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Abstract of the Dissertation

The buffering role of social contact on risk factors for later-life cognitive decline

by

Alexander Ivan Barbadillo Posis

Doctor of Philosophy in Public Health (Epidemiology)

University of California San Diego, 2023

San Diego State University, 2023

Professor Linda K. McEvoy, Chair

Background: Traumatic brain injury (TBI), multimorbidity, and lower social contact are
associated with worse cognitive health outcomes among older adults. While greater social
contact is associated with lower risk of dementia, it is unknown if aspects of social connection

buffer the relationships of TBI or multimorbidity with cognitive and brain health in aging.
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Methods: This dissertation includes three studies. Using Vietnam Era Twin Study of
Aging data, we tested prospective associations of TBI with cognitive performance trajectories in
Study 1, and cross-sectional associations between TBI and markers of brain health in Study 2. In
Study 3, we tested prospective associations of multimorbidity with cognitive performance
trajectories in the Rancho Bernardo Study of Healthy Aging. In all studies, we tested for effect
measure modification (EMM) by measures of social connectedness.

Results: In Study 1, TBI was associated with greater decline in executive function,
primarily among APOE &4 carriers (=-0.017; 95% CI=-0.033,-0.0019) compared to non-carriers
(B=-0.0036; 95% CI=-0.013,0.0063; Prnteraction=0.03). Relative to no TBI, TBI prior to military
induction was associated with greater executive function decline (f=-0.011; 95% CI=-0.021,-7e-
04). In Study 2, TBI was associated with microstructural differences in a white matter tract
connecting occipital and temporal lobes, compared to no TBI (f=-0.017; SE=0.005; FDR-
corrected p-value<0.01). There was no evidence of EMM by social connectedness (defined as
loneliness) in Studies 1 or 2. In Study 3, multimorbidity was associated with faster declines in
scores on the Mini-Mental State Examination (MMSE; $=-0.20; 95% CI=-0.35,-0.04), Trail-
Making Test Part B (=10.02; 95% CI=5.77,14.27), and Category Fluency (f=-0.42; 95% CI=-
0.72,-0.13). There was EMM by social engagement; multimorbidity was associated with faster
MMSE declines among those with low compared to medium or high social engagement
(Prnteraction<0.01).

Conclusion: These results highlight the role of multimorbidity and remote TBI on
cognitive health in aging. While our results do not support a buffering role of loneliness on
effects of remote TBI on cognitive or brain health, they suggest that social engagement may

support reducing adverse cognitive consequences of multimorbidity. These findings can inform
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efforts focused on increasing social contact to reduce cognitive decline and improve wellbeing,

particularly among those with multimorbidity.
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Chapter 1 Introduction

1.1 Public health impact of Alzheimer’s disease and other dementias

More than 55 million people live with dementia globally, and this prevalence is expected
to increase to 78 million by the year 2030.! The annual global cost of dementia is estimated at $1
trillion and is forecasted to reach $2 trillion by 2030.? The prevalence of dementia increases with
age, which is concerning given the growing older adult population. In 2011, Alzheimer’s disease
prevalence among older adults in the United States (US) was estimated to be 0.7 million among
those aged 65-74 years, 2.3 million for 75-84 years, and 1.8 million for >85 years.? Therefore,
there is a strong need to identify potentially modifiable risk factors to inform interventions and
policies to reduce risk of dementia and cognitive decline in aging.

1.2 Modifiable risk factors for dementia

The Lancet Commission in 2020 proposed 12 modifiable risk factors for dementia which
included traumatic brain injury (TBI) and social contact.* Additionally, multimorbidity (i.e., the
presence of 2 or more chronic conditions) is increasingly prevalent among older adults.®> Older
adults with multimorbidities may have faster declines in cognitive function.® and increased risk
of dementia.”””

1.3 Risk factors under the lifecourse framework

The effects of TBI, multimorbidity, and social contact at different points in life with later-
life cognitive decline and markers of brain health can be contextualized using a lifecourse
framework.!%!! Under this framework, TBI and multimorbidity can affect, or be affected by,

social contact, which in turn affects later-life cognitive decline and markers of brain health.



However, there is no research on how social contact at mid-to-later life affects the relationships
between TBI and multimorbidity with later-life cognitive decline and markers of brain health.

1.4 Traumatic brain injury (TBI)

Approximately 1.5 million Americans sustain a TBI annually and TBI is a major cause of
death and disability in the US.!2 TBI is typically caused by direct impact or jolt to the head, or a
penetrating injury. The most common mechanisms of injury include vehicular crashes and blast
exposure.'>!* TBIs are an important outcome to monitor given 176 TBI-related deaths daily in
2020 and over 223,000 hospitalizations in 2019.!3 However, the prevalence of TBI is likely
underestimated for several reasons, including undiagnosed injuries and low care-seeking
behaviors.!> Additionally, those with TBI may have earlier onset of Alzheimer’s disease and
related dementias (ADRD) compared to those without TBL,'¢-!® highlighting the need to study
these injuries in relation to cognitive aging outcomes. Given the ubiquity of these injuries, it is
important to understand TBI’s effect on cognitive trajectories and brain health, especially at later
life.

1.5 TBI and dementia

In terms of pathology, TBI is associated with tau pathology in human and mice models!”
as well as greater hippocampal hyper-phosphorylated tau among mice with the APOE e4
genotype.?® These findings along with others suggest shared mechanisms between Alzheimer’s
disease and TBI-related neurodegeneration.?! However, there is inconsistent epidemiologic
evidence on the associations between TBI with dementia and cognitive decline.

Some have found relations between TBI with incident dementia.?>* The Lancet
Commission 2020 reported that those with TBI compared to no TBI had an 84% higher risk of

dementia.* This high risk is consistent with studies of US veteran cohorts. One cohort study



among 188,764 US veterans found that 16% of those with TBI history developed dementia
compared to 10% among those without TBI history.??> Another study of 357,558 veterans found
that those with mild TBI history had a 2.36 times higher risk of dementia relative to those
without mild TBI after an average of 4.2 years of follow up.? In another study of 999,640
veterans with a median 4.3 years of follow, those with TBI had a 74%, 115%, and 171% higher
risk of dementia diagnosis for Hispanic, Black, and White veterans, respectively.? In a large
Danish cohort of 2,794,852 with an average 9.89 years follow up, those with history of TBI had
24% higher risk of all-cause dementia compared to those with no TBI history.?* Similarly, in a
retrospective cohort study of 164,661 participants identified in a California administrative health
database, those with TBI history had a 26% higher risk of dementia compared to no TBI history
after 5-7 years of follow-up.?

In contrast, others found no associations between TBI with Alzheimer’s disease
pathology,**=2 any ADRD,*® and changes in midlife cognition.** For example, in a cohort study
of 7,310 using pooled data from the Adult Changes in Thought (ACT) study, the Religious
Orders Study (ROS), and the Memory and Aging Project (MAP), self-reported TBI with LOC
compared to those without TBI with loss of consciousness (LOC) was not associated with
incident dementia after 45,190 person-years of follow up (Hazard Ratio [HR] range = 0.84-
1.18).3° Within the ACT study, examination of 4,225 dementia-free older adults with an average
7.4 years of follow-up, showed that self-reported first TBI at ages <25 years, 25-54 years and
>55 years compared to no TBI was not associated with any dementia (Time Ratios [95% CI]:
1.02 [0.87-1.20], 1.04 [0.78-1.38], 1.06 [0.81-1.39], respectively).** The authors also did not find
a significant interaction between APOE e4 and TBI with risk of dementia (likelihood ratio p =

0.60) or probable Alzheimer’s disease (likelihood ratio p = 0.82).%3



1.6 TBI and cognitive performance

Many studies relied on ICD or autopsy-confirmed diagnoses of Alzheimer’s disease and
related dementias. However, few examined TBI’s association with cognitive performance.?!-34-3°
This would clarify which domains of cognition would be most affected by TBI over time.

One cross-sectional study of 169 older veterans found that those with prior TBI had lower
processing speed (beta [B] =-0.52, p = 0.01) and executive functioning (B = -0.41, p = 0.02).%°
They also found a significant interaction with post-traumatic stress and depressive symptoms,
suggesting that those with TBI and these conditions may have greater cognitive deficits.** These
findings are similar to a cross-sectional study of 146 veterans living in retirement communities
that found significant differences in executive function and processing speed (p < 0.01).4!
Inferences from these studies could be improved upon with a longitudinal design, which allows
for assessment of within-participant change.

In a 3-year cohort study of 52 older adults with TBI and 102 without TBI from the
Australian Imaging, Biomarkers and Lifestyle (AIBL) Study of Ageing, self-reported TBI was
not associated with primary memory, perceptual speed, verbal memory, visuospatial function,
visual memory, verbal ability, and interference (all 95% high density intervals contained 0).?
The TBI group generally had more pronounced declines on most outcomes, albeit differences
were not statistically significant.*” These results are similar to a cross-sectional study of 4,384
from the Vietnam Experience Study (VES) that found no differences across multiple
neuropsychological measures.” However, the AIBL cohort ascertained head injuries via medical
records, potentially underestimating TBI,*!' and the VES study did not use repeated measures to

account for changes in cognitive performance over time.?’



Two recent prospective studies examined the association between TBI and cognitive
decline among middle-to-older aged adults.*33° Among 8,662 males (mean baseline age = 67
years; 2,168 with TBI) from the National Academy of Sciences-National Research Center (NAS-
NRC) Twin Registry of World War II veterans, TBI was associated with faster declines in
Telephone Interview for Cognitive Status—modified (TICS-m) scores over up to a 12 year
follow-up (B =-0.56; 95% CI -0.73, -0.39), but did not assess specific cognitive domains.*” In a
study of 15,764 participants (average age = 62.7 years; 6,235 with TBI) from the PROTECT-TBI
cohort study, TBI was associated with lower baseline measures of executive function, working
memory, episodic memory, and processing speed, but not with differences in longitudinal
trajectories across a brief follow-up period of up to 4 years.®

In summary, current literature on the relationship between TBI and cognitive
performance remains mixed. These results suggest that TBI may have the most effect on
executive functioning. However, these hypotheses should be tested in a larger cohort with
extended follow up and consider the effects of social contact as a potentially modifiable
moderator in the relationship between TBI and cognitive performance.

1.7 TBI and brain health

TBIs may contribute to premature changes to the brain as well.*** In one study of 99
TBI patients and 113 controls, those with TBI had a higher mean predicted brain age difference
based on grey matter (4.66 +/- 10.8 years) and white matter (5.97 +/- 11.22 years) compared to
controls (grey matter = 0.07 +/- 7.41 years; white matter = 2.06 +/- 7.41 years).*

In a study of 28 patients in the post-acute/chronic phase following traumatic brain injury
and in 26 age-matched controls, there were significant differences for all cognitive domains

(p’s<0.01; except word reading processing speed) and those with TBI had white matter



abnormalities.*> One substudy of 51 participants with prior concussion and 150 controls from the
Baltimore Longitudinal Study of Aging did not find significant differences in memory, attention,
executive function, language or visuospatial domains.*® They did find differences in the temporal
and frontal regions, including the hippocampus, orbitofrontal cortex and cingulate cortex limbic
regions,*® which play a role in executive function.*”*! In a case-control study of 92 patients with
moderate to severe TBI (mean age = 42.9 years; 21% female) and 105 controls, there were
significant differences for intellectual ability, information processing, executive functioning, and
memory (p’s<0.05).* Another case-control study of 30 veterans and 15 controls found that TBI
cases with loss of consciousness had reduced executive function performance and altered white
matter integrity.’® However, these studies used smaller samples and did not consider the effect of
different measures of social contact. It is plausible that other factors such as social contact may
play a role in buffering (i.e., mediating or moderating) these associations.>!

In contrast, a cross-sectional study of 4,761 participants from the National Alzheimer’s
Coordinating Center (NACC) found that self-reported TBI was not associated with differences in
Alzheimer’s disease neuropathologic changes (y~ = 0.12; p = 0.73) and did not predict these
changes (OR = 0.92; 95% CI 0.72-1.14) after controlling for APOE e4 status, age, race, sex, and
education.’! In a pooled study of 7,130 from the ACT, ROS, and MAP, TBI was not associated
with dementia, neurotic plaques and neurofibrillary tangles, but was associated with Lewy body
accumulation, Parkinsonian progression, and Parkinson disease risk.*°

In summary, TBI has been associated with older predicted brain age than chronological
age, and greater abnormal white matter.* Prior studies have identified several neuroimaging-
based markers of brain health among mostly younger-aged participants and within shorter

temporal proximity to the TBI event.***>>253 However, research on post-TBI neuroimaging



outcomes among older adults with remote injury are developing,*® but the mechanisms in which
earlier TBI affects later-life outcomes are still not well-understood.>* Therefore, it is important to
assess whether these TBI-related differences are apparent at older age and years after the initial
injury.

1.8 Multimorbidity

Multimorbidity is defined as the presence of 2 or more chronic conditions. The aging of
our populations has coincided with a growing proportion of those with multimorbidities.>
Approximately 42% of US adults had multimorbidity between 2008-2014, with the prevalence
rising to 81% among older adults.® It is associated with increased risk of disability and other
adverse health outcomes compared to those without multimorbidity.> Additionally,
multimorbidity is increasingly prevalent among older adults.’

In a 7-year cohort study of 2,176 in the Mayo Clinic Study of Aging (MCSA),
multimorbidity was associated with 38% higher risk of MCI or dementia compared to those with
<1 chronic condition.” One 12-year study in the Swedish National Study on Aging and Care in
Kungsholmen (SNAC-K) found that cardiometabolic-specific multimorbidity was associated
with 73% higher risk of cognitive impairment and 86% higher risk of progression to dementia.®
Older adults with multimorbidity may have faster declines in cognitive function.®

1.9 Multimorbidity and cognitive performance

In terms of cognitive performance, multimorbidity is associated with declines in global
cognition.>® In a 14-year cohort study in the Health and Retirement Study (HRS), increases in a
multimorbidity weighted index was associated with faster declines in global cognition,
immediate recall, and working memory, but not delayed recall.’” One BLSA study of 756

participants with an average of 3 years of follow up found that faster accumulation of



multimorbidity was associated with greater declines in verbal fluency (Category fluency: 8 = -
0.13 [0.05], p = 0.15; Letter fluency: p =-0.16 [0.06], p = 0.013).° These analyses had limited
follow-up and did not account for the potentially moderating effect of social engagement. One
study found that every 5-year earlier onset of multimorbidity was associated with 18% higher

risk of dementia compared to those without multimorbidity.

1.10 Differences in defining multimorbidity

Definitions of multimorbidity vary widely which makes comparisons across studies
difficult. This may be due in part to data availability and how each condition relates to an

outcome of interest. A widely cited review by Fortin et al>

concluded that multimorbidity
indices should include at least 12 conditions. Similar to others who have reviewed
multimorbidity studies,’ they do not provide a precise list of diseases to include but suggest
including conditions believed to have the most impact in a study population.®> To show the
different operationalizations of multimorbidity, Table 1.1 outlines conditions that were included

in a selection of prior studies of cognitive performance, dementia, and mild cognitive

impairment.



Table 1.1 Morbidities included in studies of cognitive performance, dementia, and mild
cognitive performance

Hassen Fabbri Leeet Vassilaki Weiet Espeland Dove

Morbidity et al. et al. al. et al. al. et al. et al. i?)lll:‘;se
20227 2016° 202138 2015° 2020°7 2021°¢ 20228
Angina °
Arthritis/rheumatoid
.. [ ] [ [ [}
arthritis
Asthma ° °
Atrial fibrillation ° .
Cancer ) ) ) ° ° ° °
Cardiac arrhythmias ° °
Chronic kidney
. [ ] [ [ [ ]
disease
Chronic obstructive
. [ ] [ ] [ [ [ ] [ ]
pulmonary disease
Coronary heart
disease/ischemic o o ) ° °
heart disease
Depression ° ) ) ° °
Diabetes ° ) ) ) ° ° °
Dyslipidemia °
Hearing loss
Heart failure ° ° ° ° ) ° °
Heart attack/myocardial o
infarction
Hepatitis °
Hip fracture °
Hyperlipidemia ° °
Hypertension ) ) ) ) ° ° °
Liver disease o °
Lower extremity joint disease o
Mental disorders .
other than depression
Osteoporosis ) °
Parkinson's disease o o
Schizophrenia °
Stroke [ [ ° ° ° ° °

Note: Salive 2013 studied the relationship of multimorbidity with mortality and other health outcomes.
Alzheimer's disease was included in their multimorbidity definition.

1.11 Social contact as a mediator or moderator

Social contact consists of multiple factors that affect well-being which include social
isolation, loneliness, and social engagement. Social isolation is an objective measure of social
interactions and relationships.>® Loneliness is a subjective measure of feeling socially isolated.>”

Social engagement is the maintenance of social connection and participation in social activities.®



These factors may play a strong role in risk of dementia and cognitive decline.* Decreasing
levels of social connection are of public health concern, as highlighted by the recent U.S.
Surgeon General’s Advisory report, “Our Epidemic of Loneliness and Isolation: The U.S.
Surgeon General’s Advisory on the Healing Effects of Social Connection and Community.”¢!
There are several potential mechanisms in which social contact can buffer the

1 92 posit a socially

relationship of multimorbidity or TBI with cognitive aging. Fratiglioni et a
active and integrated lifestyle can reduce dementia risk via common pathways through the
cognitive reserve, vascular, and stress hypotheses. Under the stress hypothesis, social
engagement can lead to positive emotion states that reduce stress,%? which, in turn, can reduce
Alzheimer’s disease risk.®® Perry et al®* hypothesize that social connectedness, via social
bridging and bonding, can affect neurodegenerative, neuroendocrine, and hypothalamic-
pituitary-adrenal stress response pathways related to the onset and course of cognitive aging.
The Lancet Commission reported that later life (age >65 years) social isolation is
associated with 60% higher risk of all-cause dementia.* Individual aspects of social contact, such
as loneliness,® and social engagement® have been associated with cognitive function.
Conversely, others have shown non-significant associations between social isolation, social
support and loneliness with incident dementia®’ as well as social support with longitudinal
cognitive decline.%® It is plausible that the Lancet Commission’s recommended risk factors for
dementia are interrelated.* However, social contact represents many aspects of social connection
and well-being that need to be individually assessed. It would be beneficial for researchers to

explicitly define what construct they are examining. Clear definitions of social contact are

needed given that these constructs may affect different domains of cognition.®® This would allow
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researchers and policymakers to understand which aspects of social contact may be most
impactful to intervene on.

TBI has been associated with lower levels of community integration, life satisfaction and
social support” as well as increased loneliness.”!”? Older adults with less frequent social
engagement may have a greater accumulation of morbidities.*®”* Therefore, different measures
of social contact may act as mediators or moderators in the association between TBI and
multimorbidity with cognitive decline.’! However, no studies have examined whether social
contact, and its specific factors, affect the relationship between TBI or multimorbidity with
cognitive decline.

1.12 The Buffering Hypothesis

Social contact may play a role in buffering (i.e., mediating or moderating) the
associations of TBI and multimorbidity with later-life cognitive decline using the Buffering
Hypothesis framework.>! The Buffering Hypothesis posits that there is some form of social
contact or support system that can buffer an individual from the harmful effects of a stressful
event.’! Using this framework, TBI or multimorbidity can be framed as the harmful event,
cognitive decline or brain markers as the outcome, and social contact as the buffer between the
harmful event and outcome.

1.13 Overview of dissertation studies

In this dissertation, it is hypothesized that social contact acts as a buffer between TBI and
multimorbidity (i.e., the stressful events) with multiple measures of cognitive health. This
hypothesis was tested in the following three chapters, spanning three separate studies among

middle-to-older aged adults:
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Study 1: Estimate associations between TBI and later-life cognitive performance

trajectories and test for effect measure modification by loneliness in the Vietnam Era

Twin Study of Aging (VETSA).

Study 2: Test the cross-sectional relationship between TBI and markers of later-life brain

health and test for effect measure modification by loneliness in VETSA.

Study 3: Test the association of multimorbidity with cognitive performance trajectories

and test for effect measure modification by social engagement in the Rancho Bernardo

Study of Healthy Aging (RBS).

