is difficult

to obtain reliable information about early life environmental exposure

in addressing this limitation because genetic and early life exposures
shared by the members of the twin pair, even those not identified, are
controlled.'3 Monozygotic (MZ) twins share all of their genetic mate-
rial, whereas dizygotic (DZ) twins, on average, share 50% of their genes,
and both MZ and DZ twin pairs exactly share many early life influences
such as socioeconomic status or upbringing that can affect later life
outcomes and cognition. Differences in an outcome between genet-
ically identical pairs are presumed to reflect a difference in an envi-
ronmental influence that occur in only one member of the twin pair,
such as TBI. Twin studies use within-twin-pair differences in an expo-
sure to evaluate its impact on the outcome of interest, such as demen-
tia, and thus provide greater confidence in the causal nature of the

association.
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We examined the association between TBI and subsequent risk for
dementia in members of the National Academy of Sciences-National
Research Center (NAS-NRC) Twin Registry of male World War Il vet-
erans. In this study, TBI was defined as a reported blow to the head, a
head injury, or head trauma that was severe enough to require medical
attention, to cause loss of consciousness, or memory loss for a period
of time. Leveraging the twins methodology, which allowed within-twin-
pair control of many unmeasured genetic and environmental factors,
we aimed to better understand the association between TBI and later
risk of AD and non-AD dementias.

2 | METHODS

Participants were enrolled in the Duke Twins Study of Memory in
Aging, and were members of the NAS-NRC registry of World War Il
veteran male twins born between 1917 and 1927. As part of the study,
surviving and consenting individuals were administered a cognitive sta-
tus measure every 3 to 4 years beginning in 1990 as part of a screening
and assessment protocol for dementia. Participants completed up to
four waves of cognitive screening. All procedures were approved by the
Duke University Medical Center Institutional Review Board and writ-
ten consent was obtained from participants or their legal representa-

tives.

2.1 | Sample

The full sample included all participants with information available
on both TBI and dementia status (7870 non-demented and 481
demented). The sample included 3210 complete twin pairs (6420 indi-
viduals) in which both members were included and 1931 individuals
in which only one member of the twin pair was available (henceforth
called singletons) or zygosity was missing, resulting in a total of 8351
individuals. The co-twin control sample is a subset of the full sample
and included all 100 twin pairs who were discordant for TBI and for
dementia or age of onset of dementia. For a twin pair to be discordant
for dementia or age of onset of dementia, we required that the cur-
rent age, age at death, or age of onset of dementia of the co-twin be
at least 3 years greater than the age of onset of the proband (i.e., the
twin with the earliest age of onset within a pair), to account for the
imprecision in estimating age at onset of dementia. Eligibility criteria
included completed questions about TBI, and known cognitive status
at time of censoring due to dementia, drop out, death, or end of data
collection. For participants with dementia, only TBI occurring before
the onset of dementia was considered. Figure 1 shows the flowchart of
the study population. We excluded participants who did not complete
targeted telephone cognitive screening interviews or in-person clini-
cal assessments (N = 474, 5.4% of cohort sample). We also excluded
41 individuals who had been given a diagnosis of cognitive impairment,
not demented, based on the multi-step screening and assessment pro-
cedures described below, because these individuals were more likely to
be on the trajectory toward dementia but did not yet meet criteria for
the diagnosis.

RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed the literature
indexed on PubMed. Several prior studies, but not all,
have reported that traumatic brain injury (TBI) is linked
to increased risk of Alzheimer’s disease (AD) or other
dementias. The reason for these discrepant findings is not
understood.

2. Interpretation: Risk for AD and other dementias accumu-
lates throughout the lifespan. Yet, identifying risk expo-
sures that have occurred years prior to onset of symp-
toms in late life is fraught with challenges. To address
this issue, we leveraged the twin study design, which con-
trols for many shared genetic and early life exposures.
In this sample of twins, we found that the association
between TBI was most consistently associated with non-
AD dementia.

3. Future Directions: Based on the evidence amassed to
date, future studies are needed to investigate mecha-
nisms underlying the association between TBI and non-
AD dementia while controlling for other potentially con-
founding factors occurring throughout the lifespan.

Information about TBI was collected by trained interviewers during
telephone interviews at either Wave 3 (1996-1998) or Wave 4 (2000-
2001) for all non-demented pairs, and for those pairs in which a twin
was identified as demented in Waves 3 or 4. For individuals who were
identified as demented prior to Wave 3 (and their co-twins), informa-
tion about TBI was collected during in-person or telephone interviews
administered by trained interviewers. This information was obtained
directly from the participant in most cases, and from a proxy informant
if the participant was unable to complete the interview. TBI informa-
tion collected included (1) history of occurrence of TBI severe enough
to require medical attention or cause loss of consciousness (LOC), (2)
presence and duration of LOC, (3) number of TBls, and (4) age(s) of TBI.

2.2 | Other variables

Zygosity was determined by DNA for a subset of twin pairs. For 87%
of individuals, zygosity was determined by questionnaire, from mili-
tary records (physical characteristics such as height, weight, eye and
hair color), fingerprint records, and (for a small sample) blood group
testing.2*1> This method of establishing zygosity has been estimated
by cross-validation with DNA to be 97% accurate.1® Years of educa-
tion completed was collected at the telephone interviews beginning in
1990. History of cigarette smoking and alcohol use was collected at in-
person and telephone interviews beginning in 1990. Cigarette smok-
ing was categorized into four groups: never smoked, smoked in the past

but quit, current smoker, and missing. Alcohol overuse was defined as
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Twin Sample

n=8892
A
TBI n=2246 No TBI n=6646
________________________________________________ \
i Cognitive Status Unknown : ' Cognitive Status Unknown H
' (n=126) i | : ! (n=348) '
P ettt | TBI n=2120 No TBI n=6298 FmT oo '
H Diagnosis of Cognitive Impairment No Dementia i | Diagnosis of Cognitive Impairment No Dementia !
! (n=15) i ! (n=26) |
1 Age of TBI Unknown or = Age of Onset of Dementia R [ [ H Missing covariates 1
! (n=20) i ! (n=2) .
1 Missing Cognitive Baseline Interview ! 1 Missing Cognitive Baseline Interview H
! (n=1) - : =3 '
e e ' TBI No TBI e e e e :
n=2084 n=6267
. . Other . .
No Dementia AD Dementia Dementia No Dementia AD Dementia Deont1|':1rtia
n=1898 n=124 _ n=5972 n=198 _
n=62 n=97
No Dementia AD Dementia Other Dementia No Dementia Left AD Dementia Other Dementia
Left Censored Left Censored Left Censored Censored Left Censored Left Censored
(n=2) (n=10) (n=3) (n=9) (n=19) (n=6)

FIGURE 1

reporting a problem drinking more alcohol than he should or drinking
12 or more drinks per day at some time. Alcohol use was categorized
into three groups: alcohol overuse present, alcohol overuse absent, or

missing.

2.3 | Assessment of cognition

The diagnosis of dementia was determined based on the outcome of a
multistep screening and assessment protocol that has been described
previously.) Individuals completed up to four waves of screening for
cognitive impairment with the modified Telephone Interview for Cog-
nitive Status (TICS-m).2® Individuals who were unable to complete the
TICS-m were screened by proxy with the Informant Questionnaire on
Cognitive Decline in the Elderly!? or another brief proxy interview.
For study participants scoring in the suspected impaired range on the
TICS-m or the proxy screening instrument, the Dementia Question-
naire (DQ)?° was then administered to a proxy informant. Individu-
als whose DQ indicated possible dementia were scheduled for an in-
home evaluation by a research nurse and a neuropsychology techni-
cian. As part of the evaluation, the participants completed: (1) a battery
of neuropsychological tests, (2) a standardized neurological examina-
tion, (3) blood-pressure readings, (4) collection of blood or buccal DNA
samples for determination of zygosity, and (5) a brief videotaped seg-
ment of cognitive status items. Information collected from the infor-
mant included: (1) a chronological history of cognitive function, (2)
medical and neuropsychiatric history and current medications, and (3)
measures of severity of cognitive and functional symptoms. When pos-
sible, we attempted to obtain medical records for neuroimaging and

laboratory results that might be relevant to the diagnosis. All avail-

Flowchart of study population. AD, Alzheimer’s disease; TBI, traumatic brain injury

able information was reviewed and final diagnoses were assigned by
an expert consensus panel of psychologists, neuropsychologists, neu-
rologists, and psychiatrists with expertise in dementia. For a minor-
ity of participants (about 8%), an in-person evaluation was not possi-
ble due to refusal or death; thus, the dementia diagnosis was based
on all available data, including telephone interviews, medical records,
and neuropathological examination. The diagnostic guidelines in place
during the years of the study were used for dementia,?* AD,?? vas-
cular dementia,?® frontal lobe dementia,?* and dementia with Lewy
bodies.?>26 We assigned a diagnosis of dementia, unknown etiology,
to individuals who met criteria for dementia, but did not fit other
criteria. Age of onset for dementia was assigned based on the age
at which an individual unambiguously met Diagnostic and Statistical
Manual of Mental Disorders, 3rd edition revised criteria for demen-
tia. This methodology of assessment and diagnosis has been used suc-
cessfully in several other epidemiological studies of dementia,’27:28
and resulted in good agreement between clinical and neuropatholog-

ical diagnoses.??

2.4 | Data analyses

Two sets of analyses were performed. First, the analyses of the full
sample used the Cox proportional hazard regression model®° to esti-
mate the risk of dementia within the twin pair, adjusting for correlation
in risk within the twin pair using stratification, and with age of onset
of dementia, as the outcome variable. The sample was left-censored,
using the later of the twin pairs’ initial interview date in the Duke Twins
Study as the starting age for complete pairs or the initial interview

date for singletons. Subjects were censored at the point of death, onset
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of dementia, or 1 year after last contact. Singletons were included in
the analyses as these individuals contribute to the estimation of risk
of dementia and thus increase the precision and statistical power of
the analyses. Each proportional hazards regression model assessed risk
for AD and other dementias combined, AD only (censoring for other
dementia), and non-AD dementia (censoring for AD). We then ran the
triad of models separately for MZ and DZ complete twin pairs. Addi-
tional proportional hazards models examined whether TBI with LOC,
time since TBI, or multiple TBls increased dementia risk over and above
the risk of TBl overall. To assess whether risk for dementia differs based
on age of TBI, we re-ran the main models categorizing initial TBI as
occurring before age 25 versus age 25 and older. Age 25 was the point
at which the occurrence of TBI events at younger ages tapered off,
providing a data-driven distinction between the young and not-young
groups. In the main model, we also assessed the impact of control for
education, smoking, and alcohol over use on the association between
TBI and dementia. The viability of the proportionality assumption was
tested by inspection of the log(-log[S]) plots.

Finally, for the main models using left-censoring, we excluded 49
individuals who had a dementia event or death prior to the second
member of the twin pair’s initial interview. However, to assess the
impact of excluding these individuals from the analyses, we conducted
a sensitivity analysis removing left censoring, continuing use of TBI as
a time-varying covariate so that all individuals with dementia could be
included in the analysis.

Second, we then analyzed the data using the co-twin control
method. These analyses include twin pairs who are discordant for both
TBI exposure and dementia onset, thus one twin is used as the matched
control for the other twin. The benefit of using a co-twin control design
is that it allows the most control of confounding from genetic as well
as early environmental factors, as most twins share acommon environ-
ment during their childhood and adolescence. Prior to conducting the
co-twin control analyses, we used logistic regression models to com-
pare the association between TBI and dementia in MZ pairs to that
among DZ pairs. Justification for combining the MZ and DZ pairs in the
co-twin control analyses is provided by the lack of a significant differ-
ence in the association between TBI and dementia in MZ and DZ pairs.
The co-twin control analysis combined MZ and DZ pairs and used logis-
tic regression models dependent on twin pair to assess risk of all-cause
dementia (or AD or non-AD dementia) within twin pairs who were dis-
cordant for both TBI and onset of dementia. The metric of risk was the
McNemar odds of the twin with the TBI being the first or only twin in
the pair to develop dementia. All analyses were run using SAS statis-
tical software 9.4. The sample characteristics for those with dementia
were compared to those without dementia, using Chi-squares for cat-
egorical variables, paired t-tests for continuous variables, and analyses
of variance for the number of head injuries.

Post hoc power analyses for the McNemar odds was calculated
using the binomial test. Under the null hypothesis, among discor-
dant pairs, the probability of dementia in the TBI twin is 50%
(odds = 1.0). For a given number of discordant twins, the detectable
proportion in (or odds of) membership in either the TBI or non-TBI

group rejecting the null can be calculated. The power of declaring

for the alternative hypothesis was computed using SAS onsample-
freq power, using the normal approximation, power = 80% with level
alpha = 0.05 (two-tailed). These analyses estimated that 100 discor-
dant twin pairs could detect an odds of 1.78 and 50 discordant pairs
could detect an odds of 2.23 with 80% power.

3 | RESULTS

Participant characteristics for the entire sample are provided in Table 1
and for the co-twin control group in Table 2. TBIs were more com-
mon among those who later developed dementia (38.5%) compared
to those who did not have dementia (24.1%; P < .001). TBI with loss
of consciousness was more frequent among those who later devel-
oped dementia (31.0%) compared to those who did not develop demen-
tia (17.0%; P < .001). For those with both TBI and dementia, partici-
pants incurred their first TBIs an average of 39.02 (standard deviation
[SD] = 22.42) years prior to the onset of dementia. Among the 2036
who reported having had a TBI and with information on the number
of TBls, 388 (19.0%) reported having more than one TBI; those with at
least one TBI had an average of 1.26 (SD = 0.64) injuries (range 1-10).

3.1 | Full sample analyses

Proportional hazard models indicate that a history of TBI was not sig-
nificantly associated with higher risk of all-cause dementia or AD, but
TBI tended to be higher among those with non-AD dementia (hazard
ratio [HR] = 2.00; 95% confidence interval [CI] = 0.97-4.12; P = .06)
compared to those with AD (HR = 1.23; 95% Cl = 0.76-2.00; P = .39;
Table 3). Analyses of the complete twin pairs found that in MZ complete
twin pairs that TBI was associated with all-cause dementia (HR = 1.71;
95% Cl: 1.00-2.94; P=.05; Table 3) and the HR increased for AD among
the MZs. In contrast, among the DZ complete pairs, the HR for TBI and
risk of non-AD increased (HR = 3.33; 95% Cl = 0.92-12.11; P = .07).
However, the interaction for zygosity and TBI only approached signif-
icance for AD (P = .08), suggesting that TBI was less associated with
AD in DZ pairs. LOC did not contribute significantly above the effect of
TBI when added to the model. The number of TBls, the time since TBI
for 10-year intervals, and whether the TBI was before age 25 each also
did not contribute significantly to the models over and above the TBI
effects.

Adding the covariates of education, smoking, and alcohol overuse
had little effect on the HR for TBI and dementia (Table 4). When the
49 individuals with an event prior to their baseline interview were
included in sensitivity analyses, the association between TBI and non-
AD dementia increased from HR = 2.00 to HR = 2.23, but the associa-
tion between TBI and AD did not change.

