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Cognitive impairment can severely impact quality of life, and can place added strain on family
and caregivers.1–3 Moreover, cognitive decline has been shown to proceed to more serious
conditions including Alzheimer’s disease and dementia,4–6 making it critical to intervene on risk
factors. In addition to traditional risk factors for cognitive decline, including level of education,
cardiovascular disease (CVD), total cholesterol and diabetes among others,7,8 subclinical
cardiovascular disease (SCVD), and markers of cardiovascular damage have been associated
with reduced cognitive function in older adults.9,10 This relationship has been observed even in
the absence of clinical cardiovascular disease.6,7 In addition, recent evidence has shown that
older adults have a range of cardiovascular damage, and that coronary and peripheral vascular
disease is heterogeneous.13–15 These reasons indicate an essential need to re-examine the
relationship between cardiovascular damage and cognitive function.

Although the relationship between individual and composite scores of cardiovascular damage
with cognitive impairment is well established, there is less known about how the

interrelationship of these indicators are associated with trajectories of cognitive decline. While
past studies have greatly improved our understanding of the relationship between cardiovascular
damage and cognitive function, these studies have focused on the overall burden of disease. The
identification of risky combinations of characteristics may lead to a better understanding of
pathophysiologic changes that underlie cognitive impairment. Furthermore, the association
between phenotypes of cardiovascular damage and trajectories of cognitive decline may give rise
to more informed clinical interventions.

This dissertation has two overarching goals: (i) To cluster participants into phenotypes based on
the interrelationship between indicators of cardiovascular damage; and (ii) To explore which
phenotypes are at greatest risk for cognitive decline and incident dementia with the intention of
improving clinical interventions and igniting future research in the field of cardiovascular and
cognitive aging. In addition, because of the inconsistency in results relating to sex differences
with cognitive function, and to further distinguish the pathways between cardiovascular damage
and cognitive function, effect modification by sex, and mediation by CVD and depression was
also examined.

First, results yielded 5 phenotype classes: healthy, cardiac, inflammatory, multisystem morbidity
and vascular, and that the distinction of classes differed between sex. These findings demonstrate
the multidimensionality of cardiovascular damage risk factors, and the need to separate these risk
factors into discrete groups to evaluate with distal adverse outcomes. Second, I found that the
vascular phenotype had the greatest rate of decline, and that certain combinations are riskier for
cognitive decline and incident dementia than others. These results indicate that participants in the

multisystem morbidity and vascular phenotypes are most likely further along in the cognitive
process than other phenotypes. I also found minimal evidence of mediation by clinical CVD and
depression suggesting that this relationship is independent from these intermediate variables.
From a clinical perspective, the identification of phenotypes of cardiovascular damage may
provide more specific and tailored interventions, or may better predict adverse events. These
phenotypes need to be validated in other datasets, as well as modified to include markers that are
easily implemented in clinical settings.
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CHAPTER 1: GENERAL INTRODUCTION
1.1.

Background

The Centers for Disease Control and Prevention (CDC) reports that by 2050, nearly 84 million
people in the United States will be 65 years of age or older, approximately double the number of
older adults in 2012.16 As a greater number of adults are living to advanced ages, exploring
subclinical markers of chronic diseases is essential for implementing more informed clinical
interventions as an effort to reduce the burden of morbidity. Mild cognitive impairment (MCI), a
condition marked by difficulties in memory, concentration and learning, is a common problem
among older adults. Although estimates range due to differences in definitions, a large cohort
study of US older adults estimates MCI to exist in approximately 21% of the population.17 MCI
can vary from mild to severe,18 and can lead to a loss of independence, and disability,19,20 which
can severely impact the quality of life for both the individual and their caregiver(s).3–5

Cognitive impairment can precede more severe conditions such as dementia and Alzheimer’s
disease (AD).6 In 2015, dementia was estimated to effect 47 million older adults worldwide, and
this number is expected to reach 75 million by 2030.22 In addition to the growing number of
adults living with dementia, the cost of treatment has increased from (US)$604 billion in 2010 to
(US)$818 billion in 2015,23 further signifying an important public health problem. The most
common type of dementia, AD, is estimated to effect 5.3 million US adults and has no known
cure.24 In order to manage the risk of dementia and AD, identifying pathways involved in the
early detection of cognitive decline is critical.
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Commonly characterized risk factors for cognitive decline include advanced age, race (African
American), low education level, smoking status, alcohol use, environmental factors, diabetes,
high cholesterol, obesity, and genetic risk factors including the apolipoprotein ɛ4 allele
(APOE).7,25–31 Evidence has also shown an association between clinical cardiovascular disease
(CVD), including stroke, heart failure and myocardial infarction (MI), with cognitive decline and
dementia.32–34 Markers of cardiovascular damage, including subclinical cardiovascular disease
(SCVD), i.e. disease that is detectible by tests without clinical manifestations, and both cardiac
and inflammatory markers have also been established as risk factors for cognitive decline.12,35,36

The association between individual markers, such as ankle arm index (AAI) and troponin-T
levels, in addition to composite scores of SCVD and cognitive decline and dementia is well
established.10,37,38 Similarly, more evidence shows that CVD and cognitive decline share similar
risk factors and pathology.39,40 While past studies have greatly improved our understanding of
the relationship between cardiovascular damage and cognitive function, these studies have
focused on the overall burden of disease and have ignored subgroups of characteristics. As recent
evidence has shown, older adults have a range of markers, and that coronary and peripheral
vascular disease is heterogeneous.13–15 Therefore, identifying patterns of cardiovascular damage
that generally co-occur may have a greater impact on targeting interventions specific to a
person’s cardiovascular profile. To date, no study has evaluated the interrelationship of markers
of cardiovascular damage to classify specific phenotypes. Distinguishing phenotypes can add
insight into the combination of characteristics that increase the risk for cognitive decline, as well
as lead to a better understanding of the pathophysiologic changes that underlie cognitive
impairment. By gaining a better understanding of the early stages involved in cognitive decline,
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clinicians can improve clinical interventions and reduce severe cases of cognitive impairment.
The objective of this research is to identify phenotypes of cardiovascular damage in the
Cardiovascular Health Study (CHS), and to investigate the relationship between phenotype with
cognitive decline and dementia.

1.2.

Goals, Specific Aims, & Hypotheses

This dissertation has two overarching goals: (i) To identify phenotypes of cardiovascular
damage; and (ii) To explore which phenotypes are at greatest risk for cognitive decline and
incident dementia. Four specific aims are listed below:

Cross-sectional analysis
Specific Aim 1a: To classify participants into phenotypes based on the interrelationship
between measures of cardiovascular damage in older adults.


Hypothesis 1a: Participants will be classified into groups indicating cardiac,
vascular, or inflammatory phenotypes of cardiovascular damage.

Specific Aim 1b: To determine if the number of phenotypes, the observed response patterns
to each phenotype, and phenotype prevalences differ between men and women.


Hypothesis 1b: The number of phenotypes will be the same, but the observed
response patterns will be different between men and women.
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Longitudinal Analysis
Specific Aim 2a: To evaluate trajectories of cognitive decline over time among phenotypes
of cardiovascular damage developed in Aim 1 using repeated measures of the Modified
Mini Mental State Exam.


Hypothesis 2a: Rates of cognitive decline will be steeper in the vascular phenotype
compared to cardiac and inflammatory phenotypes.

Specific Aim 2b: To evaluate the potential mediating effect by CVD events and depression
on the relationship between phenotype and cognitive decline.


Hypothesis 2b: The relationship between cardiovascular damage phenotype and
cognitive decline will be mediated by both CVD events and depression such that the
association will be attenuated.

Specific Aim 3: To evaluate time to incident dementia among phenotypes of cardiovascular
damage developed in Aim 1.


Hypothesis 3: Participants in the vascular phenotype will be at increased risk of
incident dementia compared to cardiac and inflammatory phenotypes.

Missing Data Analysis
Specific Aim 4a: To evaluate the effect of missing incident dementia data, including death
and loss to follow-up, on the relationship between cardiovascular damage phenotype and
incident dementia using inverse probability of censoring weights (IPCW).


Hypothesis 4a: Accounting for missing data will strengthen the effect between
cardiovascular damage phenotype and incident dementia.
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Specific Aim 4b: To compare results from aim 4a to results using adjustment for participants
censored due to death.


Hypothesis 4b: Using IPCW with adjustment for participants censored due to death
will reduce bias by providing estimates in a population that maintains a probability
of dying.

1.3.

Dissertation Structure

The remainder of the dissertation was structured as follows. Chapter 2 covers a general review of
cognitive literature including risk factors such as education and subclinical cardiovascular
disease. Specific aims 1,2,3 and 4 were presented in Chapters 3,4,5 and 6 respectively. In
Chapter 7, I provide general conclusions of my findings including clinical implications, as well
future directions.
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CHAPTER 2: LITERATURE REVIEW

2.1. Cognitive Decline in an Aging Society
As the number of adults 65 and older living in the U.S. are expected to double in the next 40
years, the number of older adults living with age related conditions such as cognitive impairment
will also rise unless measures to reduce cognitive decline are achieved. Mild Cognitive
Impairment (MCI), a condition marked by difficulties in memory, concentration and learning,
can vary from mild to severe.18 While some decline in cognitive function is common, it is often
linked to comorbidities such as CVD and frailty,6,41,42 and can be a major determinant of
functional impairments, such as difficulty with mobility and loss of independence.19,20

Cognition is typically measured by several screening tests including the Mini Mental State
Examination (MMSE) and the Modified Mini Mental State Examination (3MSE), both of which
evaluate global cognition.43 Another commonly used instrument is the Digit Symbol Substitution
Test (DSST) which is also referred to as the Digit Symbol Coding Test, or the Letter-Digit
Coding Test, which measures information speed and executive function.44 While global
cognition refers to all cognitive processes (memory, attention, decision making and planning),
tests of executive function and processing speed focuses primarily on working memory and
cognitive flexibility.45 Other tests used in research include the Buschke Selective Reminding
Test, the Trail- Making Test, the Boston Naming Test, the Stroop Colour-Word Test, and the
Picture-Word Learning Test.
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Evidence has indicated that cognitive decline can precede conditions such as dementia and AD.4
For example, the work performed by Morris and colleagues reported that 19.9% of patients with
MCI at baseline steadily progressed toward dementia and exhibited characteristics consistent
with AD.5 The World Health Organization defines dementia as a progressive syndrome that
affects cognitive function including memory and thinking, which can impact a person’s ability to
live independently and perform everyday activities.46 Studies have shown that dementia is
associated with poor health outcomes including loss of independence,47,48 disability,49,50 and
mortality.51,52 For instance, in a 13-year study of 5,278 older adults, authors reported that the risk
of mortality was 2.23 times greater in participants with mild dementia compared to those with no
clinical signs (95% CI: 1.77, 2.82).52 In research, dementia is typically measured by use of death
certificates,53 International Classification of Diseases (ICD) codes,54 or intensive
neuropsychological testing.55 Widely reported scales for dementia in research settings include the
Clock Drawing Test,56 and the Montreal Cognitive Assessment.57

The most common type of dementia, AD, is characterized by severe damage and death to
neurons that can result in the inability to carryout basic functions, such as walking and
swallowing.24 Alzheimer’s Disease has also been shown to be associated with adverse health
outcomes including co-morbidities and hospitalization.58,59 In a retrospective matched cohort
analysis of 10,792 participants, results indicated that participants with AD were significantly
more likely to have anxiety, cardiac arrhythmias, depression, Parkinson’s disease, osteoporosis,
dyslipidemia, and epilepsy.58 Scales used to assess AD include the Alzheimer’s Disease
Assessment Scale – Cognitive Section,60 and the Cambridge Assessment of Memory and
Cognition.61
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As there is evidence that cognitive decline proceeds more severe conditions, and because there
exists no cure for AD to date, the importance of identifying a risk profile before manifestation of
cognitive decline may improve clinical interventions and reduce severe cases of cognitive
impairment. Although the exact etiologies of cognitive decline, dementia and AD are still under
debate, cardiovascular components such as vascular, coronary and inflammatory markers have
been identified as possible sources.62

2.2. Risk Factors for Cognitive Decline
As the frequency of dementia cases throughout the world continues to increase and become a
public health priority, both biomedical and epidemiological studies have extensively researched
risk factors for cognitive decline. Potential risk factors include environmental factors,
demographic and behavioral risk factors, and clinical and genetic risk factors.