Increases in social contact are theorized to reduce the risk of dementia.* However, it is
unknown if social contact buffers the relationship between TBI or multimorbidity with different
markers of cognitive decline and aging. Given the projected increase in dementia prevalence,’
the results of this dissertation are timely and relevant to the recent US Surgeon General’s

Advisory on the poor health outcomes of declining social connection.®!
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Chapter 2 Association between traumatic brain injury and cognitive decline among
middle-to-older aged men in the Vietnam Era Twin Study of Aging

2.1 Abstract

Traumatic brain injury (TBI) is associated with increased risk of dementia. However,
associations of TBI with declines in specific cognitive domains over extended follow-up are not
well understood. This prospective cohort study used data from 1,476 male Vietnam Era Twin
Study of Aging participants (average age at study entry = 57.9 years, range = 51-71 years; 97.6%
non-Hispanic; 92.5% white) collected from 2003 to 2019, who had complete information on
prior TBI. Participants completed a comprehensive neuropsychological assessment at up to 3
visits over up to a 12-year follow-up period during which they also self-reported their history of
TBI. Multivariable linear mixed-effects models were used to estimate betas (s) and 95%
confidence intervals (CIs) for associations between TBI and cognitive performance trajectories.
Effect measure modification by APOE €4 genotype status was assessed in a subset of
participants. Thirty-one percent of participants reported a history of TBI; 29.4% were APOE &4
carriers. There were no statistically significant associations of TBI with episodic memory,
executive function, or processing speed, among participants overall. In models stratified by
APOE €4 carrier status, TBI was associated with larger magnitude of decline in executive
function for APOE &4 carriers (p=-0.0171; 95% CI=-0.0326, -0.0019) compared to non-carriers
(B=-0.0036; 95% CI=-0.0134, 0.0063; Preraction=0.03). In sensitivity analyses, TBI prior to
military induction (average age = 20 years) was associated with faster declines in executive
function compared to no TBI, irrespective of APOE €4 status. In this sample of middle-to-older
aged men, TBI was associated with faster declines in executive function among APOE &4

carriers and among those who reported remote TBI, prior to military induction. Moreover, these
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findings support the importance of a life course perspective when considering factors that may

influence cognitive health in aging.
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2.2 Introduction

Traumatic brain injury (TBI) is a major cause of death and disability in the United States
(US), with approximately 1.5 million Americans sustaining a TBI annually.'? The incidence of
TBI is notable in the context of cognitive and brain aging because the Lancet Commission
considers it to be a modifiable risk factor for dementia and estimates that TBI of any severity is
associated with 84% higher risk of all-cause dementia.* Additionally, those with TBI may have
earlier onset of dementia and cognitive impairment.!¢-!® Therefore, given the ubiquity of these

1314 jt is crucial to understand the effect of TBI on cognitive trajectories at later life.”*

injuries,

While TBI is associated with dementia,* associations between TBI and performance on
neurocognitive tests in individuals without dementia are mixed.>*#** For example, some
smaller cross-sectional and case-control studies have found that participants with TBI performed
worse on tests of memory, executive function, and processing speed relative to those without
history of TBL#%4!43 [n contrast, a study of older adults (53 with TBI and 104 controls, mean age
= 70.2 years) from the Australian Imaging, Biomarkers and Lifestyle Study of Ageing (AIBL)
and a cross-sectional study of 4,384 men from the Vietnam Experience Study (mean age = 70.2
years; 254 with mild TBI) found no differences in performance across multiple cognitive

measures.>’*2

Two larger and more recent prospective studies examined the association between
TBI and cognitive decline among middle-to-older aged adults.’*-° Among 8,662 men (mean
baseline age = 67 years; 2,168 with TBI) from the National Academy of Sciences-National
Research Center (NAS-NRC) Twin Registry of World War II veterans, TBI was associated with
faster declines in Telephone Interview for Cognitive Status—modified (TICS-m) scores over up to

a 12 year follow-up, but specific cognitive domains were not assessed.*® In a study of 15,764

participants (average age = 62.7 years; 6,235 with TBI) from the PROTECT-TBI cohort study,
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TBI was associated with lower baseline measures of executive function, working memory,
episodic memory, and processing speed, but not with differences in longitudinal trajectories
across a brief follow-up period of up to 4 years.’® Given these study design limitations, new
insights may be gained by using repeated outcome measures spanning a range of cognitive
domains over extended follow-up. Additionally, this association may differ by genetic
susceptibility to dementia such as the apolipoprotein E (APOE) epsilon 4 (¢4) polymorphism,’
which confers a greater risk for late onset Alzheimer’s disease.”® While APOE &4 has been
shown to modify vulnerability to a variety of stressors, results are mixed on APOE €4’s role in
TBI-related cognitive decline.””-"°

To further probe the relationship between TBI and cognition, the objective of the present
study was to leverage longitudinal follow-up in the Vietnam Era Twin Study of Aging (VETSA)
to test the associations between lifetime TBI and later-life cognitive trajectories among this well-
characterized cohort of men beginning in midlife, with comprehensive cognitive assessment.
Although prior cross-sectional work in VETSA found no main effect of TBI on cognitive
outcomes,* longitudinal trajectories of cognitive performance as a function of TBI status have
not been examined. We hypothesized that TBI would be associated with faster declines in
episodic memory, executive function, and processing speed. We also examined whether
associations differed by APOE €4 carrier status. We hypothesized greater declines in cognitive

performance over time among TBI participants who were APOE €4 carriers compared to non-

carriers.
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2.3 Methods
2.3.1 Study population

This prospective cohort study used data from VETSA, an ongoing longitudinal study of
men that began in 2001, with data collection initiated in 2003.8%3! The study design is described
in detail elsewhere.?8! Briefly, VETSA includes 1,608 men who were recruited from the
Vietnam Era Twin Registry (VETR), a nationally representative registry, which includes male
twins, who were in the military at some time during the Vietnam era (1965-1975). VETSA
participants were recruited at random from the 1992 Harvard Twin Study of Substance Abuse
among VETR twins, a study that did not select participants on the basis of any substance use or
other characteristics.®? Because VETSA was designed to assess cognitive changes during the
critical transition period from middle-age to early older age, recruitment into wave 1 was
restricted to a narrow age range of 51-60 years, and participants were followed at planned
intervals (wave 2 occurred approximately 6 years after wave 1; wave 3 occurred an average of 12
years after wave 1). VETSA was also designed to address biases due to attrition and practice
effects by enrolling new participants from the VETR at waves 2 and 3 who were of similar age to
VETSA participants (for further details see Elman et al. 2018).83 A total of 1,237 men (age range
= 51-61 years) were enrolled at wave 1 from 2003 to 2007. At wave 2 (2009- 2013), a total of
247 new participants (age range = 55-67 years) were enrolled, and at wave 3 (2016-2019), 124
new participants were enrolled (age range = 63-71 years). This resulted in 1,608 unique
participants. At the time of enrollment, VETSA participants had similar health and lifestyle
characteristics compared to US men in their age cohort.®* Approximately 80% of VETSA

participants did not report combat exposure.®’
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Of the 1,608 VETSA participants, we excluded 131 with incomplete data on lifetime TBI
and 1 missing cognitive outcome data. This yielded a final analytic sample of 1,476 participants.
Baseline was defined as the participant’s time of enrollment into VETSA, regardless of wave of
enrollment.

Data collection occurred at two sites (San Diego, CA and Boston, MA) using identical
protocols. This study was approved by the University of California, San Diego and Boston
University Institutional Review Boards. All participants provided written informed consent.

2.3.2 Outcomes: cognitive test performance

We focused on three primary cognitive domains based on prior literature: 1) episodic
memory, 2) executive function, and 3) processing speed.?*#>* VETSA participants were
administered a comprehensive neurocognitive battery at each wave, with multiple tests assessing
each cognitive domain. Using genetically-informed multivariate analyses, latent constructs for
the domains of episodic memory, executive function, and processing speed were created.3¢%
Methods are described briefly below and in Supplementary Methods 2.1.

Episodic memory was derived using the California Verbal Learning Test-2 (CVLT-II)
short and long delay free recall,”® the Wechsler Memory Scale-III (WMS-III) Logical Memory
immediate and delayed recall’! and the Visual Reproductions tests immediate and delayed

recall 86,87,91

Executive function was derived from multiple tests as follows: Number correct on
color-word test, adjusted for performance on color naming and word reading tests from the
Stroop Test,” letter-number sequencing and digit span tests from the WMS-IIL,’! reading span
task,”* and letter-number switching time adjusted for time on letter and number sequencing tasks

from the Delis-Kaplan Executive Function System (D-KEFS) Trail Making Test, and category-

switching score after adjusting for category fluency score on the D-KEFS Category switching
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tests.®84 Processing speed was derived from scores on the number and letter sequencing task of
the D-KEFS Trail-Making Test,”* color naming and word reading subtests of the Stroop Test,”
and a Simple Reaction Time task.®

In secondary analyses, we examined associations of TBI with working memory, (a
subcomponent of executive function),®® verbal fluency,” and semantic fluency (a subcomponent
of verbal fluency).””> Methods for deriving all cognitive test performance outcomes are
summarized in Supplementary Methods 1.

Domain-specific factor scores, corrected for effects of practice and selective attrition,
were derived for each participant at all 3 waves and standardized based on the means and
83,96

standard deviations of scores at wave 1, as described previously.

2.3.3 Main exposure: traumatic brain injury (TBI)

Lifetime TBI for VETSA participants was defined based on methods described
previously.?* Briefly, participants were asked four questions regarding prior head injury at each
wave: 1) “Have you ever had a severe head injury that was associated with loss of consciousness
or confusion?”’; 2) “Did that head injury (any of those head injuries) result in your staying
overnight in the hospital?”’; 3) “Have you ever been told by a doctor that you had a concussion?
(If “Yes,” how many times?)”’; and 4) “Altogether, how many different head injuries or
concussions (all total) have you had?” Starting in wave 2, participants who reported having had a
head injury were asked details of each head injury including age, cause of injury, receipt of
medical attention or hospitalization. Data on the presence/duration of loss of consciousness
(LOC) and/or posttraumatic amnesia (PTA) were used to classify TBI severity. For the present
study, history of lifetime symptomatic TBI was defined as a binary variable (any/none). We also

considered variables for severity (mild; moderate/severe; unclassifiable), multiple TBI (0; 1; >2),
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and history of TBI before military induction (none; before military induction; after military
induction). If multiple TBIs were reported, the highest severity was considered.

2.3.4 Effect modifier: apolipoprotein E genotype

We also examined effect modification by APOE €4 carrier status among the 1,342
participants with APOE genotype and TBI history data. Genotyping methods in VETSA are
described in detail elsewhere.”” Due to the low number of homozygous &4 (n = 26), participants
were classified as an APOE &4 carrier if they had at least one €4 allele (i.e., €2/e4, €3/¢e4, or
€4/e4; n = 394), and as non-carriers otherwise.

2.3.5 Covariates

Covariate information was derived from medical interviews and questionnaires that were
completed at each wave. Covariates of interest were selected based on prior literature?>-3* and
included age at enrollment into VETSA (i.e. at participant’s baseline), race/ethnicity (non-
Hispanic or Latino and white; other), years of education (as an additional socioeconomic status
index; <12 years; 13-14 years; 15-16 years; >16 years), young adult general cognitive ability as
measured by the Armed Forces Qualification Test (AFQT), and annual family income
(<$40,000; $40,000-$89,999; >$90,000). The AFQT was administered at an average age of 20
years.”®” The AFQT is a 100-item multiple choice test, administered to service members prior to
military induction and is highly correlated with standard IQ (» = 0.84).1° AFQT scores were
recorded as percentiles based on military norms, then scaled and normalized. We considered the
following time-varying covariates at each wave: standardized body mass index (BMI; kg/m?),
smoking status (never; former; current), alcohol use (never; former; light; moderate; heavy),
substance abuse (no; yes), relationship status (none; married or in a relationship), participation in

religious activities (<2 times a month; >3 times a month), number of close friends (<2, >3),
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loneliness (rarely or none of the time; at least 1 day in the past week), social isolation (at least 1
confidant; no confidants), and depressive symptom severity, as measured by the Center for
Epidemiologic Studies Depression Scale (CES-D).!%! For the CES-D, scores of >16 suggest
significant depressive symptom severity.!! Social isolation was assessed using the following
question, “How many people do you know who you can trust and confide in?”’ as defined in a
prior VETSA study.!%? Loneliness was measured using a single item from the CES-D,!°! which is
moderately correlated with the three-item University of California, Los Angeles Loneliness Scale
(r=0.49; p < 0.01).'9 Analyses with CES-D did not include loneliness as a separate covariate
given its inclusion in the depressive symptom severity measure.

2.3.6 Statistical analysis

Participant characteristics at baseline (i.e., VETSA study entry) were summarized by TBI
status. Continuous characteristics were described using median (range) and categorical variables
were described using counts (percentages). Group differences were assessed using linear mixed-
effects models for continuous variables and mixed-effects multinomial logistic regression models
for categorical variables. Models included a random intercept to adjust for the correlation
between twin pairs.

We fit linear mixed-effects models to estimate associations of TBI status with
longitudinal cognitive performance trajectories, with separate models for episodic memory,
executive function, and processing speed. Linear mixed-effect models accommodate missing
data as well as inconsistent measurement intervals, which allowed us to use all available data
under the assumption that data were missing at random. We assessed this assumption by plotting
the pattern of missingness between variables of interest. For all models, time from baseline was

calculated as the difference in age from the participant’s first VETSA visit to subsequent visits,
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such that time at the first visit is 0 years. We used three successively adjusted models: Model 1
included the fixed effects of TBI, time, and a TBI-by-time interaction term, and adjusted for age
at baseline (centered at 57.86 years, the average age at study entry), race/ethnicity, education,
annual family income, and young adult cognitive ability (AFQT at age 20); Model 2 additionally
adjusted for time-varying health-related and social characteristics which included BMI
(standardized), smoking status, alcohol use, substance abuse, relationship status, participation in
religious activities, number of close friends, social isolation, and depressive symptom severity;
and Model 3 additionally adjusted for APOE &4 carrier status. All models included random
intercepts and a family-relatedness random effect to adjust for the correlation between twin pairs.
We plotted predicted values of Model 2 for all three outcomes by TBI status over years since
baseline (i.e., the participant’s first VETSA visit). We did not include random slopes given that
our analyses were limited to 3 timepoints.!* We used time from baseline, instead of age, as the
temporal variable for linear mixed-effects models to reflect within-participant change. Age-based
models may bias within-participant change estimates because cognitive trajectories would
depend on the age of participants’ entry into the study.!%5-107

To assess effect measure modification, we stratified Model 2 by APOE &4 carrier status.
P values for interaction (Pinteraction) Were calculated using likelihood ratio tests to compare fully
adjusted models with and without a 3-way interaction of APOE &4 carrier status-by-TBI-by-time.
In secondary analyses, we repeated linear mixed-effects models and assessment of effect
measure modification by APOFE €4 carrier status with the following secondary outcomes:
working memory, verbal fluency, and semantic fluency.

We performed several sensitivity analyses. We repeated primary analyses excluding

those with unclassifiable TBI (n = 28) and using an indicator variable of injury severity (none;
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mild; moderate/severe). To assess whether there were differences by age at injury, we repeated
Model 3 using a three-level TBI variable indicating the timing of the injury (no TBI; TBI before
military induction; TBI after military induction). To examine multiple TBI, we repeated Model 3
using a three-level TBI variable indicating the number of reported TBIs (no TBI; 1 TBI; >2
TBIs). Since €2 and &4 alleles may confer opposing risk for Alzheimer’s disease,!”® we repeated
APOE €4 stratified analyses with €2/e4 participants excluded from the analysis (n=50). Given
recent evidence that suggests the importance of social connection on later-life health,®! Model 2,
without adjustment for CES-D, was also stratified by loneliness reported at the participant’s first
visit.

All statistical analyses were conducted in R (version 4.2.2; R Core Team, 2022). The
Ime4 package was used for linear mixed-effects analyses,!?” and the sjPlot package was used for
visualization.!!? Statistical tests were two-tailed, and P values were considered significant at
P <0.05. We did not correct for multiple comparisons given our interest in only 3 primary
outcomes.

2.4 Results
2.4.1 Participant characteristics at study entry

Of the 1,476 men in our study sample, 462 (31.3%) reported at least one lifetime TBI
between the ages of 2 and 69 years. Of those with TBI, 162 (36.4%) reported >2 TBIs. The most
common TBI severity was mild (65.8%), 28.1% were moderate/severe, and 6.1% were
unclassifiable. The median age of the first TBI was 18 (range = 2-69) years. The majority of
those with TBI reported history prior to military induction (56.9%; age range of first TBI: prior
to military induction = 2-22 years, after military induction = 18-69 years). At study entry, the

median age of participants was 58 (range = 51.1-71.1) years (Table 2.1). Most were non-
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Hispanic/Latino (97.6%) and white (92.4%). Compared to no TBI history, those reporting TBI
were more likely to have completed more than 12 years of education (65.6% vs 58.3%; p =
0.03), felt lonely 1 day in the past week (28.3% vs. 21.8%; p = 0.01), had significant depressive
symptom severity as defined by the CES-D (18.6% vs. 13.3%; p = 0.03), and had symptoms of
PTSD (18.2% vs. 12.4%; p < 0.01). Compared to those who completed follow-up of at least 2
visits (n=1,192), those who did not return for their final follow-up visit (n=284) were less likely
to report TBI (25.4% vs. 32.7%; p < 0.01) but there were no significant differences across
several characteristics, including age, race/ethnicity, AFQT, income, or APOE ¢4 status between
these groups (Supplementary Table 2.1).

2.4.2 TBI status and cognitive function by time

Over the 12-year follow-up period, there were statistically significant decreases in
episodic memory, executive function, and processing speed after adjustment for socio-
demographics and health behaviors in Models 1 and 2 (Bs for Time < -0.03; Table 2.2). Neither
the main effect of TBI nor the TBI-by-time interaction was statistically significant in any model
(Table 2.2; Figure 2.1).

2.4.3 Effect measure modification by APOE &4 carrier status

In the 1,342 participants with APOE genotype data, 29.4% were APOE €4 carriers.
Approximately 25.9% of those with TBI were APOE €4 carriers compared to 30.8% of those
without TBI; this difference was not statistically significant (p = 0.31). In models stratified by
APOE €4 carrier status, TBI was associated with larger magnitudes of decline in executive
function for APOE &4 carriers (p =-0.0171; 95% CI -0.0325, -0.0018) compared to non-carriers

(B=-0.0036; 95% CI -0.0134, 0.0062; Prnteraction= 0.03; Table 2.3; Figure 2.2).
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2.4.4 Sensitivity analysis

In sensitivity analyses, exclusion of 28 individuals with unclassifiable TBI severity did
not change the results (Supplementary Tables 2.3 and 2.4). When assessing the influence of TBI
severity, the main effects of TBI-by-severity were not significant (Supplementary Table 2.5).
However, mild TBI was associated with declines in executive function among APOE €4 carriers
(B =-0.0287; 95% CI -0.0466, -0.0108; Prnteraction < 0.01; Supplementary Table 2.6). After
repeating analyses using an indicator for first occurrence of TBI to assess the effect of remote
injury, TBI prior to military induction (n = 263; 56.9% of TBIs) was associated with faster
declines in executive function compared to no TBI (B =-0.0111; 95 % CI -0.0214, -7e-04;
Supplementary Table 2.7); this was not modified by APOE &4 carrier status (Pinteraction > 0.10, all;
Supplementary Figure 2.1). There were no substantial differences in the magnitude of effect for 1
TBI or >2 TBISs, relative to no TBI, for all outcomes (Supplementary Table 2.8). Excluding €2/¢4
participants from the €4 carrier group, did not materially affect the results: TBI remained
associated with faster declines in executive function compared to no TBI in those with an &4
allele (B =-0.0202; 95% CI -0.0364, -0.0039; Pruteraction= 0.01; Supplementary Table 2.9). In our
analyses of secondary cognitive outcomes, TBI was associated with faster declines in semantic
fluency (B =-0.0105; 95% CI -0.0208, -2e-04) compared to no TBI (Supplementary Table 2.10;
Supplementary Figure 2.2). There was no evidence to suggest effect measure modification by
APOE €4 for any of the exploratory outcomes (Pinteraction > 0.10, all; Supplementary Table 2.11;
Supplementary Figure 2.3). The interaction of TBI-by-time-by-loneliness was not statistically

significant (Pnteraction > 0.40, all; Supplementary Table 2.12).
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2.5 Discussion

In this prospective cohort study of middle-to-older aged men, TBI was associated with
significantly steeper declines in executive function, by 0.2 SD per decade, among APOE &4
carriers. Greater TBI-related decline in executive function was observed primarily among those
reporting TBI prior to military induction, highlighting the importance of monitoring earlier-life
TBIs. TBI was not associated with change in episodic memory or processing speed over a 12-
year follow-up period. Overall, these findings contribute to our understanding of the role of TBI
with cognitive health in aging, including the impact of APOE €4 and timing of injury.

We found no statistically significant main effect associations of TBI with trajectories of
cognitive decline in the domains of episodic memory, executive function, and processing speed.
These results are similar to studies with brief follow-up periods ranging from 3 to 4 years.*%4?
For example, a study of 15,764 participants (average age = 62.7 years) from the PROTECT-TBI
cohort study with up to 4 year of follow-up, TBI was not associated with longitudinal declines in
executive function, working memory, episodic memory, and processing speed.’® In a 3-year
cohort study of 52 older adults with TBI and 102 without TBI (average age for both groups =
70.2 years) from the Australian Imaging, Biomarkers and Lifestyle (AIBL) Study of Ageing,
self-reported TBI was not associated with verbal working memory, perceptual speed, verbal
memory, visuospatial function, visual memory, verbal ability, or interference.*? In contrast, a
study with up to 12 years of follow-up of 8,662 men (mean baseline age = 67 years) from NAS-
NRC Twin Registry, TBI was associated with faster declines in TICS-m scores.*” These results

suggest that TBI-related declines in cognition may not become pronounced until individuals are

much older.
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Although we did not find a main effect of TBI or APOE status on cognitive decline,
participants who were APOE ¢4 carriers had faster TBI-related decline in executive function than
non-carriers. One meta-analysis of 14 studies suggests that having an €4 allele may have a
negative association with long-term neurocognitive recovery from TBL”” Our results are in line
with this suggestion. Our results differ from those of the NAS-NRC Twin Registry study which
did not find significant effect measure modification by APOE.* However, the NAS-NRC study
only used TICS-m, which may be best described as a screening measure of global cognitive
function with little assessment of executive function.?* With more extensive neuropsychological
testing, we found effect modification by APOEF in TBI-related cognitive decline that was specific
to executive function.