3.2 | Co-twin control analysis

The association between TBI and dementia was similar for MZ and DZ
pairs (McNemar odds ratio [OR] = 1.3; 95% Cl = 0.58-2.93; P = .52)
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TABLE 1 Sample characteristics for full sample

Alzheimer’s
Nodementia All dementia disease® Non-Alzheimer’s disease ~ P-value No
All sample n=7870 n=481 n=322 dementia® n= 159 dementia versus
N=8351 (94.24%) (5.76%) (3.86%) (1.90%) All dementia
Baseline age 67.1(3.0) 67.0(3.0) 68.4(3.2) 68.4(3.2) 68.3(3.2) <.001
Mean (SD)
MZ twins® 66.8 (3.0)
DZ twins 66.9(3.0)
Age of onset or censoring age? 75.2(4.1) 75.3(3.9) 73.9(5.8) 73.9(6.0) 73.9(5.5) <.001
Mean (SD)
MZ twins 75.5(4.0)
DZ twins 75.1(4.1)
TBI =Yes 2084 (23.0) 1898 (24.1) 186(38.7) 124(38.5) 62(39.0) <.001
N (%)
MZ twins® 994 (25.8)
DZ twins 985 (24.6)
TBI with LOC" = Yes 1455 (17.8) 1314 (17.0) 141(29.3) 94 (31.0) 47(30.7) <.001
N (%)
Age of first TBI 2041 1857 184 122 62 142
Ne 32.6(23.1) 32.4(23.1) 35.0(22.4) 34.0(22.4) 36.9(22.3)
Mean (SD)
Number of TBI
N (%) 1648 (19.9) 1518 (81.5) 130(75.1) 87 (75.0) 43(75.4) <.001
One 388 (4.7) 345(18.5) 43(24.8) 29(25.0) 14 (24.5)
More than one
Education 13.2(3.2) 13.2(3.2) 13.1(3.3) 13.1(3.2) 13.0(3.5) 207
Mean years (SD)

Abbreviations: AD, Alzheimer’s disease; DZs, dizygotic; LOC, loss of consciousness; MZs, monozygotic; SD, standard deviation; TBI, traumatic brain injury.
263 of those with an AD diagnosis had a neuropathologically confirmed diagnosis.

b Among the non-AD dementias, 64 had vascular dementia; 58 had dementia of unknown etiology; 36 had frontotemporal dementia, Lewy body dementia, or
a range of other types of dementia. Twenty-four of those with non-AD diagnosis had a neuropathologically confirmed diagnosis. Among the entire group of
non-AD dementias, 64 had vascular dementia, 58 had dementia of unknown etiology, 11 had frontotemporal dementia, 11 Parkinson’s disease dementia, 8
had Lewy body dementia, and the remaining 7 had a range of other types of dementia.

cAll values reported in this table by zygosity are both complete and incomplete twin pairs with known zygosity (those with unknown zygosity are excluded).
Baseline age did not differ between MZs and DZs (P = .07).

dAge of onset for those with dementia. For those without dementia, censoring age was age at death, 1 year after last contact by study, or age lost to follow-up.
MZs and DZs differed significantly on this variable (P < .05).

¢MZs and DZs did not differ on the proportion with a history of TBI (P =.23).

fInformation on LOC was unknown for 145 with no dementia and 25 with dementia.

&Information for age of first TBl was unknown for 43 men.

providing justification for analyzing all pairs together. Logistic regres- 4 |

DISCUSSION
sion models among the 100 twin pairs (45 MZ and 55 DZ pairs) discor-

dant for both TBI and onset of dementia showed that the twin with a
TBI had an increased risk of all-cause dementia (McNemar OR = 1.56;
95% Cl = 1.03-2.40; P = .04, Figure 2). This association appeared to be
due mainly to twin pairs with non-AD dementia (McNemar OR = 2.70;
95% Cl = 1.27-6.25; P = 0.01) and was attenuated in those with AD
(McNemar OR = 1.17; 95% Cl = 0.69-2.00; P = .61).

When the co-twin control analysis was limited to the MZ pairs
(n =45 pairs) to more fully control for genetic influences, the McNemar
ORs increased for all-cause dementia (OR = 1.81; 95% Cl =0.95-3.57;
P =.07) and for AD (McNemar OR = 1.60; 95% Cl = 0.68-3.94; P = .33),
but decreased for non-AD dementia (OR = 2.17; 95% Cl = 0.77-6.95;

P =.17), albeit none of the results reached statistical significance.

The current study leveraged the twin method to investigate the associ-
ation between TBI and dementia in twin pairs, thus providing inherent
control for many genes and early life experiences that may contribute
to risk of late life dementia, but yet cannot typically be measured in
other studies. We found in the full sample that a history of TBI showed a
trend toward increased risk of non-AD dementia, but not AD. This pat-
tern remained when adding covariates of years of education, smoking,
and overuse of alcohol. This association seemed to be primarily driven
by the DZ twins in both the analyses of the full sample and the co-twin
control sample. However, because DZ twins share fewer genes than
MZ twins, unidentified genetic factors cannot be ruled out as a con-

tributing factor to the association between TBI and non-AD dementia.
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TABLE 2 Sample characteristics for co-twin control sample

Demented first Not demented or demented

N=100 last N =100 P-value
Age of onset or censoring age? 71.01(6.78) 77.85(5.09) <.001
Mean (SD)
Number with TBI 55(55) 42 (42) .07
N (%)
Age of first TBI 36.47 (21.08) 40.0 (23.64) 44
Mean (SD)
Number with LOC 37(37) 31(31) .13
n (%)°
Education 13.34(3.33) 12.77 (3.58) .25
Mean years (SD)

Abbreviations: LOC, loss of consciousness; SD, standard deviation; TBI, traumatic brain injury.
2Age of onset for those with dementia. For those without dementia, censoring age was age at death, 1 year after last contact by study, or age lost to follow-up.
bLOC was unknown for 11 of those with dementia first and 5 who were not demented or demented last.

TABLE 3 HRsfor TBl and risk of dementia in full sample

All dementia HR (95% Cl),

P-value

TBI = yes? 1.44(0.97-2.14),P=.07

Monozygotic twins” TBI

n = 1618 pairs 1.71(1.00-2.94),P =.05

Dizygotic twins TBI

n= 1592 pairs 1.15(0.63-2.09),P=.21

Age of TBI < 25 years old TBI
1.31(0.81-2.12),P=.28
TBI <25yearsold
1.23(0.68-2.22), P =.49

Time since TBI (per 10 years) TBI
1.40(0.73-2.68),P=.31
Time since TBI
1.07(0.88-1.15),P=.92

TBI with LOC TBI
2.31(0.98-5.46), P =.06
TBI with LOC
0.55(0.23-1.32),P=.18

Number of TBIs TBI
1.39(0.91-2.14),P=.14
>1TBI

1.07(0.77-1.49),P = .68

Note: Some variables do not equal the total number of TBIs due to missing dat

Abbreviations: Cl, confidence interval; HR, hazard ratio; LOC, loss of consciousness; TBI, traumatic brain injury.

Alzheimer’s disease HR (95%

ClI),P-value
1.23(0.76-2.00), P =.39

T8I
1.85(0.94-3.63), P =.08

TBI
0.77(0.37-1.57),P = .47

T8I
1.20(0.68-2.12),P = .54

TBI <25yearsold
1.07(0.52-2.01), P =86

TBI

1.40(0.65-3.02), P =.39
Time since TBI
0.97(0.82-1.14),P = .68

T8I
2.48(0.76-8.10),P=.13
TBI with LOC
0.40(0.12-1.32),P=.13
TBI

1.18(0.70-1.97), P = .54
> 178l
1.12(0.74-1.69), P = .61

a.

Non-Alzheimer’s disease dementia HR
(95% Cl), P-value

2.00(0.97-4.12),P = .06

TBI
1.50(0.61-3.67),P=.37
T8I
3.33(0.92-12.11),P=.07
TBI

1.60(0.65-3.95),P=.31

TBI < 25 years old
1.53(0.53-4.36), Pp = .43

TBI
1.52(0.45-5.15),P=.50
Time since TBI
1.07(0.85-1.34),P=.59

TBI
2.20(0.62-7.85),P = .22
TBI with LOC
1.00(0.25-3.95), P = 1.00

TBI
2.03(0.92-4.50), P =.08
>1TBI

0.98(0.57-1.67),P=.93

aAnalysis excluded 49 individuals who had an event prior to their baseline interview date or their twin’s baseline interview date. N = 8302.
bThe number of monozygotic twins and dizygotic twins includes in which both members of the twin pair.

Due to the limited number of twins with apolipoprotein E (APOE) geno-
type, we were not able to examine whether controlling for APOE con-
tributed to this finding. Combined, these results support an increased
risk for non-AD dementia associated with TBI, but not with AD.
Others have proposed that although long-term outcomes of TBI
share neuropathological features and clinical symptoms of some clas-

sically defined neurodegenerative disorders, they are heterogeneous

and have polypathologies making them difficult to categorize as a sin-
gle neurodegenerative disorder.2! Our results reflect this heterogene-
ity in that the non-AD dementia most strongly associated with TBI
was dementia of unknown etiology, a category of dementia not pheno-
typically characteristic of any specific type of dementia. Without neu-
ropathological evidence, clinical subtypes of dementia cannot be con-

firmed. But among those in our cohort with neuropathological confir-
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TABLE 4 Covariate models and sensitivity analyses for HRs for TBI and risk of dementia

All dementia HR (95% Cl),
P-value

TBI 1.50(0.98-2.27)
P=.06

Years of education 1.01(0.92-1.10),P=.92

Alcohol overuse past or present OverallP=.75
(reference = no)
Yes 1.20(0.75-1.92)
Smoking (reference = never) Overall P=.25
Current 1.36 (0.65-2.82)
Past 0.79(0.48-1.31)
Missing® 1.69(0.53-5.46)
Sensitivity analyses without left
censoring
TBIl =yes 1.48(1.03-2.12)

P=.03

Non-Alzheimer’s disease dementia
HR (95% Cl), P-value

Alzheimer’s disease HR
(95% Cl), P-value

TBI TBI

1.39(0.83-2.31) 2.13(0.97-4.68)

P=.21 P=.06
0.92(0.80-1.06),P=.24 1.077(0.92-1.26),P=.36
Overall P=.99 OverallP=.14

Yes = 1.04 (0.59-1.83)
Overall P = .48
1.74(0.65-4.66)
1.18(0.61-2.26)
2.51(0.56-11.29)

Yes = 1.95 (0.79-4.81)
Overall P=.22
1.24(0.39-3.92)
0.44(0.18-1.06)
0.81(0.11-6.05)

1.22(0.79-1.88)
P=.38

2.23(1.16-4.29)
P=.02

Abbreviation: Cl, confidence interval; HR, hazard ratio; TBI, traumatic brain injury.
2The HR for missing for smoking applies to both smoking and alcohol overuse because individuals missing smoking were also missing alcohol overuse.
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FIGURE 2 Logistic odds ratios for traumatic brain injury (TBI) and
all-cause dementia, Alzheimer’s disease dementia, and
non-Alzheimer’s disease dementia in twin pairs discordant for both
TBI and dementia. Bars represent 95% confidence intervals

mation of the diagnosis, the clinical diagnosis showed high correlation
with the neuropathology.2? Others have also found that TBI is associ-
ated with increased risk of multiple types of dementia®?-34 and some
have also not found an association between AD and TBI.34-3¢ Adding
further support to an association between TBIl and non-AD dementia is
arecent study that reported higher levels of a common AD biomarker,
amyloid beta 42, were not detected among those with TBI and cogni-
tive impairment, but rather blood-based neurodegenerative proteins
and inflammatory cytokines were elevated among those with TBI and
cognitive impairment, even decades after the TBI.3”

There has been much interest in the long-term effects of multiple
TBIs, particularly sports- and military-related injuries. Numerous stud-
ies have reported that such repetitive injuries lead to cognitive, func-

tional, and psychiatric problems associated with a specific pathologi-

cal pattern that has been termed chronic traumatic encephalopathy.8
Our findings are consistent with the risk of dementia increasing further
with more than one TBI; however, the HRs were not significant.

Our study has some limitations. We relied on self or proxy report
for the history of TBI and LOC. Our prior work! showed that both indi-
viduals and their proxies tend to under-report lifetime history of TBI
with the less severe TBIs under-reported at a higher rate. However,
our prior work provided no evidence that under-reporting occurred
more frequently among individuals who eventually developed demen-
tia, thus such under-reporting was unlikely to bias our results. We
note that even studies using medical records to identify TBI are typi-
cally limited to relatively few years within the total lifespan, thus they
too have errors in classification of exposure to TBI. In contrast to find-
ings from other studies,® self-reported LOC did not increase the asso-
ciated risk between TBI and dementia. This raises questions about the
rate of accuracy of self-reported LOC. Another consideration is that
we used diagnostic criteria current during the period of data collec-
tion, thus amyloid and tau biomarkers were not available. In addition,
consistent with other epidemiological studies with geographically dis-
persed samples, standardized neuroimaging was not available for all
participants as part of the dementia evaluation. However, when pos-
sible we did obtain medical records, including neuroimaging reports, to
review as part of our diagnostic adjudication procedures. Typically mul-
tiple pathologies are present in the brains of individuals with dementia,
but for the present analyses, including the subset with neuropatholog-
ical examinations, we used the primary diagnosis to categorize demen-
tia type. Even when multiple neuropathologies are identified it would
be difficult to parse the impact of each on the association between TBI
and dementia. It is also noted that although co-twin control analyses
have more statistical power than non-twin samples of comparable size,
the power for some analyses was limited as evidenced by the relatively
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wide Cls around some of the risk estimates. This suggests that these
results should be confirmed in other samples. Finally, the NAS-NRC
Twin Registry is limited to males, thus our results do not directly gener-
alize to females. However other studies have reported that female vet-
erans with a history of TBI also have a higher risk of dementia in later
life.®?

Despite these limitations, twin studies have significant advantages
over standard epidemiologic case-control designs by minimizing con-
founding by both genetic and environmental factors, thereby reducing
the likelihood of spurious associations. The twin study design allows
for control of a multitude of shared factors when estimating an effect,
without a requirement for inclusion of a large number of control vari-
ables in the model. Furthermore, this design controls for these shared
factors even when they have not been identified, meaning they have
unique benefit when genetic testing and information on exposures
throughout the lifespan are not available. Combined, these points high-
light the unique value of the twin design when studying late-life com-
plex diseases that result from accumulated risk through the lifespan,
such as dementia. In addition, our use of a standardized, compre-
hensive, in-person dementia evaluation that has been validated with
neuropathology, and used in multiple large epidemiological studies,
strengthened the investigation of the association between TBI and var-
ious types of dementia.

The twins in these analyses were veterans of World War |l and the
Korean War, although only some of the injuries were incurred during
their war-time service. Decades pass before those injured during mil-
itary service reach the age of risk for dementia, thus highlighting the
value of this registry, which is the only US twin registry in which all
members have reached the age of dementia risk. Recent military con-
flicts have resulted in an alarming increase of TBIs with an estimated
10% to 20% of veterans from the wars in Iraq and Afghanistan having
suffered TBI.#0-42 This large number of aging veterans at increased risk
of dementia due to TBI will add substantially to the projected growing
number of individuals with dementia. Thus, the importance of under-
standing the long-term impact of TBI will only increase as the veterans
of recent conflicts reach the age of risk of dementia.
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ABSTRACT

Objective: Traumatic brain injury (TBI) is associated with elevated rates of cardiovascular disease (CVD),
and both CVD and TBI are risk factors for dementia. We investigated whether CVD and its risk factors
underlie the association between TBI and dementia.