2.2.1. Environmental risk factors
Studies evaluating the relationship between environmental factors and cognitive decline and
dementia have shown mixed results. For example, a systematic review of studies observing the
relationship between environmental factors and dementia published before January 2016 found
moderate evidence that air pollution, aluminum silicon, selenium, pesticides, vitamin D
deficiency, and electric and magnetic fields were associated with an increased risk of dementia.63
Further, Chang et al. found that participants in the highest quartile of carbon monoxide (CO) and
nitrogen dioxide (NO2) had a 54% greater hazard of incident dementia than participants in the
lowest quartile.64 Additionally, Baldi et al. found that men exposed to pesticides in the work

9
place had 2.4 greater risk of AD.65 However, there have also been studies showing no or weak
relationships between environmental factors and cognitive outcomes. For instance, in a
longitudinal study of 694 older adults, self-reported exposure to pesticides, inks, paints, fuels,
solvents, liquid plastics, and adhesives were not significantly associated with AD.66 Furthermore,
in a cross-sectional study of 109 adults with clinically diagnosed AD, no association was found
between aluminum in drinking water and risk of dementia.67

2.2.2. Demographic and Behavioral risk factors
While some risk factors for cognitive decline and dementia are non-modifiable, such as age,25,68
and race,26,69–71 many are considered to be a result of individual behavior or socioeconomic
status, including smoking,68,72–75 alcohol use,29,76,77 physical activity,78–81 and education.28 For
instance, in a prospective cohort study of 9,209 non-demented older adults, participants defined
as current smokers had a yearly decline in 3MSE scores of 0.16 points compared to a decline of
0.03 in never smokers (p< 0.001).72 In the Whitehall II cohort study of 7,153 men and women
between the ages of 49 and 69 at baseline, researchers found that consuming 36 grams or more of
alcohol per day was associated with a faster rate of decline over follow-up in cognitive function
scores compared to consuming between 0.1 and 20 grams per day.29 Several studies have
researched the relationship between a lack of physical activity and dementia in older adults.78–81
In the Honolulu-Asia Aging study where 3734 older men were followed for nearly 7 years,
authors found that participants that walked less than 0.25 miles per day had a 1.8 times greater
risk of developing dementia compared to those who walked greater than 2 miles per day.78
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A particularly strong indicator of cognitive health in older life is level of education,26,28,69,70
which may mediate the relationship between race and cognitive impairment. Mehta et al.
examined racial differences in cognitive function in 3,075 older adults from the Health, Aging
and Body Composition study, and found that African American participants scored significantly
worse on cognitive tests than their white counterpart. Furthermore, the addition of
socioeconomic status and education to the model attenuated the relationship, suggesting that
these factors may partially explain the observed differences by race in scores.82 Additionally, the
odds of dementia in participants of the Cardiovascular Risk Factors, Aging and Dementia study
with 9 or more formal years of education was 0.16 times the odds of dementia in participants
with 5 years or less years.28

Sex may play a role in the development of cognitive decline; however, studies have yielded
inconsistent results. For instance, Proust-Lima et al. found that women had a steeper rate of
cognitive decline over 13 years of follow-up compared to men,27 whereas McCarrey et al. found
that men had a greater risk of cognitive decline over follow-up,83 and Finkel et al. and Barnes et
al. found no difference in decline.84,85

2.2.3. Clinical risk factors
Many clinical risk factors including depression,86–88 diabetes,8,89,90 hypertension,7,91 high
cholesterol and obesity,7,30,92,93 are associated with a greater risk of cognitive decline and
dementia in older adults. For instance, in a cross-sectional study of 3,608 participants from CHS,
authors found that 20% of participants with MCI had experienced symptoms of depression.88 In
another study 2,220 participants from the Cardiovascular Health Study Cognition Study, the risk
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of MCI increased with increased baseline depressive symptoms, such that those with a moderate
or high depressive symptoms had a 19.7% increased risk of MCI over follow-up.86 In a recent
pooled analysis of 14 studies found that women with diabetes had a 2.34 times greater risk of
vascular dementia than in women without diabetes, and this relationship was stronger compared
to men and compared to nonvascular dementia.8 Hypertension, or high blood pressure, affects
approximately two thirds of older adults in the US.94 Numerous studies, including both crosssectional and prospective studies have found consistent evidence that higher blood pressure is
associated with cognitive function. A cross-sectional study of 158 older adults found that higher
levels of systolic blood pressure were associated with lower cognitive function scores,91 while a
longitudinal study of 8,845 participants found that those with hypertension had a 24% greater
hazard and those with high cholesterol had a 66% greater hazard of developing dementia over
follow-up.7 In addition, higher levels of body mass index (BMI) have been linked to worse
cognitive function. For example, in the Baltimore Longitudinal Study of Aging of 1,703 adults,
multiple indices of obesity, including BMI, waste and hip circumference, were associated with
poor cognitive performance.30

2.2.4. Genetic and cellular risk factors
Apolipoprotein E (APOE) is a glycoprotein that was originally identified on cholesterol rich
plasma synthesized by the human liver.95 In the brain, APOE is expressed by vascular smooth
muscle cells, astrocytes and microglia, and is synthesized by neurons under stress.96 Three
polymorphic alleles of APOE are present in humans including ɛ2, ɛ3, and ɛ4. The ɛ4 allele has
been shown to be the strongest genetic risk factor of AD,97 and numerous epidemiological
studies have found a relationship with APOE and cognitive decline,31,98,99 dementia,100 and
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AD.101–103 While amyloid-β (Aβ) peptide deposits are not genetic, Aβ proteins activated by
genetic mutations and oxidative stress, are believed to contribute to cognitive decline, and have
been found in the brain of patients with AD.104,105

2.2.5. Cardiovascular Disease risk factors
Evidence has shown that cardiovascular events, such as heart failure,33,106 MI,34 stroke,32 and
angina,34 can put a person at greater risk for cognitive decline and dementia. For instance, a
longitudinal study of 6,455 postmenopausal women between the ages of 65 and 79 with CVD
(history of MI, angina pectoris, heart failure, angioplasty, atrial fibrillation, coronary bypass
surgery, peripheral vascular disease or carotid endarterectomy), had a 1.29 greater risk of
developing MCI compared to participants without CVD. Specifically, participants with MI were
at greatest risk (HR=2.10; 95% CI= 1.40, 3.15) and participants with angina had a 1.45 increased
risk of cognitive decline (95% CI= 1.05, 2.01).34 In a population based longitudinal study of
adults aged 55-85, authors found that participants with heart failure had 0.21 (95% CI = -0.41,
0.00) lower scores on attention and executive functioning over follow-up compared to
participants with no heart failure.33 In another population-based study of 1,301 adults 75 and
older living in Sweden, results indicated that participants with heart failure were at a 1.84
increased risk of developing dementia over follow-up.106 Lastly, in a prospective study of 23,572
participants 45 years of age and older, authors found that participants with stroke had a 0.06
decline in global cognitive scores over time, and a 0.63 decline in executive function compared
to stroke-free participants.32
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2.3. Cardiovascular Damage and Cognitive Decline
2.3.1. Subclinical Cardiovascular Disease
Subclinical Cardiovascular Disease (SCVD) can be broadly defined as cardiovascular disease
that is detectable by tests, but has not yet manifested as clinical symptoms. For example, ankle
arm index is a marker of peripheral artery disease and atherosclerosis without presenting as
clinical symptoms of atherosclerosis. While this definition can extend to systemic markers, such
as the inflammatory biomarker C-reactive protein (CRP), SCVD in the literature typically refers
to non-invasive measures including ankle arm index, internal carotid wall thickness, common
carotid wall thickness, carotid stenosis, major ECG abnormalities, intermittent claudication,
angina, abnormal ejection fraction, pulse wave velocity, and abnormal wall motion on an
echocardiogram.

Subclinical cardiovascular disease is associated with a number of negative outcomes in older
adults including clinical CVD,107,108 frailty,109 disability,110 an overall poor survival,107,111–114 and
cognitive impairment.11,38,115,116 For instance, Kuller et al. found that women in CHS with SCVD
were at a 2.5 increased risk of developing coronary heart disease compared to women without
SCVD, while men were at a 2.0 increased risk. Additionally, results indicated that the increased
risk for all-cause mortality was 1.7 in women, and 2.9 in men.107

2.3.2. Subclinical Cardiovascular Disease and Cognitive Health
There has been a large body of epidemiological literature focused on understanding the
relationship between individual markers of SCVD and cognitive decline. Currently, the
relationship between independent factors of SCVD, such as pulse wave velocity, carotid intima-
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media thickness (IMT), and AAI, with cognitive decline has been established.12,117 In both crosssectional and prospective studies, results have indicated that higher levels of SCVD are
associated with cognitive impairment and greater rates of cognitive decline.118,119 For instance,
Haan et al. in 1999 found that measures AAI, internal or common carotid arterial wall thickness,
major echocardiogram (ECG) abnormalities and atrial fibrillation as SCVD used in CHS were
significantly associated with declines in 3MSE scores over follow-up.120

2.3.3. Composite Scores of Subclinical Cardiovascular Disease with Cognitive
Health
In addition to evaluating the independent association between markers of SCVD and cognitive
function, some studies have used a composite score of SCVD measures. Composite scores have
been created by including participants with abnormalities or high levels in at least one of the
measures, or only including participants that have abnormalities or high levels in all of the
measures. For example, using CHS, Chaves et al. in 2004 evaluated a preexisting composite
score of SCVD, defined as present (yes or no) if participants had an abnormal measure in at least
one of the proposed variables including AAI, internal carotid wall thickness, carotid stenosis,
major ECG abnormality, major ejection fraction or wall motion on echo cardiogram, with CVD
and cognitive function. The authors found that the presence of SCVD increased the risk for
incident CVD, stroke, mortality, frailty, as well as physical and cognitive decline.10,121 A crosssectional study of 400 men between 40-80 years old in the Netherlands also used a composite
score of SCVD measures to evaluate the relationship with cognitive scores. Results indicated that
participants with at least one measure of SCVD (highest quartile of carotid intima-media
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thickness distribution, highest quartile of pulse wave velocity, and AAI of < 90) was associated
with significantly worse memory scores.9

Utilizing data from CHS, Inzitari et al. created an index of subclinical vascular disease (SVD)
assigning participants a score ranging from 0-6, with a score of 0 indicating no SCVD, while a
score of 6 indicated high SCVD burden. Compared to previous composite scores, the SVD index
was better able to capture a spectrum of older adults.13 Still, this index has not yet been evaluated
with cognitive decline, and other measures of SCVD are missing. In fact, Inzitari et al. discusses
the notion that adding even two more items to the index would increase discrimination among
trajectories.