APOE may contribute to dementia risk via multiple mechanisms. In prior work with this
sample, we found that APOE &4 was associated with thinner frontal cortex,!!! and, in separate
studies, the €4 genotype conferred more pronounced vulnerability based on associations with
higher vascular burden and lower general cognitive ability maintenance!!? as well as lower
testosterone and lower hippocampal volume.!!® Neuronal cell injury or stress from events such as
TBI influence the generation of neurotoxic fragments that result in mitochondrial dysfunction
and cytoskeletal altercations to affect neurodegeneration, and APOE €4 can accelerate these
processes.”> APOE &4 may also affect compensatory mechanisms that may put €4 carriers at
greater risk of TBI-related cognitive deficits compared to non-carriers.!!*

In sensitivity analyses, TBI prior to military induction, relative to no TBI, was
significantly associated with declines in executive function. The association of TBI after military
induction, relative to no TBI, and executive function was not significant. This suggests that TBI

events during childhood and adolescence may have stronger associations with later life cognition
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than TBIs that occur later in life. It is possible that the stronger effect of TBIs during this period
may be due to interference with neurodevelopment, but more work is needed. Conversely, the
NAS-NRC Twin Registry study found that TBI after age 25 (vs. prior to age 25) had stronger
associations with TICS-m scores.*” This difference may be due in part to the older age of this
World War II veteran cohort compared to VETSA or the lack of executive function measures in
the TICS-m; however, further investigation is needed to examine the effects of TBI at different
life stages. Unexpectedly, given that repetitive TBI is hypothesized to accelerate dementia-
related pathology,* we did not find that those who had reported >2 TBIs had faster cognitive
decline, partially due to a low number of participants with multiple TBIs and the fact that these
were mostly mild cases.

There were several limitations. First, TBI in this study was self-reported, potentially
contributing to information bias. It is plausible that not all TBI events were captured in our self-
report derived measure, potentially underestimating the prevalence of lifetime TBI in this cohort.
However, TBI information was derived from detailed items regarding the nature and plausibility
of the injury events. Second, while there is potential for selection bias due to loss to follow-up,
there were minimal demographic differences between those with complete and incomplete
follow-up. Additionally, VETSA included age-matched attrition-replacement participants at each
wave by design to account for attrition effects across tests.®* Lastly, this cohort comprised
primarily non-Hispanic and white males, which reduces generalizability to other populations.
Although VETSA participants were comparable to US men in their age cohort in terms of health
and lifestyle characteristics,** more work is needed to assess these associations in cohorts of

different sexes and diverse socio-demographic backgrounds.
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This study had several strengths, which included longitudinal follow-up over a 12-year
period. We assessed cognitive change using a rigorous neuropsychological battery administered
at each VETSA wave and controlled for practice effects.® In contrast to many prior studies, our
measures comprised multiple tests in each domain rather than single brief tests, which we and
others have shown provides substantial increases in sensitivity.®”!1> We were also able to control
for young adult cognitive ability, which is a predictor of later-life cognitive function and
cognitive decline and allows for improved assessment of domain-specific decline,!!'® and time-
varying covariates that may confound the relationship between TBI and cognitive trajectories.

In this prospective cohort study of middle-to-older aged male veterans, TBI history was
associated with small but faster declines in executive functioning among APOE &4 carriers.
Remote TBIs, primarily in childhood and adolescence, had stronger associations than TBIs that
occurred in adulthood, suggesting the importance of preventing earlier life TBIs, which occur
during periods of substantial brain development. Given the small magnitudes of association in
this study and presumed accelerated cognitive decline at older age, the observed associations
may be more pronounced with further follow-up at later ages in this cohort. Additionally, further
study among diverse populations with extended follow-up are needed to understand the

mechanisms of TBI-related cognitive decline.
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Table 2.1 Participant characteristics at first visit by traumatic brain injury (TBI) status

TBI status
Characteristic No (N=1014) Yes (N=462) p-value
Age Median [Min, Max] 57.9[51.1,71.1] 58.1[51.1,70.9] 0.17
Non-Hispanic or
Ethnicity Non-Latino 983 (96.9%) 457 (98.9%) 0.73
Race White 930 (91.7%) 435 (94.2%)
Education years <12 423 (41.7%) 159 (34.4%) 0.03
13-14 283 (27.9%) 137 (29.7%)
15-16 220 (21.7%) 122 (26.4%)
>16 88 (8.7%) 44 (9.5%)
0.270 [-1.29, 0.300 [-1.13,
AFQT Median [Min, Max] 3.50] 2.32] 0.20
Income <$40,000 145 (17.9%) 65 (19.9%) 0.46
$40,000-$89,999 432 (53.3%) 168 (51.4%)
>$90,000 233 (28.8%) 94 (28.7%)
BMI Median [Min, Max] 28.8[17.8,48.9] 29.3[19.5,54.7] 0.17
Smoking status Never 332 (32.9%) 170 (36.8%) 0.12
Former 473 (46.9%) 200 (43.3%)
Current 204 (20.2%) 92 (19.9%)
Alcohol use Never 62 (6.1%) 24 (5.2%) 0.69
Former 299 (29.6%) 140 (30.4%)
Light 416 (41.2%) 175 (38.0%)
Moderate 91 (9.0%) 58 (12.6%)
Heavy 141 (14.0%) 64 (13.9%)
Married or in a
Relationship status relationship 797 (78.9%) 356 (77.4%) 0.61
Participation in
religious activities >3 times a month 462 (45.8%) 184 (40.1%) 0.11
Close friends >3 930 (92.9%) 424 (92.6%) 0.14
At least 1 day in the
Loneliness past week 220 (21.8%) 130 (28.3%) 0.01
Social isolation No confidants 27 (2.7%) 18 (3.9%) 0.76
Alcohol or drug abuse  Yes 45 (4.4%) 27 (5.8%) 0.76
Depressive symptoms ~ Yes 129 (13.3%) 83 (18.6%) 0.03
APOE &4 carrier Yes 290 (30.8%) 104 (25.9%) 0.31

P-values were derived from linear mixed-effects models for continuous variables and mixed-effects
multinomial logistic regression models for categorical variables. Models included a random intercept to
adjust for the correlation between twin pairs. n missing: income = 339 (23.0%), BMI = 3 (0.2%),
smoking status = 5 (0.3%), alcohol use = 6 (0.4%), relationship status = 6 (0.4%), participation in
religious activities =9 (0.6%), loneliness = 8 (0.5%), social isolation = 12 (0.8%), close friends = 17
(1.2%), alcohol or drug abuse = 1 (0.1%), AFQT = 20 (1.4%), depressive symptoms = 63 (4.3%),
APOE &4 carrier = 134 (9.1%)
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Table 2.2 Association of any traumatic brain injury with cognitive performance trajectories over

a 12 year follow up (n=1476)

Outcome Model Term B (95% CI)
Episodic memory 1 TBI 0.0045 (-0.1056; 0.1145)
Time -0.0455 (-0.0502; -0.0408)
TBI by time -0.0041 (-0.0126; 0.0045)
2 TBI 0.015 (-0.0966; 0.1267)
Time -0.0445 (-0.0495; -0.0395)
TBI by time -0.0053 (-0.0142; 0.0036)
3 TBI 0.0144 (-0.0974; 0.1263)
Time -0.0442 (-0.0493; -0.0392)
TBI by time -0.0055 (-0.0144; 0.0034)
Executive function 1 TBI 0.0428 (-0.0592; 0.1449)
Time -0.067 (-0.0715; -0.0625)
TBI by time -0.0064 (-0.0145; 0.0017)
2 TBI 0.0587 (-0.0451; 0.1625)
Time -0.0665 (-0.0712; -0.0618)
TBI by time -0.0073 (-0.0156; 0.001)
3 TBI 0.0606 (-0.0431; 0.1643)
Time -0.0662 (-0.0708; -0.0615)
TBI by time -0.0076 (-0.0158; 7e-04)
Processing speed 1 TBI -0.0547 (-0.1721; 0.0628)
Time -0.0946 (-0.0992; -0.0899)
TBI by time 0.0031 (-0.0054; 0.0116)
2 TBI -0.0333 (-0.1485; 0.0818)
Time -0.0921 (-0.0971; -0.0872)
TBI by time 2¢-05 (-0.0088; 0.0089)
3 TBI -0.0386 (-0.1541; 0.0769)
Time -0.0925 (-0.0975; -0.0875)
TBI by time 5e-04 (-0.0084; 0.0093)

Note: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
random intercepts and family-relatedness a random effect to adjust for correlation between twin pairs. Time is
defined as years from baseline. Model 1 fixed effects of TBI, time, and a TBI by time interaction term, and
adjusted for baseline age (centered at 57.86 years, the average age of entry into VETSA), race/ethnicity,
education, annual family income, and young adult cognitive ability (AFQT at age 20). Model 2 additionally
adjusted for time-varying BMI (standardized), smoking status, alcohol use, substance abuse, relationship status,
participation in religious activities, number of close friends, social isolation, and depressive symptom severity.
Model 3 additionally adjusted for APOE &4 carrier status among the subset of participants with APOE genotype

data (n= 1342).
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Table 2.3 Association of any traumatic brain injury with cognitive performance trajectories by
APOE ¢4 carrier status over a 12 year follow up

APOE ¢4 carrier status

No (n=948) Yes (n=394)
Outcome Model Term B (95% CI) B (95% CI) Prnteraction
Episodic memory 1 TBI -0.027 (-0.1573; 0.1034) 0.1421 (-0.06; 0.3441) 0.48
Time -0.0442 (-0.0499; -0.0385)  -0.0474 (-0.0559; -0.0389)
TBI by
time -0.0021 (-0.0124; 0.0082)  -0.0103 (-0.0258; 0.0052)
2 TBI -0.0104 (-0.143; 0.1221) 0.1518 (-0.0546; 0.3583)
Time -0.0431 (-0.0491; -0.0372)  -0.0463 (-0.0555; -0.0371)
TBI by
time -0.0037 (-0.0142; 0.0069)  -0.0105 (-0.0269; 0.0059)
Executive
function 1 TBI 0.0547 (-0.0654; 0.1748) 0.0494 (-0.1458; 0.2446) 0.03
Time -0.065 (-0.0704; -0.0597)  -0.0706 (-0.0786; -0.0627)
TBI by
time -0.0026 (-0.0123; 0.007) -0.0169 (-0.0314; -0.0023)
2 TBI 0.0678 (-0.0537; 0.1893) 0.054 (-0.1492; 0.2573)
Time -0.0645 (-0.07; -0.0589) -0.0706 (-0.0792; -0.062)
TBI by
time -0.0036 (-0.0134; 0.0063)  -0.0173 (-0.0326; -0.0019)
Processing speed 1 TBI -0.0537 (-0.1919; 0.0845)  -0.0336 (-0.255; 0.1879) 0.73
Time -0.0964 (-0.1021; -0.0907)  -0.0913 (-0.0996; -0.0829)
TBI by
time 0.0031 (-0.0071; 0.0133) 0.0036 (-0.0116; 0.0187)
2 TBI -0.0279 (-0.1665; 0.1107)  -0.0411 (-0.2556; 0.1734)
Time -0.0938 (-0.0999; -0.0877)  -0.0897 (-0.0986; -0.0808)
TBI by
time 2¢e-04 (-0.0106; 0.0109) 0.0017 (-0.0141; 0.0175)

Note: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
random intercepts and family-relatedness a random effect to adjust for correlation between twin pairs. Time is
defined as years from baseline. Model 1 fixed effects of TBI, time, and a TBI by time interaction term, and adjusted
for baseline age (centered at 57.86 years, the average age of entry into VETSA), race/ethnicity, education, annual
family income, and young adult cognitive ability (AFQT at age 20). Model 2 additionally adjusted for time-varying
BMI (standardized), smoking status, alcohol use, substance abuse, relationship status, participation in religious
activities, number of close friends, social isolation, and depressive symptom severity. P values for interaction
(Prmnteraction) were calculated using likelihood ratio tests to compare fully adjusted models with and without a 3-way
interaction of APOE &4 carrier status by TBI by time.
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Figure 2.1 Trajectories of cognition function test performance over years from baseline by
TBI. Plots are based on linear mixed-effects models adjusted for baseline age (centered at 57.86
years, the average age of entry into VETSA), race/ethnicity, education, annual family income
and young adult cognitive ability (AFQT at age 20) as well as time-varying BMI (standardized),
smoking status, alcohol use, substance abuse, relationship status, participation in religious
activities, number of close friends, social isolation, and depressive symptom severity.
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Figure 2.2 Trajectories of cognition function test performance over years from baseline by
TBI stratified by APOE &4 carrier status. Plots are based on linear mixed-effects models
adjusted for baseline age (centered at 57.86 years, the average age of entry into VETSA),
race/ethnicity, education, annual family income and young adult cognitive ability (AFQT at age
20) as well as time-varying BMI (standardized), smoking status, alcohol use, substance abuse,
relationship status, participation in religious activities, number of close friends, social isolation,
and depressive symptom severity.
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Supplementary Methods 2.1: Description of cognitive outcome methods

VETSA participants were administered a comprehensive neurocognitive battery at each
wave, with multiple tests assessing multiple cognitive domains of interest. Latent constructs for
the domains of episodic memory,!? executive function,® processing speed,* working memory,?
verbal fluency,’ and semantic fluency® were created using genetically-informed multivariate
analyses. For the present study, we focused on 3 outcomes: 1) episodic memory, executive
function, and processing speed. We also included 3 secondary outcomes: 1) working memory, 2)
verbal fluency, and 3) semantic fluency.

Episodic memory was derived using the California Verbal Learning Test-2 (CVLT-II)
short and long delay free recall,® the Wechsler Memory Scale (WMS)-III Logical Memory
immediate and delayed recall,” and the Visual Reproductions tests immediate and delayed
recall.!?

Executive function was derived from multiple tests as follows: Number correct on color-
word test, adjusted for performance on color naming and word reading tests from the Stroop
Test,® letter-number sequencing and digit span tests from the WMS-IIL,’ reading span task,’ and
letter-number switching time adjusted for time on letter and number sequencing tasks from the
Delis-Kaplan Executive Function System (D-KEFS) Trail Making Test, and category-switching
score after adjusting for category fluency score on the D-KEFS Category switching tests.>!° The
working memory factor explains the variance related to working memory span that was not
captured by the executive factor score.> While the working memory and executive function

scores are correlated, we analyzed them separately to allow for comparability with other studies.
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Processing speed was derived from scores on the number and letter sequencing task of
the D-KEFS Trail-Making Test,'° color naming and word reading subtests of the Stroop Test,?
and the Simple Reaction Time task.*

Verbal fluency was derived from Letter fluency (F, A, and S), semantic fluency (Animals
and Boys’ Names) category switching subtest (fruits and items of furniture) from the D-KEFS.>
The semantic fluency factor explains the variance related to category fluency that was not

captured by general verbal fluency factor score.’
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Supplementary Table 2.2 Association of classifiable traumatic brain injury with cognitive
performance trajectories over a 12 year follow up

Outcome Model  Term B (95% CI)

Episodic memory 1 TBI 0.0175 (-0.0956; 0.1306)
Time -0.0455 (-0.0502; -0.0408)

TBI by time -0.0058 (-0.0145; 0.003)

2 TBI 0.0282 (-0.0866; 0.1429)

Time -0.0446 (-0.0495; -0.0396)

TBI by time -0.0072 (-0.0163; 0.0018)

3 TBI 0.0276 (-0.0873; 0.1425)

Time -0.0443 (-0.0493; -0.0393)

TBI by time -0.0075 (-0.0165; 0.0016)

Executive function 1 TBI 0.0438 (-0.0611; 0.1487)
Time -0.067 (-0.0715; -0.0626)

TBI by time -0.0066 (-0.015; 0.0017)

2 TBI 0.0613 (-0.0454; 0.168)

Time -0.0665 (-0.0712; -0.0618)

TBI by time -0.0076 (-0.0161; 0.001)

3 TBI 0.0639 (-0.0427; 0.1705)

Time -0.0662 (-0.0708; -0.0615)

TBI by time -0.0079 (-0.0163; 6e-04)

Processing speed 1 TBI -0.075 (-0.1939; 0.0439)
Time -0.0946 (-0.0992; -0.0899)

TBI by time 0.0036 (-0.0051; 0.0123)

2 TBI -0.0515 (-0.1677; 0.0648)

Time -0.092 (-0.097; -0.087)

TBI by time 0.001 (-0.0081; 0.0101)

3 TBI -0.0571 (-0.1737; 0.0594)

Time -0.0924 (-0.0974; -0.0874)

TBI by time 0.0014 (-0.0077; 0.0105)

Note: Classifiable traumatic brain injury (TBI) includes TBIs that were deemed mild or moderate/severe by
loss of consciousness and/or post traumatic amnesia. Beta () and 95% confidence intervals (CI) are derived
from linear mixed-effects models that included random intercepts and family-relatedness a random effect to
adjust for correlation between twin pairs. Time is defined as years from baseline. Model 1 fixed effects of
TBI, time, and a TBI by time interaction term, and adjusted for baseline age (centered at 57.86 years, the
average age of entry into VETSA), race/ethnicity, education, annual family income, and young adult cognitive
ability (AFQT at age 20). Model 2 additionally adjusted for time-varying BMI (standardized), smoking status,
alcohol use, and substance abuse, relationship status, participation in religious activities, number of close
friends, social isolation, and depressive symptom severity. Model 3 additionally adjusted for APOE €4 carrier

status

42



onewne) 1sod 1o/pue SSOUSNOIOSUOD JO SSO] AQ 9I9AIS/21LIOPOW JO PIIUL PP dIoM Jey) S[g [, sepnjoul ([g 1) AInfur ureiq orjewner) 9[qelISse])) 210N

own £q [g.1 Aq Snye)s JoLIEd 3 FOJV JO UONorIduI Aem-¢ € JNOYIIM PUB )M S[opowt pajsnipe Ay
o1edwod 0 $3S9) O1RI POOYIYI] SUISN PAIL[NO[BD dIoM (UoHowRl ) UOTIORIAUI 10] sanjeA 4 "A111oAos woydwAs oA1ssa1dop pue ‘UONB[OSI [RID0S ‘SSaUI[OUO]
‘spualLIj 9s0[o JO Joquinu ‘saniAnoe snoigijar ur uonedronied ‘snyejs diysuorie[al ‘asnqe oouerysqns ‘asn [oYoo[e ‘snye)s Surjows ‘(pozipiepue)s)

INF SutAiea-awn 10j pasnlpe A[feuonippe g [poIA “(0Z 288 18 1L.OAV) AI[Iqe 9AnIu309 Jnpe unok pue ‘Quodul A[IUe] [enuue ‘UoneoInp
‘Kyoruyo/aoel {(VSLIA oiur A1ud Jo oe ofeioae oy ‘s1eoA 98°/ ¢ 1e paIojuad) ofe ouljoseq J0J pajsnipe pue ‘uLIe) uonorIoUI oW Aq [ & pue

‘own) ‘[g.L JO 10910 POXIJ [ [OPOIA "uI[oseq WO S1eaK St pouljop st owl], "sited UIM] U99MI0q UOIR[O1I00 J0] ISNIPE 03 109J0 WOPUEI B SSOUPI)L[dI
-ATwey pue s3dooIojul WOpUERI PIP[OUL Jey) S[OPOLU SJOLJO-POXIW JeaUl] WOIJ POALIOP a1k (]D) S[eAIUI d0USPLUOD 9%,G6 Pue (g) vlog eisouwe

(102070 *+T10°07) 6£00°0 (911070 #010°0-) +0-29 owmn A9 19.L
(5080°0- “7860°0-) £680°0- (9L80°0- “8660°0-) LEGO 0~ owr [,
(T6L1°0 “665T°07) €0%0°0- (¥$80°0 “L¥61°07) LS00~ 1dL 4
(8020°0 *#010°0-) TS00°0 (9€10°0 *€L00°0-) 1€00°0 owmn £q 19.L
(€80°0- ©9660°0-) £160°0- (L060°0- “1201°07) #960°0~ owr [,
L6L9°0 (6981°0 <€997°0-) L6£0°0- (850°0 “¥17T°0-) L180°0- 9L I poads Fulssoooid
(¥0-98- °92€0°0~) L910°0- (9500°0 *S¥10°0-) #+00°0- own £q 19.L
(1790°0- “#6L0°0-) 80L0 0~ (685070~ L0°0-) S$¥90°0- owr],
(E16T°0 “6€€1°0-) L8LO0 (6581°0 :790°0-) 6190°0 1dL 4
(TT00°0- “TTE0°07) TL10'0- (89000 ‘6210°0-) €000~ owmn £q 19.L
(LT90°0- “98L0°0-) LOLO 0~ (L6S0°0- #0L0°0-) $90°0- owr [,
1590°0 (SLT0:8TET°0-) T1L0°0 (2T691°0 *65L0°0-) L9¥0°0 1dL I uonouny 9ANNOIXH
(¥00°0 :6620°0-) 6210°0- (€500°0 “€910°0-) $S00°0- own £q 19.L
(€L€0°0- “LSS0°07) S9%0°0- (TLEO0- “16%0°0-) 1€40°0- owr [,
(S90%°0 *6¥20°0-) 80610 (9TET1°0 “S6€1°07) #€00°0- 1dL 4
(2000 *8LT0°0-) 8110°0~ (#9000 ‘S¥10°0-) +00°0- owmn £q 19.L
(68€0°0- “6550°0-) ¥L¥0°0~ (98€0°0- S0°0-) €070~ owr [,
099€°0 (L98E°0 *S¥€0°0-) T9LT 0 (SPIT°0 “€EST0) 61070~ 1dL I Asowdur o1posidyg
uonoeIM] 7 (10 %S6) g (10 %S6) g WL, [OPON awoANQO
(9¢g=u) s X (6L6=1) ON

snje)s I9LIed +3 JOdV

"9[9[[® 2 HOJV Ue INOYIIM PUB YIIm SOy}
Suowe Aq sa110303[ex) dourwWIOJIdd 9AIUS0D Yym Amlur ureiq dsnewnes) d[qeIJISSe[d JO UONRIDOSSY €°7 d[qe [, Areyudwdjddng