Materials and Methods: Cox proportional hazards models among 195,416 Veterans Health
Administration patients age 55+ with TBIl and a non-TBI, age/sex/race-matched comparison sample.
Results: Veterans +TBI were more likely to have any CVD diagnosis (24% vs 36% p = <0.001) or risk factor
(83 vs. 90% p < .001) compared to -TBI. During follow-up (mean ~7 years), 12.0% of Veterans with TBI only
(HR: 2.17 95% Cl 2.09-2.25), and 10.3% with CVD only developed dementia (HR 1.21 95% Cl 1.15-1.28),
compared to 6.5% with neither. There was an additive association between TBI and CVD on dementia risk
(HR 2.51, 95% Cl 2.41-2.61). Among those +TBI (+CVD), risk was minimally attenuated by adjustment for
CVD/CVD risk factors (unadjusted HR: 2.38, 95% Cl: 2.31-2.45; adjusted HR: 2.17, 95% Cl 2.10-2.23).
Conclusions: Older veterans TBI have increased prevalence of CVD/CVD risk factors. TBI and CVD had an
additive statistical association, with dementia risk increased by ~2.5-fold. However, CVD accounted for
little of the association between TBIl and dementia. More research is needed to understand mechanisms of
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TBI-dementia and inform clinical guidelines post-TBI.

Introduction

Traumatic brain injury (TBI) is common and debilitating (1,2),
and is associated with several adverse outcomes, particularly
among older adults (3,4). Of particular public health signifi-
cance, TBI, including mild TBI (5), is a risk factor for dementia
(6-12). However, the etiology and mechanisms underlying the
relationship between TBI and dementia risk are largely
unknown. One possible link between TBI and increased risk
for dementia is cardiovascular disease (CVD) as individuals
with a history of TBI have a higher burden of CVD (13-15),
and CVD is a well-documented risk factor for dementia
(16-18).

However, the relationship between TBI and CVD is not yet
well understood. Older adults who experience a TBI have high
rates of preexisting CVD and CVD risk factors (15), which may
increase TBI risk through vulnerability to falls (19). TBI may
also increase the risk for, or even cause, CVD: TBI exposure has
been shown to increase the risk for subsequent CVD compared
to individuals without TBI (14), and vascular damage is
a commonly reported outcome of TBI due to molecular
changes causing chronic inflammation and damage to the
blood-brain barrier (13,20).

Although CVD is an established risk factor for cognitive
decline and dementia (16-18), it is unknown how CVD and
TBI together may contribute to the risk of dementia. CVD
may explain the association between TBI and dementia;

exacerbate the effects of TBI, including dementia risk; or
could have an effect on dementia risk independent of TBI
(i.e., additive effect). In addition to addressing possible
mechanisms linking TBI to dementia, understanding how
TBI and CVD together increase the risk for dementia has
important implications for the clinical management of
patients with TBI.

Veterans are a group at high risk for TBI and may be
particularly vulnerable to developing dementia (21).
Therefore, our objective was to study a large, diverse,
nationally representative cohort of older veterans to inves-
tigate whether CVD explains the association between TBI
and dementia or whether they have additive or synergistic
effects.

Methods
Standard protocol approvals

All study procedures were approved by institutional review
boards at the University of California, San Francisco, San
Francisco Veterans Affairs Medical Center, and US Army
Medical Research and Materiel Command Human Research
Protection Office. Informed consent was waived because of
the use of deidentified archival data.

CONTACT Erica Kornblith @ erica.kornblith@va.gov @ San Francisco Veterans Affairs Health Care System, 4150 Clement Street, San Francisco, CA 94121
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Study population

We sourced data from two nationwide Veterans Health
Administration (VHA) system databases: the inpatient and out-
patient visits database (National Patient Care Database [NPCD])
and the Vital Status File. Using these databases, we identified all
VHA patients 55 years of age or older who received a TBI
diagnosis between October 1, 2002 and September 30, 2019.
TBI was defined using the Defense and Veterans Brain Injury
Center list of International Classification of Disease, Ninth and
Tenth Revisions (ICD-9 and 10) Codes for TBI surveillance
coded in inpatient or outpatient visits.

To identify a comparison sample of veterans without TBI,
we first selected all veterans aged 55 years and older evaluated
at VHA facilities during the study period. We excluded veter-
ans with prevalent dementia during the 2-year baseline period
(defined as 2 years prior to TBI diagnosis or a randomly
selected date within the study period for Veterans without
TBI) and those with less than 1 year of follow-up. We then
performed 1:1 matching based on age, sex, and race (white vs.
nonwhite), resulting in 97,708 veterans with TBI and 97,708
veterans without TBI. Dementia was defined using the VA
Dementia Steering Committee’s recommended list of ICD-9
and 10 codes (2016 version) (22) or a prescription for dementia
medication (donepezil, memantine, rivastigmine, and
galantamine).

Demographic information (age, sex, and race/ethnicity)
was collected from VHA inpatient or outpatient files. Zip
codes and 2012 US Census data were used to categorize
veterans’ residences into educational and income cate-
gories (for education, 25% or less of the adult population
has a bachelor’s degree or higher vs. more than 25%;
income was categorized into median income tertiles).
Post-traumatic stress disorder (PTSD), depression, and
cardiovascular risk factors (diabetes mellitus, obesity/over-
weight, current tobacco use, hypertension, and hypercho-
lesteremia) were defined using ICD-9 and 10 codes
assessed during the 2-year period prior to the TBI diag-
nosis or random selection date. Cardiovascular disease
(CVD) was defined as having an ICD 9 or 10 code for
any of the following: heart failure, atrial fibrillation,
stroke/transient ischemic attack or coronary artery disease
(using the VA Informatics and Computing Infrastructure
[VINCI] phenotype library definition of myocardial
infarction, cardiac arrest, coronary arteriosclerosis, or cor-
onary artery bypass grafting procedure codes).

Baseline characteristics of the age, sex, and race matched
veterans with and without TBI were compared using ¢ tests for
continuous variables and chi-square tests for categorical vari-
ables. We used Cox proportional hazard regression models to
determine whether TBI was associated with greater risk of
dementia by censoring at the date of the last medical encounter
and age as a timescale. Models were unadjusted and then
adjusted for confounding factors selected a priori in steps
for 1) education, depression, and PTSD; and 2) education,
depression, PTSD, any cardiovascular risk factor, and any
CVD diagnosis. We also completed a sensitivity analysis addi-
tionally adjusting for incident CVD risk factors and diagnoses
occurring during follow-up. We also repeated our analyses

using Fine-Gray proportional hazards models to account for
the competing risk of death. Results are reported as hazard
ratios (HR) with 95% confidence intervals (CI). We separately
tested for the presence of an interaction between TBI and any
CVD at risk of dementia. Additionally, we examined whether
TBI and any CVD only, or TBI and any CVD in combination,
were associated with greater risk of dementia. Cumulative
incidence of dementia as a function of TBI and CVD diagnoses
was examined graphically.

Standard statistical and graphical techniques were used to
assess proportional hazards assumptions for all final models.
Statistical significance was set at p < .05 (two-sided). SAS version
9.4 and STATA/MP version 16.1 were used for all analyses. The
data are derived from VHA electronic health records and con-
tain protected health information; therefore, the data cannot be
placed in a public repository. Please contact the authors for
additional details regarding the process of accessing these data.

Results

Veterans had a mean age of 67 years (SD 9.31) at baseline; 6% were
female, and 80% were white. Although we included veterans with
TBIs across the severity spectrum, approximately 80% of partici-
pants had injuries categorized as mild. Baseline characteristics of
veterans with and without TBI are shown in Table 1. Veterans with
TBI were much more likely than those without TBI to have any
CVD diagnosis (36% vs 24%, p < .001) or any cardiovascular risk
factors (90% vs 83%). Thirty-two percent of veterans with TBI had
a diagnosis of diabetes mellitus compared to 28% without TBI, and
78% with TBI had a diagnosis of hypertension compared to 70%
without TBI (p <.001 for both). Additionally, 22% of veterans with
TBI compared to 15% of veterans without TBI currently used
tobacco at baseline, and 21% of veterans with TBI vs. 17% of
those without were categorized as overweight or obese (p < .001
for both). Veterans with TBI were also almost twice as likely than
those without TBI to have depression (29% vs. 15%, p < .001) and
PTSD (19% vs. 10%). Moreover, education and income differed

Table 1. Baseline characteristics based on traumatic brain injury (TBI) status
among older veterans.

No TBI Any TBI
(n=97,708) (n =97,708) P
Demographic
Age, y, mean (SD) 66.91 (9.3) 66.91 (9.3) -
Female, n (%) 5,690 (5.8) 5,690 (5.8) -
White 77,372 (79.2) 77,372 (79.2) -
>25% college-educated zip code 46,034 (47.1) 46,953 (48.1)  <.001
Low median income tertile 32,349 (33.1) 33,107 (33.9) <.001
Any CVD Risk Factor 81,553 (83.5) 87,921 (90.0) <.001
Current tobacco use 14,334 (14.7) 21,320 (21.8)  <.001
Diabetes mellitus 26,993 (27.6) 30,744 (31.5)  <.001
Obesity/overweight 16,087 (16.5) 20,012 (20.5)  <.001
Hypertension 68,772 (70.4) 76,528 (78.3)  <.001
Hypercholesterolemia 59,744 (61.2) 64,044 (65.6) <.001
Any CVD Diagnosis 23,184 (23.7) 34,794 (35.6)  <.001
Coronary artery disease (CAD) 15,598 (16.0) 19,275 (19.7)  <.001
Heart Failure 4,252 (4.4) 8,049 (8.2) <.001
Atrial Fibrillation 4,821 (4.9) 9,135 (9.4) <.001
Stroke/transient ischemic attack 5,634 (5.8) 15,816 (16.2)  <.001
Psychiatric
Depression 14,311 (14.7) 28,273 (28.9)  <.001
Post-traumatic stress disorder 9,232 (9.5) 18,756 (19.2)  <.001

SD, standard deviation, CVD, cardiovascular disease.



between veterans with and without TBI, such that those with TBI
were slightly better educated and more likely to live in less wealthy
ZIP codes compared to those without TBI.

Overall, 10.8% of veterans developed a dementia diag-
nosis over follow-up (mean 6.6 years, range 1-18 years)
with veterans with TBI developing dementia at a higher
rate (14.3%) compared to those without TBI (7.4%). The
unadjusted risk of dementia was almost two and a half
times as high for veterans with TBI compared to those
without TBI (HR: 2.38, 95% CI: 2.31-2.45). After adjust-
ment for education, depression and PTSD, the HR was
slightly attenuated to 2.21 (95% CI 2.15-2.28). After further
adjustment for any CVD diagnoses and any CVD risk
factor, the adjusted hazard for dementia was 2.17 (95%,
CI 2.10-2.23). Results were similar using Fine-Gray propor-
tional hazards models accounting for the competing risk of
death (unadjusted, HR: 2.29, 95% CI 2.23-2.36; fully
adjusted HR: 2.08, 95% CI 2.02-2.14). About 33% of veter-
ans who did not have CVD risk factors or a CVD diagnosis
at baseline developed incident CVD or risk factors during
follow-up; 35% of those with TBI and 31% of those with no
TBI. Our sensitivity analysis adjusting for incident CVD
risk factors and diagnoses led to similar results (fully
adjusted HR: 2.18, 95% CI 2.12-2.25).

There was no evidence of an interaction between TBI and any
CVD diagnosis of dementia risk (p for interaction, 0.12). Table 2
shows the unadjusted and adjusted associations between TBI
only and dementia, any CVD diagnosis only and dementia, or
TBI in addition to any CVD diagnosis with dementia. Compared
with Veterans with neither exposure (6.5%), veterans with TBI
only, CVD only, or both TBI and CVD had higher rates of
incident dementia during follow-up (with incident dementia
rates ranging from 12.0% for TBI only to 18.4% for both diag-
noses). TBI and CVD were both associated with an increased risk
of dementia in a model adjusted for education, depression, PTSD
and cardiovascular risk factors (TBI only HR: 2.17, 95% CI 2.09-
2.25; CVD only HR: 1.21, 95% CI 1.15-1.28). Veterans with TBI
plus any CVD diagnosis had the highest risk of dementia (HR:
251, 95% CI 2.41-2.61), suggesting the presence of an indepen-
dent, additive statistical association. Results of sensitivity ana-
lyses adjusting for both baseline and incident CVD and CVD risk
factors were very similar: TBI only HR 2.23, 95% CI 2.12-2.35;
CVD only HR 1.08, 95% CI 1.02-1.13; TBI plus CVD HR 2.33,
95% CI 2.22-2.43). The cumulative incidence of dementia diag-
nosis among veterans with TBI, any CVD diagnosis, or both is
shown in Figure 1.
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Discussion

In this large, diverse, nationally representative cohort of older US
veterans, we observed an increased prevalence of both CVD and
cardiovascular risk factors among older veterans with TBI com-
pared to those without TBI. Moreover, we found that TBI expo-
sure was associated with more than a 2-fold increase in the risk for
dementia, and CVD was also associated with increased dementia
risk. However, the statistical association between TBI and demen-
tia remained elevated after adjusting for CVD diagnoses and risk
factors, suggesting that CVD and its risk factors do not account
for much of the increased risk of dementia with TBI.

Despite the documented connections between TBI and CVD
and risk factors (13-15,19), little prior research has explicitly
addressed the impact of CVD on risk for dementia after TBL
Here, our results suggest a large increased risk of dementia after
TBI (6-12) as well as a modest increase in dementia risk associated
with CVD (16,17). However, we did not find that CVD or risk
factors accounted for the association between TBI and risk for
dementia, nor did we find an interaction between TBI and CVD
on dementia risk. Instead, we observed an additive statistical
association between TBI and CVD on the risk of dementia. It is
clear that more research is needed to understand the mechanisms
and causal pathways underlying the increased dementia diagnosis
risk after TBI.

The reason for the elevated prevalence of CVD and CVD risk
factors among those with TBI is unclear. Our results constitute
a statistical association and do not establish a causal relationship
between CVD and TBI. However, there are multiple pathways by
which CVD and TBI appear to be related. For example, TBI may
trigger a complex molecular cascade that is not yet fully under-
stood but that may lead to a number of central nervous system
changes including arterial stiffness, chronic inflammation, and
damage to the blood-brain barrier (23). These neurovascular
changes also increase the risk for stroke (23). TBI also increases
the risk of incident CVD, including coronary artery disease,
arrhythmias, heart failure, and stroke (14), perhaps by disturbing
hemodynamics and interfering with coagulation pathways (24).

Besides CVD, there are several additional proposed mechan-
istic pathways for the association between TBI and dementia. TBI
appears to trigger neuropathological changes, which may lead to
dementia, through multiple pathways including the deposition of
both tau and amyloid (25), and biomarkers of neuronal damage
have been observed in the blood of TBI patients even many years
after injury (26). However, one study with brain autopsies has
shown that individuals with TBI are at higher risk for Lewy body

Table 2. The association between TBI and CVD and risk of dementia from Cox proportional hazards models.

No. (%) HR (95% Cl)
Dementia Unadjusted Adjusted
Model 1 Model 2
Neither 4,864 (6.5) ref ref ref
TBI only 7,555 (12.0) 2.35 (2.27-2.44) 2.19 (2.11-2.27) 2.17 (2.09-2.25)
CVD only 2,378 (10.3) 1.26 (1.20-1.32) 1.23 (1.17-1.29) 1.21 (1.15-1.28)
TBl and CVD 6,398 (18.4) 2.83 (2.72-2.94) 2.59 (2.49-2.69) 2.51 (2.41-2.61)

TBI, traumatic brain injury, CVD, cardiovascular disease, HR, hazard ratio, Cl, confidence interval, PTSD, post-traumatic stress disorder. Unadjusted and adjusted analyses
included Veterans with TBI matched 1:1 on age, race, and sex. Model 1 adjusted for education, PTSD, and depression. Model 2 adjusted for education, PTSD,
depression, and CVD risk factors (diabetes mellitus, obesity/ overweight, current tobacco use, hypertension, and hypercholesterolemia).