2.3.4. Markers of Cardiovascular Damage
Although SCVD encompasses a range of markers, other markers of cardiovascular damage
including inflammatory and cardiac markers are missing. The following markers will define
cardiovascular damage, and include carotid stenosis, AAI, claudication, cystatin C, abdominal
aortic aneurysm (AAA), white matter disease (WMD), common and internal carotid IMT,
abnormal ECG, angina, troponin T, ST2, N-terminal pro-brain natriuretic peptide (NTproBNP),
interleukin-6 (IL-6), CRP, and Galectin-3 will be discussed in greater detail in regards to their
relationship with both CVD and cognitive function, and are subdivided into 3 categories:
vascular markers, coronary markers, and inflammatory markers. These distinctions can be
observed in Table 2.1.
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Vascular Markers
Pathology
While it is clear that vascular disease plays a prominent role in the pathology of cognitive decline
and dementia, the mechanism by which it occurs remains unclear. Primary vessel disease,
including atherosclerosis, may be associated with the presence of cerebral infarcts as well as
tissue damage including white matter degeneration.39 It has been noted that infarcts in older
adults are common, occur in various sizes, locations, and at different ages, and occur in persons
with and without dementia bringing into light the complexity of its pathology.122–124 In addition,
studies have suggested that deposits in the cerebral arterial vasculature is associated with AD in
mouse models.125 Finally, neuronal death from dysfunction of endothelial cells in the brain blood
vessels may be one explanation.126

Vascular markers and cognitive health
It is becoming increasing more apparent that vascular markers, or blood vessel changes, play a
prominent role in the etiology of cognitive decline. Several markers, including carotid artery
stenosis, ankle arm index, intermittent claudication, angina, cystatin C, and white matter disease
have been indicated as markers of worse cognitive function. For instance, in the Tromsø Study,
carotid stenosis was independently associated with risk of stroke.127 Evidence has also indicated
a relationship between carotid artery stenosis and cognitive function in both cross-sectional and
longitudinal designs. For example, a cross-sectional evaluation utilizing CHS found that the odds
of being cognitively impaired in participants with stenosis of the left internal carotid artery were
6.7 times the odds in participants with no stenosis.11 Another cross-sectional analysis of
participants 55 to 74 residing in Norway found that participants with carotid artery stenosis had a
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2.83 greater odds of poor cognitive performance that included memory and learning of
immediate recall, compared to participants with no carotid artery stenosis.127 In the Framingham
Offspring Study, a prospective study, found that carotid stenosis ≥ 25% was associated with nonverbal memory factor (p=0.001) and the executive function factor (p=0.002).128 On the contrary,
in the Rotterdam Study, a population based prospective study of older adults carried out between
1990 and 2005, authors found no association with carotid plaques at baseline with dementia, AD,
or vascular disease over follow-up.129 However, Oijen et al. observed a 2.53 increased risk of
developing AD when carotid plaques were measured at the third survey year compared to
participants with no carotid plaques at baseline.129 Moreover, in a cross-sectional analysis using
CHS, Kim et al. reported that neither carotid stenosis of between 1-24% or ≥ 25% was associated
with cognitive function scores at baseline (p=0.90).15

Ankle arm index, also referred to in the literature as ankle brachial index (ABI) is a measure of
peripheral artery disease. AAI is a non-invasive procedure that is simple and patient approved,130
and is the ratio of the systolic blood pressure taken from the ankle artery and the brachial artery.
Evidence has shown AAI to be associated with an increased risk for cardiovascular disease as
well as cognitive decline. For instance, in CHS, participants with low AAI (<0.8) were twice as
likely to have a history of CVD including MI and stroke compared to participants with an AAI of
greater than 1.0.131 Another study performed in CHS found that the risk of CVD mortality in
participants with low AAI and no history of CVD at baseline had 2.86 times the risk of CVD
mortality than in participants with high AAI.132 In addition to AAI being associated with CVD
events and CVD mortality, several cross-sectional analyses have reported worse cognitive
function with lower AAI. The Rotterdam Study performed in the Netherlands on participants 55
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and older found that the proportion of participants with cognitive impairment was significantly
higher in those with an AAI of <0.90 compared to participants with an AAI >=0.90.133 In the
Iwaki Health Promotion Project, a cross-sectional study, participants 60 years and older in the
lowest tertile of AAI had 3.1 times the odds of having cognitive impairment compared to
participants in the highest tertile.37 In CHS, Kim et al. found that AAI of <0.90 was statistically
associated with cognitive function scores at baseline (p=0.001).15 In contrast, in the Rotterdam
Study, Oijen and colleagues found that AAI < 0.90 was not significantly associated with
Dementia, AD, or Vascular Dementia over follow-up.129

Intermittent claudication is a marker of lower extremity atherosclerosis, or peripheral artery
disease, and is characterized by cramping and pain.134 Several studies have proposed a
relationship between intermittent claudication and cognitive function. In the Whitehall II study, a
longitudinal study of 5,822 adults between the ages of 46 to 68 living in London, researchers
reported that intermittent claudication at baseline was significantly associated with cognitive
function over follow-up in both men and women (p< 0.05).135 In a population based crosssectional study of older adults in Finland, researchers found that low cognitive scores were
associated with intermittent claudication, however, this relationship was not significant over
follow-up.136

Common carotid and internal carotid intima-media thickness are measures of the inner most
layers of the artery, or the tunica intima and tunica media.137 Common carotid and internal IMT
are subclinical measures of atherosclerosis and established risk factors for CVD and cognitive
decline.138,139 Specifically, the internal carotid IMT measures atherosclerotic plaque from the
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lumen to the media, while the common carotid IMT measures wall hypertrophy.140 These
measures are sometimes discussed in the literature separately, however, many studies average the
two creating one carotid IMT measure which is then evaluated with cognitive function. For
instance, in 1,651 participant from the Epidemiology of Hearing loss Study (EHLS), carotid IMT
was associated with a 1.09 greater risk of incident cognitive impairment, and larger IMT was
associated with longer time to complete Trail-Making Test.141 In the Baltimore Longitudinal
Study of Aging (BLSA), participants with larger IMT had a greater decline in memory.12

White matter disease, also called white matter hyperintensities or leukoaraiosis, is found by
magnetic resonance imaging (MRI), and is a marker of cerebral vessel disease, CVD including
stroke, and cognitive impairment. In CHS, Kuller et al. found that the risk of stroke was 2.8% per
year in participants with white matter grade of ≥ 5 compared to 0.6% for participants with grades
0 or 1.142 Furthermore, white matter disease has shown to predict cognitive decline. In another
study performed in CHS, researchers found that of the 804 participants who received an MRI,
each 1-SD higher of baseline white matter hypertensity volume was associated with a 0.10
decrease in 3MSE scores over a 1 year period.143 In addition, in 1,077 participants of the
Rotterdam Scan Study, white matter hypertensities increased the risk of dementia by 1.67
times.144

Brain infarctions are vascular lesions resulting from a lack of blood, and are associated with
stroke,145 cognitive impairment,146–149 and dementia.39 For instance, in a systematic review of
brain infarctions and stroke found that silent brain infarction is associated with a 2-fold increase
in stroke risk.145 In CHS, Longstreth and colleagues found that participants with MRI defined
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brain infarctions had a 0.9 decrease in 3MSE scores per year, and a 2.6 decrease in DSST scores
per year over follow-up (p<0.01 for both).146 In a cross-sectional analysis performed in CHS,
participants with brain infarctions and no prior stroke had significantly lower 3MSE and DSST
scores (p<0.001 for both).147 In another study performed by CHS, evidence indicated that the
presence of brain infarctions was strongly correlated to 3MSE and DSST scores (-0.048, p<0.01;
-0.080, p< 0.001, respectively).148 In one study performed in the Rotterdam Scan study, authors
found that participants with brain infarcts had a 0.085 (95% CI: 0.02, 0.15) greater annual
decline of MMSE points compared to participants without brain infarcts.149 Moreover, in another
study using the Rotterdam Scan Study of 1014 older adults, results indicated that brain
infarctions at baseline was associated a steeper rate of global cognitive function (z-score: -0.15;
95%CI: -0.27, -0.02), and a 2.26 greater hazard of developing dementia over time (95% CI: 1.09,
4.70).39

Cystatin-C is a measure of estimated glomerular filtration rate which reflects microvascular
damage in the kidney, and has been identified as a risk factor for CVD and cognitive health. For
example, a cross-sectional analysis performed in 1,943 community-dwelling participants from
Japan, found that higher levels of serum cystatin C was significantly associated with worse
cognitive function scores (p=0.046).150 Using the National Health and Nutrition Examination
Survey (NHANES), authors observed a cross-sectional relationship between levels of cystatin C
and cognitive functioning scores in 1,982 older adults living in the United States.151 In CHS
where 5,846 participants were followed for 10 years, Newman et al. found that levels of cystatin
C increased with age, and was associated with 0.45 decrease in cognitive function scores over
follow-up in women, and a 0.58 decrease in scores in men (p< 0.001 for both).152 In another
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study conducted in CHS, Darsie et al. found that participants with a cystatin-C based estimated
glomerular filtration rate (eGFRcys) of < 60 mL/minute/1.73 m2 had a 0.64 decline in 3MSE
points per year compared to persons with an eGFRcys of 90 mL/minute/1.73 m2 or more.153
Additionally, a prospective study of 821 adults in the Chronic Renal Insufficiency Cohort
Cognitive, reported that higher levels of cystatin C was associated with worse cognitive function
scores, including scores on the MMSE (p< 0.001), the Buschke Delayed Recall (p<0.05), the
Trail-Making Test Parts A and B (p< 0.001), and the Boston Naming Test (p< 0.01).154 In
addition to the vascular nature of cystatin C, this markers has also been shown to correlate with
proinflammatory cytokines and will also be explored as a marker as a marker of inflammation.155

Abdominal aortic aneurysm (AAA) is a marker of subclinical vascular disease and presents as an
abdominal aortic dilation of 3.0 cm or greater.156 Although there is limited studies evaluating the
relationship between AAA and cognitive dysfunction excluding postoperative delirium,157–159
AAA is associated with a greater risk for CVD events and mortality. In CHS, Chaves et al. found
that the prevalence of AAA was 7.2% among participants without prior CVD, and 12.9% for
participants with prevalent CVD,10 while Newman et al. found that AAA was associated with a
1.57 greater risk of CVD compared to participants without AAA.160 Furthermore, in a
retrospective case-control study of in-hospital outcome data, the odds of cerebrovascular disease
in participants with AAA was 2.27 times (p< 0.001) the odds in participants without AAA.161
Finally, in a systematic review, authors reported that the risk of death from CVD was 3.0% per
year in participants with AAA compared to those without (95 CI: 1.7, 4.3).162
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Cardiac Markers
Pathology
Similar to vascular components, the pathology relating to cardiac markers is obscure. Possible
mechanisms include hypoperfusion from inadequate left ventricular function which can lead to
cerebrovascular disease.40,163–165 This reduction in cardiac output and hypoperfusion may lead to
brain atrophy and ischemia putting participants at higher risk for cognitive decline and
dementia.141,165,166 Other hypotheses include thrombosis caused by endothelial dysfunction,167
and activation of platelets and coagulation from rheological abnormalities.168–171

Cardiac makers and cognitive health
Troponin T is a component of cardiac and skeletal muscles and is used by clinicians to detect
myocardial necrosis in patients suspected of having acute myocardial infarction and other
coronary syndromes.164,172 High-sensitivity cardiac troponin T was found to be associated with
cognitive function and dementia in the Atherosclerosis Risk in Communities (ARIC) study, a
prospective study of 9472 middle-aged adults throughout the US. Specifically, higher
concentrations of troponin T was associated with lower DSST scores (p < 0.001), and the word
fluency test scores at baseline (p=0.002). Additionally, Schneider at al. found that participants
with higher concentrations of troponin T had 1.43 times increased risk of hospitalization due to
dementia over follow-up.38 In a prospective study of 5,407 older adults, results indicated that
participants with higher troponin T had worse cognitive function scores on the Stroop Test, the
Letter-Digit Coding Test, the immediate Picture-Word Learning Test, and delayed Picture-Word
Learning Test at baseline, and a steeper rate of decline upon follow-up.173
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Major ECG abnormalities can be defined according to the Minnesota code as left ventricular
conduction defects, atrial fibrillation, major Q or QS abnormalities, minor Q or QS with ST-T
wave abnormalities, left ventricular hypertrophy, isolated major ST-T wave changes, and firstdegree atrioventricular block.174 While ECG abnormalities have been identified as a marker of
cardiovascular disease, the relationship between ECG abnormalities and cognitive function is
less clear. In a prospective study of 84 centenarians 99 years of age or older living in Spain in
2012, Rabunal-Rey et al. reported that ECG abnormalities were not significantly different
between participants with and without cognitive impairment or between sexes.175 A crosssectional study of 1,402 participants aged 60 to 96 years of age in Sweden, found that the odds of
cognitive impairment in participants with major ECG abnormalities was 2.1 times the odds of
cognitive impairment in participants without major ECG abnormalities. Halling and Berglund
also found that when stratified by age, the effect of major ECG abnormalities was strongest in
participants between the ages of 70-79.176 In contrast, in a cross-sectional analysis of 2,452
participants conducted CHS, Kim et al. found that neither minor nor major ECG abnormalities
were statistically associated with cognitive function scores.15