43



Supplementary Table 2.4 Association of traumatic brain injury by severity with cognitive

performance trajectories over a 12 year of follow up

Outcome Term B (95% CI)

Episodic memory TBI (ref = no TBI) Mild -0.0075 (-0.1378; 0.1227)
Moderate/severe 0.1119 (-0.074; 0.2978)

Time -0.0443 (-0.0493; -0.0393)

TBI by time (ref = no TBI) Mild -0.0077 (-0.0179; 0.0026)

Moderate/severe -0.007 (-0.022; 0.0081)

Executive function TBI (ref = no TBI) Mild 0.0628 (-0.0582; 0.1838)
Moderate/severe 0.0647 (-0.1085; 0.2379)

Time -0.0662 (-0.0708; -0.0615)

TBI by time (ref = no TBI) Mild -0.0093 (-0.0188; 3e-04)

Moderate/severe -0.0043 (-0.0185; 0.0098)

Processing speed TBI (ref = no TBI) Mild -0.0448 (-0.1767; 0.0872)
Moderate/severe -0.0816 (-0.27; 0.1067)

Time -0.0924 (-0.0974; -0.0874)

TBI by time (ref = no TBI) Mild 0.0052 (-0.0051; 0.0154)

Moderate/severe -0.0079 (-0.0231; 0.0072)

Note: Beta (B) and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
random intercepts and family-relatedness a random effect to adjust for correlation between twin pairs. Time is
defined as years from baseline. Models include fixed effects of TBI, time, and a TBI by time interaction term, and
are adjusted for baseline age (centered at 57.86 years, the average age of entry into VETSA), race/ethnicity,
education, annual family income, young adult cognitive ability (AFQT at age 20) and APOE &4 carrier status.as
well as time-varying BMI (standardized), smoking status, alcohol use, substance abuse, relationship status,
participation in religious activities, number of close friends, social isolation, and depressive symptom severity.
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Supplementary Table 2.6 Association of traumatic brain injury before and after military
induction with cognitive performance trajectories over a 12 year follow up

Outcome

Term

B (95% CI)

Episodic memory

Executive function

Processing speed

TBI (ref = no TBI)

Time
TBI by time (ref = no TBI)

TBI (ref = no TBI)

Time
TBI by time (ref = no TBI)

TBI (ref = no TBI)

Time
TBI by time (ref = no TBI)

Before military induction

After military induction

Before military induction
After military induction
Before military induction

After military induction

Before military induction
After military induction
Before military induction

After military induction

Before military induction

After military induction

0.0336 (-0.1058; 0.173)
-0.0096 (-0.1611; 0.142)
-0.0441 (-0.0491; -0.0391)
-0.0062 (-0.0173; 0.005)
-0.005 (-0.0169; 0.007)
0.0912 (-0.038; 0.2205)
0.0255 (-0.1154; 0.1664)
-0.0661 (-0.0708; -0.0615)
-0.0111 (-0.0214; -7e-04)
-0.0035 (-0.0147; 0.0077)
-0.0209 (-0.1647; 0.1228)
-0.0598 (-0.2162; 0.0965)
-0.0926 (-0.0976; -0.0876)
0.0045 (-0.0066; 0.0156)
-0.0042 (-0.0162; 0.0078)

Note: Beta (B) and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
random intercepts and family-relatedness a random effect to adjust for correlation between twin pairs. Time is
defined as years from baseline. Models include fixed effects of TBI, time, and a TBI by time interaction term,
and are adjusted for baseline age (centered at 57.86 years, the average age of entry into VETSA), race/ethnicity,
education, annual family income, young adult cognitive ability (AFQT at age 20) and APOE &4 carrier status as
well as time-varying BMI (standardized), smoking status, alcohol use, substance abuse, relationship status,
participation in religious activities, number of close friends, social isolation, and depressive symptom severity.

46



Supplementary Table 2.7 Association of traumatic brain injury count with cognitive
performance trajectories over a 12 year of follow up

Outcome Term B (95% CI)

Episodic memory TBI (ref = no TBI) 1 TBI -0.0611 (-0.1894; 0.0673)
>2 TBIs 0.1708 (-0.0024; 0.344)

Time -0.0442 (-0.0492; -0.0392)

TBI by time (ref = no TBI) 1 TBI -0.0041 (-0.0144; 0.0061)

>2 TBIs -0.0085 (-0.0223; 0.0052)

Executive function TBI (ref = no TBI) 1 TBI 0.0172 (-0.102; 0.1364)
>2 TBIs 0.1486 (-0.0124; 0.3096)

Time -0.0662 (-0.0708; -0.0615)

TBI by time (ref = no TBI) 1 TBI -0.0093 (-0.0189; 2e-04)

>2 TBIs -0.0042 (-0.017; 0.0085)

Processing speed TBI (ref = no TBI) 1 TBI -0.013 (-0.1459; 0.1199)
>2 TBIs -0.0922 (-0.2714; 0.0869)

Time -0.0925 (-0.0975; -0.0875)

TBI by time (ref = no TBI) 1 TBI -0.0011 (-0.0113; 0.0092)

>2 TBIs 0.0036 (-0.0101; 0.0173)

Note: Beta (B) and 95% confidence intervals (CI) are derived from linear mixed-effects models that included random
intercepts and family-relatedness a random effect to adjust for correlation between twin pairs. Time is defined as
years from baseline. Models include fixed effects of TBI, time, and a TBI by time interaction term, and are adjusted
for baseline age (centered at 57.86 years, the average age of entry into VETSA), race/ethnicity, education, annual
family income, young adult cognitive ability (AFQT at age 20) and APOE &4 carrier status as well as time-varying
BMI (standardized), smoking status, alcohol use, substance abuse, relationship status, participation in religious
activities, number of close friends, social isolation, and depressive symptom severity.
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Supplementary Table 2.9 Secondary outcomes for the association of any traumatic brain injury
with cognitive performance trajectories over a 12 year of follow up
Outcome Model Term B (95% CI)

Working memory

1 TBI

0.0116 (-0.0859; 0.1091)

Time -0.0346 (-0.0386; -0.03006)
TBI by time -0.0047 (-0.0119; 0.0025)

2 TBI 0.0234 (-0.0757; 0.1225)
Time -0.0341 (-0.0383; -0.0299)
TBI by time -0.0051 (-0.0126; 0.0023)

3 TBI 0.0239 (-0.0751; 0.1229)
Time -0.0341 (-0.0383; -0.0299)
TBI by time -0.0051 (-0.0126; 0.0024)
Verbal fluency 1 TBI -0.0021 (-0.1123; 0.1081)
Time -0.0253 (-0.0296; -0.0209)
TBI by time -0.0055 (-0.0133; 0.0023)

2 TBI 0.0169 (-0.0942; 0.1279)
Time -0.0241 (-0.0287; -0.0194)
TBI by time -0.0077 (-0.0159; 4e-04)

3 TBI 0.0142 (-0.0971; 0.1255)
Time -0.0242 (-0.0288; -0.0196)
TBI by time -0.0076 (-0.0158; 6e-04)
Semantic fluency 1 TBI 0.053 (-0.0603; 0.1664)
Time -0.031 (-0.0364; -0.0255)
TBI by time -0.0079 (-0.0177; 0.002)

2 TBI 0.0811 (-0.0331; 0.1953)
Time -0.0305 (-0.0362; -0.0247)
TBI by time -0.0105 (-0.0208; -2¢-04)

3 TBI 0.0788 (-0.0357; 0.1934)
Time -0.0304 (-0.0362; -0.0246)
TBI by time -0.0105 (-0.0208; -2e-04)

Note: Beta (B) and 95% confidence intervals (CI) are derived from linear mixed-effects models that included random
intercepts and family-relatedness a random effect to adjust for correlation between twin pairs. Time is defined as
years from baseline. Model 1 fixed effects of TBI, time, and a TBI by time interaction term, and adjusted for
baseline age (centered at 57.86 years, the average age of entry into VETSA), race/ethnicity, education, annual family
income, and young adult cognitive ability (AFQT at age 20). Model 2 additionally adjusted for time-varying BMI
(standardized), smoking status, alcohol use, substance abuse, relationship status, participation in religious activities,
number of close friends, social isolation, and depressive symptom severity. Model 3 additionally adjusted for APOE

€4 carrier status
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Supplementary Figure 2.1 Trajectories of cognition function test performance over years from
baseline by TBI before or after military induction vs. no TBI, stratified by APOE &4 carrier
status. Plots are based on linear mixed-effects models adjusted for baseline age (centered at
57.86 years, the average age of entry into VETSA), race/ethnicity, education, annual family
income and young adult cognitive ability (AFQT at age 20) as well as time-varying BMI
(standardized), smoking status, alcohol use, substance abuse, relationship status, participation in
religious activities, number of close friends, loneliness, social isolation, and depressive symptom
severity.
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Supplementary Figure 2.2 Trajectories of secondary cognition function test performance
outcomes over years from baseline by TBI. Plots are based on linear mixed-effects models
adjusted for baseline age (centered at 57.86 years, the average age of entry into VETSA),
race/ethnicity, education, annual family income and young adult cognitive ability (AFQT at age
20) as well as time-varying BMI (standardized), smoking status, alcohol use, substance abuse,
relationship status, participation in religious activities, number of close friends, loneliness, social
isolation, and depressive symptom severity.
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Supplementary Figure 2.3 Trajectories of secondary cognition function test performance
outcomes over years from baseline by TBI stratified by APOE ¢4 carrier status. Plots are based
on linear mixed-effects models adjusted for baseline age (centered at 57.86 years, the average
age of entry into VETSA), race/ethnicity, education, annual family income and young adult
cognitive ability (AFQT at age 20) as well as time-varying BMI (standardized), smoking status,
alcohol use, substance abuse, relationship status, participation in religious activities, number of
close friends, loneliness, social isolation, and depressive symptom severity.
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Chapter 2, in part, is currently being prepared for submission for publication of the
material. Posis, Alexander Ivan B.; Alcaraz, John E.; Parada Jr., Humberto; Shadyab, Aladdin
H.; Elman, Jeremy A; Panizzon, Matthew S.; Reynolds, Chandra A.; Franz, Carol E.; Kremen,
William S.; McEvoy, Linda K. The dissertation author was the primary researcher and author of

this paper.
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Chapter 3 Associations of traumatic brain injury with markers of brain health among
older men in the Vietnam Era Twin Study of Aging

3.1 Abstract

Background: Traumatic brain injury (TBI) is a major cause of disability and mortality
and is associated with increased risk of dementia. However, it is unclear whether TBI
exacerbates changes in markers of brain health in aging.

Methods: This cross-sectional study included 517 male Vietnam Era Twin Study of
Aging participants at Wave 3 from 2016 to 2019 (median age=68 [range=61-72] years; 96.7%
non-Hispanic; 90.2% white). The Brain-Age Regression Analysis and Computation Utility
Software (BARACUS) was used on structural MRISs to calculate predicted brain age difference
(PBAD) scores. A multichannel segmentation approach measured and quantified abnormal white
matter (AWM). Restriction spectrum imaging (RSI) was used to characterize white matter
microstructure and model diffusion in restricted and free water compartments. Multivariable
linear mixed-effects models were used to estimate associations of TBI with PBAD, AWM, and
RSI outcomes. We also assessed differences by apolipoprotein E epsilon 4 (4APOE &4) status,
psychiatric symptoms based on depressive and posttraumatic stress symptom severity, and
loneliness.

Results: Thirty-four percent of participants reported a history of TBI. TBI was not
associated with PBAD or AWM (p-values > 0.05). In region-specific RSI analyses, TBI was
associated with lower restricted diffusion in the inferior longitudinal fasciculus bilaterally and
the left inferior occipital fasciculus compared to no TBI, after adjusting for age and scanner (p-

values < 0.05). Main effects for TBI were not significant in any other region after correction for
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multiple comparisons. There was no evidence to suggest effect measure modification by APOE
€4 status, elevated psychiatric symptoms, or loneliness for all primary outcomes.
Conclusions: Findings suggest that there are subtle white matter microstructural changes

after a TBI event that persist years after the initial injury.
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3.2 Introduction

There were an estimated 210,110 traumatic brain injury (TBI)-related hospitalizations in
the United States in 2020.!!” Furthermore, TBI was associated with an 84% higher risk of
dementia in a meta-analysis by the Lancet Commission.* Brain atrophy following TBI may
contribute to this elevated dementia risk.** Potential mechanisms include accelerated brain aging
by neuronal damage caused by a TBIL,’* and earlier onset of age-related neurodegenerative
processes such as white matter degredation.!!'®

Given that TBI is associated with higher risk of dementia* and may deplete neuronal
resources and exacerbate the brain atrophy process,* it is of public health interest to identify
sensitive biomarkers indicative of reduced structural integrity after a TBI. Prior studies among
mostly younger-aged participants and within relatively short temporal proximity to the TBI event
reported evidence of adverse brain associations, including older predicted brain age difference
(PBAD) scores* and altered white matter microstructure.*>>2> For example, one study reported
that compared to non-TBI participants, those with TBI (n = 99; mean age = 38 years; mean time
since injury = 28 months) had an older predicted brain age based on grey and white matter
models, with larger predicted brain age differences observed among older participants.** Others
have reported differences in white matter microstructure. For example, one study of 40
participants with TBI (mean age = 48 +/- 17 years; mean time since injury = 73 months) reported
altered white matter microstructure in the inferior longitudinal fasciculus (ILF), and in the
forceps minor.>? Another study (n with TBI = 30; mean age = 38.5 +/- 10.1 years; median time
since injury = 34 months) found that TBI was associated with altered diffusion metrics for the

corpus callosum, ILF bilaterally, as well as the anterior regions of the fronto-occipital tracts.>
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The longer term (i.e., over decades) consequences of TBI on brain health in aging are not
well understood,** and few studies have examined associations of remote TBI with neuroimaging
measures in later life.*¢ A study of 51 older adults with mild TBI (mean age = 65.1 years;
average age of injury = 33.1 years) found smaller volumes of temporal white matter compared to
controls.* More research on whether earlier life TBI is associated with differences in measures
of brain health at older age is warranted.

The objective of this study was to test the association between lifetime history of TBI and
three different neuroimaging-based measures of brain health including PBAD, abnormal white
matter (AWM), and restriction spectrum imaging (RSI) white matter metrics among a well-
characterized cohort of older aged men (age range = 61-72 years). We hypothesized that TBI
would be associated with greater PBAD, a higher proportion of AWM to total white matter, and
with altered white matter microstructure based on RSI in regions such as the ILF. We also
examined group differences (i.e., effect measure modification) by apolipoprotein E epsilon 4
(APOE &4) genotype, given that this polymorphism confers higher risk for Alzheimer’s disease.”®
With evidence showing the importance of social connection in health-related outcomes,®! we
also examined effect measure modification by depressive and post-traumatic stress symptom
severity, and loneliness.

3.3 Methods
3.3.1 Study Population

The Vietnam Era Twin Study of Aging (VETSA) is an ongoing longitudinal study of men
that began in 2001; the study design is described in detail elsewhere.3%8! At the time of
enrollment, VETSA participants had similar health and lifestyle characteristics compared to US

men in their age cohort according to Center for Disease Control and Prevention data,* and
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approximately 80% of VETSA participants did not report combat exposure.®> The present cross-
sectional study used data from the Wave 3 MRI component (n=525) of VETSA, which occurred
between 2016 to 2019.80:8!

For the present study, we excluded participants based on poor image quality (e.g., due to
excessive motion) or cerebral abnormalities (e.g., tumors, large strokes) that resulted in poor
image segmentation accuracy (Figure 1). For PBAD, we excluded 5 participants with abnormal
radiological findings and 10 with poor image quality resulting in an analytic sample of 510. For
AWM, there were 475 participants with multichannel imaging data to compute global volumes;
we excluded 4 participants with abnormal radiological findings resulting in an analytic sample of
471. There were 505 participants with diffusion imaging data to compute RSI outcomes; we
excluded 5 participants with abnormal radiological findings, and 41 whose data failed quality
assurance resulting in an analytic sample of 459. There were 517 unique participants across all
analyses. This study was approved by the University of California, San Diego Institutional
Review Board. All participants provided written informed consent.

3.3.2 Outcomes
3.3.2.1 MRI acquisition and processing

Methods for MRI acquisition and processing in VETSA are described in detail
elsewhere.!1%120 T1-, T2-, proton-density (PD)-, and diffusion-weighted images were obtained
using standardized protocols in VETSA. Images were acquired on two GE 3 T Discovery 750x
scanners (GE Healthcare, Waukesha, WI, USA) with 8-channel phased array head coils.
Anatomical data were acquired with a sagittal 3D fast spoiled gradient echo (FSPGR) T1-
weighted (T1w) volume, optimized for maximum gray/white contrast (TE = 3.2 ms, TR = 8.1

ms, TT = 600 ms, flip angle = 8 degrees, matrix = 256 x 192, in-plane resolution = 1 x 1 mm,
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slice thickness = 1.2 mm, slices = 172), and a coronal 2D FRFSE-XL T2 with 2 mm slice
thickness, FOV =24 cm, TE = 94 ms, TR =4.6 s, ETL = 16, frequency = 256, phase = 256, 2
NEX; and a coronal 2D FSE-XL PD with 2 mm slice thickness, FOV = 24 cm, TE = min/full,
TR =3 s, ETL =4, frequency = 256, phase = 256. Diffusion data were acquired with a multi-
shell diffusion-weighted scan (54-directions, b values = [0 (x3), 666 (x6), 1333 (x15), 2666
(x15), 4000 (x15)] s/mm?, integrated with a pair of b = 0 images with opposite phase-encode
polarity, TR = 6600 msec, TE = 81.1 msec, matrix = 96x96, in-plane resolution = 2.5x2.5 mm,
slice thickness = 2.5 mm, 54 slices). T1w structural images were processed using the FreeSurfer
software package,'?! as described previously to obtain measures of subcortical gray matter
119,120

volume, cortical thickness and cortical surface area.

3.3.2.2 Predicted brain age difference score (PBAD)

The Brain-Age Regression Analysis and Computation Utility Software (BARACUS)

v0.9.4 was used to calculate predicted brain age based on structural MRIs,!??

as previously
described for VETSA participants.!?*!24 Based on each participant’s cortical thickness, cortical
surface area, and subcortical volume measures derived from FreeSurfer, BARACUS used linear
support vector regression models to create a composite brain age score. The predicted brain age
difference (PBAD) score was calculated as the difference between the participant’s
chronological age and predicted brain age, such that more negative PBAD values suggest an
older brain age compared to an individual’s chronological age. Residualized PBAD scores,
adjusted for scanner, were used as the outcome variable. To account for age-dependent bias in

predicted brain age (because brain age may be overestimated for younger participants and

underestimated for older participants), analyses adjusted for chronologic age.'?>
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3.3.2.3 Abnormal white matter (AWM)

A multi-segmentation approach was used to measure and quantify global abnormal white
matter (AWM; i.e., regions within the white matter that are hyperintense on T2-weighted
images) volume based on methods described previously.!?° Briefly, combining information from
T1-, T2-, and PD-weighted images, the tissue segmentation was performed using the statistical
classification framework of the open source Insight Segmentation and Registration Toolkit
(ITK),!2¢ leveraging Scott's L2E method!?” to determine robust means and covariances, and in
combination with anatomical considerations via ITK’s morphological operators.!'?® Since partial
voluming of fluid and white matter along the edges of ventricles results in voxels with AWM-
like signal, any voxels that touched a ventricular fluid voxel were excluded from the estimated
volumes. Due to the non-normal distribution of AWM data, the values were transformed using
the natural log. The outcome measure used was the proportion of total white matter that was
abnormal, a ratio of global AWM to total white matter.

3.3.2.4 Diffusion MRI processing and restriction spectrum imaging (RSI)

Diffusion MRI (dMRI) images were pre-processed as previously described in VETSA.!2°
Briefly, dMRI images were corrected for eddy current distortions, '3 head motion,!3! By

132-134 and gradient nonlinearity distortion.!* and T2-weighted b=0

susceptibility distortion,
images were registered to T1-weighted structural images. Registration quality of the images was
manually reviewed. Diffusion-weighted images were resampled into a standard orientation with
2mm isotropic resolution using cubic interpolation. White matter tracts were labeled using a
probabilistic atlas (AtlasTrack'*%; Hagler et al., 2009'31),

Restriction spectrum imaging (RSI) was used to characterize white matter microstructure

by modeling diffusion in the restricted, hindered, and free water compartments,'>’-'** which
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roughly correspond to intracellular, extracellular, and fluid filled spaces, respectively. RSI
methods are described in detail elsewhere.!!® RSI metrics, representing the total diffusion signal
(i.e., both isotropic and anisotropic) in each of the three compartments, were calculated as the
square root of the sum of squares of model fit parameters for each compartment. Normalized
signal fractions were calculated by dividing by the square root of the sum of squares for all
model fit parameters, resulting in unitless measures that range from 0 to 1.