4 (&) E. KORNBLITHETAL.

Cumulative Incidence of Dementia

1_
Neither (N=74,524)
————— TBI only (N=62,914)
S | M CVD only (N=23,184)
2 gl
< Both (N=34,794)
[0
[a)
G
°© 6+
[&]
=
(0]
12
[&]
£ 44
[0}
=
kS
E
E 24
O
0_

85 95

Age in years

Figure 1. The additive association between traumatic brain injury (TBI) and cardiovascular disease (CVD) is illustrated by showing the cumulative incidence of dementia
with age as the timescale for veterans with TBI only (dark gray), CVD only (dashed black), both TBI and CVD (light gray), or neither (solid black).

dementia and Parkinson’s disease neuropathology, rather than the
neurofibrillary plaques and tangles that define Alzheimer’s disease
(27). Dementia diagnoses after TBI may also reflect cognitive
impairment associated with the TBI-related structural damage
rather than from the presence of a secondary neurodegenerative
process (28). This is supported by the accumulating evidence that
greater severity of TBI is linked to higher risk of dementia (21).
Finally, repeated TBIs are associated with chronic traumatic ence-
phalopathy (CTE), a condition characterized by a unique pattern
of neuropathology detectable only by autopsy (29) and a loosely
defined clinical syndrome that may include aggression, personality
change, and cognitive impairment (30). It is possible that CTE
pathology alone or in combination with other aging processes
could result in a clinical dementia presentation in some cases.

There are limitations to our study that impact the interpre-
tation and generalizability of our results. While we carefully
matched on the key variables of age, sex and race and adjusted
for important confounders, all observational studies retain the
risk of unmeasured confounding. We used ICD-9 and 10 codes
as well as dementia medications in existing medical records for
dementia diagnoses, which may result in less sensitive categor-
ization of participants compared to studies in which partici-
pants were given a comprehensive dementia examination.
Finally, the results may not generalize to veterans who do not
receive VA health care or to non-Veterans.

This is one of the first studies to examine the impact of CVD
and CVD risk factors on risk for dementia diagnosis after TBI.
Our primary finding was that, in a large, diverse, nationally
representative sample of older veterans, TBI was associated
with a higher prevalence of CVD and risk factors. Yet, the
statistical association between TBI and dementia diagnosis
was not attenuated by adjustment for CVD risk factors or
CVD, indicating that CVD does not seem to account for

much of the risk for dementia after TBI. Our results also
revealed an additive statistical association between TBI and
CVD. Given the high prevalence of CVD in veterans with
a history of TBI, as well as their increased risk of dementia,
these findings suggest that more research is needed to deter-
mine causal links among CVD, TBI, and dementia and to
inform clinical guidelines for older veterans post-TBI in
order to optimize healthy cognitive aging.
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Comparison Groups Matter in Traumatic Brain
Injury Research:
An Example with Dementia

Jennifer S. Albrecht” Raquel C. Gardner>® Douglas Wiebe,* Amber Bahorik*>
Feng Xia*® and Kristine Yaffe?*>’

Abstract

The association between traumatic brain injury (TBI) and risk for Alzheimer disease and related dementias
(ADRD) has been investigated in multiple studies, yet reported effect sizes have varied widely. Large differences
in comorbid and demographic characteristics between individuals with and without TBI could result in spurious
associations between TBI and poor outcomes, even when control for confounding is attempted. Yet, inadver-
tent control for post-TBI exposures (e.g., psychological and physical trauma) could result in an underestimate
of the effect of TBI. Choice of the unexposed or comparison group is critical to estimating total associated risk.
The objective of this study was to highlight how selection of the comparison group impacts estimates of the
effect of TBI on risk for ADRD. Using data on Veterans aged >55 years obtained from the Veterans Health
Administration (VA) for years 1999-2019, we compared risk of ADRD between Veterans with incident TBI
(n=9440) and (1) the general population of Veterans who receive care at the VA (All VA) (n=119,003); (2) Vet-
erans who received care at a VA emergency department (VA ED) (n=111,342); and (3) Veterans who received
care at a VA ED for non-TBI trauma (VA ED NTT) (n=65,710). In inverse probability of treatment weighted mod-
els, TBI was associated with increased risk of ADRD compared with All VA (hazard ratio [HR] 1.94; 95% confi-
dence interval [CI] 1.84, 2.04), VA ED (HR 1.42; 95% Cl 1.35, 1.50), and VA ED NTT (HR 1.12; 95% Cl 1.06,
1.18). The estimated effect of TBI on incident ADRD was strongly impacted by choice of the comparison group.

Keywords: Alzheimer disease; epidemiologic methods; traumatic brain injury; veterans
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Introduction

The association between traumatic brain injury (TBI) and
risk for Alzheimer disease and related dementias
(ADRD) has been investigated in multiple studies, with
most,l’8 but not all,g’10 reporting that TBI increases risk
for ADRD. Nonetheless, reported effect sizes have varied

widely, ranging from relatively small (hazard ratio [HR]
1.24) to very large (odds ratio 4.6).8 This observed het-
erogeneity across studies suggests that bias may have
been introduced at the design or analysis stage. One
route for the introduction of such bias lies in the selection
of the unexposed or comparison group.
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This is particularly important in research on outcomes
after TBI because both younger and older individuals
who sustain TBI differ significantly across most demo-
graphic, clinical, and even socioeconomic characteristics
from individuals without TBI.>'"'> The same is true of
Veterans who sustain TBI post-deployment. For exam-
ple, among a large cohort of US Veterans aged 55 and
older, those recently with a diagnosis of TBI had signif-
icantly higher prevalence of almost all comorbid condi-
tions, including those associated with increased risk of
ADRD such as hypertension and cerebrovascular disease,
compared with older Veterans without TBL? Further,
Veterans with TBI also had more than double the prev-
alence of psychological conditions such as depression,
and substance and alcohol dependence, also risk factors
for ADRD.”

These large differences in comorbid burden between
individuals with and without TBI could result in spurious
associations between TBI and poor outcomes, even when
control for confounding is attempted. In fact, most meth-
ods of confounding control require both the strong
assumption of no unmeasured confounding and adequ-
ate overlap of covariate distribution between exposure
(comparison) groups. Failure to meet either of these
requirements can result in residual confounding, leading
in this case to an overestimate of the association between
TBI and ADRD.

On the other hand, many factors that occur as a direct
result of TBI (e.g., psychological trauma, body trauma,
inflammation, pain, hospitalization, surgery) may also
contribute to long-term outcomes and dementia risk.
Comparison with non-TBI trauma (NTT) groups may
inadvertently control for these post-TBI factors, result-
ing in an underestimate of the population-level risk of
ADRD or other outcomes associated with TBI.

Clearly, the choice of the comparison group in TBI
research has significant implications for the validity and
interpretability of results, particularly when the research
interest is in predicting relative risk of sequelae of TBI
such as ADRD. An important consideration in selection
of the comparison group is the intended audience and
the inference to be drawn from the analysis. In this
study, our objective was to highlight how the choice of
the comparison group can influence results by estimating
the risk of ADRD associated with TBI using three differ-
ent comparison groups. Results from these analyses may
inform comparison group selection in future studies.

Methods

Data source

We obtained a random sample of all Veterans aged 55
and older who received care from the Veterans Health
Administration (VHA) between 10/1/1999-9/30/2019.
Data were from the National Patient Care Database,
an electronic database that captures information on all

inpatient and outpatient encounters that occur at VHA
health care facilities nationwide, and the Vital Status File.

For each fiscal year from 2000 through 2019, we
selected a 5% random sample from a total sample of
9,499,881 unique Veterans, and then merged these sam-
ples for all years (n=2,806,407), removing duplicates
(n=628,079). This resulted in a random sample of
2,178,328 Veterans, more than 20% of all Veterans
receiving care in that time period.

Institutional Review Boards at the University of Cali-
fornia, San Francisco, the San Francisco Veterans Affairs
Medical Center, and the US Army Medical Research
and Material Command approved all study procedures.
Informed consent was waived because it was deidentified
archival data.

Incident TBI

We defined TBI using the standard surveillance case
diagnostic codes used by the Armed Forces Health Sur-
veillance Branch for routine surveillance and reporting.'?
Incident TBI was defined as the first emergency depart-
ment (ED) visit containing one or more International
Classification of Disease (ICD) codes for TBI after a
12-month TBI-free period. To be included in the ana-
lytic cohort, a computed tomography (CT) or magnetic
resonance imaging (MRI) scan was also required within
one day before or after the ED visit to increase the like-
lihood that these were indeed incident acute TBIs of suf-
ficient severity to warrant urgent neuroimaging. After
excluding those with no follow-up visit after the date of
TBI (N=301) or pre-existing diagnosis of mild cognitive
impairment (MCI) or ADRD during the 12-months pre-
TBI (see definitions below (n=3968), our final incident
TBI cohort contained 9440 older Veterans.

Comparison groups
We selected three plausible comparison groups that
might control for different characteristics associated
with TBI. All groups were required to have evidence of
VHA utilization at least 12 months before the index
date. First, we took a random sample of all Veterans
from the 5% sample equal to ten times the number in
the TBI cohort, matching the first visit year to the year
of TBI, then excluded those with prevalent TBI, no
follow-up visit after the randomly selected index date,
and those with pre-existing MCI or ADRD (i.e., diagno-
sis within the last 12 months). This group (All VA)
represents the general population of unexposed (i.e.,
non-TBI) older Veterans who receive care from VHA
facilities (n=119,003). The general population without
TBI is the most common comparison group in studies
of TBI sequelae and of ADRD specifically.>*°

Next, from the 5% random sample, we selected a ran-
dom sample of ED visits at a 10:1 ratio with the TBI
cohort, again excluding those with TBI, those with no
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follow-up visit after the index date (ED visit), and those
with pre-existing MCI or ADRD. This group (VA ED)
represents unexposed older Veterans who experienced
an acute event that required care in the VA ED (n=
111,342). Not only does this group share the experience
of an acute event, but also individuals who regularly
receive care in the ED differ from the general population in
ways that are associated with increased risk of TBI!415

Finally, for the last comparison group, we selected
Veterans with an ED visit for non-TBI related fractures,
excluding those with TBI, those with no follow-up visit
after the index date (ED visit), and those with pre-
existing MCI or ADRD. Non-TBI fractures have been
previously defined® and were updated to include ICD-
10 codes for this study. This group did not contain
more than ten times the TBI cohort; thus, we included
all Veterans who met criteria. This group (VA ED NTT)
represents unexposed older Veterans more likely to be
injured and receive care in the ED (n=65,710). The
VA ED NTT group has been used previously as a com-
parison group in TBI research.® In addition to increa-
sed similarity to the TBI group, this group also shares
the experience of a traumatic event treated at the VA
ED, including subsequent inflammation, pain, hospitali-
zation, and possibly surgery.

ADRD

The primary outcome of ADRD was defined using ICD
codes and prescription fills (Supplementary Appendix)
for antidementia medications. We excluded from analy-
sis individuals with a diagnosis of ADRD, MCI, or a pre-
scription fill for antidementia medication during the 12
months before the index date. Individuals were followed
until the first of either ADRD diagnosis, death, or admin-
istrative censoring (end of observed follow-up).

Statistical analysis

We examined distributions of demographic and clini-
cal variables and tested comparisons across all groups
using analysis of variance (ANOVA) or Chi-square
Goodness of Fit as appropriate.

We estimated the unadjusted association between TBI
and ADRD with death as a competing risk using the Fine
and Gray subdistribution hazard model for each compar-
ison cohort, with censoring at death or end of observed
follow-up.16 Next, we created stabilized inverse proba-
bility of treatment weights (IPTW) to balance covariates
between the TBI cohort and each of the three compari-
son groups and checked the balance of each covariate
in the weighted sample using the standardized mean dif-
ference. Finally, we estimated the adjusted associations
in the IPT weighted sample. We also plotted the unad-
justed and adjusted cumulative incidence of ADRD
against follow-up time for the TBI cohort and each of
the comparison groups.

Results

Demographic and clinical characteristics of the TBI
cohort and the three comparison groups are presented
in Table 1. All differences across groups were significant
at p<0.001. Veterans with TBI were older with a heavier
medical and psychiatric comorbidity burden compared
with the comparison groups. For example, prevalence
of stroke history was 38.1% in the TBI cohort, compared
with 13.7% in All VA, 16.9% in VA ED, and 18.1% in
VA ED NTT (p<0.001). Burden of psychiatric comor-
bidities was high in the TBI cohort, especially depression
(37.9%), post-traumatic stress disorder (PTSD) (16.3%),
and alcohol use disorder (17.8%). Finally, death was ele-
vated in the TBI cohort (35.9%), compared with All VA
(27.4%), VA ED (26.7%), and VA ED NTT (28.1%)
(p<0.001).

The average age in each group decreased from 76.1
(standard deviation [SD] 9.0) years in the TBI cohort to
All VA (73.6 [SD 8.5] years) to VA ED (72.1 [SD 8.3]
to VA ED NTT (70.9 [SD 8.3] (p<0.001). Interestingly,
prevalence of psychiatric comorbidities increased across
the groups. For example, prevalence of depression increa-
sed from All VA (20.0%) to VA ED (26.0%) to VA ED
NTT (31.0%) to 37.9% in TBI (p <0.001).

Over an average follow-up of 4.4 (SD 3.6) years,
ADRD developed in 22.4% of the TBI cohort compared
with 9.5% in All VA (average follow-up 6.0 [SD 3.7]
years), 12.9% in VA ED (average follow-up 6.3 [SD
3.8] years), and 17.8% in VA ED NTT (average follow-
up 7.3 [SD 4.0] years) ( p <0.001 for all comparisons with
the TBI cohort) (Table 1). The unadjusted cumulative
incidence of ADRD by cohort is presented in Figure 1.

Both before and after adjustment, risk of ADRD associ-
ated with TBI varied widely by comparison group, with the
lowest risk estimate for VA ED NTT and highest estimate
for All VA. For example, the unadjusted association be-
tween TBI and incident ADRD was significantly elevated
compared with All VA (HR 2.63; 95% confidence interval
[CI] 2.51,2.76), VA ED (HR 2.00; 95% CI1 1.91, 2.10), and
VA ED NTT (HR 1.59; 95% CI 1.51, 1.66) (Table 2). The
IPTW were well balanced between the TBI cohort and
each of the comparison groups.

In weighted models, the risk of ADRD associated with
TBI remained significantly elevated but attenuated com-
pared with All VA (HR 1.94; 95% CI 1.84,2.04), VA ED
(HR 1.42; 95% CI 1.35, 1.50), and VA ED NTT
(HR 1.12; 95% CI 1.06, 1.18). Adjusted cumulative inci-
dence of ADRD over follow-up by group is displayed in
Figure 1.