N-terminal pro-brain natriuretic peptide (NT-proBNP), a marker of left ventricular dysfunction
that circulates in response to wall tension, is associated with adverse cardiovascular events.177
For instance, in a cohort of 4,801 men in Scotland followed for 15 years, NT-proBNP was
associated with a hazard of 1.17 for CVD and 1.34 for fatal CVD.178 Additionally, studies have
found an inverse relationship between higher NT-proBNP and cognitive function scores in both
cross-sectional and prospective studies. A study of 560 adults 85 years and older residing in the
Netherlands showed that adults in the highest tertile of NT-proBNP scored 1.7 points lower on
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the 3MSE compared to adults in the lowest tertile (p=0.004). Moreover, over 5 years of followup, the rate of change in 3MSE scores was steeper for participants in the highest tertile.115 In a
cross-sectional study of 4,029 community dwelling older adults reported that higher levels of
NT-proBNP was associated with lower total brain volume, white matter, and gray matter (p<
0.01 for all) as well as worse cognitive scores in processing speed, executive functioning and
memory (p=0.01 for all).179 Similarly, in a cross-sectional analysis of older adults with diabetes,
higher levels of plasma NT-proBNP was statistically associated with lower scores in several
measures of cognitive function, including logical memory, Trail-Making-Test-B, the Digit
Symbol Coding test, and Matrix Reasoning (p< 0.01 for all).180 In a study of 950 older adults
living in California, researchers found that participants with higher levels of NT-proBNP had
significantly lower MMSE scores, and the relationship remained significant after adjustment for
covariates and prior CVD. Furthermore, the authors found that the relationship differed among
men and women.181

ST2 is a marker of cardiac stress and is a member of the interleukin-1 receptor family.182 While
research has also established ST2 as a marker of inflammation and immune responses, recent
evidence has supported a cardiac role.182 For example, in a study of atherosclerosis in mice, ST2
was associated with an increase in significantly larger atherosclerotic plaques.183 In addition to
the positive relationship between CVD and ST2, studies have suggested an association with
cognitive function. In a cross-sectional analysis of 2,463 older adults, higher levels of ST2 was
associated with lower levels of total cerebral brain volume (p=0.05), and worse scores on the
delayed visual reproduction test (p=0.04).184 In the Dallas Heart Study, a population based
cross-sectional study of adults between the ages of 30 and 65. ST2 was associated with all-cause
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mortality (p<0.001) and CVD mortality (p=0.0004). In a separate analysis, participants in the
highest quartile of ST2 had a 2.1 increased risk of death compared to those with undetectable
measures (p=0.0009).185

While it is often considered a cardiovascular event, angina can also be a sign of more serious
CVD and has been noted as a marker of cardiovascular damage. For instance, among 3,122 men
and women enrolled in the Bezafibrate Infarction Prevention Study, severity of angina was
associated with incident stroke in a dose response manner. Such that participants in the most
severe class of angina had a 2.35 times greater risk of incident stroke than participants with no
angina.186 In addition to the association between angina and CVD, cognitive health has been
evaluated as a possible outcome. In CHS, Newman et al. evaluated varying measures of CVD
including angina with dementia and AD. Results indicated that participants with dementia had
higher rates of angina, however, in adjusted models this association was not significant.41 In a
prospective study of 1,307 older adults living in the Yiming sub-district of Hefei city in China,
authors reported that the odds of incident dementia in participants with angina was 2.58 times the
odds in those without baseline angina (p=0.05).187 Moreover, in a prospective cohort of 6,455
older women enrolled in the Women’s Health Initiative Memory Study, authors found that
participants with angina at baseline had a 1.45 hazard of incident cognitive impairment over an
average of 8.4 years.34
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Inflammatory Markers
Pathology
As levels of inflammation increase during acute responses as well as in response to chronic
disease, the use of inflammatory markers to aid in determining early pathways of cognitive
decline is critical. Possible mechanisms for the role of inflammation in the pathway to cognitive
impairment and neurodegenerative disorders such as AD may be explained by an increase in
inflammatory molecules, such as cytokines and chemokines in the cerebral spinal fluid, or white
matter degeneration in the brain which can be a sign of tissue damage.62,188–190 It may also be
attributable to an influx of cerebral infarcts in the brain, which has been shown to exist in
patients with both vascular cognitive impairment and dementia, often in the absence of
cardiovascular events.122,191 Other evidence suggests that inflammation heightens oxidative stress
which can downregulate antioxidant defenses and increase vascular leakage.192,193

Inflammatory Markers and Cognitive Health
Interlukin-6 is a pro-inflammatory cytokine that has been found to be associated with
cardiovascular disease and cognitive health. In the Women’s health study, participants in the
highest quartile of IL-6 had 2.2 times the risk of a CVD event compared with participants in the
lowest quartile.116 In a cross-sectional study of older adults, higher levels of IL-6 was inversely
associated with MMSE scores after adjustment for potential confounders (p=0.003).194
Moreover, in the Berlin Aging study II, a cross-sectional analysis of 1,312 German older adults,
higher levels of IL-6 was associated with worse cognitive function scores, including executive
functioning and processing speed (p=0.007).35
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C-reactive protein is a non-specific inflammatory biomarker that has been researched extensively
in regards to its relationship with CVD and cognition. For instance, in the Women’s Health
Study, a prospective nested case-control study of 28,263 post-menopausal women, the risk of a
CVD event was 4.4 times greater among participants in the highest quartile of CRP compared to
women in the lowest quartile.116 A prospective nested case-control study of 5,201 healthy older
adults in CHS reported that in women with CVD, levels of CRP were significantly higher than in
women without CVD. Additionally, women with SCVD had higher CRP during follow-up, and
that the odds of MI in women with SCVD and in the highest quartile of CRP was 4.50 times the
odds of participants in the lowest quartile.195 In the Berlin Aging study II, higher levels of CRP
were cross-sectionally associated with worse cognitive function scores (p=0.041).35 Among 113
patients with Parkinson’s Disease, levels of CRP were inversely associated with MMSE scores,
as well as other cognitive tests (p< 0.05 for all).196 In a study of adults 45 to 74 living in Israel
with a history of MI, participants in the highest tertile of CRP had significantly poorer
performance on cognitive tests compared with participants in the lower tertiles.197 On the
contrary, a study from the Dallas Heart Study did not find CRP and cognitive function scores to
be significantly correlated.198

Galectin-3 is a member of the beta-galactoside-binding protein family and is expressed in
immune cells such as epithelial cells,199 neutrophils, eosinophils,200 basophils,201 dendritic cells
and macrophages.202–204 While galectin-3 has been used as a maker of myocardial fibrosis, it has
been researched as a marker of inflammation, and studies have observed relationships with CVD
and cognitive function. In the Rancho Bernardo Study, a prospective study of 1,389 older adults,
galectin-3 was found to be associated with CVD mortality (HR=1.30, 95% 1.10-1.53) and all-
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cause mortality (HR = 1.12, 95% CI=1.01-1.24), however, galectin-3 was not associated with
coronary heart disease.205 Additionally, in an investigation of dyspnea, patients with acute heart
failure had higher levels of galectin-3 than patients without heart failure (9.2 pg/mL versus 6.9
pg/mL, p < 0.001).206 In a study of serum samples from 41 participants with AD, 32 participants
with MCI and 46 healthy controls, participants with AD had significantly greater levels of
galectin-3 compared to controls (p=0.017), while there was not significant differences between
participants with MCI and controls.207
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Table 1. Markers of cardiovascular damage categories and subsequent markers
Vascular
Coronary
Inflammatory
Carotid Stenosis
Abnormal ECG
Il-6
AAI
Angina
CRP
Claudication
Troponin T
Galectin-3
Common Carotid IMT
ST2
Albumin
Internal Carotid IMT
NTproBNP
WMD
Brain infarctions
Cystatin C
AAA
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CHAPTER 3: Classifying Participants into
Cardiovascular Damage Phenotypes

3.1. Introduction
While the associations between markers of SCVD and cognitive decline is well established,
many studies have evaluated this relationship using independent associations, as well as
composite score of SCVD measures. While these studies have greatly improved our
understanding of this relationship, it is likely that the effects of cardiovascular damage on
cognitive health are a combination of many risk factors that may not have been well captured by
previous methods. That is, while it is important to understand which individual risk factors are
associated with cognitive function, it may be more informative to determine which
cardiovascular risk factors generally co-occur, and whether these combinations have differential
effects on cognitive decline and dementia.

Thus, to improve our understanding of morbidity and mortality risk factors in later life, it is
critical to evaluate longstanding relationships between risk factors among older adults with
varying cardiovascular phenotypes. Few studies has evaluated the relationship between
cardiovascular damage and cognitive function, or used the proposed methods to examine
cardiovascular damage and cognitive health. By using methods that cluster observations into
groups in lieu of individual measures or composite scores, researchers can determine areas of
further research, and clinicians can improve targeted interventions for persons with specific
cardiovascular profiles.
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Furthermore, it is critical to evaluate differences in cardiovascular damage by subpopulation,
including sex. Epidemiological studies show sex differences in SCVD,208 and the lifetime risk of
CVD events.209 For instance, studies have shown that men have a larger percentage of
atherosclerotic plaque,208 and are more likely to be at risk for coronary heart disease.210 While
women are more likely to experience heart failure and stroke.211 Conversely, evidence supporting
sex differences with cognitive function and dementia are mixed,212 and the pathology behind
these differences is even less clear, suggesting the need for further investigation.

In this chapter, I used latent class analysis (LCA) to classify participants into phenotypes based
on the interrelationship between markers of cardiovascular damage. Latent Class Analysis is
aimed at classifying groups of individuals according to an unobservable latent variable
(cardiovascular damage phenotypes) using a set of indicators, and has been typically utilized in
psychology and the social sciences. While LCA has not been widely used in clinical
epidemiology, LCA is an appropriate method because it may provide a more complete picture of
cardiovascular damage, which is complex and multidimensional. I hypothesized that participants
would be classified into 3 latent classes: cardiac, vascular, and inflammatory phenotypes.
Second, I evaluated the latent class model by subpopulation (sex) and explored measurement
invariance, in other words, to determine if the latent class model was the same between men and
women. As an alternative method for grouping participants into phenotypes, I also used k-means
clustering technique, which is an iterative procedure that partitions observations into clusters
using the mean value of the data.
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3.2. Methods
3.2.1. Data Source
This dissertation utilized one nationwide prospective cohort study: The Cardiovascular Health
Study (CHS). The CHS is a population based prospective study initiated by the National Heart,
Lung and Blood Institute (NHLBI) in 1987 with the objective of examining risk factors for
cardiovascular disease in older adults. At entry, the study enrolled 5,201 adults 65 years of age
and older from four field centers: University of California, Davis in Sacramento County,
California; Johns Hopkins University in Washington County, Maryland; Wake Forest University
School of Medicine in Forsyth County, North Carolina; University of Pittsburgh in Pittsburgh,
Pennsylvania. Six hundred and eighty-seven African American participants were recruited from
the same study sites after the initial baseline survey using similar methods in 1992-1993. While
participants recruited from the University of Pittsburgh were entirely urban, participants
recruited from the remaining sites were a mixture of both urban and rural.

Participants were recruited from Medicare eligibility lists in each of the four areas. Eligibility
criteria included all persons living in the household of the individual sampled from the Health
Care Financing Administration (HCFA), were non-institutionalized, aged 65 or older, expected
to remain in the area for the following three years, and had the ability to give informed consent
without the need for a proxy at baseline. Exclusion criteria included participants on hospice
treatment, wheelchair bound in the home at baseline, or receiving radiation or chemotherapy for
cancer.
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At baseline and annually during the first 10 years, participants completed home visits, physical
examinations, health questionnaires, and donation of blood specimens. At 16 years of follow-up,
participants were invited to participate in a follow-up exam consisting of the same elements.
Telephone interviews were conducted every 6 months beginning in 1989 to obtain information
on outcomes, and potential events were self-reported.

3.2.2 Analytic Sample
Instead of using the baseline data from the CHS, I used data from the 1992-93 (3rd follow-up
visit for the original cohort, and baseline for the new cohort) as baseline for this objective and all
subsequent aims. My reasoning for using the third follow-up visit as baseline was due to i)
availability of indicator variables to create the exposure variable (phenotype); (ii) to utilize the
MRI data to evaluate incident dementia in Chapter 5; and (iii) the supplemental African
American cohort was introduced at this follow-up visit. Figure 3.1 represents the timeline for
CHS (f/u = follow-up; AA=African American).