Our primary RSI outcomes of interest were the normalized signal fractions of the
restricted and free water compartments, averaged across all white matter tract voxels. We
focused on restricted diffusion given its improved characterization of fiber architecture compared
to hindered diffusion.!®” To investigate the potential for regionally specific vulnerabilities to TBI,
we examined diffusion parameters within white matter tracts previously found to be affected by
TBI,>%> which included the corpus callosum, forceps major and minor, inferior frontal
fasciculus (ILF) bilaterally, and the inferior frontal occipital fasciculus (IFOF) bilaterally.

3.3.3 Main exposure: traumatic brain injury (TBI)

Lifetime TBI, reported at any VETSA wave, was defined based on methods described in
prior work in VETSA ** Briefly, participants were asked four questions regarding prior head
injury at each VETSA Wave: 1) “Have you ever had a severe head injury that was associated
with loss of consciousness or confusion?”’; 2) “Did that head injury (any of those head injuries)
result in your staying overnight in the hospital?”’; 3) “Have you ever been told by a doctor that
you had a concussion? (If ‘Yes,” how many times?)”; and 4) “Altogether, how many different
head injuries or concussions (all total) have you had?” Starting in Wave 2 of VETSA,
participants who reported having had a head injury were asked details of each head injury which

included age, cause of injury, receipt of medical attention or hospitalization, presence/duration of
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loss of consciousness (LOC), posttraumatic amnesia (PTA), confusion or memory loss, and
seizures related to the injury. For the present study, history of lifetime symptomatic TBI was
defined as a binary variable (any/none). We also considered variables for severity based on LOC
and/or PTA (mild; moderate/severe; unclassifiable), multiple TBI (0; 1; >2), and history of TBI
before military induction (none; before military induction; after military induction).

3.3.4 Effect modifiers: apolipoprotein E, elevated psychiatric symptoms, and loneliness

We tested for effect measure modification among a subset of the study population with
data on APOE &4 carrier status, depressive symptom severity, posttraumatic stress symptom
severity, and loneliness. Genotyping methods in VETSA are described in detail elsewhere.”’
Participants were classified as an APOEF &4 carrier if they had at least one €4 allele or as non-
carriers otherwise. There was a high correlation between depressive and posttraumatic symptom
severity (r=0.75; p <0.01). Therefore, we created a composite binary variable for psychiatric
symptoms, indicating the presence or absence of depressive and posttraumatic stress
symptoms.'?1140 Ag defined in our prior work,** scores >36 on the PTSD Checklist — Civilian
version'# or >16 on the Center for Epidemiologic Studies Depression Scale (CES-D)'%! were
classified as clinically significant symptoms. Loneliness was measured using a single item from
the CES-D which asked how often the participant felt lonely in the past week.!! The loneliness
item is moderately correlated with the three-item University of California, Los Angeles
Loneliness Scale (r = 0.49; p < 0.01).19
3.3.5 Covariates

Covariate information was derived from medical interviews and questionnaires that were
completed at VETSA Wave 3. Covariates of interest were selected based on prior literature®*-*

and included age at the VETSA Wave 3 visit, race/ethnicity, years of education (as a

65



socioeconomic status index), young adult general cognitive ability as measured by the Armed
Forces Qualification Test (AFQT), and annual family income (<$40,000; $40,000-$89,999;
>$90,000). The AFQT, administered at an average age of 20 years,”®* is a 100-item multiple
choice test administered to service members prior to military induction and is highly correlated
with Wechsler IQ (= 0.84).19 AFQT scores were recorded as percentiles based on military
norms, then converted to z-scores (i.e., quantiles from the standard normal distribution). We also
considered the following covariates assessed at Wave 3: body mass index (BMI; kg/m?),
smoking status (never; former; current), alcohol use (never; former; light; moderate; heavy),
relationship status (none; married or in a relationship), participation in religious activities (<2
times a month; >3 times a month), number of close friends (<2; >3), social isolation (at least 1
confidant; no confidants), and elevated psychiatric symptoms (yes; no). Social isolation was
assessed using the following question, “How many people do you know who you can trust and
confide in?” as defined in a prior report.!*

3.3.6 Statistical analysis

Participant characteristics at VETSA Wave 3 were summarized by TBI status.
Continuous characteristics were described using median (range) and categorical variables were
described using counts (percentages). Differences in characteristics by TBI groups were assessed
using linear mixed-effects models for continuous variables and multinomial logistic regression
models for categorical variables. Race and ethnicity were combined for group comparisons given
sparse cell sizes. Models included a random intercept of family relatedness to account for the
correlation between twin pairs.

For our primary analyses, we fit multivariable linear mixed-effects models to estimate

cross-sectional associations of TBI status with PBAD, AWM ratio, and RSI outcomes,

66



separately. We used four successively adjusted models: Model 1 included the fixed effects of
TBI and adjusted for age (and scanner for RSI models; potential scanner differences were
accounted for in the computation of PBAD and AWM). Model 2 additionally adjusted for socio-
demographic characteristics including race/ethnicity, education, annual family income, and
young adult cognitive ability; Model 3 additionally adjusted for health- and social-related
characteristics that may potentially operate as mediators and included BMI (standardized),
smoking status, alcohol use, relationship status, participation in religious activities, number of
close friends, social isolation, and psychiatric symptoms; Model 4 additionally adjusted for
APOE €4 carrier status. We separately assessed effect measure modification by APOE €4 carrier
status, psychiatric symptom severity, and loneliness. P values for interaction (Pnteraction) Were
calculated using likelihood ratio tests comparing fully adjusted models with and without a 2-way
interaction of the effect modifier-by-TBI.

We performed several sensitivity analyses building on Model 1. To assess whether there
were differences by timing of injury, we used a three-level TBI variable indicating when a TBI
occurred relative to military induction (no TBI; TBI before military induction; TBI after military
induction). To assess the potential impact of greater TBI severity, we repeated analyses by TBI
severity (no TBI; mild TBI; moderate/severe TBI). Because repetitive TBI is hypothesized to
accelerate dementia-related pathology,** we used a three-level TBI variable indicating the
number of reported TBIs (no TBI; 1 TBI; >2 TBIs).

All statistical analyses were conducted in R (version 4.2.2; R Core Team, 2022). The
Ime4 package was used for linear mixed-effects analyses.!? Statistical tests were two-tailed, and

P values were considered significant at p <0.05. Given that we considered 16 outcomes for our
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RSI analyses across the free and restricted diffused compartments, we corrected for multiple
comparisons using the Li and Ji method for false discovery rate (FDR) adjustment.'#!

3.4 Results
3.4.1 Participant characteristics at study entry

Of the 517 men included in this study, 34% reported lifetime TBI and 12.7% reported >2
TBIs. The most common TBI severity was mild (67%) while 29% were moderate/severe and 4%
were unclassifiable (i.e., did not have data on presence of LOC, confusion or memory loss,
seizures, medical attention, or hospitalization due to injury). The majority of those with TBI
reported history prior to military induction (59%) and the median age at first TBI was 18
(range=2-69) years. At Wave 3, the median age of participants was 68.7 (range=61-72) years old
(Table 3.1). Most men were non-Hispanic/Latino (96.7%) and white (90.2%). A higher
proportion of those with TBI history had >12 years of education (70.6% vs. 60.3% , p-value =
0.03), were more likely to be heavy alcohol users (16% vs. 10.1%; p-value < 0.01), less likely to
participate in religious activities >3 times a month (39.0% vs. 49.6%; p-value < 0.01), more
likely to report feeling lonely in the past week (26.0% vs. 17.5%; p-value = 0.03), and more
likely to have significant depressive symptom severity (15.3% vs. 7.3%; p-value = 0.02).

3.4.2 PBAD and AWM by TBI status

There were no statistically significant associations of TBI status with PBAD (Table 3.2)
or AWM (Table 3.3) in any model. Additionally, APOE &4 carrier status did not modify the
association between TBI and PBAD or AWM (PBAD Prteraction = 0.44; AWM Pryteraction = 0.59).

3.4.3 White matter microstructure by TBI status

There were no statistically significant associations of TBI with restricted diffusion

averaged across all white matter tracts (Table 3.4; Figure 3.2). Increased age was associated with
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lower total diffusion in the restricted compartment averaged across all tracts (f = -0.002; SE =
0.0008; p-value = 0.04). In region-specific analyses, TBI was associated with lower restricted
diffusion in bilateral ILF (left IFL: p =-0.017, SE = 0.005; right ILF: § =-0.013, SE = 0.005),
and left IFOF (B =-0.013, SE = 0.005) in minimally adjusted models. Associations of TBI with
restricted diffusion were of similar magnitude after further adjustment in Models 2, 3, and 4, but
were not significant after multiple comparisons adjustment, except for the left ILF for Model 2.
Increased age was associated with lower restricted diffusion in the left ILF controlling for TBI (3
=-0.0028; SE = 0.0012; p-value = 0.02). There were no significant associations between TBI
and free water diffusion in any tract. Increased age was associated with higher total free water
diffusion ( = 0.002; SE = 0.0007; p-value < 0.01), averaged across all tracts after controlling for
TBI. There was no evidence to suggest effect measure modification by APOE €4 carrier status in
the association between TBI with all white matter tract ROIs (Pinteraction > 0.12, all).

3.4.4 Effect measure modification by elevated psychiatric symptoms, and loneliness

There was no evidence to suggest effect measure modification by elevated psychiatric
symptoms or loneliness in the associations of TBI with PBAD, AWM, and RSI outcomes
(Prnteraction > 0.22, all; Supplementary Tables 3.5-3.7). There were also no significant interactions
between TBI with elevated psychiatric symptoms (Pineraction = 0.72) or loneliness (Prnteraction =
0.90) in relation to total restricted diffusion in the left ILF (Supplementary Table 3.8).

3.4.5 Sensitivity analysis

In sensitivity analyses, there were no statistically significant associations of timing,
severity, or number of TBIs with PBAD or AWM (Supplementary Table 3.1). Associations did
not differ by the timing of the TBI (i.e., before or after military induction), the severity of the

TBI, or the number of TBIs in relation to white matter ROIs (Supplementary Tables 3.2-3.4).
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3.5 Discussion

In this cross-sectional study of older men, history of TBI was not associated with
predicted brain age difference or proportion of abnormal white matter in older adulthood. Using
sensitive measures of white matter microstructure, TBI was associated with lower restricted
diffusion in the ILF bilaterally and left IFOF compared to no TBI. There was no evidence of
differences according to the timing, severity, or number of TBI. We did not find effect measure
modification by APOE &4 carrier status, elevated psychiatric symptoms, or loneliness with any of
the primary outcomes. While TBIs were not associated with more global neuroimaging-based
measures of brain health, these findings suggest that earlier life TBI has subtle effects on long-
range white matter tracts in later life.

We did not find significant differences in PBAD scores by participants’ TBI status. In a
prior study of younger adults that modeled PBAD based on white and grey matter volumetric
measures separately, participants with TBI had a greater PBAD compared to controls in both
models.* Participants were scanned on an average of 28.4 months post-TBI.** Most injuries
were moderate/severe TBI (82.8%), and the authors did not find significant differences among
those with mild TBI compared to controls.** In our study, participants were scanned an average
of 45.3 years after their first TBI and most injuries were mild (67.2%). Our null findings may be
indicative of the mild severity of injury and potential attenuation of the effects of TBI over time.
Additionally, the brain age measure generated by BARACUS is based on gray matter measures,
and is not sensitive to differences in white matter which, as suggested by our results, may be
more vulnerable to TBI-related effects.

TBI, relative to no TBI, was associated with lower restricted diffusion in the ILF

bilaterally and the left IFOF. Lower restricted diffusion may be indicative of lower structure
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integrity due that may, for example, reflect breakdown in cellular membranes. The ILF is a long-
range white matter tract which connects the occipital and temporal lobes to the anterior temporal
areas of the brain.!*? The IFOF connects the parietal and occipital lobes to the frontal lobe.!*?
Our findings are generally in line with two smaller studies of mostly younger adults that used a
similar diffusion approach (i.e., neurite orientation dispersion and density imaging), which has

analogs to the restricted and free water measures we present here.>2>3

TBIs may cause loss of
white matter integrity in these regions and have further effects on cognitive function.* In a
previous report on this sample, we found that greater executive function ability was associated
with less free water.!** In a study of 52 participants (age range = 25-82 years), fractional
anisotropy in the left ILF was positively correlated with visual spatial and memory
performance.!* While there were no significant differences in macrostructural measures of
PBAD and AWM by TBI status, our results add to the current evidence base by showing that
differences in TBI-associated white matter microstructure injury measured by RSI are apparent
at later life, many years after injury.

We did not find significant interactions of elevated psychiatric symptoms or loneliness
with TBI in relation to any outcomes of interest. These are important to consider given that
depressive and posttraumatic stress symptoms, in addition to other conditions, are often present
following a TBI event.!#® Future work in larger and more diverse samples should consider
clarifying whether psychiatric symptoms mediate the relationship between TBI and brain health
given that posttraumatic stress disorder and depression are common outcomes following a
TBI, 47 and depression may be a symptom or prodrome of dementia.!'*®

This study has several strengths, which included a large and well-characterized study

sample with multimodal neuroimaging data. There was also information on potentially
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confounding characteristics, and we were able to examine effect measure modification by APOE
status and multiple aspects of social contact. However, there were several limitations to consider.
First, this study was cross-sectional, which does not allow for assessment of within-participant
change for the outcomes of interest. Further follow-up of the VETSA cohort should assess these
relationships over the life course and probe if TBI accelerates ongoing age-related structural
changes to the brain. Second, data on lifetime TBI were derived from retrospective reports of
often remote events, possibly contributing to information bias. There is also potential for
selection bias due to survival bias given that participants needed to have lived to middle-to-older
age to be included in the present study. Lastly, while our study population was representative of
US men in this age cohort with respect to education and health characteristics,® there is limited
generalizability of our findings to women and populations of diverse race and ethnicity, requiring
future study among these populations.

In this study of community-dwelling men who were in early older age, we found small
and regionally specific associations of TBI with lower restricted diffusion, primarily in the ILF
and IFOF. Our findings suggest that there are subtle white matter microstructural effects after a
TBI event that may have persisted decades after the initial injury. These changes may contribute
to greater age-related cognitive decline, although we did not assess this in the present study.
Because the Lancet Commission highlights TBI as a risk factor for dementia,* these results
provide further rationale for public health interventions and policy intended to prevent TBI and

to mitigate the impact of TBI-related cognitive decline and dementia risk in later life.
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Table 3.1 Participant characteristics at Wave 3 by traumatic brain injury (TBI) status

TBI status

Characteristic No (N=340) Yes (N=177) p-value
Age Median [Min, Max] 68.9[61.4,71.7] 68.5[62.6,71.0] 0.67

Non-Hispanic or Non-
Ethnicity Latino 325 (95.6%) 175 (98.9%) 0.59
Race White 305 (89.7%) 164 (92.7%)
Education years <12 135 (39.7%) 52 (29.4%) 0.03

13-14 100 (29.4%) 57 (32.2%)

15-16 73 (21.5%) 49 (27.7%)

>16 32 (9.4%) 19 (10.7%)
Income <$40,000 43 (16.7%) 23 (19.2%) 0.55

$40,000-$89,999 139 (54.1%) 61 (50.8%)

>$90,000 75 (29.2%) 36 (30.0%)

0.250 [-1.18, 0.380 [-1.00,

AFQT Median [Min, Max] 2.05] 2.32] 0.13
BMI Median [Min, Max] 29.0[16.0,42.8] 29.1[16.0,40.9] 0.62
Smoking status Never 126 (37.2%) 71 (40.1%) 0.48

Former 159 (46.9%) 77 (43.5%)

Current 11 (3.2%) 3 (1.7%)
Alcohol use Never 35 (10.4%) 8 (4.6%) <0.01

Former 101 (29.9%) 50 (28.6%)

Light 132 (39.1%) 71 (40.6%)

Moderate 36 (10.7%) 18 (10.3%)

Heavy 34 (10.1%) 28 (16.0%)
Relationship status Married or in a relationship 272 (80.2%) 130 (73.4%) 0.09
Participation in religious
activities >3 times a month 168 (49.6%) 69 (39.0%) <0.01
Close friends >3 310 (92.0%) 162 (91.5%) 0.87
Social isolation No confidants 13 (3.8%) 9 (5.1%) 0.80
Depressive symptoms Yes 24 (7.3%) 27 (15.3%) 0.02
PTSD symptoms Yes 42 (12.7%) 31 (17.7%) 0.32
Elevated psychiatric
symptoms Yes 49 (15.0%) 40 (22.9%) 0.06
APOE &4 carrier Yes 72 (24.1%) 35 (24.6%) 0.61

P-values were derived from linear mixed-effects models for continuous variables or multinomial logistic
regression models for categorical variables, with a random intercept for family-related to account for the
correlation between twin pairs. Race and ethnicity were combined for group comparisons given sparse cell sizes.
n missing: income = 140 (27.1%), AFQT = 8§ (1.5%), BMI = 1 (0.2%), smoking status = 1 (0.2%), alcohol use =
4 (0.8%)), relationship status = 1 (0.2%), participation in religious activities =1 (0.2%), close friends = 3 (0.6%),

social isolation = 2 (0.4%), depressive symptoms = 11 (2.1%), PTSD symptoms = 12 (2.3%), elevated

psychiatric symptoms = 16 (3.1%), and APOE &4 carrier = 76 (14.7%)



Table 3.2 Association of traumatic brain injury with predicted brain age difference score

Model B (95% CI) p-value
1 -0.25 (-1.10, 0.61) 0.57
2 -0.55 (-1.54, 0.45) 0.28
3 -0.40 (-1.44, 0.64) 0.45
4 -0.41 (-1.46, 0.63) 0.44

Note: Beta (B) and 95% confidence intervals (CI) are derived from linear mixed-effects models
that included family-relatedness a random intercept to adjust for correlation between twin
pairs. P-values are derived from type III analysis of variance with Satterthwaite's method.
Model 1 include the fixed effect of traumatic brain injury, adjusted for age. Model 2
additionally adjusted for race/ethnicity, education, annual family income, and young adult
cognitive ability (AFQT at age 20). Model 3 additionally adjusted for BMI (standardized),
smoking status, alcohol use, relationship status, participation in religious activities, number of
close friends, social isolation, and elevated psychiatric symptoms. Model 4 additionally
adjusted for APOE &4 carrier status.
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Table 3.3 Association of traumatic brain injury with abnormal white matter ratio

Model B (95% CI) p-value
1 -0.0016 (-0.0085, 0.0054) 0.66
2 0.0019 (-0.0063, 0.010) 0.64
3 0.0013 (-0.0074, 0.010) 0.76
4 0.0011 (-0.0076, 0.0098) 0.81

Note: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models
that included family-relatedness a random intercept to adjust for correlation between twin
pairs. P-values are derived from type III analysis of variance with Satterthwaite's method.
Model 1 include the fixed effect of traumatic brain injury, adjusted for age. Model 2
additionally adjusted for race/ethnicity, education, annual family income, and young adult
cognitive ability (AFQT at age 20). Model 3 additionally adjusted for BMI (standardized),
smoking status, alcohol use, relationship status, participation in religious activities, number of
close friends, social isolation, and elevated psychiatric symptoms. Model 4 additionally
adjusted for APOE &4 carrier status.
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VETSA Wave 3 MRI
Component (n=525)

v

Participants with

multimodal data for AWM Participants with diffusion

data for RSI (n=505)

(n=475)
Abnormal *  Abnormal
radiological *  Abnormal radiological
— findings (n=5) p— radiological p— findings (n=5)
*  PoorImage quality findings (n=4) *  Failed data quality
(n=10) check (n=41)
A 4
PBAD analytic sample AWM analytic sample RSI analytic sample
(n=510) (n=471) (n=459)

Total sample across all 3
outcomes (n=517)

Figure 3.1 CONSORT diagram by study outcome. VETSA = Vietnam Era Twin Study of
Aging; TBI = traumatic brain injury; PBAD = predicted brain age difference score; AWM =
abnormal white matter; RSI = restriction spectrum imaging; MRI = magnetic resonance imaging
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Figure 3.2 Associations of traumatic brain injury with specific regions of interest derived
from restriction spectrum imaging measures. Beta () and 95% confidence intervals (CI) are
derived from linear mixed-effects models that included family-relatedness a random intercept to
adjust for correlation between twin pairs. P-values are derived from type III analysis of variance
with Satterthwaite's method. Model 1 includes the fixed effect of traumatic brain injury, adjusted
for age and scanner. CC = corpus callosum. Fmaj = forceps major. Fmin = forceps minor. [IFOF
= inferior frontal occipital fasciculus. ILF = inferior longitudinal fasciculus.
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Supplementary Table 3.2 Associations of traumatic brain injury timing with regions of interest
derived from restriction spectrum imaging measures

No TBI TBI prior to military induction TBI after military induction
Region of interest B (95% CI) B (95% CI) B (95% CI)

» All fibers 1 (ref) -0.0033 (-0.011, 0.0043) -0.008 (-0.0165, 5e-04)
£ CC 1 (ref) -0.0028 (-0.0115, 0.0059) -0.0077 (-0.0175, 0.002)
i Fmaj 1 (ref) -0.0021 (-0.0113, 0.0072) -0.0109 (-0.0212, -5e-04)
E Fmin 1 (ref) -0.0045 (-0.0162, 0.0071) -0.0154 (-0.0283, -0.0024)
é IFOF - Left 1 (ref) -0.0099 (-0.0208, 9¢-04) -0.0128 (-0.0248, -8e-04)
;i:j ILF - Left 1 (ref) -0.0137 (-0.0258, -0.0015) -0.0219 (-0.0355, -0.0083)
&  IFOF - Right 1 (ref) -0.0046 (-0.0159, 0.0067) -0.0125 (-0.0251, 1e-04)

ILF - Right 1 (ref) -0.0097 (-0.0213, 0.0019) -0.0165 (-0.0295, -0.0035)

All fibers 1 (ref) -0.0047 (-0.0113, 0.002) 0.0016 (-0.0058, 0.009)
5 CC 1 (ref) -0.0052 (-0.0138, 0.0034) 0.0022 (-0.0075, 0.0118)
§ Fmaj 1 (ref) -0.0068 (-0.0166, 0.003) 0.0056 (-0.0054, 0.0166)
E Fmin 1 (ref) -0.0078 (-0.0189, 0.0033) 0.0074 (-0.0051, 0.0198)
é: IFOF - Left 1 (ref) -0.0014 (-0.0113, 0.0085) 0.0062 (-0.0049, 0.0172)
% ILF - Left 1 (ref) 0.0044 (-0.0077, 0.0164) 0.0134 (-2e-04, 0.0269)
= IFOF - Right 1 (ref) -0.0085 (-0.0188, 0.0018) 0.0051 (-0.0065, 0.0167)

ILF - Right 1 (ref) -0.0072 (-0.0188, 0.0044) 0.0134 (-2e-04, 0.0269)

Notes: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. Models include the fixed effect
of traumatic brain injury, adjusted for age and scanner. § = beta. SE = standard error. FDR = false discovery rate.
CC = corpus callosum. Fmaj = forceps major. Fmin = forceps minor. IFOF = inferior frontal occipital fasciculus.