Discussion

In this large, nationally representative study of older Vet-
erans receiving care from VA health care facilities, TBI
was associated with elevated incidence of ADRD, but
the estimated effect was strongly impacted by choice of
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Table 1. Characteristics of Veterans Aged 55 and Older with Traumatic Brain Injury and Three Comparison Cohorts, Excluding
Those with Pre-Existing Alzheimer Disease and Related Dementias, 2001-2019"

TBI All VA? VA ED? VA ED NTT*
n=29,440 n=119,003 n=111,342 n=65,710 p

Age, y, mean (SD) 76.1 (9.0) 73.6 (8.5) 72.1 (8.3) 70.9 (8.3) < 0.001

Age group, n (%) < 0.001
55-64 1152 (12.2) 20,237 (17.0) 24,115 (21.7) 17,944 (27.3)

65-74 3326 (35.2) 48,650 (40.9) 49,334 (44.3) 28,064 (42.7)
75-84 3147 (33.3) 37,105 (31.2) 28,990 (26.0) 15,448 (23.5)
85+ 1815 (19.2) 13,011 (10.9) 8903 (8.0) 4254 (6.5)

Female sex, n(%) 355 (3.8) 2780 (2.3) 2775 (2.5) 2803 (4.3) < 0.001

Race, n(%) < 0.001
Non-Hispanic White 7672 (81.3) 101,590 (85.4) 90,510 (81.3) 55,495 (84.4)

Non-Hispanic Black 1208 (12.8) 10,706 (9.0) 15,568 (14.0) 7305 (11.1)
Hispanic 264 (2.8) 1099 (0.9) 1383 (1.2) 905 (1.4)
Asian 62 (0.7) 516 (0.4) 485 (0.4) 244 (0.4)
Others/unknown 234 (2.5) 5092 (4.3) 3396 (3.1) 1761 (2.7)

>25% college-educated in zip code, n(%) 4239 (46.1) 50,030 (43.0) 45,006 (41.5) 26,892 (42.1) < 0.001

% income <$43,700 in zip code, n(%) 3537 (38.6) 37,730 (32.5) 39,994 (37.0) 23,611 (37.1) < 0.001

Medical comorbidities < 0.001
Stroke 3599 (38.1) 16,294 (13.7) 18,857 (16.9) 11,876 (18.1) < 0.001
Parkinson disease 324 (3.4) 1418 (1.2) 1289 (1.2) 937 (1.4) < 0.001
Diabetes 4307 (45.6) 40,908 (34.4) 42,503 (38.2) 25,448 (38.7) < 0.001
Hypertension 8342 (88.4) 93,590 (78.6) 90,132 (81.0) 52,265 (79.5) < 0.001
Myocardial infarction 1650 (17.5) 9241 (7.8) 11,207 (10.1) 6951 (10.6) < 0.001
Obesity 3,197 (33.9) 33,212 (27.9) 35,729 (32.1) 20,752 (31.6) < 0.001
Congestive heart failure 2892 (30.6) 14,395 (12.1) 18,054 (16.2) 11,280 (17.2)

Psychiatric comorbidities < 0.001
Depression 3579 (37.9) 23,797 (20.0) 28,993 (26.0) 20,348 (31.0) < 0.001
PTSD® 1541 (16.3) 11,173 (9.4) 13,767 (12.4) 9183 (14.0) <0.001
Ancxiety 2017 (21.4) 14,053 (11.8) 17,414 (15.6) 11,682 (17.8) <0.001
Alcohol use disorder 1680 (17.8) 10.040 (8.4) 13,657 (12.3) 10,017 (15.2) <0.001
Substance use disorder 727 (7.7) 3242 (2.7) 5073 (4.6) 4043 (6.2)

Follow-up in years, mean (SD) 4.4 (3.6) 6.0 (3.7) 6.3 (3.8) 7.3 (4.0) <0.001

Mortality over follow-up, n (%) 3387 (35.9) 32,658 (27.4) 29,671 (26.7) 18,485 (28.1) <0.001

TBI, traumatic brain injury; VA, Veterans Health Administration; VA ED, Veterans Health Administration Emergency Department; VA ED NTT, Vet-
erans Health Administration Emergency Department non-TBI trauma; SD, standard deviation; PTSD, post-traumatic stress disorder.

'All differences between the TBI cohort and each comparison cohort are significant at p <0.001 unless otherwise noted.

“Random sample of older Veterans receiving care at VA facilities.

3Random sample of older Veterans who had an ED visit at a VA facility.

“Random sample of older Veterans with an ED visit for non-TBI fracture at a VA facility.

3 Analysis of variance for continuous variables and chi-square tests for categorical variables.

PTSD.
4 N\
1.0 1.0 1
—_TBI unadjusted __TBI adjusted
— All VA — AllVA
0.8 VA ED 0.8 — VAED
VA ED NTT VA ED NTT

0.6 0.6+

Cumulative incidence of ADRD
Cumulative incidence of ADRD

A 20 0 s 10 1s 2
Follow-up time (years) Follow-up time (years)

FIG. 1. Unadjusted and adjusted cumulative incidence of Alzheimer disease and related dementias over
follow-up in the traumatic brain injury (TBI) and each comparison cohort.




Downloaded by Ucsf Library University of California San Francisco from www.liebertpub.com at 07/14/22. For personal use only.

COMPARISON GROUPS MATTER IN TBI RESEARCH

Table 2. Unadjusted and Inverse Probability of Treatment
Weighted (IPTW) Hazard Ratios and 95% Confidence
Intervals of the Association between Traumatic Brain Injury
and Incident Alzheimer Disease and Related Dementias
among Veterans Aged 55 and Older Using Three Comparison
Cohorts, 2001-2019

All VA’ VA ED? VA ED NTT?

n=119,003 n=111,342 n=65710
Unadjusted ~ 2.63 (2.51,2.76)  2.00 (191, 2.10)  1.59 (1.51, 1.66)
IPTW 1.94 (1.84,2.04) 142 (1.35,1.50)  1.12 (1.06, 1.18)

VA, Veterans Health Administration; VA ED, Veterans Health Admin-
istration Emergency Department; VA ED NTT, Veterans Health Adminis-
tration Emergency Department non-traumatic brain injury (TBI) trauma;
IPTW, inverse probability of treatment weighted.

'Random sample of older Veterans receiving care at VA facilities.

Random sample of older Veterans who had an ED visit at a VA facility.

3Random sample of older Veterans with an ED visit for non-TBI fracture
at a VA facility.

the comparison group. Compared with the VA ED NTT
group, the adjusted effect estimate for TBI was consistent
with a 12% increase in risk of ADRD (95% CI 1.06,
1.18). This is much lower than previous estimates and
lower even than our estimates using the different compar-
ison groups."**®"!7 Two previous studies that com-
pared older adults with TBI with a non-TBI trauma
group reported risk of ADRD that was closer to, but
still larger than, our adjusted estimate (HR 1.26 and HR
1.29).>" Differences in study population (Veterans vs. ci-
vilians), exposure definition, and analysis methods may
have contributed to our smaller effect estimate.

Previous studies conducted in Veterans have reported
that TBI increased risk of ADRD, with effect estimates
ranging from 1.57-2.71'%%!7 while those in civilians
have reported estimates ranging from 1.24-4.63+78
Our estimates from the All VA and VA ED comparisons
fell within the lower end of these ranges, while our esti-
mate from the VA ED NTT comparison did not.

There are several possible explanations for our re-
sults. Clearly, choice of the comparison group plays an
important role in the estimated effect size as evidenced
by increasing effect estimates as we moved from VA
ED NTT (HR 1.12) to VA ED (HR 1.42; 95% CI 1.35,
1.50) to All VA (HR 1.94). Given the large differences
in distribution of comorbid and demographic characteris-
tics between comparison groups (see Table 1), it is likely
that residual confounding'® contributed to some of these
differences. As well, our use of IPTW to estimate the
causal effect of TBI on ADRD may have helped to min-
imize more of this confounding bias compared with
adjusting for covariates in a regression model as has
been done in previous studies.' %%

Study populations may also have differed in character-
istics that are unmeasured, potentially leading to differ-
ences in risk for ADRD. Importantly, this study is the
first to model risk of ADRD in the presence of death as
a competing risk. Given that individuals with TBI were

much more likely to die (and thus had less time to expe-
rience the ADRD outcome), this may have resulted in
increased risk estimates for TBI. Finally, although we
excluded individuals with a diagnosis of TBI from the
comparison groups, it is possible that undiagnosed TBI
was present. This possibility could be higher in the VA
ED NTT group, which would bias results toward the null.

Consideration of the objective of an analysis is critical
to selecting the proper comparison group. Results from
this study suggest that interpretation of results should
be measured as well. Studies that compare individuals
with TBI to a general population of individuals without
TBI may be estimating the effect that being a person at
high risk for TBI has on outcomes, rather than the effect
of the TBI itself. This comparison could be important
when considering TBI risk reduction. On the other hand,
studies that compare individuals with TBI with those
with NTT (e.g., the ED VA NTT group) may inadver-
tently control for the psychological and physiological
effects of trauma, which may lead to an underestimate
of the total burden of TBI-associated ADRD.

Importantly, the control groups selected in this study
do not represent all possible control groups. Researchers
must compromise between balancing important covar-
iates that contribute to risk of the outcome against
“over adjustment” for these post-injury factors that also
contribute to poor outcomes.

Conclusion

Results from this study highlight the importance of com-
parison group selection in TBI research. Understanding
the impact of comparison group selection on estimates
of the causal effect of TBI on outcomes will inform care-
fully considered study designs. Future work should focus
on identification of the optimal comparison group for dif-
ferent types of TBI research.

Acknowledgments

We are grateful to the Veterans Health Administration for
its foresight in making these important data available to
investigators.

Funding Information

This work was supported by the Assistant Secretary of
Defense for Health Affairs endorsed by the Department
of Defense, through the Psychological Health/Traumatic
Brain Injury Research Program Long-Term Impact of
Military-Relevant Brain Injury Consortium (LIMBIC)
Award (Yaffe, Multiple PI)/W81XWH-18-PH/TBIRP-
LIMBIC under Awards No. W81XWH1920067 and
W81XWH-13-2-0095, and by the U.S. Department of
Veterans Affairs Awards No. 101 CX002097, 101
CX002096, 101 HXO003155, 101 RX003444, 101
RX003443, 101 RX003442, 101 CX001135, I01
CX001246, 101 RX001774, 101 RX 001135, 101 RX



Downloaded by Ucsf Library University of California San Francisco from www.liebertpub.com at 07/14/22. For personal use only.

ALBRECHT ET AL

002076, 101 RX 001880, 101 RX 002172, 101 RX
002173, 101 RX 002171, 101 RX 002174, and 101
RX 002170. The U.S. Army Medical Research Acquisi-
tion Activity, 839 Chandler Street, Fort Detrick MD
21702-5014 is the awarding and administering acqui-
sition office. Opinions, interpretations, conclusions, and
recommendations are those of the author and are not

necessarily endorsed by the Department of Defense.

Author Disclosure Statement
No competing financial interests exist.

Supplementary Material
Supplementary Appendix

References

1. Barnes DE, Byers AL, Gardner RC, et al. Association of mild traumatic brain

injury with and without loss of consciousness with dementia in US
military veterans. JAMA Neurol 2018;75(9):1055-1061. doi: 10.1001/
jamaneurol.2018.0815

2. Barnes DE, Kaup A, Kirby KA, et al. Traumatic brain injury and risk of
dementia in older veterans. Neurology 2014;83(4):312-319; doi:
10.1212/WNL.0000000000000616

3. Gardner RC, Burke JF, Nettiksimmons J, et al. Dementia risk after
traumatic brain injury vs nonbrain trauma: the role of age and severity.
JAMA Neurol 2014; 71(12):1490-1497;doi: 10.1001/jamaneurol
.2014.2668

4. Nordstrom A, Nordstrom P. Traumatic brain injury and the risk of
dementia diagnosis: a nationwide cohort study. PLoS Med
2018;15(1):e1002496; doi: 10.1371/journal.pomed.1002496

5. Nordstrom P, Michaelsson K, Gustafson Y, et al. Traumatic brain injury and

young onset dementia: a nationwide cohort study. Ann Neurol
2014,75(3):374-381; doi: 10.1002/ana.24101

6. Plassman BL, Havlik RJ, Steffens DC, et al. Documented head injury in
early adulthood and risk of Alzheimer’s disease and other dementias.
Neurology 2000,55(8):1158-1166; doi: 10.1212/wnl.55.8.1158

7. Fann JR, Ribe AR, Pedersen HS, et al. Long-term risk of dementia among

people with traumatic brain injury in Denmark: a population-based

20.

observational cohort study. Lancet Psychiatry 2018,;5(5):424-431; doi:
10.1016/52215-0366(18)30065-8

. Guo Z, Cupples LA, Kurz A, et al. Head injury and the risk of AD in the

MIRAGE study. Neurology 2000,54(6):1316-1323; doi: 10.1212/
wnl.54.6.1316

. Dams-O’Connor K, Gibbons LE, Bowen JD, et al. Risk for late-life re-injury,

dementia and death among individuals with traumatic brain injury: a
population-based study. J Neurol Neurosurg Psychiatry 2013;84(2):177-
182; doi: 10.1136/jnnp-2012-303938

. Mehta KM, Ott A, Kalmijn S, et al. Head trauma and risk of dementia and

Alzheimer’s disease: The Rotterdam Study. Neurology 1999;53(9):1959-
1962; doi: 10.1212/wnl.53.9.1959

. Albrecht JS, Barbour L, Abariga SA, et al. Risk of depression after traumatic

brain injury in a large national sample. J Neurotrauma 2019;36(2):300-
307; doi: 10.1089/neu.2017.5608

. Albrecht JS, Kiptanui Z, Tsang Y, et al. Depression among older adults

after traumatic brain injury: a national analysis. Am J Geriatr Psychiatry
2015;23(6):607-614; doi: 10.1016/j.jagp.2014.07.006

. Branch AFHS. Surveillance case definition for traumatic brain in-

jury. Available from: https://health.mil. [Last accessed: June 2,
2002].

. Byrne M, Murphy AW, Plunkett PK, et al. Frequent attenders to an

emergency department: a study of primary health care use, medical
profile, and psychosocial characteristics. Ann Emerg Med
2003;41(3):309-318; doi: 10.1067/mem.2003.68

. Hunt KA, Weber EJ, Showstack JA, et al. Characteristics of frequent users

of emergency departments. Ann Emerg Med 2006,48(1):1-8; doi:
10.1016/j.annemergmed.2005.12.030

. Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a

competing risk. J Am Stat Assoc 1999;94(446):496-509.

. Kornblith E, Peltz CB, Xia F, et al. Sex, race, and risk of dementia diagnosis

after traumatic brain injury among older veterans. Neurology
2020,95(13):e1768-e1775; doi: 10.1212/WNL.0000000000010617

. Herndn MA. Beyond exchangeability: the other conditions for causal

inference in medical research. Stat Methods Med Res 2012;21(1):3-5;
doi: 10.1177/0962280211398037

. Hernan MA, Robins JM. Estimating causal effects from epidemiological

data. J Epidemiol Community Health 2006,60(7):578-586; doi: 10.1136/
jech.2004.029496

Austin PC, Stuart EA Moving towards best practice when using
inverse probability of treatment weighting (IPTW) using the
propensity score to estimate causal treatment effects in obser-
vational studies. Stat Med 2015;34(28):3661-3679; doi: 10.1002/
sim.6607


https://health.mil

Journal of Neurotrauma

40:620-634 (April 2023) Jour nal Of

© Mary Ann Liebert, Inc.

DOI: 10.1089/neu.2022.0041 Neur otrauma

Open camera or QR reader and
scan code to access this article
and other resources online.

REVIEW
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Brain Injury in Civilians and Veterans
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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 TBl and dementia.
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Introduction a pooled risk ratio in the range of 1.6-1.9." However,
Traumatic brain injury (TBI) is very common across the there is substantial heterogeneity in the magnitude of
life-course and is increasingly recognized as an important  reported risk across individual studies with some report-
risk factor for dementia. Several meta-analyses have ing risk ratios as high as 3 or 4.”® This heterogeneity sug-
investigated this association and nearly all have reported  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.’

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.% 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.'""'? Because studies rep-
orting hazard ratios (HRs) used incidence for an overall
time period, then HRs were considered equivalent to
RRs.'! Data were pooled using random effects models.
Between-study heterogeneity was assessed using the I?
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 G'* and Egger and Begg statistics.'* 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=[Px(HR - 1)] / [1 +
P x (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 Element'” 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.'® 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."’