3.2.3 Measures
Exposure variable
The exposure variable cardiovascular damage phenotype was based on the following indicators:
ankle arm index (AAI), abdominal aortic aneurysms (AAA), major electrocardiogram
abnormalities, angina, intermittent claudication, carotid stenosis, common carotid and
internal carotid intima-media thickness (IMT), white matter disease, MRI brain
infarctions, cystatin C, NTproBNP, troponin-T, CRP, IL-6, galectin-3, ST2. Because the
LCA software requires that all indicator variables be categorical, variables were dichotomized by
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level of abnormality using established clinical cut-points or cut-points used in the literature. For
k-means clustering, both dichotomous variables and standardized continuous variables were
used. The following is a description of the indicator variable including how it was measured in
the CHS, as well as what cut-point was used in analysis:
Ankle arm index (AAI) was measured by trained technicians under standard protocol.
Participants underwent duplicate readings after a brief 5-minute rest in the supine position.
Duplicate blood pressure readings were taken by a mercury sphygmomanometer and a Doppler
stethoscope in the right arm and right ankle. The ratio represent an average of the duplicate
readings.132 The cut-off of ≤ 0.9 was used to define abnormal.132
Abdominal aortic aneurysm (AAA) was measured by B-mode ultrasound of the abdominal aorta
at the Peripheral Vascular Diagnostic Laboratory located in Pittsburg, PA. The scanner was a
Toshiba SSA 270A color Doppler duplex imager with a 3.75-MHz convex probe. AAA will be
defined as an infrarenal aortic diameter of ≥ 3.0 cm. 213
Major ECG abnormalities was defined according to the Minnesota code as left ventricular
conduction defects, atrial fibrillation, major Q or QS abnormalities, minor Q or QS with ST-T
wave abnormalities, left ventricular hypertrophy, isolated major ST-T wave changes, and firstdegree atrioventricular block. Major ECG abnormalities will be dichotomized as abnormal or
normal.214
Positive Responses to Rose questionnaire for angina and intermittent claudication, will be
defined dichotomously as yes or no.
Carotid stenosis was measured from carotid ultrasound using the Toshiba SSA 270A color
Doppler duplex imager with a 4.0-MHz probe. Images and Doppler peak systolic flow velocity
were used to determine level of stenosis. A level of 25% or greater was considered abnormal.215
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Common carotid and internal carotid intima-media thickness (IMT) was measured from
carotid ultrasound. Images of the common carotid artery were obtained by taking a longitudinal
lateral view of the right and left arties, while images of the internal carotid were obtained by
taking three longitudinal views. The maximum wall thickness for the common carotid artery was
defined as a mean of the maximum wall thickness for the near and far wall on both the right and
left sides. The maximum wall thickness for the internal carotid artery was defined as a mean of
the maximum wall thickness for the near and far wall on all three longitudinal views.216 An
abnormal IMT was defined as ≥ 75th percentile.137,217
White matter disease was measured by MRI scans using a grade from 0-9, where 0 is no
changes, and 9 is most pronounced changes.142
Brain infarctions were measured using an MRI scan on three areas of the brain: basal ganglia,
white matter, and brain stem. Small infarcts were considered lesions < 3mm and large infarcts
were considered lesions > 3mm.146
Cystatin C mg/L was measured by a BNII nephelometer (Dade Behring Inc., Deerfield, IL) from
frozen serum samples stored at -70oC. A cystatin C level of > 1.21 mg/L was considered
abnormal.11
Serum N-terminal pro-brain natriuretic peptide (NTproBNP) pg/mL was measured in serum
frozen at -70°C to -80°C; coefficient of variation was 2% to 5, and the analytical measurement
range was 5-35,000 pg/ml.218 NTproBNP was dichotomized at > 300 ng/L.219(p201)
Serum troponin-t pg/mL was stored in serum at -70°C to -80°C with a coefficient of variation
2%-5%; analytical measurement range for troponin T is 3-10,000 pg/ml. Troponin T was
dichotomized above the 99th percentile at 0.01 ng/mL.219
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C-reactive protein, mg/L (CRP), and was stored in serum and measured by high sensitivity inhouse ELISA; the analytic coefficient of variation was 8.9%.227 A level of >28.6 nmol/L was
defined as abnormal.222
Serum interleukin-6 (IL-6) pg/mL was stored in serum and measured by high sensitivity inhouse ELISA; the analytic coefficient of variation was 6.3%.228 The upper quartile of IL-6 in our
population will be used to define abnormal.
Galectin-3, ng/mL was measured using an optimized ELISA (BG Medicine, Waltham, MA,
USA).223 A gal-3 level of > 17.7 ng/mL was defined as abnormal.224
Serum ST2 ng/mL was measured by the Presage ST2 assay (Critical Diagnostics, San Diego,
CA). A ST2 level of > 34.9 was used to define abnormal.225

Outcome Variables
Modified Mini Mental State Exam (3MSE) is the primary measure of cognitive function and
evaluates global cognitive. The 3MSE was measured beginning at the third follow-up year, with
higher scores representing better cognitive function.43

Digit Symbol Substitution Test (DSST) evaluates executive cognitive ability and processing
speed and was used as the secondary measure. DSST was administered annually through 1999
with a score ranging from 0-90, where higher scores represent better cognitive function.44

Potential Confounding Variables
Demographic variables: Age (continuous at baseline), sex (men or women), race (white, African
American/other), education (less than high school, high school or GED, some college or degree),
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and clinic site (University of California, Davis, Johns Hopkins University, Wake Forest
University, University of Pittsburgh)
Behavioral variables: Smoking status (never, former, current user), alcohol use defined as none
(0 drinks per week), low (1-7 drinks per week for women, or 1-14 drinks for men) or high (> 7
drinks per week for women, or > 14 drinks per week for men). Body mass index calculated as
weight(kg)/height(m)2, and activities of daily living (ADL) categorized as none and 1 or more.
Clinical Variables: Diabetes (fasting glucose level greater than 125 mg/dL or the use of glucoselowering medications), and high blood pressure (seated systolic blood pressure ≥ 140 mmHg,
seated diastolic blood pressure of ≥ 90 mmHg). Low-density lipoprotein (LDL) cholesterol
(mg/dl), high-density lipoprotein (HDL) cholesterol (mg/dl), and triglycerides (mg/dl);
medications were transcribed by technicians based on prescription bottles brought in by
participants during clinic visits.226 Medication use included 3-hydroxy-3-methylglutaryl
coenzyme A inhibitor (statin), and anti-hypertensive medication (indication of high blood
pressure and use of any of the following: beta-blockers, calcium-channel blockers, diuretics,
vasodilators, etc.). Measurement methods for APOE have been published elsewhere.227 APOE
was dichotomized as having at least one ɛ4 allele (yes, no).

Potential confounders were time-invariant and measured at the CHS baseline (i.e. sex), or on the
third follow-up visit (i.e. ADL).
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3.2.4 Analytic Approach
Latent Class Analysis
To begin my first aim, I dichotomized each previously described indicator variable (angina,
intermittent claudication, ankle arm index (AAI), major ECG abnormalities, stenosis, cystatin C,
abnormal aortic aneurysm, brain infarctions, white matter grade (WMG), internal IMT, common
IMT, NTproBNP, troponin T, ST2, C Reactive Protein (CRP), interleukin-6 (IL-6) and galectin 3
(Gal3)) according to the aforementioned cut-points. Then, the appropriate number of phenotype
classes were determined in the total population using PROC-LCA in SAS. The following model
represents the estimated proportion of response patterns with no covariates or grouping variables:
𝐶

𝐽

𝑅𝑗
𝐼(𝑥 =𝑟𝑗 )

Pr{𝑌 = 𝑦} = ∑ 𝛾𝑐 ∏ ∏ 𝜌𝑗,𝑟 𝑗|𝑐
𝑗

𝑐=1

𝑗=1 𝑟𝑗 =1

Where c=1…,C are the latent classes (phenotypes of cardiovascular damage) based on j=1,….,J
observed variables (AAI, carotid stenosis… etc.). j observed variables have rj=1,… 𝑅𝑗 response
𝐼(𝑥 =𝑟𝑗 )

categories (0 or 1 for dichotomous variables, or continuous). 𝜌𝑗,𝑟𝑗𝑗|𝑐

is the probability of

response 𝑟𝑗 to observed variable j, conditional on class c. The indicator function 𝐼(𝑥𝑗 = 𝑟𝑗 ) equals
1 when the response to variable 𝑗 = 𝑟𝑗 , and 0 otherwise. The 𝛾 parameters sum to 1 and represent
the vector of latent class membership probabilities, while the 𝜌 parameters signify the matrix of
indicator-response probabilities given latent class membership.

Before carrying out LCA, I first performed extensive variable selection to choose the correct
indicators to model LCA, which I accomplished by a set of criteria: Goodness of fit (GOF)
statistics, redundancy of variables, prevalence of high levels or abnormalities, and physiologic
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interpretability of classes. Four models were tested using 2 classes as a basis (which is suggested
as a starting point for determining the correct model),228 that included the full model, a model
containing indicator variables with greater than 5% prevalence of abnormality, a model
containing indicator variables with greater than 10% prevalence of abnormalities, and a
parsimonious model. The parsimonious model included all variables with > 5% prevalence,
excluding common IMT due to redundancy with the variable internal IMT, and AAA because
there was not enough literature on the relationship with cognitive decline and dementia.

The selected model was evaluated with each number of classes (2 through 7) by GOF statistics,
physiological interpretability, and a large enough sample size to detect statistical differences
between phenotype classes. Item-response probabilities (the probability of having an abnormality
of said indicator) of 0.40 or greater were used to determine phenotypes.229 Using SAS, the
maximum probability assignment rule, which assigns participants to the class that they have the
highest posterior probability of membership, was used to extract the five classes into the
categorical variable cardiovascular damage phenotype.

Descriptive Statistics and Linear Regression
Using STATA, baseline (1992-93) characteristics were compared between phenotype. I used
two-sample t-tests for continuous variables and χ2 tests for categorical variables. Cross-sectional
linear regression was evaluated using phenotype as the categorical exposure variable and
baseline 3MSE and DSST as outcomes. Adjusted models were adjusted for potential
confounders outlined in section 3.2.3.
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Measurement Invariance and Subgroup Analyses
To evaluate whether the latent structure (item-response probabilities and class membership
probabilities) held across sex, I first evaluated LCA in women and men separately using the
same indicators chosen for the total population and same analytical methods for choosing
classes. Due to differences in phenotype classes by sex, additional invariance testing was not
executed.

K-means Analysis
For k-means analysis, I used only the variables found in the most parsimonious model of LCA. I
evaluated clusters using both dichotomized variables in order to compare to results from LCA,
and standardized continuous variables to ensure that means were comparable amongst each
other.230,231 These variables were evaluated using the optimal number of clusters found in LCA
(5). Cluster phenotypes identified with k-means were then qualitatively compared to cluster
phenotypes found in LCA.

3.3. Results
3.3.1 Cardiovascular Damage Phenotypes in Total Population
Four variables had an abnormality prevalence of < 5% (intermittent claudication, angina,
Troponin T and C Reactive Protein) and were thus excluded from analysis (Table 3.1). The
parsimonious model included all variables with > 5% prevalence, excluding common IMT due to
redundancy with the variable internal IMT, and AAA because there was not enough literature on
the relationship with cognitive decline and dementia.
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The most parsimonious model, with indicators AAI, Major ECG, WMG, cystatin C, brain
infarctions, internal IMT, NTproBNP, ST2, IL6 and Gal3, was chosen based on GOF statistics
compared to the full, > 10% and > 5 percent models (Table 3.2). I then used the selected model
to compare GOF statistics for classes 2 through 7 (Table 3.3). The selected model was evaluated
with each number of classes by GOF statistics, physiologic interpretability, and a large enough
sample size for power. Item-response probabilities, and suggested phenotypes for models with 27 classes are shown in tables 3.4-3.9.