ILF = inferior longitudinal fasciculus.
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Supplementary Table 3.3 Associations of traumatic brain injury severity with regions of
interest derived from restriction spectrum imaging measures

No TBI Mild TBI Moderate/Severe TBI
Region of interest B (95% CI) B (95% CI) B (95% CI)

o All fibers 1 (ref) -0.0052 (-0.0122, 0.0018) -0.0052 (-0.0157, 0.0053)
2 CC 1 (ref) -0.0034 (-0.0114, 0.0045) -0.008 (-0.0199, 0.004)
g Fmaj 1 (ref) -0.0031 (-0.0116, 0.0054) -0.0105 (-0.0232, 0.0022)
B Fmin 1 (ref) -0.0076 (-0.0182, 0.003) -0.0115 (-0.0276, 0.0045)
é IFOF - Left 1 (ref) -0.0106 (-0.0205, -7e-04) -0.0119 (-0.0269, 0.0031)
i:j ILF - Left 1 (ref) -0.0165 (-0.0277, -0.0053) -0.0169 (-0.0337, -5e-05)
& IFOF - Right 1 (ref) -0.0095 (-0.0198, 9¢-04) -0.004 (-0.0197, 0.0116)

ILF - Right 1 (ref) -0.0137 (-0.0245, -0.0029) -0.009 (-0.0252, 0.0071)

All fibers 1 (ref) -0.0034 (-0.0094, 0.0027) 2e-04 (-0.0088, 0.0092)
5 CC 1 (ref) -0.0046 (-0.0124, 0.0031) 0.0036 (-0.0081, 0.0152)
§ Fmaj 1 (ref) -0.0057 (-0.0147, 0.0034) 0.006 (-0.0075, 0.0195)
E Fmin 1 (ref) -0.0028 (-0.0131, 0.0074) 0.001 (-0.0143, 0.0163)
'% IFOF - Left 1 (ref) -1e-04 (-0.0092, 0.0089) 0.0041 (-0.0094, 0.0177)
‘§ ILF - Left 1 (ref) 0.0034 (-0.0076, 0.0145) 0.0154 (-0.001, 0.0319)
~  IFOF - Right 1 (ref) -0.0038 (-0.0133, 0.0057) -0.0027 (-0.0169, 0.0116)

ILF - Right 1 (ref) 8e-04 (-0.01, 0.0115) 0.0154 (-0.001, 0.0319)

Notes: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. P-values are derived from type
IIT analysis of variance with Satterthwaite's method. P-values surviving FDR-correction are highlighted in bold.
Models include the fixed effect of traumatic brain injury, adjusted for age and scanner. f = beta. SE = standard
error. FDR = false discovery rate. CC = corpus callosum. Fmaj = forceps major. Fmin = forceps minor. IFOF =
inferior frontal occipital fasciculus. ILF = inferior longitudinal fasciculus.
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Supplementary Table 3.4 Associations of traumatic brain injury count with regions of interest
derived from restriction spectrum imaging measures

No TBI 1 TBI >2 TBIs
Region of interest B (95% CI) B (95% CI) B (95% CI)

- All fibers 1 (ref) -0.0046 (-0.0116, 0.0025) -0.007 (-0.0166, 0.0026)
£ CC 1 (ref) -0.0036 (-0.0117, 0.0045) -0.0077 (-0.0186, 0.0032)
g Fmaj 1 (ref) -0.0058 (-0.0145, 0.0028) -0.006 (-0.0177, 0.0056)
E Fmin 1 (ref) -0.0061 (-0.0169, 0.0047) -0.0158 (-0.0305, -0.0011)
é IFOF - Left 1 (ref) -0.0089 (-0.0188, 0.0011) -0.0161 (-0.0298, -0.0025)
iﬁ ILF - Left 1 (ref) -0.016 (-0.0273, -0.0046) -0.0198 (-0.035, -0.0046)
&  IFOF - Right 1 (ref) -0.0088 (-0.0193, 0.0018) -0.0064 (-0.0206, 0.0077)

ILF - Right 1 (ref) -0.0134 (-0.0243, -0.0026) -0.0109 (-0.0255, 0.0036)

All fibers 1 (ref) -0.001 (-0.0072, 0.0052) -0.0039 (-0.0122, 0.0044)
5 CC 1 (ref) -0.0025 (-0.0105, 0.0055) -0.0011 (-0.0118, 0.0097)
§ Fmaj 1 (ref) -0.0013 (-0.0105, 0.008) -0.0019 (-0.0142, 0.0104)
E Fmin 1 (ref) -5e-04 (-0.011, 0.0099) -0.0027 (-0.0167, 0.0113)
% IFOF - Left 1 (ref) 0.0035 (-0.0058, 0.0127) -0.0015 (-0.0138, 0.0109)
% ILF - Left 1 (ref) 0.0109 (-5e-04, 0.0222) 0.003 (-0.0119, 0.0179)
= IFOF - Right 1 (ref) -0.0018 (-0.0115, 0.008) -0.0045 (-0.0174, 0.0084)

ILF - Right 1 (ref) 0.0046 (-0.0064, 0.0156) 0.003 (-0.0119, 0.0179)

Notes: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. P-values are derived from type
IIT analysis of variance with Satterthwaite's method. P-values surviving FDR-correction are highlighted in bold.
Models include the fixed effect of traumatic brain injury, adjusted for age and scanner. B = beta. SE = standard
error. FDR = false discovery rate. CC = corpus callosum. Fmaj = forceps major. Fmin = forceps minor. IFOF =
inferior frontal occipital fasciculus. ILF = inferior longitudinal fasciculus.
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Supplementary Table 3.5 Associations of traumatic brain injury and predicted brain age
difference score by elevated psychiatric symptoms or loneliness status.

Effect modifier Prnteraction

Elevated psychiatric symptoms No (n=405) Yes (n=89) 0.73
B (SE) p-value B (SE) p-value

TBI (ref = no TBI) -0.257 (0.504) 0.61 0.214 (1.09) 0.85

Loneliness No (n=403) Yes (n=105) 0.89
B (SE) p-value B (SE) p-value

TBI (ref = no TBI) -0.224 (0.489) 0.65 -0.111 (1.10) 0.92

Note: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. P-values are derived from type
IIT analysis of variance with Satterthwaite's method. Models include the fixed effect of traumatic brain injury,
adjusted for age and scanner. Pinteraction Was calculated using likelihood ratio tests to compare fully adjusted models
with and without a 2-way interaction of the effect modifier-by-TBI. Elevated psychiatric symptoms were defined as
the presence of absence of post-traumatic stress disorder (PTSD) and depressive symptom severity. For the PTSD
Checklist — Civilian version, scores >36 suggest PTSD symptoms (n missing = 8). Significant depressive symptom
severity was defined by scores of >16 on the Center for Epidemiologic Studies Depression Scale (CES-D).
Loneliness was measured using a single item from the CES-D.
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Supplementary Table 3.6 Associations of traumatic brain injury and abnormal white matter
ratio by elevated psychiatric symptoms or loneliness status.

Effect modifier Phuteraction

Elevated psychiatric

symptoms No (n=376) Yes (n=83) 0.25
B (SE) p-value B (SE) p-value

TBI (ref = no TBI) -0.00324 (0.00401) 0.42 0.00741 (0.00912) 0.42

Loneliness No (n=376) Yes (n=94) 0.22
B (SE) p-value B (SE) p-value

TBI (ref = no TBI) -0.00201 (0.00396) 0.61 0.00669 (0.00789) 0.40

Note: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. P-values are derived from type
IIT analysis of variance with Satterthwaite's method. Models include the fixed effect of traumatic brain injury,
adjusted for age and scanner. Pnteraction Was calculated using likelihood ratio tests to compare fully adjusted
models with and without a 2-way interaction of the effect modifier-by-TBI. Elevated psychiatric symptoms were
defined as the presence of absence of post-traumatic stress disorder (PTSD) and depressive symptom severity. For
the PTSD Checklist — Civilian version, scores >36 suggest PTSD symptoms (n missing = 8). Significant
depressive symptom severity was defined by scores of >16 on the Center for Epidemiologic Studies Depression
Scale (CES-D). Loneliness was measured using a single item from the CES-D.
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Supplementary Table 3.7 Associations of traumatic brain injury and total restricted, hindered,
and free water diffusion by elevated psychiatric symptoms or loneliness status.

Outcome

Total restricted diffusion

averaged across all fibers averaged across all fibers

Isotropic-free water

Effect modifier Prateraction
Elevated psychiatric symptoms No (n=367) Yes (n=79) 0.99
B (SE) p-value B (SE) p-value
-0.00407 -0.00807
TBI (ref = no TBI) (0.00349) 0.24 (0.00892) 0.37
Loneliness No (n=363) Yes (n=95) 0.86
B (SE) p-value B (SE) p-value
-0.00570 -0.00652
TBI (ref = no TBI) (0.00361) 0.12 (0.00704) 0.36
Elevated psychiatric symptoms No (n=367) Yes (n=79) 0.91
B (SE) p-value B (SE) p-value
-0.00199 -0.00717
TBI (ref = no TBI) (0.00317) 0.53 (0.00625) 0.26
Loneliness No (n=363) Yes (n=95) 0.65

TBI (ref = no TBI)

B (SE) p-value

B (SE) p-value

-0.00212
(0.00314)  0.50

-0.00583
(0.00635) 0.36

Note:

Beta (B) and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. P-values are derived from
type III analysis of variance with Satterthwaite's method. Models include the fixed effect of traumatic brain
injury, adjusted for age and scanner. Pinteraction Was calculated using likelihood ratio tests to compare fully
adjusted models with and without a 2-way interaction of the effect modifier-by-TBI. Elevated psychiatric
symptoms were defined as the presence of absence of post-traumatic stress disorder (PTSD) and depressive
symptom severity. For the PTSD Checklist — Civilian version, scores >36 suggest PTSD symptoms (n missing =
8). Significant depressive symptom severity was defined by scores of >16 on the Center for Epidemiologic
Studies Depression Scale (CES-D). Loneliness was measured using a single item from the CES-D.
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Supplementary Table 3.8 Associations of traumatic brain injury and total restricted
diffusion in the left inferior longitudinal fasciculus by elevated psychiatric symptoms or
loneliness status.

Effect modifier Prnteraction

Elevated psychiatric symptoms No (n=367) Yes (n=79) 0.72
B (SE) p-value B (SE) p-value

TBI (ref = no TBI) -0.0123 (0.00587) 0.04 -0.00339 (0.0138) 0.81

Loneliness No (n=363) Yes (n=95) 0.90
B (SE) p-value B (SE) p-value

TBI (ref = no TBI) -0.0143 (0.00583) 0.01 -0.00675 (0.0126) 0.60

Note: Beta () and 95% confidence intervals (CI) are derived from linear mixed-effects models that included
family-relatedness a random intercept to adjust for correlation between twin pairs. P-values are derived from
type III analysis of variance with Satterthwaite's method. Models include the fixed effect of traumatic brain
injury, adjusted for age and scanner. Pinteraction Was calculated using likelihood ratio tests to compare fully
adjusted models with and without a 2-way interaction of the effect modifier-by-TBI. Elevated psychiatric
symptoms were defined as the presence of absence of post-traumatic stress disorder (PTSD) and depressive
symptom severity. For the PTSD Checklist — Civilian version, scores >36 suggest PTSD symptoms (n missing =
8). Significant depressive symptom severity was defined by scores of >16 on the Center for Epidemiologic
Studies Depression Scale (CES-D). Loneliness was measured using a single item from the CES-D.
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Chapter 4 Multimorbidity, social engagement, and age-related cognitive decline in adults
from the Rancho Bernardo Study of Healthy Aging

4.1 Abstract

Background: Multimorbidity is associated with increased rate of cognitive decline with
age. It is unknown whether social engagement, which is associated with reduced risk of
dementia, modifies associations between multimorbidity and cognitive decline.

Objective: To examine the associations of multimorbidity with longitudinal cognitive
test performance among community-dwelling older adults, and to determine whether
associations differed by levels of social engagement.

Methods: We used data from the Rancho Bernardo Study of Healthy Aging, a
community-based prospective cohort study. Starting in 1992-1996, participants completed a
battery of cognitive function tests at up to 6 study visits over 23.7 (mean=7.2) years.
Multimorbidity was defined as >2 of 14 chronic diseases. Social engagement was assessed using
items based on the Berkman-Syme Social Network Index. Multivariable linear mixed-effects
models were used to test associations of multimorbidity and cognitive performance trajectories.
Effect measure modification by social engagement was evaluated.

Results: Among 1,381 participants (mean age=74.5 years; 60.8% women; 98.8% non-
Hispanic White), 37.1% had multimorbidity and 35.1% had low social engagement.
Multimorbidity was associated with faster declines in Mini-Mental State Examination (MMSE;

=-0.20; 95%CI -0.35, -0.04), Trail-Making Test Part B (=10.02; 95%CI 5.77, 14.27), and
Category Fluency (B=-0.42; 95%CI -0.72, -0.13) after adjustment for socio-demographic and
health-related characteristics. Multimorbidity was associated with faster declines in MMSE

among those with low compared to medium and high social engagement (p-interaction<0.01).
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Conclusion: Multimorbidity was associated with faster declines in cognition among
community-dwelling older adults. Higher social engagement may mitigate multimorbidity-

associated cognitive decline.

Keywords: Alzheimer’s disease; cognitive aging; epidemiology; morbidity; multimorbidities
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4.2 Introduction

Approximately 62% of adults aged 65 to 74 years in the United States (US) have
multimorbidity, which is defined as the presence of at least two chronic conditions, such as
diabetes and arthritis.>* In a study of multimorbidity among Medicare beneficiaries, the most
prevalent combination of 3 conditions was hypertension, hyperlipidemia, and ischemic heart
disease.’ Multimorbidity is associated with 38% higher risk of mild cognitive impairment (MCI)
or dementia.” Multimorbidity may represent the accumulation of conditions that, for example,
affect dysregulation in cardiovascular- and stress-related systems that increase susceptibility to
aging-related outcomes such as cognitive decline.® Older adults with less frequent social
engagement, defined as the maintenance of social connections and participation in social
activities,®® may have a higher number of morbidities.” Social engagement includes elements of
one’s social network, such as marital status, contact with friends and family as well as church
involvement and group activities, that affect health and well-being.!**-!3° Involvement in these
types of social activities has been associated with lower risk of dementia,*%>!5! which can
operate through mechanisms such as stress reduction.5?

Multimorbidity has been associated with higher risk of dementia in multiple longitudinal
cohort studies of women and men, ranging from 2,176 to 10,095 participants.”” For example, a
multimorbidity index comprising 17 chronic conditions was associated with 38% higher risk of
mild cognitive impairment or dementia among 2,176 older community-dwelling adults in the
Mayo Clinic Study of Aging (mean age = 78.5 +/- 5.2 years).” One 12-year study in the Swedish
National Study on Aging and Care in Kungsholmen (SNAC-K) found that cardiometabolic-
specific multimorbidity was associated with 73% higher risk of cognitive impairment and 86%

higher risk of progression to dementia.® Several longitudinal studies have found that
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multimorbidity (derived from 9 to 16 conditions, such as cancer, hypertension and stroke) was
associated with lower cognitive performance across multiple domains as well as indices of global
cognitive ability.®*67 However, it is unknown if these associations are modified by social
engagement. Understanding whether social engagement plays a role in multimorbidity-associated
cognitive decline would be important in the context of the US Surgeon General’s Advisory on
the poor health outcomes of declining social connection.®! This would inform the development of
dementia prevention strategies that are focused on increasing social engagement.

The objective of this study was to examine the associations of multimorbidity with
longitudinal cognitive test performance among community-dwelling older adults, and to
determine whether associations differed by levels of social engagement. We hypothesized that
multimorbidity would be associated with faster declines in the cognitive measures that were
administered to these study participants, and that declines would be faster among those with
lower levels of social engagement than among those who report more frequent social
engagement. The available cognitive tests are presumed measures of global cognition, executive
function/speed, and category fluency.

4.3 Methods
4.3.1 Study population

This prospective cohort study used data from the Rancho Bernardo Study of Healthy
Aging (RBS).!>? The RBS is a community-based prospective cohort study that began in 1972—
1974 when residents of Rancho Bernardo, a suburb of San Diego, California were enrolled in a
nationwide lipid research study. Beginning in 1984, surviving, community-dwelling participants
were followed at approximately 4-year intervals, completing detailed demographic and health

assessments. Cognitive assessment was first included in Visit 5 (1988-1992) and included in all
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subsequent visits. For the present study, we used data from Visit 7 (1992-1996; n = 1,781) as our
baseline, with follow-up to the most recent visit, Visit 12 (2014-2016; n = 221; for a maximum
follow-up time of 24 years). Visit 7 was chosen as the baseline because it contained relevant data
on comorbidities. We excluded 400 participants who did not have complete cognitive data at
baseline, which resulted in a final analytic sample of 1,381. Excluded participants, relative to
included participants, were less likely to have multimorbidity (26.3% vs 37.1%; p <0.01), had a
lower mean age of 61.2 (SD = 12) years (p < 0.01), but did not differ by sex (p = 0.95) or social
engagement (p = 0.25).

This study was approved by the University of California, San Diego Institutional Review
Board. All RBS participants provided written informed consent prior to participating at each
study visit.

4.3.2 Measures
4.3.2.1 Cognitive outcomes

Cognitive function was assessed at each visit using a short battery of standardized
neuropsychological tests, including the Mini Mental State Exam (MMSE; global cognitive
function); 2) Trail-Making Test Part B of the Halsted Reitan Battery (Trails B; executive
function/speed); and 3) Category Fluency Test (CFT). The MMSE assesses orientation,
registration, attention, calculation, language, and recall, and is scored from 0 to 30, with higher
scores indicating higher global cognitive function.!>!3* MMSE scores <24 suggest cognitive
impairment or dementia.!> For Trails B, participants are instructed to draw a line to connect, in
ascending order, an alternating series of letters and numbers on a page.!>® Trails B performance
was measured as time (seconds) needed to complete this task, with shorter time suggesting better

executive function (set shifting) and faster processing speed. The CFT assesses semantic
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memory.!>” CFT performance was defined as the number of unique animals named within 1
minute; a greater number of animals named suggests higher category fluency.

4.3.2.2 Multimorbidity

It has been recommended that multimorbidity indices should contain at least 12 chronic
conditions.>®> Therefore, we defined multimorbidity as the presence of >2 of the following 14
common chronic conditions at baseline: arthritis, asthma, cancer (excluding skin cancer), chronic
kidney disease, chronic obstructive pulmonary disease (COPD), depression, diabetes,
dyslipidemia, heart attack, heart failure, hypertension, liver disease, osteoporosis, and stroke.
Similar diseases have been included in other multimorbidity indices in prior literature,5-%-36-57.158
Dyslipidemia was defined as the presence of all the following conditions at baseline: abnormal
total cholesterol (>200 mg/dL), high-density lipoprotein (HDL; <40 mg/dL for men, <50 mg/dL
for women), low-density lipoprotein (>100 mg/dL), and non-HDL (>130 mg/dL).!* In
sensitivity analyses, we considered a cardiovascular disease multimorbidity variable defined as
the presence of at least 2 related conditions at baseline (i.e., heart attack, heart failure,
hypertension, stroke) versus 1 or none of these conditions. All outcomes were self-reported,

excluding dyslipidemia which was based on clinical laboratory measures.