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.'®2° 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).7:8:1821-49

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 (I°=98.7%, Q test p<0.001).
Several pre-planned statistical approaches were used to
investigate sources of heterogeneity and are described in
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( )
9 review articles
40 studies removed
* ™
40 relevant studies from 4 relevant studies from 32 relevant studies from
original records review articles LI
"
A J
~
76 studies relevant to TBI
and dementia selected for /_ : \
full text review (1) 5- did not assess any type of TBI
Y (2) 4- no TBI not reference group
(3) 0- TBI not assed by ICD9 codes/screen
(4) 17- did not assess any dementia
(5) 3- no dementia was not comparison
a (6) 6- estimate not at least age adjusted
(7) 0-relevance/not case control/ cohort study
(8) 1-average age <40
(9) 5 <5 people in group w/ TBI
(10) 4 too narrow population
32 studies consisting
of 39 risk estimates
were included
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.
|\ J

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.
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( )
Source RR (95% CI)
Broe et al. 1990 1.33[0.46; 3.84]
Ferini-Strambi et al. 1990 1.00[0.32; 3.11]
Graves et al. 1990 3.50[1.49; 8.23]
van Duijn et al. 1992 1.60[0.78; 3.30]
Mayeux et al. 1993 3.70[1.41,9.74)
CSHAS" 1994 1.66 [0.97; 2.84]
Forster et al. 1995 1.20 [0.57; 2.54]
Salib et al. 1997 2.46 [1.45; 4.18]
O'Meara et al 1997 2.10[1.13; 3.90]
Mehta et al. 1999 1.00 [0.50; 2.00]
Guo et al. 2000a (probands) 460 [3.64; 5.81]
Plassman et al. 2000 246 [1.43; 4.24]
Lindsay et al. 2002 0.87 [0.56; 1.36]
Bachman et al. 2003 2.40[1.83; 3.15)
Suhanov et al. 2006 1.70[1.02; 2.84]
Ogunniyi et al. 2006 (U.S. Cohort) 0.75[0.26; 2.15]
Rippon et al. 2006 1.00 [0.68; 1.46]
Wang et al. 2012 1.68 [1.57; 1.80]
Leeetal 2013 3.26 [2.69; 3.95]
Nordstrom et al. 2014a (mild TBI) 1.50[1.11; 2.02]
Nordstrom et al. 2014b (severe TBI) 2.30[1.48; 3.56)
Abner et al. 2014 1.69 [0.94; 3.03]
Barnes et al. 2014 1.57 [1.35; 1.83]
Gardner et al. 2014 1.26[1.21;1.32]
Chu et al. 2016 3.21[2.65; 3.89]
Crane et al. 2016a (ACT: LOC <1 hr) 1.03[0.83; 1.27]
Crane et al. 2016b (ACT: LOC = 1hr) 1.18[0.78; 1.79]
Crane et al. 2016c (ROS: LOC < 1hr) 0.87 [0.58; 1.30]
Crane et al. 2016d (ROS: LOC > 1hr) 0.84 [0.44; 1.59]
Lin et al. 2017 2.20[1.48; 3.27]
Tolppanen et al. 2017 1.23[1.18; 1.29]
Cations et al. 2018a (mild TBI) 0.65[0.31; 1.37] i
Cations et al. 2018b (moderate and severe TBI) 0.92 [0.35; 2.43]
Fann et al. 2018 1.24[1.21;1.27)
Nordstrom et al. 2018a (cohort) 1.81[1.76; 1.87] .
Nordstrom et al. 2018b (sibling pairs) 1.89[1.61;2.21] =
Nordstrom et al. 2018bc (case control) 1.71[1.66; 1.76] ‘
Barnes et al. 2018 3.45[3.33;3.57] =
Yaffe et al. 2019 1.49[1.01; 2.20] ——
Total 1.66 [1.42; 1.93] <
95% PI [0.72; 3.82] w—
Heterogeneity: ;.fia = 2875.17 (P < .001), I* = 99% ' | ' '
02 05 1 2 5
Risk Ratio (95% Cl)
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. Cl, confidence interval; *CSHAS, Canadian Study of Health and Aging Study group.
\_ J
Discussion cal records data for TBI or dementia diagnosis were all

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-

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
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Table 2. Sub-Group Risk Estimates

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

Mean age N/A -0.02 (-0.01- 0.00) p<0.01

Age category Mean age <65 years (n=15) 1.99 (1.58-2.50) Q=3.67, p=0.05
Mean age >65 years (n=24) 1.49 (1.25-1.79)

Sex < 50% female (n=14) 2.07 (1.61-2.65) Q=5.83, p<0.05
> 50% female (n=25) 1.43 (1.22-1.68)

U.S. veterans U.S. veterans (n=4) 2.13 (1.42-3.21) Q=1.65, p=0.19
All non-veterans (n=35) 1.60 (1.37-1.87)

U.S. vs. non-U.S. U.S. (n=15) 1.52 (1.18-1.96) Q=0.76, p=0.38
Non-U.S. (n=24) 1.75 (1.46-2.09)

Region North America (n=19) 1.63 (1.25-2.13) Q=7.18, p<0.05
EU/Australia (n=15) 1.51 (1.29-1.77)
Asia (n=5) 2.36 (1.56-3.57)

TBI type TBI (n=22) 1.62 (1.35-1.94) Q=0.16, p=0.68

Head injury (n=17)

TBI with LOC (n=14)
All other studies (n=25)
ICD codes (n=16)

Brief screen (n=23)

AD (n=16)

Dementia (n=23)

ICD codes (n=14)

Other methods (n=25)

At least 1-year lag required (n=3)
No/unspecified lag (n=36)

TBI severity

TBI ascertainment
Dementia type
Dementia ascertainment

Lag between TBI and dementia

Design Case-control (n=18)
Cohort (n=21)
Publication year N/A

1.73 (1.34-2.23)
1.38 (1.02-1.88)
1.79 (1.53-2.08)

Q=2.10, p=0.14

1.88 (1.58-2.23) Q=3.34, p=0.06
1.44 (1.16-1.80)
1.68 (1.30-2.18) Q=0.02, p=0.88
1.64 (1.37-1.97)
1.92 (1.60-2.30) Q=3.66, p=0.05

1.46 (1.19-1.80)
1.24 (1.18-1.32)
1.67 (1.43-1.96)

Q=11.90, p<0.001

1.66 (1.29-2.12) Q=0.01, p=0.99
1.66 (1.38-1.99)
-0.01 (-0.02-0.01) p=027

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.

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.'7° 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.° 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 veterans’' 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 3. Population Attributable Risk (PAR) of Dementia due to Traumatic Brain Injury (TBI) in the United States

Estimated total cases Estimated cases of dementia

Population Estimated RR TBI Prevalence PAR of dementia in U.S. 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 Figures>® and
from an expert consensus projection report published online in 2013 by the Department of Veterans Affairs.>'
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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,’” 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.” Sim-
ilarly, a study of veterans in England identified a lower
prevalence of dementia among veterans compared with
matched civilians®® and the Adult Changes in Thought
Study reported that military employment was not associ-
ated with cognitive decline or dementia in later life.”*
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,% which, is slightly
higher than that reported in most prior meta-analyses
that included mostly civilians.'™ 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 sensitive’® 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%.”7 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,”>> or controls*® or both.?” 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.>'**** 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,>>***7*® with only three studies—
none of them cohort studies—reporting no significant
risk after 10+2* 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.%°
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.”® 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.>® 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-
gues®’ 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.*’

Six studies in this meta-analysis reported sex-stratified
risk estimates for men versus women and of these, four
reported higher risk among men *'?*?*%° while two
reported higher risk among women.”>~ 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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Abstract

Background and Objectives

Traumatic brain injuries (TBIs) are associated with increased risk of dementia, but whether
lifetime TBI influences cognitive trajectories in later life is less clear. Cognitive interventions
after TBI may improve cognitive trajectories and delay dementia. Because twins share many
genes and environmental factors, we capitalize on the twin study design to examine the
association between lifetime TBI and cognitive decline.

Methods

Participants were members of the National Academy of Sciences-National Research Council’s
Twin Registry of male veterans of World War II with self or proxy-reported history of TBI and
with up to 4 observations over 12 years of the modified Telephone Interview for Cognitive
Status (TICS-m). We used linear random-effects mixed models to analyze the association
between TBI and TICS-m in the full sample and among co-twins discordant for TBL. Additional
TBI predictor variables included number of TBIs, severity (loss of consciousness [LOC]), and
age of first TBI (age <25 vs 25+ years [older age TBI]). Models were adjusted for age (centered
at 70 years), age-squared, education, wave, twin pair, lifestyle behaviors, and medical conditions.

Results

Of 8,662 participants, 25% reported TBI. History of any TBI (B = -0.56, 95% CI —0.73 to
-0.39), TBI with LOC (p = -0.51,95% CI —0.71 to —0.31), and older age TBI (B = -0.66, 95%
CI —0.90 to —0.42) were associated with lower TICS-m scores at 70 years. TBI with LOC (p =
-0.03,95% CI -0.0S to —0.001), more than one TBI (B = —0.0S, 95% CI -0.09 to —0.002,), and
older age TBI (f = —0.06, 95% CI —0.09 to —0.03) were associated with faster cognitive decline.
Among monozygotic pairs discordant for TBI (589 pairs), history of any TBI (B = —0.55, 95%
CI-0.91 to —0.19) and older age TBI (p = —0.74, 95% CI —1.22 to —0.26) were associated with
lower TICS-m scores at 70 years. Those with more than one TBI (B = —0.13, 95% CI -0.23 to
—0.03) and older age TBI (p = —0.07, 95% CI -0.13 to —0.002) showed greater cognitive
decline compared with their co-twin without TBL

Discussion

These findings support an association of the effect of TBI on cognitive score and the rapidity of
cognitive decline in later life. The results in monozygotic pairs, who share all genes and many
exposures, particularly in early life, provide additional evidence of a causal relationship between
TBI and poorer late-life cognitive outcomes.
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Glossary

ApoE = Apolipoprotein epsilon; LOC = loss of consciousness; MMSE = Mini-Mental State Examination; TBI = traumatic brain
injury; TICS-m = modified Telephone Interview for Cognitive Status.

Introduction

Approximately 64-74 million people worldwide are affected by
traumatic brain injuries (TBIs) each year,"> with the highest
prevalence of TBIs occurring before 30 years® and again in
those aged 70 years and older.>* Substantial evidence supports
an association between TBI across the life span and higher rates
of Alzheimer disease and other dementias in later life.*>"? This
finding indicates that individuals with TBIs in earlier life who
seem to have fully recovered from them may still be at increased
risk of cognitive deficits and dementia later in life. Despite the
extensive research on TBI and dementia, there is relatively little
evidence on poorer cognitive outcomes in later life, espe-
cially cognitive decline, that do not meet the threshold for
dementia."*"* Cognitive decline is common and often reflects
the prodromal stages of a dementing process. Understanding
the effect of lifetime TBI on the rate of cognitive decline in later
life may help identify individuals who may benefit from early
interventions that may slow cognitive decline and potentially
delay or prevent the onset of dementia. Yet, the numerous prior
studies evaluating TBI and cognition have been mostly cross-
sectional or had short duration of follow-up after TBI, focused
only on early or late-life TBIs, or did not examine cognition in
later life when cognitive decline is most common.'®"” To date,
only one study has explored the association between lifetime
history of TBI and 4-year cognitive trajectory among adults
older than 50 years. The authors found lower baseline cognitive
function among those with TBI compared with those without
TBI, but no differences in slope of decline over the 4 years of
follow-up.'® A strength of our study is cognitive assessment
follow-ups for more than a decade in later life.

Other factors across the life span have been reported to affect
the risk of dementia and poor cognition later in life. Among
these are social isolation, hearing loss, and physical in-
activity."® Others, such as chronic cardiovascular and cere-
brovascular conditions, are among the most researched and
are consistently reported to have a detrimental influence on
cognition in later life.?>*' Yet, there are numerous other
factors that are often unmeasurable but have a cumulative
effect on the rate of cognitive decline in later life. These factors
include both genetic and nongenetic factors, such as early-life
socioeconomic status, quality of education, nutrition, and
medical care.”> Twin studies provide an ideal design to ac-
count for many of these factors because twins share many
genetic and early-life exposures that cannot be reliably mea-
sured in the general population. Members of twin pairs typ-
ically share early-life experiences such as home environment
and socioeconomic status. In addition, monozygotic (MZ)
twins share 100% of their genes while dizygotic (DZ) twins
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share approximately half of their genes. Given this, twin
studies allow for support of the causal nature of the re-
lationship between TBI and cognition by accounting for
within-pair differences in TBI exposure to evaluate its
effect on cognitive function. Observed differences in ge-
netically identical twin pairs (MZ twins) indicate envi-
ronmental exposure differences vs if shared genetic factors
are implicated, differences would be observed only among
DZ twins.

We investigated the association between TBI and subsequent
rate of cognitive decline in members of the National Academy
of Sciences-National Research Center (NAS-NRC) Twin
Registry of male World War II veterans. We examined the
influence of a number of TBI-associated characteristics that
have been reported to affect late-life cognitive outcomes, such
as the number of TBIs, severity of the TBI (with or without
loss of consciousness [LOC]), and age at the time of first TBL
We also controlled for several medical conditions that may
also influence late-life cognition. Using the twin study design,
we aimed to gain a better understanding of the association
between TBI and rate of cognitive decline in later life.

Methods

Sample

Data were obtained from participants in the Duke Twins
Study of Memory in Aging who were also members of the
NAS-NRC Registry of World War II veteran male twins born
between 1917 and 1927. The NAS-NRC Twin Registry was
constructed in the mid-1950s using information from vital
statistics offices in 42 states to identify White male twin pairs
born in 1917-1927. The 54,000 pairs identified were esti-
mated to represent 93% of the White male twin pairs born
during this period in the United States. Birth certificates from
these individuals were then matched to Department of Vet-
erans Affairs files to determine veteran status, resulting in
15,924 pairs, which made up the original NAS-NRC Twin
Registry.” Eligibility criteria for this study included cohort
members with data on TBI and education and at least one
modified Telephone Interview for Cognitive Status (TICS-
m) score.

Standard Protocol Approvals, Registrations,
and Patient Consents

All procedures were approved by the Duke University Med-
ical Center Institutional Review Board, and verbal or written
consent was obtained from participants or their legal repre-
sentatives for data collected from 1990 onward.
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Modified Telephone Interview for

Cognitive Status

The original TICS instrument®* and its modified® form
provide a brief assessment of cognitive function that can be
administered through telephone. The modified Telephone
Interview for Cognitive Status (TICS-m) is modeled after the
Mini-Mental State Examination (MMSE), but enhances its
content with the inclusion of immediate and delayed recall of
a 10-item word list and avoids the ceiling effect often seen
with the MMSE.*® It produces scores ranging from 0 to 50, is
highly correlated with the MMSE,”>*” and has high test-retest
reliability.”” The TICS-m has been shown to be sensitive to
detecting change over time in studies evaluating cognitive
performance in older adults.”’*" Education-adjusted scores
below 28 indicate suspect dementia.”® In this study, the TICS-
m was administered every 3—4 years beginning in 1990 as part
of a screening and assessment protocol for dementia, as part
of the Duke Twins Study. Participants completed up to 4
waves of cognitive screening, which represent a period of up
to 12 years of cognitive follow-up.