According to the above-mentioned criteria, I chose the 5-class model for the total population,
which suggested the phenotypes healthy, cardiac, inflammatory, multisystem morbidity and
vascular (Table 3.7). The first phenotype had no item-response probabilities of greater than the
predetermined criteria and was thus designated as the healthy phenotype. According to the LCA,
there was a 56% probability of being assigned to the healthy phenotype (membership
probability). The second phenotype was designated cardiac because of item-response
probabilities for ECG and NTproBNP of 0.75 and 0.63 respectively. There was a 15% chance of
being a part of the cardiac phenotype. The third phenotype was labeled inflammatory because of
an item-response probability of 0.88 for cystatin C, 0.53 for IL-6 and 0.67 for Gal3 with a
membership probability of 11%. I decided to label the fourth phenotype as multisystem morbidity
because of an item-response probability of 0.57 for brain infarctions, 0.55 for IMT, 0.82 for
ECG, 0.93 for NTproBNP, 0.79 for cystatin C, 0.70 for IL-6 and 0.64 for Gal3 with a
membership probability of 11%. Finally, the fifth phenotype was labeled vascular as it had an
item-response probability of 0.88 for brain infarctions, 0.43 for IMT, and 0.45 for WMG with a
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membership probability of 8%. Figure 3.2 shows the expected probabilities for each indicator by
phenotype, and Figure 3.3 shows the membership probability for each phenotype.

Using SAS, the maximum probability assignment rule assigned participants into the 5 classes for
which they had the highest posterior probability of membership and was used to create the
categorical variable cardiovascular damage phenotype. There were a total of 3,281 participants
in the healthy phenotype, 496 in the cardiac phenotype, 517 in the inflammatory phenotype, 563
in the multisystem morbidity phenotype, and 215 in the vascular phenotype. Descriptive statistics
for each phenotype suggest that participants in the multisystem morbidity class are older, are
more likely to be current smokers, more likely to have diagnosed hypertension and diabetes, and
have a lower DSST and 3MSE score at baseline. Participants in the healthy phenotype are
younger, more likely to be a woman and African American, have the greatest number of school
years completed, have a lower systolic BP, less likely to have hypertension or diabetes, and have
the highest DSST and 3MSE scores (Table 3.10). Distributions of cognitive scores using both
3MSE and DSST can be observed in Figures 3.4 and 3.5.

Cross-sectional analysis of the association between phenotype and 3MSE showed statistically
significant unadjusted associations for all phenotypes compared with the healthy phenotype. The
multisystem morbidity phenotype was associated with the lowest baseline 3MSE score at -5.91
points (95% CI: -6.81, -4.99, p<0.001), followed by the vascular phenotype (β: -4.29, 95% CI: 5.71, -2.87, p<0.001), followed by the cardiac phenotype (β:-1.83, 95% CI: -2.79, -0.88,
p<0.001), and finally the inflammatory phenotype (β:-1.13, 95% CI: -2.07, -0.19, p=0.018). In
the adjusted model, all but the inflammatory phenotype remained statistically significant. Being
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in the multisystem morbidity phenotype was associated with a -1.92 lower baseline 3MSE score
compared with the healthy phenotype (95% CI: -2.93, -0.90, p<0.001), whereas the vascular
phenotype was associated with a -1.39 lower baseline 3MSE score (95% CI: -2.63, -0.24,
p=0.029). Being in the cardiac phenotype was associated with a -0.94 lower baseline 3MSE
score (95% CI: -1.78, -0.10; p=0.028) and being in the inflammatory phenotype was associated
with a -0.81 lower baseline 3MSE score (95% -1.72, 0.09; p=0.078; Table 3.11).

Using DSST as the outcome yielded similar cross-sectional results. In unadjusted models, all
phenotypes were significantly associated with lower baseline DSST scores compared with the
healthy phenotype. The multisystem morbidity phenotype had the lowest baseline DSST score of
-8.87 points (95% CI: -10.13, -7.60; p<0.001), followed by the vascular phenotype (β: -7.97,
95% CI: -9.91, -6.02, p<0.001), followed by the cardiac phenotype (β: -4.00, 95% CIL -5.31, 2.69, p<0.001) and finally the inflammatory phenotype (β: -3.38, 95% CI: -4.66, -2.09, p<0.01).
All phenotypes except the cardiac phenotype remained significantly associated with DSST in the
adjusted models. The multisystem morbidity phenotype was associated with -3.84 lower baseline
score (95% CI: -5.63, -2.06; p<0.001), whereas the vascular phenotype was associated with a 2.45 lower baseline score (95% CI: -4.63, -0.26, p=0.028). Being in the inflammatory phenotype
was associated with a -2.04 lower baseline score (95% CI: -3.62, -0.46, p=0.012), and finally, I
found no associated with being in the cardiac group and having a lower baseline DSST score (β:
-1.19, 95% CI: -2.66, 0.28, p=0.112; Table 3.11).
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3.3.2 Cardiovascular Damage Phenotypes by Sex
For women, GOF statistics and physiologic interpretability suggested a 4-class model with the
phenotypes healthy, vascular, inflammatory and multisystem morbidity (Table 3.12). Table 3.13
– 3.16 show item-response probabilities for 2-class through 5-class models.

For the chosen 4-class model, the first phenotype had a 70% probability of membership, had no
item-response probabilities of greater than 0.2, and was indicated as the healthy phenotype. The
second phenotype was labeled vascular because of an item-response probability of 0.8 for brain
infarctions, 0.44 for IMT, a 0.41 for WMG and a 0.44 for IL6. The vascular phenotype had a
membership probability of 8%. The third phenotype had a membership probability of 8% and
was labeled inflammatory because of an item-response probability of 0.92 for cystatin C, 0.54
for IL6, and a 0.86 for Gal3. The fourth phenotype had a membership probability of 14% and
was labeled high multisystem morbidity because of an item-response probability of 0.45 for
brain infarctions, 0.46 for IMT, 0.81 for ECG, 0.89 for NTproBNP, 0.60 for cystatin C, 0.57 for
IL-6 and 0.50 for Gal3. Figure 3.6 shows the expected probabilities for each indicator by
phenotype, and Figure 3.7 shows the membership probability for each phenotype (Table 3.15).

The maximum probability assignment rule yielded a total n of 2,244 in the healthy phenotype,
129 in the vascular phenotype, 212 in the inflammatory phenotype and 381 in the multisystem
morbidity phenotype. When stratified by phenotype, women in the multisystem morbidity
phenotype tended to be older, current smokers, have higher systolic BP, have hypertension,
diabetes, and ADL limitations (Table 3.17).
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For men, GOF statistics suggested a 4-class model with the phenotypes healthy, vascular,
cardiac and multisystem morbidity. Table 3.18 shows GOF statistics for the most parsimonious
model with different number of classes, and Tables 3.19- 3.22 show the 2-class through 5-class
models.

In the 4-class model, there was a 58% membership probability in the first phenotype and was
labeled healthy because there were no item-response probabilities above 0.40. The second
phenotype was labeled vascular for an item-response probability of 0.97 for brain infarct, and a
0.51 item-response probability for ECG. The second phenotype had a membership probability of
8%. The third phenotype was labeled cardiac because of an item-response probability of 0.78 for
ECG, 0.87 for NTproBNP, and a 0.47 for IL-6, with a membership probability of 15%. The last
phenotype was designated multisystem morbidity due to an item-response probability of 0.57 for
brain infarctions, 0.54 for IMT, 0.68 for ECG, 0.78 for BNP, 0.41 for ST2, 0.86 for Cystatin C,
0.7 for IL6 and 0.69 for Gal3. There was a 20% probability of being a member of the
multisystem morbidity phenotype (Table 3.21).

The maximum probability assignment rule yielded a total n of 1,348 for the healthy phenotype,
71 for the vascular phenotype, 259 for the cardiac phenotype, and 428 for the high multisystem
morbidity phenotype. Men in the high multisystem morbidity phenotype tended to be older, more
likely to be never users, have the lower diastolic BP, have diabetes, have lower DSST and 3MSE
scores, and more likely to have an ADL limitation (Table 3.22).
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While the number of phenotypes between men and women were the same (4), the phenotypes
itself differed. Both men and women had a healthy, vascular and multisystem morbidity
phenotype, but only men had a cardiac phenotype, and only women had an inflammatory
phenotype. For this reason, I did not proceed with testing differences in observed response
patterns or phenotype prevalences between men and women. Additionally, due to the sample
sizes of some of the phenotypes (n=71 in men’s vascular phenotype as example), I did not
proceed with subsequent aims using phenotypes separately for men and women and only used
the total population.

3.3.3 K-means Analysis
Using dichotomized variables and 5 clusters, clusters 1 and 2 had high abnormalities in
infarction and ECG, and had high levels of NTproBNP, cystatin C, IL-6 and Gal3. Cluster 2 also
had high levels of IMT. Cluster 3 had low levels in all variables, while cluster 4 had high levels
in ECG, BNP and ST2, and cluster 5 had high levels in only NTproBNP.

Using standardized continuous variables, clusters 1 and 2 had the lowest levels of AAI, while
having the highest levels of NTproBNP, cystatin C and Gal3. Cluster 1-3 had high levels in ST2.
Clusters 3 and 4 had low levels of IMT, NTproBNP, cystatin C, Gal3 while cluster 5 also had
low levels in NTproBNP, cystatin C, IL-6 and Gal3, but high levels in AAI and IMT. Clusters 14 had high levels of IL-6 with only cluster 5 having low levels.
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3.4. Discussion
In this chapter, I aimed to classify participants into phenotypes based on the interrelationship
between indicators of cardiovascular damage and to measure invariance by sex. Using data from
the CHS, I found that, contrary to my hypothesis, LCA yielded 5 phenotypes of cardiovascular
damage including healthy, cardiac, vascular, inflammatory and multisystem morbidity. These
results highlight the heterogeneity of SCVD and the potential clinical impact of using a personoriented clustering approach in place of an all or none approach for classifying older adults into
phenotypes. For instance, in my study I found both a healthy phenotype and a multisystem
morbidity phenotype, which I would argue translates to the dichotomized groups (none, 1+) used
in previous composite measures. However, the use of LCA also produced 3 other distinct
phenotypes including cardiac, inflammatory and vascular, underlining the multidimensionality of
SCVD and separating the 1 or more group previously used. These additional phenotypes may
provide greater implications for clinical intervention as well as ignite future research in the
etiology of SCVD and cognitive function. For example, in an attempt to improve recovery from
functional limitations, Fried et al. created the frailty phenotype in the CHS to shift the clinical
focus to pre-disability conditions.232 Although this method has seen many modifications since its
origin (approximately 262 different versions),233 studies evaluating the effectiveness of
implementing this phenotype method in clinical settings have found success in both identifying
frailty as well as predicting adverse events.234

While there are many cluster techniques that could have been implemented, I chose to use LCA
for several reasons. First, LCA is a model-based approach that uses the probability distributions
of the data to generate groups (person-oriented vs. variable oriented such as k-means), and
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second, fit statistics are used to determine the number of classes that best represent the data,
which is not the case with all clustering techniques. Some would argue that the inherent need for
dichotomized variables in LCA makes this method unfavorable (as opposed to using latent
profile analysis and continuous variables), however, using specific cut-offs that are clinically
meaningful, will help ease the translation from research to clinical practice.235 Although it’s
difficult to compare standardized continuous variables used in K-means to the dichotomized
variables used to cluster indicators in LCA, the K-means analysis using dichotomous variables
yielded clusters that were less distinct than what was observed through LCA, making this
method unfavorable for identifying clinically meaningful groups. On the other hand, it must be
noted that similar to the frailty phenotype, a clinically practical cardiovascular damage
phenotype will most likely need to be validated in other data sets, as well as modified to include
standard and easily implemented markers.

I also found that while the optimal number of classes for both subpopulations of men and women
were 4 phenotypes, the types of phenotypes were different. For instance, both men and women
had phenotypes classified as healthy, vascular, and multisystem morbidity, but only men had the
cardiac phenotype, and only women had the inflammatory phenotype suggesting that these
markers vary by sex. In addition to the heterogeneity among all older adults, this analysis
highlights differences by sex that may have important clinical implications, and should be
investigated further. Unfortunately, due to sample size, I was not be able to proceed using sex
stratified analyses.

Although there are no known studies that have utilized LCA to cluster markers of SCVD,
previous research has suggested the need to disentangle the heterogeneity of CVD. As was done
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in the CHS and discussed in Chapter 2, Inzitari et al. created an index of SCVD which was better
able to capture a spectrum of older adults compared to previous composite scores.13 However,
this index grouped participants according to severity, and missed important markers included in
this Chapter. In addition to GOF statistics, I used physiologic interpretability to determine class
identity. For instance it made biological and physiological sense to label class 2 as cardiac
damage because of the high item-response probabilities in markers typically used to diagnose
heart function, including NTproBNP which is used a marker of left ventricular dysfunction that
circulates in response to wall tension, and is associated with adverse cardiovascular events.177
Furthermore, class 4 was labeled multisystem morbidity because of high item-response
probabilities spanning multiple systems.