4.3.2.3 Social engagement

As described in prior RBS work,'%? social engagement was assessed at Visit 7 using
questions adapted from the Berkman-Syme Social Network Index.!'** We examined four different
sources of self-reported social engagement based on a prior analysis in the Framingham Heart
Study!®!: 1) social group involvement (0 = not active or inactive; 1 = somewhat active or very
active); 2) participation in religious meetings or services (0 = not active or inactive; 1 =

somewhat active or very active); 3) number of close family and friends (0 = <2 friends and

95



relatives; 1 =>3 friends and relatives); and 4) marital status (0 =
separated/divorced/widowed/single; 1 = married). All questions and responses are provided in
Supplementary Table 4.1. We summed the four sources of social engagement (range = 0-4) and
then categorized to three levels (low = <2; medium = 3; or high = 4), such that higher scores
suggest greater social engagement.

4.3.2.4 Covariates

Covariate data were collected at baseline. We selected covariates for the present study
based on prior literature that examined the association between multimorbidity and cognitive
decline or dementia.®%-%637-158 Covariates of interest included age, sex, body mass index (BMI),
education, smoking status, alcohol use, and physical activity (regular physical activity >3 times
per week). We also included a retest variable, which indicated whether a participant completed a
cognitive test in a prior visit or not, to control for practice-related differences in performance.!®?

4.3.3 Statistical analysis

Participant characteristics were described using mean (standard deviation [SD]), median
(range) or counts (percentages) by multimorbidity status. Comparisons by multimorbidity status
were performed using Kruskal-Wallis tests for continuous variables and Pearson’s chi-squared
tests for categorical variables.

We used linear mixed-effects models to estimate associations of multimorbidity with
each longitudinal cognitive test performance outcome. Linear mixed-effect models accommodate
missing data as well as inconsistent measurement intervals within and across participants, which
allowed us to use all available data under the assumption that data were missing at random. '3
Three successively adjusted models were fit with random effects for each participant and time to
account for differences in cognitive performance at baseline (intercept) as well as rate of change

(slope). Model 1 included the fixed effects of multimorbidity, time (years from baseline), time-
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squared (to assess non-linear trends), and a multimorbidity by time interaction term, adjusted for
the retest variable, age, sex, and education. Time was standardized by grand mean centering
(grand mean = 5.3 years) and dividing by the standard deviation (SD = 5.2 years) across all
observations for all participants. Model 2 additionally adjusted for BMI, smoking status, alcohol
use, and physical activity. Model 3 additionally adjusted for social engagement. We did not
adjust for race and ethnicity due to the homogeneity of the study sample. For visualization, we
plotted predicted values of Model 3 over standardized time for each outcome.

To assess effect measure modification by social engagement, we stratified Model 2 by
social engagement and plotted predicted values. P values for interaction (Pinteraction) Were
calculated using likelihood ratio tests to compare models with and without a 3-way interaction of
multimorbidity by time by continuous social engagement. For the MMSE model among those
with high social engagement, we only included random intercepts but not random slopes due to
smaller variability in the MMSE in this subgroup compared to other tests. In exploratory
analyses, we assessed effect measure modification by different sources of social engagement.
Specifically, we stratified analyses for each of these variables: 1) social group involvement; 2)
participation in religious meetings or services; 3) number and frequency of contact with family
and friends; and 4) marital status. For these analyses, models included covariates in Model 2 as
well as the three sources of social engagement that were not examined as the stratifying factor.

We performed several sensitivity analyses. Given evidence of associations between
cardiometabolic multimorbidity and higher dementia risk,® we repeated our main analysis using
the presence of at least 2 cardiovascular disease-related conditions at baseline (i.e., heart attack,
heart failure, hypertension, stroke) versus 1 or none of these conditions. In exploratory analyses,

we also tested effect measure modification by sex and marital status, given that the association of
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marital status with cognition may differ by sex.*!%* To evaluate potential bias due to reverse
causation, we repeated analyses of Trails B and CFT trajectories among participants scoring >24
on the MMSE at Visit 7 (n = 1,351).!%° To assess selection bias due to loss to follow-up, we
repeated Model 3 weighted by stabilized inverse probability of selection weights (IPSWs) for
each participant at each visit.!6> Stabilized IPSW create a pseudo-population of similar size at
each visit after censoring.!®® To construct the IPSW, we calculated the inverse of propensity
scores based on logistic regression to predict being selected (i.e., uncensored) at each visit,
conditional on baseline multimorbidity status, selection in the prior visit, sex, age, education,
BMI, smoking status, alcohol use, physical activity, and social engagement. Weights were
stabilized by the probability of selection at each visit, conditional on baseline multimorbidity
status and selection at the prior visit, and then truncated at the 5" and 95" percentiles. To assess
bias due to the competing risk of mortality, we used joint models where we simultaneously fit a
Cox proportional hazards model for mortality during the follow-up period and linear mixed-
effects Model 1 for each outcome.!®” To examine results among older adults only, analyses were
repeated after excluding participants who were <50 years old at baseline (n=13). Finally, because
those who did not report participation in religious activities could not have been categorized into
the high level of social engagement based on our definition, we assessed effect measure
modification using a social engagement variable that did not consider participation in religious
activities.

All statistical analyses were conducted in R (version 4.2.2; R Core Team, 2022). The
Ime4 package was used for linear mixed-effects analyses,'? the sjPlot package was used for

plotting predicted values,!''? and the JM, survival and nlme packages were used for joint
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modeling. 68170 Statistical tests were two-tailed, and P values were considered significant at
P <0.05.

4.4 Results
4.4.1 Participant characteristics

Of the 1,381 participants, 37.1% had multimorbidity at baseline (Table 4.1). Most
participants were non-Hispanic White (98.8%), women (60.8%), and 74.5 years (SD = 9.4) of
age, on average, at baseline. There were no differences between women and men by age at
baseline (mean age 74.6 vs. 74.2 years; p = 0.25). Although the sample had a wide age range,
most participants were aged 50 and older (n = 1368).

Compared to participants without multimorbidity, those with multimorbidity were older
(mean age = 76.8 vs 73.1 years; p < 0.01), more likely to be former smokers (54.0% vs 49.1%; p
=0.03), less likely to report daily alcohol consumption (32.2% vs. 36.6%; p < 0.01), and less
likely to be married (37.8% vs. 25.3%; p < 0.01) at baseline. The social engagement index did
not differ by multimorbidity status (p = 0.30). Among those with multimorbidity, the three most
common chronic conditions were hypertension (58.8%), arthritis (43.8%), and history of cancer
(31.3%; Supplementary Table 4.2). Participants with multimorbidity had shorter mean follow up
time of 5.5 (SD = 5.7) years compared to those without multimorbidity (mean = 8.2 [SD = 6.5]
years). Follow up time also decreased as social engagement decreased (high engagement mean =
8.3 [SD = 6.4] years; medium engagement = 7.5 [SD = 6.2] years; low engagement = 6.3 [SD =
6.5] years). There were differences for baseline cognitive measures of Trails B (p <0.01) and
CFT (p = 0.04), but not MMSE (p = 0.12), by the social engagement index after adjustment for

age, sex, and education (Supplementary Table 4.16).
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4.4.2 Baseline multimorbidity and cognitive function by time

Over the average 7.2 (SD = 6.4) years of follow up for the sample, multimorbidity at
baseline was associated with greater decline in cognitive performance (Table 4.2, Figure 4.1). In
Model 1, multimorbidity was associated with faster declines in MMSE ( =-0.19; 95% CI -0.35,
-0.04), Trails B (B =9.75; 95% CI 5.51, 13.99), and CFT (B =-0.40; 95% CI -0.70, -0.11) after
adjustment for the retest variable, age, sex, and education. Results were similar after adjustment
for BMI, smoking status, alcohol use and physical activity in Model 2, and after further
adjustment for social engagement in Model 3.

4.4.3 Effect measure modification by social engagement

In models stratified by social engagement, multimorbidity, relative to no multimorbidity
was associated with greater decline on MMSE among those with low social engagement only (3
=-0.38; 95% CI -0.70, -0.06; Prneraction < 0.01, Table 4.3, Figure 4.2). There were no significant
differences in rate of decline by multimorbidity among those with medium (§ = -0.14; 95% CI -
0.39, 0.12) or high (B =-0.12; 95% CI -0.35, 0.12) social engagement, adjusted for the retest
variable, age, sex, education, BMI, smoking status, alcohol use, and physical activity. The
multimorbidity by time by social engagement interaction was not statistically significant for
Trails B (Prnteraction = 0.07) or CFT (Pinteraction = 0.35).
4.4.4 Exploratory analysis: effect modification by individual sources of social engagement

There was no evidence to suggest effect measure modification by social group
involvement (Pinteraction = 0.07, Supplementary Table 4.3). Participants with <2 close friends and
relatives had faster multimorbidity-associated declines in MMSE compared to participants with
>3 close friends and relatives, adjusted for the retest variable, age, sex, education, BMI, smoking

status, alcohol use, physical activity, social group involvement, participation in religious
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meetings or services, and marital status (Pinteraction < 0.01, Supplementary Table 4.4). Among
those who were married, multimorbidity was associated with faster declines in Trails B (Pinteraction
< 0.01) adjusted for the retest variable, age, sex, education, BMI, smoking status, alcohol use,
social group involvement, participation in religious meetings or services, and number of close
family and friends (Supplementary Table 4.5). The multimorbidity by time by participation in
religious meetings or services interactions were not significant for any outcome (P Sinteraction >
0.15, Supplementary Table 4.6).

4.4.4 Sensitivity analysis

Cardiovascular disease multimorbidity was associated with faster declines in MMSE and
Trails B, but not CFT in fully adjusted models (Supplementary Table 4.7). In sex-stratified
analyses, women had faster multimorbidity-associated declines in MMSE, Trails B, and CFT
than men (Supplementary Table 4.8). However, interactions by sex were not significant
(Supplementary Table 4.8). In exploratory analyses further stratified by sex and marital status,
multimorbidity was associated with faster Trails B declines among women who were married but
not among those who were not married, whereas multimorbidity was associated with faster
declines among non-married men vs. married men (Pinteraction < 0.01, Supplementary Table 4.9).
After restricting analyses to participants who scored >24 on the MMSE at baseline,
multimorbidity was associated with faster declines for Trails B and CFT in fully adjusted
models, consistent with our main analysis (Supplementary Table 4.10). Results were also similar
after applying stabilized IPSWs to our analyses, suggesting minimal impact of selection bias due
to loss to follow-up (Supplementary Table 4.11). Associations were similar in joint models that
accounted for the increased risk of mortality among those with multimorbidity (vs. no

multimorbidity) after controlling for age, sex, and education (HR = 1.61; 95% CI 1.41-1.85;
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Supplementary Table 4.12). Excluding individuals <50 years of age (n=13) had minimal effects
on the results (Supplementary Table 13), with the exception that the interaction of social
engagement with multimorbidity status was significant for both MMSE (Pinteraction < 0.01) and
Trails B (Pinteraction = 0.01, Supplementary Table 4.14). Multimorbidity-related declines in MMSE
were only significant for those in the low social engagement group (Supplementary Table 4.14).
Rates of multimorbidity-related Trails B decline were greater among the low social engagement
group, followed by high and medium groups (Supplementary Table 4.14). In the full cohort,
results were similar when examining effect modification by the social engagement index that
excluded consideration of religious social activities (Supplementary Table 4.15). With this social
engagement index, significant effect modification was observed for MMSE (Pinteraction < 0.01)
and Trails B (Pinteraction= 0.02); multimorbidity-related declines in MMSE and Trails B were
faster among those with low social engagement, followed by the medium then high social
engagement groups (Supplementary Table 4.15).

4.5 Discussion

In this prospective cohort study of 1,381 older adults, multimorbidity was associated with
faster declines in global cognitive function, executive function/speed, and category fluency over
an average 7.2 years of follow-up. These findings varied by level of social engagement.
Participants with lower social engagement had a larger magnitude of multimorbidity-associated
declines in global cognitive function and executive function/speed (in those over 50 years of age)
compared to those with medium and high social engagement. Findings for category fluency did
not significantly vary by social engagement.

Our results are generally consistent with prior literature that multimorbidity relative to no

multimorbidity is associated with greater cognitive decline.’>%7 However, results vary by
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specific tests and study population. For example, in one analysis in the Health and Retirement
Study of 12,265 participants with approximately 14 years of follow up, a multimorbidity-
weighted index was associated with faster declines in global cognitive function, immediate
recall, and working memory, but not delayed recall.’” In contrast, in a study of 756 participants
from the Baltimore Longitudinal Study of Aging with an average of 3 years of follow up,
multimorbidity was associated with faster declines in verbal fluency, but not global function,
executive function, spatial ability, or memory.® It is important to note that cross-study
comparisons are challenging given differences in morbidities and tests of cognitive domains that
were assessed. However, these studies, in conjunction with our own, support Fabbri et al’s!"!
hypothesis that multimorbidity coincides with multiple aging phenotypes, highlighting the
importance of reducing multimorbidity in our aging populations.

The present study extends previous work by examining whether the associations of
multimorbidity with cognitive function differ by social engagement, which has been associated
with lower risk of dementia.!>! Among participants with low social engagement, multimorbidity
was associated with faster declines in our measure of global cognitive function compared to
those with higher social engagement. Multimorbidity was also associated with faster decline in
our measure of executive function in analyses restricted to older adults (<50 years). This is
consistent with meta-analyses that suggest that higher social engagement is associated with lower
risk of dementia,*!>! and a cross-sectional study of 838 older adults in the Rush Memory and
Aging Project that found that higher frequency of social activity and perceived social support
were associated with better global cognitive function.®® In exploratory analyses that stratified by
sources of social engagement, we found that the modifying effects of social engagement differed

by type of social contact and by cognitive outcome. Participants with <2 close friends and
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relatives had faster multimorbidity-associated declines than those with more close friends and
relatives. Future studies should consider examining which features of social engagement
activities have the most impact.

Although the interaction was not significant, likely due in part to lower power, we found
that women generally had faster multimorbidity-associated cognitive decline compared to men.
Conversely, one study of 2,176 participants in the Mayo Clinic Study of Aging found that
multimorbidity was associated with higher MCI risk among men compared to women over a
median 4 years of follow up.’ Older women may be more impacted by changes to marital status
if they outlive their husbands and become widowed, potentially reducing their social contact or
engagement.* Unexpectedly, after stratifying by marital status, we found that multimorbidity was
associated with faster declines in executive function/speed among women who were married
compared to not married. This is at odds with others who found that being married is associated
with lower risk of dementia compared to being widowed or single.!%* After we stratified by sex,
we observed faster declines among married women and unmarried men. However, it is important
to note that the sample sizes were low in our stratified analyses. These interactions need to be
investigated in larger study populations.

Social engagement may contribute to slower cognitive decline through several
mechanisms. Participating in enriching social activities that are intellectually stimulating or
meaningful may promote slower cognitive decline, especially among older adults.!”? Fratiglioni
et al® posit that the social, mental, and physical lifestyle components in late life operate via
common pathways through the cognitive reserve, vascular, and stress hypotheses to affect
dementia risk. Under the stress hypothesis, for example, social engagement can lead to positive

emotion states that reduce stress.®?> Reducing chronic stress can lower Alzheimer’s disease risk.%
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According to the glucocorticoid cascade hypothesis, stress can induce corticosterone
hypersecretion, potentially resulting in loss of hippocampal neurons.!”® More work is needed to
understand the mechanisms by which different sources of social engagement may mitigate
multimorbidity-associated cognitive decline.

There are several limitations to our study. First, bias due to reverse causation is possible
if cognitive impairment resulted in lower levels of social engagement. However, results were
similar after excluding participants with evidence of cognitive impairment at baseline, as
determined by a score <24 on the MMSE.!*> Second, there was differential follow-up time by
baseline multimorbidity status and potential for selection bias due to loss to follow-up. However,
results were similar after applying stabilized IPSW and joint modelling. Third, there is no
standard method of operationalizing multimorbidity.>!”! Results may differ for multimorbidity
indices including different diseases. Although we were underpowered to examine specific
combinations of morbidities, we found similar results using a multimorbidity index that
considered cardiovascular disease conditions only. Fourth, it is likely that multimorbidity and
social engagement change over time. Additionally, the relationships between multimorbidity,
social engagement and cognitive decline may follow a different temporal path than we have
hypothesized and tested here. For example, multimorbidity or lower baseline cognitive function
may affect one’s ability to partake in certain types of social contact or activities, and thus affect
cognitive function downstream. The wide range of potential mechanisms make it difficult to
determine which aspects of social engagement play the most prominent role in these
associations. Lastly, the RBS population is primarily non-Hispanic, White, and well-educated,

and results may not generalize to other populations.
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There were several strengths to our study, including up to 23.7 years of longitudinal
follow-up. This allowed us to leverage repeated assessments of cognitive function and assess
longitudinal associations between multimorbidity and cognitive decline. We also considered
morbidities that were included in multimorbidity indices in other study populations.

In this study of community-dwelling older adults, participants with multimorbidity had
faster declines in global cognitive ability, executive function/speed, and category fluency,
relative to those without multimorbidity. Multimorbidity-associated declines in global cognitive
function and executive function/speed (among participants >50 years of age) were more
pronounced among those with lower social engagement compared to those with higher levels of
social engagement. These findings contribute to the US Surgeon General’s call for more research
on social connection indicators that influence health outcomes.®' With the projected rise in older
adults with multimorbidity and dementia,'’*!7* further study is needed to confirm these findings
in more diverse populations, and to determine whether social engagement interventions may

mitigate multimorbidity-associated cognitive decline.
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Table 4.2 Associations of multimorbidity with longitudinal cognitive test performance among
participants of the Rancho Bernardo Study of Healthy Aging

Outcome Model Term B (95% CI)
MMSE 1 Multimorbidity 0.02 (-0.18; 0.22)
Time -0.50 (-0.59; -0.41)
Time? 0.18 (0.13; 0.22)
Multimorbidity x time -0.19 (-0.35; -0.04)
2 Multimorbidity <0.01 (-0.20; 0.20)
Time -0.5 (-0.59; -0.42)
Time? 0.17 (0.13; 0.22)
Multimorbidity x time -0.20 (-0.35; -0.04)
3 Multimorbidity 0.01 (-0.19; 0.21)
Time -0.50 (-0.59; -0.41)
Time? 0.18 (0.13; 0.22)
Multimorbidity x time -0.20 (-0.36; -0.04)
Trails B 1 Multimorbidity 11.21 (4.83; 17.59)
Time 11.66 (9.35; 13.98)
Time? 3.71 (2.59; 4.83)
Multimorbidity x time 9.75(5.51; 13.99)
2 Multimorbidity 11.29 (4.87; 17.71)
Time 11.76 (9.43; 14.09)
Time? 3.68 (2.56; 4.80)
Multimorbidity x time 10.02 (5.77; 14.27)
3 Multimorbidity 10.78 (4.39; 17.17)
Time 11.80 (9.46; 14.13)
Time? 3.68 (2.55; 4.80)
Multimorbidity x time 9.91 (5.66; 14.17)
CFT 1 Multimorbidity -0.44 (-0.89; 0.02)
Time -1.36 (-1.53; -1.19)
Time? -0.05 (-0.14; 0.04)
Multimorbidity x time -0.40 (-0.7; -0.11)
2 Multimorbidity -0.39 (-0.85; 0.06)
Time -1.36 (-1.53; -1.19)
Time? -0.05 (-0.14; 0.04)
Multimorbidity x time -0.42 (-0.72; -0.13)
3 Multimorbidity -0.37 (-0.83; 0.09)
Time -1.36 (-1.54; -1.19)
Time? -0.05 (-0.14; 0.04)
Multimorbidity x time -0.42 (-0.72; -0.13)

Note: Time is defined as time from baseline in years, standardized by centering using the grand mean
and dividing by the standard deviation. Model 1 adjusted for retest(yes; no), age (years), sex (female;
male), and education years (<12; 12; 13-15; 16; >17). Model 2 adjusted for BMI (kg/m2;
standardized), smoking status (never; former; current), alcohol use (non-drinker; daily; 2-4 per week;
1-2 per month; <1 per month), and physical activity (<3 times/week; >3 times/week). Model 3 adjusted
for social engagement (<2; 3; 4).
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Predicted values for MMSE
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Figure 4.1 Trajectories of cognition function test performance over years since baseline
(standardized) by multimorbidity status at baseline in the Rancho Bernardo Study of
Healthy Aging. Plots are based on model coefficients adjusted for the retest variable, age, sex,
education, body mass index (standardized), smoking, alcohol use, physical activity, and social
engagement. The y-axis for Trails B is inverted so that for all graphs, steeper downward sloping
lines indicate poorer performance.
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Figure 4.2 Trajectories of cognition function test performance over years since baseline
(standardized) by multimorbidity status at baseline (red = no; blue = yes) stratified by
social engagement level in the Rancho Bernardo Study of Healthy Aging. Plots are based on
model coefficients adjusted for the retest variable, age, sex, education, body mass index
(standardized), smoking, alcohol use, and physical activity. The y-axis for Trails B is inverted so
that for all graphs, steeper downward sloping lines indicate poorer performance.
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Supplementary Table 4.2 Chronic conditions by multimorbidity status at baseline