Traumatic Brain Injury

For most of the participants, TBI data were collected directly
from participants during telephone interviews at either Wave
3 (1996-1998) or Wave 4 (2000-2001) of the Duke Twins
Study. For a subset of participants, information on TBI was
collected during in-person or telephone interviews before the
Wave 3 interviews, and for those who were unable to com-
plete an interview, this information was obtained from a proxy
informant. TBI data included (1) history of occurrence of TBI
severe enough to require medical attention or cause LOC, (2)
presence and duration of LOC, (3) number of TBIs, and (4)
age(s) of TBL. We dichotomized TBI and LOC as yes/no.

Covariates/Demographics

Baseline age was defined as the age at their first TICS-m. For
statistical modeling, we considered centered TICS-m age at
70 years for an individual; thus, TBI differences reflect TICS-
m differences at 70 years. A squared-age term (age-70)” was
added to allow for the accelerated-progression cognitive de-
cline with older ages and to improve the model fit and reduce
colinearity.32 Years of education was collected at baseline
TICS-m. Study wave was added to control for time in the
study and TICS-m practice effects. A variable for twin pairs
was included in the model to account for twins with a co-twin
or singletons (without a co-twin). For a subset of twin pairs,
zygosity was determined by DNA. For 87% of twins, it was
determined from physical characteristics reported in military
records, fingerprint records, by questionnaire, and (for a small
sample) blood group testing.33”35 This method of establishing
zygosity has been estimated by cross-validation with DNA to
be 97% accurate.>® Apolipoprotein epsilon (ApoE) genotyp-
ing was determined from blood or buccal DNA using PCR
amplification and a restriction isotyping method.*® Because
MZ twin pairs share the same genes, for 87 MZ twin pairs
where DNA was not available for one twin, we assigned the
ApoE genotype for the twin with DNA to the twin with no
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DNA. ApoE genotype was dichotomized into e4 allele carriers
(ApoE 2/4,3/4,4/4) vs non—e4 carriers (ApoE 2/2,2/3,3/3).

Other covariates collected by questionnaire during the same
interviews that the TBI information was collected include alcohol
overuse (yes/ no: defined as reporting a problem drinking more
alcohol than he should or drinking 12 or more drinks per day at
some time); smoking (current, past, or never smokers); and
medical conditions categorized as follows: (a) cardiovascular
and/or cerebrovascular disease (myocardial infarction or coro-
nary thrombosis, coronary artery bypass graft, congestive heart
failure, and/or stroke or transient ischemic attack); (b) cardio-
vascular risk (diabetes mellitus, hypertension, and/or hyperlip-
idemia); (c) neurologic conditions (Parkinson disease and/or
seizure disorder); and (d) depression (“ever had a period of two
weeks or more when, nearly every day you felt sad, blue or
depressed, or unusually cross or irritable, or lost all interest and
pleasure in things that you usually cared about or enjoyed?”).

Statistical Analyses

Baseline descriptive statistics were calculated to characterize
the overall study population and were stratified by TBL. We
tested the longitudinal relationship between TBI (history of
TBL, number of TBIs, LOC, and age of TBI) and cognitive
score and change in score using random-effects linear mixed
models. As implemented in this analysis, the model assumes a
normal distribution of the residuals (error) of the outcome,
linearity of response for the continuous predictors, homoge-
neity of variance of error across the predictor space, and that
the variables randomly specified are not correlated. In the
model we present, only 3 effects were considered random: (1)
the intercept for the pair (allowing a different intercept for the
pair when all continuous covariates are zero and all discrete
variables are at the reference), (2) the intercept for the person
within the pair (to distinguish difference that zero point be-
tween individuals within the pair), and (3) error of the re-
sidual. The 2 intercept estimates are typically ignored while
the third term speaks of the precision of the model, that is,
how well the model fits the prediction of the outcome. TBI
was added in the models as a time-varying variable, which
means that if a participant had a TBI during the assessment
period, their status would change to reflect going from ‘no
TBI to “TBI’; this information was provided at the TICS-m
assessment. We analyzed 2 models. Model 1 adjusts for age,
age-squared, education, wave, and pair plus the interaction
between age by TBI to measure difference in change in cog-
nitive slope over time. Trajectory in all models was measured
as interaction between main effect and time, calculated as age
in years. Based on goodness-of-fit measures (model 1 AIC =
150,935.6 and BIC = 151,084.0 while model 2 AIC =
149,508.0 and BIC = 149,656.4), model 2 was determined to
be the better fit model and included Model 1 variables plus
alcohol abuse, smoking status, and medical conditions. A
missing category was coded for all covariates with the pur-
pose of not losing observations for a missing condition. We
tested both models examining the association between TBI
and TICS-m, followed by assessing the specificity of the TBI

Neurology | Volume 101, Number 18 | October 31,2023

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

e1763


http://neurology.org/n

e1764

Table 1 Sample Baseline Characteristics

Table 1 Sample Baseline Characteristics (continued)

All No TBI TBI All No TBI TBI
(n = 8,662) (n=6,494) (n=2,168) (n =8,662) (N=6,494) (n =2,168)
Baseline TICS-m Score, 325+5.0 325+50 325+49 Neurologic conditions
mean + SD
Yes 3.4(294) 27(178)  5.4(116)
Baseline TICS-m Age, 67.0 £3.0 66.9+30 67.0+29
mean + SD No 83.6 (7,238) 82.6 (5,364) 86.4(1874)
Education, mean + SD 13.2+£3.2 131+32 134+33 Missing 13.0 (1,130) 14.7(952) 8.2(178)
Age of first TBI (n = 2,120), 330£233  pepression
mean + SD
Yes 20.5 (1777) 18.0 (1,168) 28.1 (609)
Years between age of first TBI and baseline 34.0 £ 23.1
TICS (n =2,120), mean + SD No 64.1 (555) 64.9 (4,214) 61.7 (1,338)
Number of Head Missing 15.4 (1,333) 17.1(1,112) 102 (221)
Injuries, % (n)
One 78.9 (1710) Abbreviations: DK = do not know; LOC = loss of consciousness; TBI = traumatic
) brain injury; TICS-m = modified Telephone Interview for Cognitive Status.
T M 18.7 (40 Cardiovascular and/or cerebrovascular conditions included myocardial in-
wo or More -7(405) farction or coronary thrombosis, coronary artery bypass graft, congestive
T heart failure, and/or stroke or transient ischemic attack. Cardiovascular risk
Missing/DK 2.4(53) included diabetes mellitus, hypertension, and/or hyperlipidemia. Neuro-
logic conditions included Parkinson disease and/or seizure disorder.
TBI with LOC, % (n)
No 22.3 (484)
including severity of the TBI (with or without LOC), number
ves 09700519 of TBIs, and age at the time of first TBI as young (age younger
Missing/DK 8.0 (174) than 2§ years) vs not young (25 years and older).
TBI before 25 years, % (n) L .
We analyzed the full sample, which included singletons, because
No 46.3(1,003)  these individuals contribute to the estimation of the parameters
Yes 515(1,117)  of the cognitive function and thus increase the precision of the
Ticsi 22 48) parameter estimates of the model and statistical power of the
Issin . epe . . .
g analyses. A sensitivity analysis was performed with complete
Alcohol Abuse, % (n) pairs only to assess bias. We then conducted co-twin controlled
Yes 23.7 (2049) 21.6(1,402) 29.8 (647) analyses, which included just the complete pairs of twins with
known zygosity (MZ vs DZ) who were discordant for TBI; thus,
No 750 (6,500) 77.1(5004) 69.0(149%) 1o twin is used as the matched control for the other twin. This
Missing/DK 1.3(113) 1.4 (88) 1.2 (25) approach allows the most control of confounding from genetics
smoking Status, % (n) and early-life shared environmental factors. We first analyzed all
' the twin pairs and then repeated the analysis, stratified by zy-
Current smoker 8.0 (688) 7.8(508)  83(180) gosity. As a final step, for a subsample of twins with ApoE ge-
Never smoked 28.0 (2,428) 27.7 (1798) 29.0 (630) notype, we ran both models stratified by ApoE—e4 carriers vs
o . w03 4357 o1 (G187 5401170 non-—e4 carriers. All data analyses were conducted using SAS 9.4
ast smoker 34, 13, 0(1, .
4357 3187 (1170 (SAS Institute, Inc,, Cary, NC).
Missing/DK 13.7 (1,189) 15.4(1,001) 8.7 (188)
Al cardi | Data Availability
cardiovascular
conditions Deidentified individual-level data not provided in this article
may be requested by any qualified investigator for purposes of
Yes 32.1(2,783) 30.6 (1986) 36.8(797) y . d yanyd & purp
replicating procedures and results.
No 53.7 (4,646) 53.6(3,482) 53.7(1,164)
Missing 14.2 (1,233) 15.8(1,026) 16.8 (207) R
esults
Cardiovascular risk
Our sample included 8,662 participants, of which 25% of
ves 6145314 60-1(3,902) 631 (1412)  yins endorsed having ever had a TBI Detailed sample
No 24.8 (2,150) 24.5(1,590) 25.8 (560) characteristics for the entire cohort are summarized in
Missing 13.8(1.198) 15.4.(1,002) 9.0 (196) Table 1. Twins with and without TBI did not differ by age at
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Table 2 Linear Mixed-Effect Regression Models Examining the Association Between Cognitive Function Measure by the
Modified Telephone Interview for Cognitive Status and Traumatic Brain Injury Variables

Model 1° Model 2°
Estimated coefficient 95% ClI Estimated coefficient 95% ClI
TICS-m level

TBI (reference = no TBI), n = 8,662 -0.48 -0.66 to -0.30 -0.56 -0.73to -0.39
Number of TBIs (reference = no TBI), n = 8,609

One TBI -0.28 -0.48 to -0.08 -0.39 -0.58 to -0.20

More than one TBI 0.05 -0.32t0 0.43 -0.21 -0.56t0 0.14
TBI with LOC (Reference = no TBI), n = 8,488 -0.44 -0.65to -0.23 -0.51 -0.71 to -0.31
Age of First TBI (reference = no TBI), n = 8,614

TBI at age <25 0.07 -0.17 t0 0.31 -0.12 -0.34to 0.11

TBI at age 225 -0.59 -0.84 to -0.34 -0.66 -0.90 to —0.42

TICS-m trajectory (per year)

TBI (reference = no TBI), n = 8,662 -0.02 -0.05 to -0.001 -0.02 -0.05 to 0.001
Number of TBIs (reference = no TBI), n = 8,609

One TBI -0.02 -0.04 to 0.01 -0.02 -0.04 to 0.01

More than one TBI -0.06 -0.10 to -0.01 -0.05 -0.09 to -0.002
TBI with LOC (Reference = no TBI), n = 8,488 -0.03 -0.05 to -0.002 -0.03 -0.05 to -0.001
Age of First TBI (reference = no TBI), n = 8,614

TBI at age <25 0.001 -0.03 t0 0.03 0.002 -0.03 to 0.03

TBI at age 225 -0.06 -0.09 to -0.03 -0.06 -0.09 to -0.03

Abbreviations: LOC = loss of consciousness; TBI = traumatic brain injury; TICS-m = modified Telephone Interview for Cognitive Status.

2Model 1 adjusts for age (centered at 70 years), age® (centered at 70 years), education, wave, singleton/twin pair, and TBI by time.

®Model 2 adjusts for age (centered at 70 years); age? (centered at 70 years); education; wave; singleton/twin pair; alcohol abuse; smoking status; and medical
conditions (hypertension, cholesterolemia, myocardial infarction, coronary artery bypass graft, congestive heart failure, stroke/transient ischemic attack,
diabetes, depression, Parkinson disease, and seizures at baseline) grouped as: cardiovascular disease risk factors, cardiovascular disease, neurologic

conditions, depression, and TBI by time.

score (mean 32.5), but those with a TBI had slightly more
education (3.6 more months) and reported more medical
conditions than those without a TBL. There were no signifi-
cant differences in education, alcohol, smoking, or any of the
medical conditions within twin pairs. There were 1,474 sin-
gletons and 7,188 members of complete twin pairs (3,594
pairs). A total of 1,195 twin pairs were discordant for TBI and
had known zygosity. A total of 1,392 twins had ApoE geno-
type: 425 e4 allele carriers (ApoE 2/4, 3/4, 4/4) vs 967
non-e4 carriers (ApoE 2/2, 2/3, 3/3). By zygosity, 248 MZ
twins were ApoE-e4 carriers and 532 were non-e4 carriers
while 177 DZ twins were carriers and 435 were non—e4
carriers.

Classical Cohort Study Design Results

Several modest but significant associations were observed
between TBI and worse performance on the TICS-m
(Table 2). After adjustment for age centered at 70 years,
age-squared ((age-70)2) , education, wave, and twin pair, TBI
was associated with lower TICS-m score and faster decline on

Neurology.org/N
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the TICS-m across the study in Model 1 (TICS-m-B(rpp)-0.48
[95% CI-0.66 to —0.30], slope B(1prage)-0-02 [95% CI -0.05
to —0.001]). These results indicate that at 70 years, the twin
who experienced a prior TBI scored 0.48 TICS-m points
lower relative to his co-twin without TBI and his cognition
declined faster (0.02 TICS-m points faster decline per year).
Thus, over a 10-year period, the twin with a TBI would have
declined 0.20 TICS-m points more than the co-twin without
TBL In Model 2, the effect sizes were similar but the slope did
not reach statistical significance (TICS-m-B(pp)-0.56 [95%
CI -0.73 to —0.39], slope B(rprage)-0-02 [95% CI -0.05 to
0.001]).