This study had several strengths. First, the use of a large population-based study of adults 65
years and older, which is critical for models to converge and to create more accurate classes.
Moreover, to my knowledge, this is the first study to use LCA to classify markers of SCVD to
create phenotypes for use with distal outcomes. Weaknesses of this study included the use of
time invariant indicator variables for creating phenotypes, assuming that phenotypes stay static
over time. The use of time-invariant indicator variables inhibited my ability to evaluate the
change in phenotypes over time using latent transition analysis. Furthermore, the maximum
probability assignment rule used to assign participants to the group with the highest posterior
probability, fails to account for uncertainty in group assignment. One method to address this is to
use multiple pseudo-class draws, which works by assigning latent classes with multiple random
probabilities equal to the individual’s posterior probability. However, due to time constraints, the
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complexity of the process as well as the limited availability across statistical programs, this
analysis will be performed in future work.

In summary, LCA yielded 5 phenotypes of cardiovascular damage including healthy, cardiac,
inflammatory, multisystem morbidity and vascular, and that these phenotypes differed by sex.
The present study provides evidence of heterogeneity among markers of SCVD, which
highlights the importance of separating the heterogeneous population of older adults with SCVD.
Future research should be done to evaluate phenotypes by sex with a larger sample size.
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Figure 3.1.
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Table 3.1. Prevalence of high-levels and abnormalities for potential indicator variables.
Indicator
Total Population, n(%)
Intermittent Claudication (n=5,114)
80 (1.56)
Angina (n=5,181)
149 (2.88)
Abnormal AAI (n=4,678)
439 (9.38)
Major ECG abnormalities (n=4,834)
1,796 (37.15)
Stenosis >25% (n=4,256)
197 (4.63)
Abnormal Cystatin C (n=4,734)
1,276 (26.95)
Abnormal Aortic Aneurysm (n=4,734)
416 (8.79)
Brain infarcts (n=3,647)
1,131 (31.01)
White Matter Grade >=5 (n=3,630)
273 (7.52)
Abnormal internal IMT (n=4,842)
1,209 (24.97)
Abnormal common IMT (n=4,845)
1,189 (24.54)
Abnormal NTproBNP (n=4,147)
1,245 (30.02)
Abnormal Troponin T (n=4,146)
42 (1.01)
Abnormal ST2 (n=4,141)
808 (19.51)
Abnormal C Reactive Protein (n=4,701)
94 (2.00)
Abnormal Interleukin-6 (n=3,914)
1,238 (33.32)
Abnormal Galectin 3 (n=4,117)
1,058 (25.70)
Note. Percent based on previously defined cut-points for abnormalities by indicator.
Note. ECG = Echocardiogram; IMT = intima-media thickness; BNP = N-terminal pro-brain
natriuretic peptide;
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Table 3.2. Variable Selection using models with 2 classes.
Models with 2 classes
Full
≥ 10%
≥ 5%
Fit Statistics
model
Abnormalities
Abnormalities
2
4618.68 1004.33
2644.36
Likelihood Ratio G
131036 492
4070
Degrees of Freedom
4688.68 1042.33
2694.36
AIC
4918.46 1166.41
2857.64
BIC
4807.24 1106.04
2778.2
ABIC
0.62
0.6
0.62
Entropy

Most
Parsimonious*
866.33
492
904.33
1028.43
968.05
0.62

Indicators
Intermittent
Claudication
X
Angina
X
AAI
X
X
X
Major ECG
X
X
X
X
Carotid Stenosis
X
White Matter Grade
X
X
X
AAA
X
X
Cystatin C
X
X
X
X
Brain Infarction
X
X
X
X
Common IMT
X
X
X
Internal IMT
X
X
X
X
NTproBNP
X
X
X
X
Troponin T
X
ST2
X
X
X
X
CRP
X
IL-6
X
X
X
X
Gal3
X
X
X
X
Boldface type indicates chosen model.
* Parsimony defined as any variable with > 5% prevalence of abnormality excluding common
IMT and AAA
Note. AIC = Akaikes’s Information Criterion; BIC = Bayesian Information Criterion; ABIC =
Adjusted Bayesian Information Criterion; AAI = Ankle arm index; ECG = Echocardiogram;
AAA = Abnormal Aortic Aneurysm; IMT = intima-media thickness; NTproBNP = N-terminal
pro-brain natriuretic peptide; CRP = C reactive Protein; IL6 = Interleukin-6; Gal3 = galectin 3.
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Table 3.3. Comparison of Parsimonious Model with Varying No. of Classes.
Goodness of Fit Measures
No.
Likelihood
Degrees
Of Classes
Ratio G2
of Freedom
AIC
BIC
ABIC
Entropy
2
1265.54
1002
1307.5
1465.7
1377.97
0.62
3
1107.01
991
1171.01
1380.02
1278.33
0.59
4
967.98
980
1053.98
1334.84
1198.2
0.53
5
853.01
969
961.01
1313.71
1142.11
0.59
6
826.98
958
956.98
1381.53
1174.98
0.56
7
764.05
947
916.05
1412.44
1170.94
0.65
Note. Boldface type indicates the selected model.
Note. AIC = Akaike's Information Criterion; BIC = Bayesian Information Criterion; ABIC =
Adjusted Bayesian Information Criterion.
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Table 3.4. Item-Response Probabilities for Two-Class Model: Probability of Abnormality
Given Latent Class.
No. of Classes and Suggested Phenotype
Indicators
Class 1
Class 2
Multisystem Morbidity
Healthy
Membership Probability
27.37%
72.63%
0.2336
Brain infarct
0.5335
0.2518
0.0376
AAI
0.1749
IMT
0.4511
0.1497
0.0497
WMG
0.269
ECG
0.6477
0.1606
NTproBNP
0.6939
0.3261
0.1454
ST2
0.129
Cystatin C
0.647
0.2302
IL-6
0.6054
0.1592
Gal3
0.5319
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3

56
Table 3.5. Item-Response Probabilities for Three-Class Model:
Probability of Abnormality Given Latent Class.
No. of Classes and Suggested Phenotype
Indicators
Class 1
Class 2
Class 3
Multisystem
Cardiac
Healthy
Morbidity
Membership Probability
13.99%
62.91%
23.1%
0.3847
0.2233
Brain Infarct
0.5245
0.1327
0.033
0.2454
AAI
0.3699
0.157
IMT
0.433
0.1037
0.0465
0.1438
WMG
0.2059
ECG
0.7254
0.6136
0.1118
NTproBNP
0.5627
0.6827
0.2704
0.1334
0.3162
ST2
0.0841
0.1327
Cystatin C
0.7588
0.3342
0.2267
IL-6
0.619
0
0.178
Gal3
0.6463
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.6. Item-Response Probabilities for Four-Class Model: Probability of
Abnormality Given Latent Class.
No. Of Classes and Suggested Phenotype
Indicators
Class 1
Class 2
Class 3
Class 4
Multisystem
Healthy
Heart
Inflammatory
Morbidity
Membership Probability
54.1%
22.09%
13.77%
10.04%
0.1992
Brain Infarct
0.4296
0.4151
0.5556
0.0295
0.1405
0.0794
0.3826
AAI
0.1436
0.3714
0.2604
IMT
0.5478
0.0344
0.1405
0.0888
0.1511
WMG
0.2099
0.2727
ECG
0.6261
0.8316
0.1017
0.3114
NTproBNP
0.5132
0.9574
0.1235
0.2619
0.2404
0.3708
ST2
0.082
0.1709
Cystatin C
0.7559
0.8397
0.2032
0.3637
IL-6
0.5176
0.7024
0.142
0.1204
Gal3
0.6727
0.6523
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.7. Item-Response Probabilities for Five-Class Model: Probability of Abnormality
Given Latent Class.
No. of Classes and Suggested Phenotypes
Indicator
Class 1 Class 2 Class 3
Class 4
Class 5
Multisystem
Healthy Cardiac Inflammatory Morbidity
Vascular
Membership Probability 56.36% 14.55% 10.74%
10.93%
7.81%
0.1955
0.2871
0.3166
Brain Infarct
0.5657
0.8806
0.0337
0.0906
0.0585
0.3901
0.1981
AAI
0.1531
0.3091
0.2419
IMT
0.5538
0.4289
0.0318
0.0493
0.0004
0.1566
WMG
0.4486
0.2094
0.2655
0.3577
ECG
0.7549
0.8177
0.104
0.3294
0.259
NTproBNP
0.6288
0.9337
0.1298
0.2701
0.2476
0.371
0.2027
ST2
0.0757
0.176
0.2778
Cystatin C
0.8761
0.7927
0.2137
0.3513
0.3563
IL-6
0.528
0.6998
0.1483
0.0774
0.3285
Gal3
0.6689
0.6429
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.8. Item-Response Probabilities for Six-Class Model: Probability of Abnormality Given Latent Class.
No. of Classes and Suggested Phenotypes
Class 1
Class 2
Class 3 Class 4
Class 5
Class 6
Indicator
Healthy
Cerebrovascular Aging Multisystem Morbidity Inflammatory Cardiac
Membership
Probability
51%
4.50%
9.10% 11.70%
8.40%
16%
0.2002
0.2759 0.5758
0.3488
0.3247
Brain Infarct
0.918
0.0291
0.1199
0.0005 0.3992
0.118
0.1247
AAI
0.1411
0.3762
0.1105 0.5834
0.3271
0.3612
IMT
0.0332
0.0155 0.1502
0.0002
0.0542
WMG
0.721
0.2026
0.368
0.1746
ECG
0.5021 0.7716
0.6601
0.0889
0.2574
0.0052
NTproBNP
0.6543 0.9205
0.5308
0.1185
0.1937
0.1729 0.3775
0.2868
0.2868
ST2
0.0716
0.3125
0.0701
Cystatin C
0.6868 0.793
0.6392
0.1919
0.2983
0.4159 0.6832
0.3487
IL-6
0.5841
0.137
0.37
0.0258
Gal3
0.5322 0.6233
0.5988
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter Grade; ECG = Echocardiogram;
NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 = Interleukin-6; Gal3 = galectin 3
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Table 3.9. Item-Response Probabilities for Seven-Class Model: Probability of Abnormality Given Latent Class in total
population.
No. of Classes and Suggested Phenotypes
Class 1
Class 2
Class 3
Class 4
Class 5
Class 6
Class 7
Indicator
Membership
Probability

Healthy

Cerebrovascular

Aging

Multisystem
Morbidity

Inflammatory

Cardiac

Vascular

56.45%

4.31%

5.19%

5.47%

13.2%

12.87%

2.52%

Brain
0.2115
0.4069
0.3643
0.2983
Infarct
0.855
0.6377
0.6708
0.0338
0.0945
0.1805
0.0739
0.0366
AAI
0.5316
0.8047
0.1553
0.3699
0.3177
0.2579
0.2885
IMT
0.7068
0.8333
0.0309
0.0901
0.1944
0.0002
0.0432
0.0215
WMG
0.8738
0.2117
0.3867
0.254
ECG
0.9887
0.7452
0.7456
0.6042
0.1033
0.3188
0.3253
NTproBNP
0.9276
0.9383
0.6296
0.4566
0.1312
0.2174
0.3759
0.2418
0.2642
0.1757
ST2
0.3931
0.073
0.3089
0.1882
0.0083
Cystatin C
0.6462
0.9716
0.794
0.2136
0.3115
0.3151
IL-6
0.7854
0.6397
0.5231
0.52
0.1474
0.3823
0.0173
0.1899
Gal3
0.7039
0.6137
0.6435
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter Grade; ECG = Echocardiogram;
NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 = Interleukin-6; Gal3 = galectin 3
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Figure 3.2. Expected probabilities of each indicator variable separated by phenotype class.
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Figure 3.3. Membership probabilities for each phenotype class.