Multimorbidity at baseline

Condition No (N=869) Yes (N=512) Total (N=1381)
Arthritis No 788 (90.7%) 288 (56.3%) 1076 (77.9%)
Yes 76 (8.7%) 224 (43.8%) 300 (21.7%)
Missing 5 (0.6%) 0 (0%) 5 (0.4%)
Asthma No 845 (97.2%) 449 (87.7%) 1294 (93.7%)
Yes 18 (2.1%) 63 (12.3%) 81 (5.9%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
Cancer (excluding skin) No 803 (92.4%) 352 (68.8%) 1155 (83.6%)
Yes 60 (6.9%) 160 (31.3%) 220 (15.9%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
COPD No 855 (98.4%) 432 (84.4%) 1287 (93.2%)
Yes 8 (0.9%) 80 (15.6%) 88 (6.4%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
Depression No 845 (97.2%) 456 (89.1%) 1301 (94.2%)
Yes 19 (2.2%) 56 (10.9%) 75 (5.4%)
Missing 5 (0.6%) 0 (0%) 5 (0.4%)
Diabetes No 845 (97.2%) 439 (85.7%) 1284 (93.0%)
Yes 18 (2.1%) 73 (14.3%) 91 (6.6%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
Dyslipidemia No 824 (94.8%) 416 (81.3%) 1240 (89.8%)
Yes 41 (4.7%) 96 (18.8%) 137 (9.9%)
Missing 4 (0.5%) 0 (0%) 4 (0.3%)
Heart attack No 853 (98.2%) 416 (81.3%) 1269 (91.9%)
Yes 16 (1.8%) 96 (18.8%) 112 (8.1%)
Heart failure No 859 (98.8%) 474 (92.6%) 1333 (96.5%)
Yes 4 (0.5%) 37 (7.2%) 41 (3.0%)
Missing 6 (0.7%) 1 (0.2%) 7 (0.5%)
Hypertension No 706 (81.2%) 211 (41.2%) 917 (66.4%)
Yes 157 (18.1%) 301 (58.8%) 458 (33.2%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
Kidney disease No 860 (99.0%) 496 (96.9%) 1356 (98.2%)
Yes 3 (0.3%) 16 (3.1%) 19 (1.4%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
Liver disease No 846 (97.4%) 460 (89.8%) 1306 (94.6%)
Yes 23 (2.6%) 52 (10.2%) 75 (5.4%)
Osteoporosis No 840 (96.7%) 444 (86.7%) 1284 (93.0%)
Yes 24 (2.8%) 68 (13.3%) 92 (6.7%)
Missing 5 (0.6%) 0 (0%) 5 (0.4%)
Stroke No 855 (98.4%) 471 (92.0%) 1326 (96.0%)
Yes 8 (0.9%) 41 (8.0%) 49 (3.5%)
Missing 6 (0.7%) 0 (0%) 6 (0.4%)
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Supplementary Table 4.7 Supplementary Table 4.7 Associations of cardiovascular disease
multimorbidity with longitudinal cognitive test performance among participants of the Rancho
Bernardo Study of Healthy Aging

Outcome Model Term B (95% CI)
MMSE 1 Multimorbidity -0.41 (-0.89; 0.08)
Time -0.54 (-0.62; -0.47)
Time? 0.18 (0.13; 0.22)
Multimorbidity x time -0.50 (-0.94; -0.07)
2 Multimorbidity -0.41 (-0.89; 0.07)
Time -0.55 (-0.62; -0.47)
Time? 0.18 (0.13; 0.22)
Multimorbidity x time -0.51 (-0.95; -0.07)
3 Multimorbidity -0.41 (-0.89; 0.08)
Time -0.55 (-0.62; -0.47)
Time? 0.18 (0.13; 0.22)
Multimorbidity x time -0.52 (-0.96; -0.08)
Trails B 1 Multimorbidity 34.55 (19.96; 49.14)
Time 14.06 (12.04; 16.09)
Time? 3.65(2.53; 4.77)
Multimorbidity x time 16.48 (4.58; 28.39)
2 Multimorbidity 33.56 (18.93; 48.19)
Time 14.23 (12.20; 16.27)
Time? 3.62(2.49; 4.74)
Multimorbidity x time 16.90 (4.96; 28.84)
3 Multimorbidity 33.33 (18.76; 47.89)
Time 14.25 (12.21; 16.29)
Time? 3.61(2.48;4.74)
Multimorbidity x time 16.86 (4.92; 28.80)
CFT 1 Multimorbidity -0.40 (-1.44; 0.64)
Time -1.48 (-1.63; -1.33)
Time? -0.04 (-0.13; 0.06)
Multimorbidity x time 0.20 (-0.66; 1.05)
2 Multimorbidity -0.27 (-1.31; 0.78)
Time -1.49 (-1.64; -1.34)
Time? -0.04 (-0.13; 0.06)
Multimorbidity x time 0.18 (-0.67; 1.04)
3 Multimorbidity -0.26 (-1.31; 0.78)
Time -1.50 (-1.65; -1.34)
Time? -0.04 (-0.13; 0.06)
Multimorbidity x time 0.17 (-0.68; 1.03)

Note: Time is defined as time from baseline in years, standardized by subtracting the sample mean and
dividing by sample standard deviation. Model 1 adjusted for retest(yes; no), age (years), sex (female;
male), and education years (<12; 12; 13-15; 16; >17). Model 2 adjusted for BMI (kg/m2;
standardized), smoking status (never; former; current), alcohol use (non-drinker; daily; 2-4 per week;
1-2 per month; <1 per month), and physical activity (<3 times/week; >3 times/week). Model 3 adjusted
for social engagement (<2; 3; 4).
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Supplementary Table 4.13 Associations of multimorbidity with longitudinal cognitive test
performance among participants >50 years old from the Rancho Bernardo Study of Healthy

Aging
Outcome Model Term B (95% CI)
MMSE 1 Multimorbidity 0.03 (-0.17; 0.23)
Time -0.51 (-0.60; -0.42)
Time? 0.18 (0.13; 0.22)
Multimorbidity x time -0.19 (-0.35; -0.03)
2 Multimorbidity 0.02 (-0.19; 0.22)
Time -0.51 (-0.60; -0.42)
Time? 0.17 (0.13; 0.22)
Multimorbidity x time -0.2 (-0.35; -0.04)
3 Multimorbidity 0.02 (-0.18; 0.22)
Time -0.51 (-0.60; -0.42)
Time? 0.17 (0.13; 0.22)
Multimorbidity x time -0.20 (-0.35; -0.04)
Trails B 1 Multimorbidity 10.87 (4.47; 17.27)
Time 12.04 (9.69; 14.40)
Time? 3.87(2.72; 5.01)
Multimorbidity x time 9.63 (5.34; 13.92)
2 Multimorbidity 10.82 (4.38; 17.27)
Time 12.11 (9.75; 14.48)
Time? 3.84 (2.69; 4.98)
Multimorbidity x time 9.89 (5.59; 14.19)
3 Multimorbidity 10.3 (3.88; 16.71)
Time 12.16 (9.79; 14.53)
Time? 3.83 (2.68; 4.98)
Multimorbidity x time 9.78 (5.48; 14.09)
CFT 1 Multimorbidity -0.41 (-0.87; 0.04)
Time -1.39 (-1.56; -1.22)
Time? -0.06 (-0.16; 0.03)
Multimorbidity x time -0.39 (-0.69; -0.09)
2 Multimorbidity -0.36 (-0.82; 0.10)
Time -1.39 (-1.57; -1.22)
Time? -0.06 (-0.16; 0.03)
Multimorbidity x time -0.41 (-0.70; -0.11)
3 Multimorbidity -0.34 (-0.79; 0.12)
Time -1.40 (-1.57; -1.22)
Time? -0.06 (-0.16; 0.03)
Multimorbidity x time -0.40 (-0.70; -0.11)

Note: Time is defined as time from baseline in years, standardized by centering using the grand mean and
dividing by the standard deviation. Model 1 adjusted for retest (yes; no), age (years), sex (female; male), and
education years (<12; 12; 13-15; 16; >17). Model 2 adjusted for BMI (kg/m2; standardized), smoking status
(never; former; current), alcohol use (non-drinker; daily; 2-4 per week; 1-2 per month; <1 per month), and
physical activity (<3 times/week; >3 times/week). Model 3 adjusted for social engagement (<2; 3; 4).
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Chapter 4, in full, has been submitted for publication of the material as it may appear in
the Journal of Alzheimer’s Disease. Posis, Alexander Ivan B.; Shadyab, Aladdin H.; Parada Jr.,
Humberto; Alcaraz, John E.; Kremen, William S.; McEvoy, Linda K. The dissertation author

was the primary investigator and author of this paper.
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Chapter 5 Discussion

5.1 Summary of dissertation research

The global prevalence of dementia is expected to increase to 78 million,! with an
estimated cost of $2 trillion,? by the year 2030. Thus, it is crucial to identify modifiable risk
factors for dementia to inform interventions and policy to promote healthy cognitive aging.
However, it is unknown if these risk factors interplay in such a manner that social contact
moderates (i.e., buffers) the associations of TBI or multimorbidity with cognitive health. By
studying the buffering effects of social contact, this dissertation addresses the World Health
Organization’s action area “Dementia awareness and friendliness” to understand the role of the
social and physical environments.!’¢ Understanding the effects of TBI and multimorbidity on
brain health and changes in cognitive performance over time will provide valuable insights into
the cognitive aging processes.

In Chapter 2 (Study 1), we tested the association between TBI and trajectories of episodic
memory, executive function, and processing speed among 1,476 men in VETSA. Contrary to our
hypotheses, there was no evidence to suggest effect measure modification by loneliness in the
association between TBI with measures of episodic memory, executive function, and processing
speed. However, we found that history of TBI was associated with small but faster declines in
executive functioning among APOE €4 carriers, which aligns with hypotheses that the allele
affects compensatory mechanisms that places €4 carriers at greater risk of TBI-related cognitive
deficits compared to non-carriers.''* Additionally, we expanded on the current evidence base by
showing that remote TBIs, prior to military induction, was associated with decline in executive

function relative to no TBI, suggesting the importance of preventing earlier life TBIs. This study

133



highlights the need for future studies to consider the role of earlier TBI in relation to later life
cognitive outcomes.

In Chapter 3 (Study 2), we tested the association of TBI with measures of predicted brain
age, global white matter abnormalities, and specific white matter tracts among 517 men in
VETSA. While we did not find significant associations of TBI with predicted brain age
difference or the presence of abnormal white matter, TBI was associated with lower restricted
diffusion in the inferior longitudinal fasciculus (ILF) bilaterally and left inferior frontal occipital
fasciculus (IFOF) compared to no TBI. There was no evidence to suggest effect measure
modification by loneliness or by APOE carrier status. Prior studies have identified several TBI-
related differences in neuroimaging-based markers of brain health, but these studies involved
mostly younger-aged participants who were imaged within shorter temporal proximity to the TBI
event 43:45.52,53

Overall our findings in Chapters 2 and 3 expanded upon the current evidence base in two
ways: 1) highlighting the effect of remote, or earlier life, TBI on later-life executive function,
particularly among APOE e4 carriers and those reporting TBI before military induction; and 2)
showing that there are subtle white matter microstructural changes after a TBI event, that may be
apparent even years after the initial injury. These insights are important because sensitive
neuroimaging measures, such as restriction spectrum imaging (RSI), can uncover microstructural
changes that are associated with early Alzheimer’s disease neuropathology.'”’

The results of Chapters 2 and 3 correspond with each other in highlighting the role of TBI
in executive function decline and changes to the brain’s microstructure. Specifically, we found
that the TBI primarily affected the ILF bilaterally and left IFOF. The ILF is a long-range white

matter tract which connects the occipital and temporal lobes,'*? and the IFOF connects the
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parietal and occipital lobes to the frontal lobe.!* In a separate study, differences in white matter
anisotropy in fronto-parietal tracts, including the IFOF, were associated with lower executive

function.!’®

While our main effect of TBI for free water diffusion in the ILF bilaterally was
positive but not significant (see Figure 3.2), this corresponds with prior work in VETSA which
found that greater free water diffusion in the ILF was associated with lower executive function (§
=-0.15; FDR-corrected p-value =0.007).!4* This aligns with a review of the literature which
suggests that age-related declines in white matter integrity are associated with declines in
processing speed, episodic memory, and executive function.!”® This is also consistent with a
case-control study of 30 veterans and 15 controls that found that TBI cases with loss of
consciousness had reduced executive function performance and altered white matter integrity.>

Results on the association between TBI and lower restricted diffusion in the ILF
bilaterally can inform potential hypotheses that we were not able to examine in this dissertation.
For example, disruptions to the ILF white matter tract were implicated with visual and memory
impairments in other studies.!4>!4>-180 TBI may impact vision function through mechanisms such
as axonal injury, loss of retinal ganglion cells, and optic neuropathy.!8! Therefore, the evidence
we present in Chapter 3 should motivate investigations into whether TBI affects longitudinal
trajectories of visual memory and reasoning performance.

The findings of Chapter 2 and 3 are consistent with other research that suggests that those
with TBI may have earlier onset of dementia and cognitive impairment.'®!8 However, the results
of TBI in relation to dementia and pathology vary by study population. The Lancet Commission

22-29

Report* and other studies in populations primarily comprised of veterans support the

association between TBI with incident dementia. Whereas studies, in mostly non-Veteran

30-32

populations, found no associations between TBI with Alzheimer’s disease pathology,**? any
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ADRD,* and changes in midlife cognition.** Discrepancies in findings may partly be explained
by study population characteristics and different TBI definitions or underreport or misdiagnosis
of TBI, especially mild injury.'8?

In Chapter 4 (Study 3), we tested the association between multimorbidity and multiple
measures of cognitive performance, and assessed effect measure modification by social
engagement, in a prospective study of 1,381 participants from the RBS cohort. We found that
multimorbidity was associated with faster declines in measures of global cognitive function,
executive function/speed, and category fluency during an average 7.2 years of follow-up. These
results were generally consistent with prior literature.®¢>7 Participants with lower social
engagement had a larger magnitude of multimorbidity-associated declines in a test of global
cognitive function compared to those with medium and high social engagement. Effect measure
modification for executive function/speed was significant when considering a higher type I error
threshold of alpha of 0.10 as well as in sensitivity analyses where the social engagement index
was redefined and after restricting the analytic sample to older adults. Results on the modifying
effects of social engagement on multimorbidity-associated cognitive decline are highly relevant
given the projected rise in older adults with multimorbidity and dementia.!’*!7*> Additionally,
these results add to the literature of negative health outcomes associated with lower levels of
social connection, which was emphasized by the recent U.S. Surgeon General’s Advisory report,
“Our Epidemic of Loneliness and Isolation: The U.S. Surgeon General’s Advisory on the
Healing Effects of Social Connection and Community”.5!

Although the Lancet Commission classifies social contact as a modifiable risk factor for
dementia,* there was no evidence to suggest effect measure modification in the associations of

TBI with cognitive decline and markers of brain health by loneliness in Chapters 2 and 3. We
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were underpowered to assess the effect of social isolation, another risk factor highlighted in the
Lancet Report,* in this study population given its low prevalence in VETSA. While we used an
index score in the RBS study in Chapter 4, the two VETSA studies assessed social contact via a
single item pertaining to how often the participant felt in the past week. There is opportunity to
expand upon this topic by testing different social connectedness-related scales in VETSA and
RBS. Additionally, it is plausible that other forms of social contact may be more impactful in
these populations.

In Chapter 4, we found that those with low social engagement had stronger
multimorbidity-related declines in global cognitive function compared to those with higher levels
of social engagement. These findings align with meta-analyses that suggest that higher social
engagement is associated with lower risk of dementia,*!>! and supports our hypothesis of the
buffering effect of social contact on risk factors for cognitive decline. We also elucidated which
aspects of social engagement may be most impactful by showing that participants who had <2
close friends and relatives had faster multimorbidity-associated declines.

In summary, the results of this dissertation advance the dementia and cognitive aging
field in several ways. Chapter 2 outlined the impact of TBI in early life (i.e., prior to military
induction) and APOE &4 carrier status in relation to faster executive function decline among
middle-to-older aged men. Chapter 3 leveraged multiple neuroimaging-based biomarkers,
spanning predicted brain age, global white matter abnormalities and white matter microstructure
derived from RSI, to assess the impact of TBI in later life. However, we did not find evidence to
suggest effect measure modification by loneliness in Chapters 2 and 3. Chapter 4 outlined the
modifying effect of social engagement on multimorbidity-related cognitive decline, supporting

social engagement as a potentially modifiable and actionable factor among older adults.*
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165 and joint models'¢’ to

Additionally, we leveraged inverse probability of selection weights
assess the impact of selection bias due to loss to follow-up and bias due to the competing risk of

mortality, respectively, which are techniques that can be applied in similar longitudinal contexts.

5.2 Limitations and recommendation for future work

There are several limitations to this dissertation to consider. First, given the longitudinal
design of the studies outlined in Chapters 2 and 4, selection bias due to loss to follow up may
affect our results. We assessed the impact of the effect of this bias by using inverse probability of
selection weights in our last study among RBS participants in Chapter 4. Additionally, the
VETSA design included age-matched attrition-replacement participants at each wave to compare
cognitive test scores between returnees and replacements, and there were few demographic
differences between those with complete and incomplete follow-up in Chapter 2 (see
Supplementary Table 2.1).

Second, there may be measurement error due to recall bias of self-reported TBI,
multimorbidity and measures of social contact, contributing to information bias. Future studies
should consider multiple data sources to ascertain TBI and multimorbidity. For example, they
may incorporate medical record data to confirm self-reported TBI and morbidity history. Given
the differences in defining multimorbidity (see Table 1.1), it may also be beneficial for further
collaboration into defining morbidities that have the most impact on cognitive aging,>> as well as
considering different clusters of multimorbidity categories such as cardiometabolic
multimorbidity.® Additionally, time-varying TBI and multimorbidity should be considered to
assess the impact of timing and severity throughout the lifecourse. Data on the timing of injury
and morbidity diagnosis would allow for a clearer timeline of events to elucidate the mechanisms

by which these risk factors affect cognitive outcomes.
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Third, the VETSA study sample is predominantly non-Hispanic White and male, and the
RBS is predominantly white and middle class from a single region, which limits generalizability
of our findings. Future work must include populations of diverse race, ethnicity, and socio-
demographic backgrounds, especially because there are major racial and ethnic disparities in
dementia incidence.'®? Additionally, sex differences should be assessed given evidence

['%* and higher prevalence of multimorbidity® among women

indicating worse recovery after TB
compared to men.

Given our interests in multiple domains of cognition with repeated measures over time in
Papers 1 and 3, there may be bias due to practice effects. Both VETSA and RBS have outlined
analytic approaches to address this bias. VETSA, by design, addressed biases due to attrition and
practice effects by enrolling new participants from the Vietnam Era Twin Registry (VETR) at
waves 2 and 3 who were of similar age to VETSA participants (see Elman et al. 2018).%* Briefly,
the practice effect for each cognitive outcome was calculated as the difference in scores between
returnees and replacements (i.e., the difference score), subtracted by the difference in scores
between returnees and all participants (i.e., the attrition effect).®® Although the adjustment for
practice effects in RBS was not as robust, due in part to study design, including a covariate
indicating whether a test had been previously administered to the participant may be
beneficial.!®2

It is possible that the risk factors we have assessed follow a different temporal path than
we have posited and assessed here. For example, cognitive impairment may result in decreased
social engagement and higher levels of loneliness. It is also possible that having multimorbidity

or TBI may reduce one’s social contact, and in turn, impact cognitive outcomes. Additionally,

while yet to be examined, social contact (e.g., through lower loneliness, higher social
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engagement, etc.) may have a more impactful role on cognitive health if implemented more
proximal to the point of TBI or onset of morbidity. However, we were not able to examine these
potentially mediating paths given the small magnitudes of effect in Chapters 2 and 3, and our
definition of multimorbidity and social engagement Chapter 4. If provided time-varying
measures of correct temporal sequence and confirmation of identifiability criteria, these
mechanisms can be assessed using a causal mediation framework.'®> Moreover, we primarily
focused on interpersonal and intrapersonal factors of social contact. Further research, while
considering other pathways, can assess the impact of community and policy level factors, such as
access to care, on the associations tested here.

Lastly, given the small magnitudes of association of TBI with different outcomes in
Chapters 2 and 3, and presumed accelerated cognitive decline at older age, the observed
associations may be more pronounced with further follow-up in VETSA. Further study is needed
among older-aged cohorts to study the mechanisms in which TBI affects later-life health.
Medical records-based studies may be able to assess these associations using a retrospective
cohort design but may be limited by the quality of available data.

5.3 Conclusions

The results of this dissertation underscore the negative impact of multimorbidity and TBI
on cognitive and brain health at later life but did not provide strong support for low loneliness as
a buffer of TBI. Nonetheless, this work expands the current evidence base by highlighting the
importance of TBI in early life and APOE ¢4 carrier status in relation to cognitive decline, as
well as the impact of TBI on white matter microstructures which are crucial to cognitive
function. While loneliness was not a significant moderator of TBI with our outcomes of interest,

social engagement modified the relationship between multimorbidity and cognitive decline.
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There remains a strong need to elucidate these relationships given the limitations of this
dissertation to date. Findings can inform subsequent efforts focused on increasing social
engagement to reduce cognitive decline and improve wellbeing, particularly among those with

multimorbidity.
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