Analyses of the number of TBIs showed that one TBI was
associated with lower TICS-m scores in both models (model
1 TICS-m-B(rpn)-0.28 [95% CI -0.48 to —0.08] model 2
TICS-m-B(rpr)-0.39 [95% CI -0.58 to -0.20]), but the effect
of additional TBIs was not associated with TICS-m level in
either model (model 1 TICS-m-B(rp)0.05 [95% CI -0.32 to
0.43] model 2 TICS-m-B(7p1)-0.21 [95% CI —0.56 to 0.14]).
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Table 3 Linear Mixed-Effect Regression Models Examining the Association Between TBI and Cognitive Status Measured
by the Modified Telephone Interview for Cognitive Status in Co-twin Control Sample Discordant for TBI

Full sample Monozygotic Dizygotic
Estimated Estimated Estimated
coefficient 95% Cl coefficient 95% Cl coefficient 95% Cl
Model 12
TICS-m level n=2,390 n=1,178 n=1212
TBI (reference = no TBI) -0.64 -0.91 to -0.37 -0.61 -0.98 to -0.24 -0.67 -1.06 to -0.28
Number of TBIs n=2,370 n=1,170 n=1,200
(reference = no TBI)
One TBI -0.34 -0.65 to —0.03 -0.44 -0.85 to -0.02 -0.24 -0.69 to 0.21
More than one TBI -0.08 -0.61to 0.44 -0.28 -1.02 to 0.46 0.06 -0.65 to 0.85
Age of First TBI n=2363 n=1162 n=1,,201
(reference = no TBI)
TBI at age <25 0.02 -0.33t00.38 0.02 -0.47 to 0.50 0.05 -0.47 to 0.56
TBI at age 225 -0.66 -1.02 to -0.29 -0.82 -1.32t0 -0.32 -0.51 -1.04 to 0.02
TICS-m trajectory (per year)
TBI -0.01 -0.05 to 0.03 -0.03 -0.08 to 0.02 0.01 -0.04 to 0.06
Number of TBIs
(reference = no TBI)
One TBI -0.001 -0.04 to 0.04 -0.001 -0.06 to 0.05 -0.002 -0.06 to 0.05
More than one TBI -0.04 -0.11 to 0.02 -0.14 -0.24 to -0.04 0.04 -0.05t00.13
Age of First TBI
(reference = no TBI)
TBI at age <25 0.03 -0.01 to 0.08 0.02 -0.04 to 0.09 0.04 -0.02 to 0.11
TBI at age 225 -0.05 -0.10 to —0.01 -0.07 -0.14 to -0.01 -0.03 -0.10 to 0.03
Model 2°
TICS-m level n=2,390 n=1,178 n=1212
TBI (reference = no TBI) -0.59 -0.85to0 -0.33 -0.55 -0.91 to -0.19 -0.65 -1.02 to -0.28
Number of TBIs n=2,370 n=1,170 n=1,200
(reference = no TBI)
One TBI -0.31 -0.60 to -0.02 -0.37 -0.77 to 0.03 -0.27 -0.69t0 0.16
More than one -0.23 -0.73to0 0.27 -0.49 -1.20to 0.22 -0.03 -0.74 to 0.67
Age of First TBI n=2363 n=1,162 n=1,201
(reference = no TBI)
TBI at age <25 -0.04 -0.37 t0 0.30 -0.02 -0.49 to 0.44 -0.09 -0.58 to 0.39
TBI at age 225 -0.59 -0.94 to -0.24 -0.74 -1.22t0 -0.26 -0.44 -0.98 to 0.05
TICS-m trajectory (per year)
TBI -0.01 -0.05 to 0.03 -0.03 -0.08 to 0.02 0.01 -0.04 to 0.06
Number of TBIs
(reference = no TBI)
One TBI -0.002 -0.04 to 0.04 -0.003 -0.06 to 0.05 -0.005 -0.06 to 0.05
More than one TBI -0.04 -0.10 to 0.03 -0.13 -0.23 to -0.03 0.04 -0.04 to 0.14
Continued
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Table 3 Linear Mixed-Effect Regression Models Examining the Association Between TBI and Cognitive Status Measured by
the Modified Telephone Interview for Cognitive Status in Co-twin Control Sample Discordant for TBI (continued)

Full sample Monozygotic Dizygotic
Estimated Estimated Estimated
coefficient 95% Cl coefficient 95% Cl coefficient 95% Cl
Age of First TBI
(reference = no TBI)
TBI at age <25 0.03 -0.01 to 0.07 0.02 —-0.05 to 0.08 0.04 -0.02 to 0.10
TBI at age 225 -0.05 -0.10 to -0.01 -0.07 -0.13 to -0.002 -0.03 -0.10 to 0.03

Abbreviations: LOC = loss of consciousness; TBI = traumatic brain injury; TICS-m = modified Telephone Interview for Cognitive Status.

#Model 1 adjusts for age (centered at 70 years), age® (centered at 70 years), education, wave, singleton/twin pair, and TBI by time.

® Model 2 adjusts for age (centered at 70 years); age? (centered at 70 years), education; wave; singleton/twin pair; alcohol abuse; smoking status; and medical
conditions (hypertension, cholesterolemia, myocardial infarction, coronary artery bypass graft, congestive heart failure, stroke/transient ischemic attack,
diabetes, depression, Parkinson disease, and seizures at baseline) grouped as: cardiovascular disease risk factors, cardiovascular disease, neurologic

conditions, depression, and TBI by time.

However, having more than one TBI led to faster TICS-m
decline in both models (model 1 TICS-m-B(rprage)-0.06
[95% CI —0.10 to —0.01] model 2 TICS-m-B (151 Tpr*age)-0-05
[95% CI-0.09 to —0.002]). Model 2 indicates that at 70 years,
the twin who experienced more than one TBI declined 0.05
TICS-m points faster per year than his co-twin without TBL
Thus, over a 10-year period, the twin with more than one TBI
would have declined half a TICS-m point more than the co-
twin without TBL

We assessed severity of TBI based on the presence vs absence
of LOC. Both models showed TBI with LOC to be associated
with lower TICS-m scores at 70 years and faster rate of TICS-
m decline compared with no TBI (Table 2). Finally, in models
assessing the association of cognition with age of TBI, those
with TBI after 24 years had lower TICS-m scores at 70 years
and faster rates of cognitive decline in both models (Table 2).

We conducted a post hoc sensitivity analysis to look at the
effect of TBI excluding singletons from the full sample to
assess for any possible bias (n = 7,188), and the results
(Model 1 TICS-m-B(1p)-0.53 [95% CI —0.72 to —0.34], slope
TICS-m-B(prrage)-0.02 [95% CI —0.05 to 0.002]) differed a
little from those reported on the full sample in Table 2 (model
1 TICS-m- 731048 [95% CI ~0.66 to —0.30], slope TICS-
M-B(rp1age)-0-02 [95% CI ~0.05 to 0.001]).

Matched Co-Twin Control Sample

Among twin pairs discordant for TBI (Table 3), both models
showed lower TICS-m scores at 70 years associated with (1)
TBI (model 1 TICS-m-(1p)-0.64 [95% CI -0.91 to —0.37],
model 2 TICS-m-B(rpr)-0.59 [95% CI -0.85 to —0.33]), (2)
having only one reported TBI (model 1 TICS-m-f(rp)-0.34
[95% CI -0.65 to —0.03], model 2 TICS-m-B(rpy)-0.31
[95% CI -0.60 to —0.02]), and (3) TBI at older age (model 1
TICS-m-B (181 age »25)-0-66 [95% CI -1.02 to —0.29], model 2
TICS-m-B(Tp1 age »25)-0-59 [95% CI —-0.94 to —0.24]). In
addition, having a TBI at an older age vs younger age was
associated with faster rate of TICS-m decline (both model 1

Neurology.org/N

and model 2 TICS-m-B(tp; age 525)-0.05 [95% CI —0.10 to
—0.01]). Thus, for example, in Model 2, in a twin pair, the twin
who experienced a TBI after 24 years scored 0.59 TICS-m
points lower at 70 years and his cognition declined faster (0.05
TICS-m points faster decline per year) relative to his non-TBI
co-twin. Over a 10-year period, the co-twin with a TBI after 24
years would have declined half a point more on the TICS-m
than the co-twin without TBI after accounting for covariates.

Stratification of these models by zygosity showed that most
associations observed among the full group of TBI-discordant
twins were strengthened for the MZ pairs. Notably, within
MZ twin pairs discordant for TBI, twins with a TBI which
occurred after 24 years scored lower relative to their co-twin at
70 years without TBI and their cognition declined faster
(model 1 TICS-m-B(rp age >25)-0.82 [95% CI -1.32 to
-0.32], model 2 TICS-m-B (T age »25)-0.74 [95% CI -1.22 to
—0.26]). In addition, among MZ pairs, twins with more than
one TBI declined more rapidly than their co-twins without a
TBI (model 1 TICS-m-B(more than one T51)-0-14 [95% CI -0.24
to —0.04], model 2 TICS-m-B(more than one T81)-0-13 [95% CI
-0.23 to —-0.03]). We further tested this last association in
both models with a 3-way interaction (more than one TBI by
age by zygosity), and in both models, the interactions were
statistically significant (model 1 TICS-m-B(more than one
TBl*agezyg = Mz)-0-003 [95% CI -0.08 to 0.07] and TICS-m-
B(more than one TBIsgezyg = Dz)0-18 [95% CI 0.05-0.32] and
model 2 TICS-m-B (imore than one TBI*age*zyg = Mz)0-004 [95% CI
-0.07 to 008] and TICS'm'B(more than one TBI*age*zyg = DZ)~
0.18 [95% CI —0.31 to —0.05]). Among DZ discordant twin
pairs, TBI was only associated with lower TICS-m levels at 70
years (model 1 TICS-m-B1py)-0.67 [95% CI —1.06 to —0.28],
model 2 TICS-m-Brpp)-0.65 [95% CI —1.02 to —0.28]).

Exploratory Analyses With ApoE e4 Allele

Sixteen percent of the study sample had ApoE genotype (n =
1,392). TICS-m scores in this sample were lower among
ApoE-e4 carriers (mean TICS-m 31.6 [SD 5.4]) than non-e4
carriers (mean TICS-m 32.8 [SD S5.3]). The three-way
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interaction (age by ApoE-e4 by TBI) in model 1 did not reach
statistical significance (model 1 TICS-m B(TBr*age*ApoE-e4)0-01
[95% CI —0.11 to 0.12]), but all lower level terms (2-way
interactions) in the same model were statistically significant
(model 1 TICS-m B(agerapor-es)-0-07 [95% CI —0.14 to
—0.004] and TICS-m Brprapor-es) 1-52 [95% CI 0.58-2.46]).
We then dropped the three-way interaction and kept the two-
way interactions to determine whether the TBI effect was
modified by age or ApoE status. Age by TBI (model 1 TICS-m
B(TBrrage) —0.06 [95% CI -0.12 to —0.01]) and age by ApoE-e4
(model 1 B(rprrapor-e)-0.07 [95% CI —0.12 to —0.004])
remained statistically significant. However, TBI by ApoE-e4
was not significant (model 1 TICS-m B(rpr-apoE-e4 carriers)0-18
[95% CI -0.78 to 1.15] and TICS-m B(1prApoE-e4 non-carriers)-
0.26 [95% CI -1.10 to 0.58]). Overall, these interactions
indicate that as male veterans age, those with TBI had lower
TICS-m scores and declined faster if they were ApoE-e4
carriers relative to ApoE-e4 non-carriers.

Discussion

In this nationwide study of twins, we found that veterans who
experienced at least one TBI in their lifetime generally had
lower cognitive scores and faster rates of cognitive decline in
later life, particularly among those with more severe TBI in-
dicated by LOC and those who experienced TBI after 24
years. Although our results show modest effect sizes for TBI
on cognition in later life, we note that the effect sizes reflect
the contribution TBI has on cognitive function as compared
with the co-twin without TBI (for pairs in which both twins
were included in the analyses). This is the effect of TBI on
cognition after accounting for sociodemographic and medical
condition covariates and unidentified factors throughout the
life span that are shared by the co-twins that may influence
cognition. For instance, for a monozygotic twin pair, the co-
twin who had a TBI after 24 years scored approximately 3
quarters of a TICS-m point (0.74 TICS-m points) lower than
the twin without TBI at 70 years. In the example above, the
twin with TBI is declining 0.07 points faster per year than his
co-twin without TBI Therefore, in 12 years of follow-up of
this study, the co-twin with TBI would have steeper cognitive
decline (0.84 TICS-m points) than his co-twin without TBI.
Thus, the contribution of TBI on late-life cognition, in addi-
tion to the numerous other factors with a detrimental effect on
cognition, may be sufficient to trigger an evaluation for cog-
nitive impairment. These findings extend the results from
prior research. One recent epidemiologic study of community
adults older than 50 years measured cognition longitudinally
in late life with a 4-year follow-up period and did not observe
significant cognitive decline differences between those with
and without TBI, regardless of TBI severity.18 Our observed
differences in rates of cognitive decline from the previous
study may, in part, be because of adjustment of covariates and
medical conditions known to influence cognitive trajectories
(i.e, Parkinson disease, seizures, and depression). No other
studies have repeatedly measured cognition in association
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with TBI for a period extending over a decade in later
life.'%72>373% ‘We examined cognitive function longitudi-
nally for up to 12 years, beginning an average of 34 years after
TBI. This longer follow-up period and added control pro-
vided by the twin study design may have allowed us to detect
differences in rates of decline.

The effect of specific risk factors of dementia varies by age."” Our
finding that individuals with TBI at older ages had lower cognitive
function and more rapid decline than those who had a TBI before
25 years suggests that age of exposure may also matter for cog-
nitive decline in later life. Among the few studies exploring age
effects of TBI, one reported a more rapid decline in processing
speed but not in episodic memory for those 60 years and older
who had a TBI during adulthood, compared with individuals who
had a TBI during childhood.® This contrasts somewhat with
our finding that global cognitive status, which included ep-
isodic memory, declined more rapidly after 60 years. One
explanation for TBIs after early adulthood having a greater
negative effect on late-life cognition is that the remyelination
process is likely to be affected by TBI and becomes less
efficient and occurs at a slower rate with age.*

Twin studies contribute uniquely to investigating associations
between exposures and outcomes and add key information
in building evidence for an association being due to
e Heterogeneity in cognitive reserve, genetic risk
of neurodegenerative conditions, and underlying comorbid-
ities complicate the degree to which we can predict risk of
cognitive decline in late life attributable to a single factor such
as TBI. However, the twin study design controls for many
genes and shared early-life exposures, many of which have not
been identified and cannot be reliably measured in other non-
twin studies of late-life cognitive decline. Our study also
controlled for many health conditions, alcohol overuse, and
smoking, factors that negatively affect late-life cognition and
could differ within twin pairs.>*
sociations between TBI and worse cognition remained sta-
tistically significant after accounting for these additional
factors, indicating the robustness of the results.

causation.

Most of our observed as-

In the co-twin control analyses that used only twin pairs dis-
cordant for TBI, with each twin within the pair serving as his co-
twin’s matched control, TBI was most frequently associated
with poorer cognitive outcomes in the MZ pairs. Notably, MZ
twins with TBI after 2S years had a lower cognitive level and
faster rate of decline than their co-twins without TBI. This
finding suggests that in genetically identical individuals, TBI
both lowers cognitive reserve (ie., cognitive level) and quick-
ens the pace of cognitive decline. Because MZ pairs share all of
their genes and typically also share many early-life exposures,
this finding suggests that the association between TBI and
cognitive decline is likely not because of genetic confounding or
the many early-life environmental exposures shared by co-
twins. Thus, these findings strengthen the case for concluding
that TBI contributes uniquely to late-life poorer cognitive
outcomes beyond those observed in normal aging.
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In a subsample with ApoE genotype, we found that ApoE-e4
carriers with TBI had lower cognitive scores and declined
faster than non-e4 carriers, but we did not observe significant
modification of the TBI eftect by ApoE status. Evidence from
other studies on the role of ApoE-e4 on cognitive outcomes
has been mixed,*** likely because of the study design dif-
terences, the small sample sizes of studies included, and the
timing of cognitive assessments after TBL

Our study has limitations. We relied on self or proxy report for
the history of TBI, which may have resulted in some exposure
misclassification, particularly for those with TBIs in early life.
Our prior work” compared medical record documentation of
TBI with self or proxy report decades later and showed that
both individuals and their proxies tend to under-report life-
time history of TBI, with the less severe TBIs under-reported
at a higher rate. However, this prior work did not indicate that
under-reporting was more common among twins who later
eventually developed dementia; thus, such under-reporting
was unlikely to bias our results.” We note also that even
studies using medical records to identify TBI may misclassify
exposure to TBI because they are typically limited to relatively
tew years of the individual’s total life span. Finally, the cohort
consists exclusively of male veterans, primarily of White race
born between 1917 and 1927, which means that the results
may not be generalizable to female patients, other race and
ethnic groups, or non-veteran populations, and our findings
may be affected by secular trends in diagnosis and treatment
of TBI and cognitive disorders.

Little is known about the interface between cognitive aging
and the long-term effects of TBIs. Our twin study shows that
TBIs, even decades before cognitive testing, led to lower
cognitive levels and faster rates of cognitive decline in late life,
regardless of shared genetics and early-life exposures and
medical conditions. This association was stronger for those
having a TBI at 2§ years or later, suggesting that TBI both
lowers cognitive reserve (level of cognition) and accelerates
cognitive aging. Although many TBIs go unreported, there is a
trend toward increased emergency department visits because
of sports or recreational activities,***” particularly among
male patients aged 10-24 years or those 45 years or older.*’
These numbers combined with the estimated half million
members of the military who suffered a TBI between 2000
and 2020"* emphasize the potential long-term effect of
TBIs in this population that cannot be overlooked.
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