Membership Probability for Phenotype Classes
In Total Population
60%
56%

50%
40%
30%
20%

15%

10%

11%

11%
8%

0%
Healthy

Cardiac

Inflammatory Multisystem
Morbidity

Vascular

63
Table 3.10. Characteristics in the Total Population
No. of Classes and Suggested Phenotypes.
Characteristic
Class 1
Class 2
Class 3
Class 4
High
Multisystem
Healthy
Cardiac
Inflammatory
Morbidity
(n=3,281)
(n=496)
(n=517)
(n=563)
Mean(SD) or N(%)
Age
73.82 (4.73)
76.06 (5.47)
76.53 (5.75)
78.67 (6.09)
Women
2,058 (62.72)
239 (48.19)
290 (56.09)
256 (45.47)
Black
601 (18.32)
70 (14.11)
65 (12.57)
86 (15.28)
Grade (no.years)
14.11 (4.68)
13.72 (4.74)
13.35 (4.80)
13.37 (4.99)
Alcohol use (frequent) 344 (11.14)
42 (9.35)
33 (6.95)
43 (8.41)
Current Smokers
347 (10.59)
52 (10.55)
54 (10.44)
83 (14.74)
Systolic BP
134.75 (20.05) 140.32 (24.77) 136.16 (22.09)
141.69 (24.90)
Diastolic BP
71.58 (10.71)
71.92 (12.58)
69.93 (12.18)
69.91 (13.25)
Hypertension
1,184 (37.06)
242 (48.79)
256 (49.52)
322 (57.30)
Cholesterol
210.47 (35.92) 200.61 (36.52) 209.61 (42.65)
202.74 (47.83)
Diabetes
435 (14.48)
88 (18.11)
95 (18.85)
122 (22.80)
APOE
763 (25.95)
116 (25.38)
108 (23.03)
113 (21.90)
DSST
40.43 (13.57)
36.43 (13.43)
37.05 (14.08)
31.56 (12.82)
3MSE
90.82 (9.18)
88.99 (10.45)
89.69 (10.01)
84.92 (13.70)
Note. Frequent alcohol use was defined as
Note.
Note.

Class 5

Missing

Vascular
(n=215)

(n=212)

77.25 (5.87)
123 (57.21)
55 (25.58)
13.71 (4.80)
21 (10.29)
30 (13.95)
143.47 (22.84)
72.38 (14.81)
105 (50.48)
212.00 (44.15)
34 (16.67)
56 (28.14)
32.46 (13.95)
86.53 (11.41)

77.75 (6.55)
427 (52.33)
47 (5.76)
12.52 (4.69)
63 (8.55)
134 (16.42)
132.71 (16.27)
70 (12.83)
54 (90.00)
0
11 (100)
169 (25.96)
26.25 (15.46)
63.29 (13.60)
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Figure 3.4. Distribution of Modified Mini Mental State Exam (3MSE) scores stratified by
phenotype class.
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Figure 3.5. Box plot showing the distribution of the Digit Symbol Substitution Test (DSST)
scores stratified by phenotype class.
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Table 3.11. Linear Regression Evaluating the Cross-Sectional Relationship
Between Phenotype and Cognitive Decline at Baseline
Model
3MSE
Phenotype
Healthy (reference)
Cardiac
Inflammatory
Multisystem Morbidity
Vascular

Unadjusted

Adjusteda
β Coefficient (95% CI)

-1.83 (-2.79, -0.88)***
-1.13 (-2.07, -0.19)*
-5.91 (-6.81, -4.99)***
-4.29 (-5.71, -2.87)***

-0.94 (-1.78, -0.10)*
-0.81 (-1.72, 0.09)
-1.92 (-2.93, -0.90)***
-1.39 (-2.63, -0.14)*

DSST
Phenotype
Healthy (reference)
Cardiac
-4.00 (-5.31, -2.69)***
-1.19 (-2.66, 0.28)
Inflammatory
-3.38 (-4.66, -2.09)***
-2.04 (-3.62, -0.46)*
Multisystem Morbidity
-8.87 (-10.13, -7.60)*** -3.84 (-5.63, -2.06)***
Vascular
-7.97 (-9.91, -6.02)***
-2.45 (-4.63, -0.26)*
Note. *P<0.05, **P<0.01, ***P<0.001
Note. 3MSE = Modified Mini Mental State Exam; DSST = Digit Symbol
Substitution Test
a
Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes,
eGFRcr, LDL-HDL and total cholesterol, CRP, hypertension, anti-hypertensive
medication, ADL, APOE4, vitmain D, vitamin B6; and vitamin B12.
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Table 3.12. Comparison of Parsimonious Model with Varying Classes in Women.
Goodness of Fit Measures
No.
Likelihood
Degrees
Of Classes
Ratio G2
of Freedom
AIC
BIC
ABIC
Entropy
2
934.25
1002
976.25
1102.15
1035.42
0.61
3
850.9
991
914.9
1106.74
1005.06
0.46
4
741.91
980
827.91
1085.69
949.06
0.69
5
695.59
969
803.59
1127.32
955.74
0.48
6
659.5
958
789.5
1179.18
972.65
0.55
7
627.93
947
779.93
1235.55
994.07
0.54
Note. Boldface type indicates the selected model.
Note. AIC = Akaike's Information Criterion; BIC = Bayesian Information Criterion; ABIC =
Adjusted Bayesian Information Criterion.
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Table 3.13. Item-Response Probabilities for Two-Class Model: Probability of
Abnormality Given Latent Class in Women.
No. of Classes and Suggested Phenotypes
Indicators
Class 1
Class 2
Multisystem Morbidity
Healthy
26%
74%
Membership Probability
Brain Infarct
0.24
0.49
AAI
0.24
0.03
IMT
0.38
0.14
WMG
0.17
0.05
ECG
0.24
0.56
NTproBNP
0.17
0.62
ST2
0.24
0.09
Cystatin C
0.1
0.62
IL-6
0.19
0.57
Gal3
0.16
0.58
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.14. Item-Response Probabilities for Three-Class Model: Probability of
Abnormality Given Latent Class in Women.
No. of Classes and Suggested Phenotypes
Indicators
Class 1
Class 2
Class 3
Cardiac
Healthy
Multisystem Morbidity
26%
48%
26%
Membership Probability
Brain Infarct
0.31
0.21
0.48
AAI
0.09
0.01
0.23
IMT
0.27
0.09
0.37
WMG
0.08
0.04
0.16
ECG
0.14
0.43
0.54
NTproBNP
0.32
0.1
0.62
ST2
0.14
0.06
0.23
Cystatin C
0.01
0.14
0.65
IL-6
0.2
0.2
0.55
Gal3
0.01
0.23
0.62
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.15. Item-Response Probabilities for Four-Class Model: Probability of
Abnormality Given Latent Class in Women.
No. of Classes and Suggested Phenotypes
Indicators
Class 1
Class 2
Class 3
Class 4
Multisystem
Healthy
Vascular
Inflammatory
Morbidity
70%
8%
8%
14%
Membership Probability
Brain Infarct
0.21
0.35
0.8
0.45
AAI
0.03
0.21
0.04
0.33
IMT
0.14
0.15
0.44
0.46
WMG
0.03
0.002
0.16
0.41
ECG
0.24
0.23
0.21
0.81
NTproBNP
0.18
0.2
0.35
0.89
ST2
0.09
0.18
0.21
0.26
Cystatin C
0.08
0.28
0.92
0.6
IL-6
0.19
0.44
0.54
0.57
Gal3
0.15
0.32
0.86
0.5
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.16. Item-Response Probabilities for Five-Class Model: Probability of
Abnormality Given Latent Class in Women.
No. of Classes and Suggested Phenotypes
Class 1
Class 2
Class 3
Class 4
Class 5
Multisystem
Indicators
Healthy Cardiac Inflammatory Morbidity
Aging
30%
9%
11%
10%
Membership Probability 39%
Brain Infarct
0.2
0.21
0.34
0.49
0.71
AAI
0.03
0.03
0.04
0.21
0.39
IMT
0.09
0.2
0.15
0.48
0.44
WMG
0.03
0.03
0.01
0.19
0.35
ECG
0.09
0.23
0.22
0.5
0.81
NTproBNP
0.06
0.37
0.36
0.23
0.88
ST2
0.07
0.1
0.24
0.84
0.67
Cystatin C
0.07
0.1
0.24
0.84
0.67
IL-6
0.19
0.19
0.53
0.63
0.4
Gal3
0.17
0.1
0.29
0.85
0.58
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Figure 3.6. Expected probabilities of indicator variable by phenotype in women.
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Figure 3.7. Membership probabilities for each phenotype class among women.
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Table 3.17. Characteristics of the Women Stratified by Phenotype.
Classes and Suggested Phenotypes.
Characteristic
Class 1
Class 2
Class 3
Class 4

Healthy
(n=2,244)

Vascular
Inflammatory
(n=129)
(n=212)
Mean(SD) or N(%)
77.05 (5.61)
75.73 (5.54)

Multisystem
Morbidity
(n=381)

Age
73.91 (4.82)
78.14 (5.79)
African American (vs.
white/other)
412 (18.36)
35 (27.13)
39 (18.40)
66 (17.32)
Grade (no.years)
13.76 (4.46)
12.53 (4.68)
13.13 (4.40)
12.91 (4.78)
Alcohol use
Never user
1188 (52.94)
81 (62.79
132 (62.26)
225 (59.06)
Light user
846 (37.70)
36 (27.91)
67 (31.60)
130 (34.12)
Frequent user
210 (9.36)
12 (9.30)
13 (6.13)
26 (6.82)
Smoking Status
Never
1308 (58.37)
72 (55.81)
107 (50.47)
211 (55.38)
Former
678 (30.25)
42 (32.56)
78 (36.79)
113 (29.66)
Current
255 (11.38)
15 (11.63)
27 (12.74)
57 (14.96)
Systolic BP
135.55 (20.90) 145.13 (22.79) 136.79 (22.05) 146.32 (24.55)
Diastolic BP
70.57 (10.88)
70.73 (14.94)
69.10 (12.98)
69.89 (13.19)
Hypertension
Normotensive
984 (44.75)
36 (28.57)
63 (29.72)
98 (25.72)
Borderline Hypertensive 344 (15.64)
23 (18.25)
37 (17.45)
45 (11.81)
Hypertensive
871 (39.61)
67 (53.17)
112 (52.83)
238 (62.47)
Total Cholesterol
217.55 (34.93) 224.78 (41.03) 219.87 (44.24) 216.01 (48.45)
LDL Cholesterol
131.18 (33.39) 137.95 (38.06) 133.10 (40.01) 129.35 (38.24)
HDL Cholesterol
59.03 (14.39)
57.89 (15.11)
52.17 (12.79)
54.19 (14.90)
Diabetes
Normal
1623 (78.67)
82 (66.13)
147 (70.33)
254 (69.97)
Impaired Fasting
Glucose
174 (8.43)
19 (15.32)
27 (12.92)
36 (9.92)
Diabetic
266 (12.89)
23 (18.55)
35 (16.75)
73 (20.11)
APOE
520 (25.78)
35 (28.69)
51 (26.70)
69 (20.18)
DSST
41.20 (13.61)
33.31 (15.21)
38.80 (15.15)
33.44 (13.37)
3MSE
90.87 (9.31)
86.46 (13.25)
90.02 (10.09)
86.63 (12.21)
ADL limitation
238 (10.78)
19 (14.96)
50 (23.58)
94 (24.87)
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more than
14 drinkers per week for men. ADL limitation was defined as difficulties with at least one of the
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following: walking around the home, getting out of bed, eating, dressing, bathing, and using the
toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele; DSST = Digit Symbol
Substitution Test; 3MSE: Modified Mini Mental State Exam.
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Table 3.18. Comparison of Parsimonious Model with Varying Classes in Men.
Goodness of Fit Measures
No.
Likelihood
Degrees
Of Classes
Ratio G2
of Freedom
AIC
BIC
ABIC
2
883.95
1002
925.95
1044.65
977.93
3
784.57
991
848.57
1029.45
927.79
4
724.26
980
810.26
1053.32
916.71
5
665.98
969
773.98
1079.22
907.65
6
645.87
958
775.87
1143.29
936.78
7
636.54
947
788.54
1218.13
976.67

Entropy
0.62
0.58
0.63
0.6
0.61
0.59

Note. Boldface type indicates the selected model.
Note. AIC = Akaike's Information Criterion; BIC = Bayesian Information Criterion; ABIC = Adjusted
Bayesian Information Criterion.
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Table 3.19. Item-Response Probabilities for Two-Class Model: Probability of
Abnormality Given Latent Class in Men.
No. of Classes and Suggested Phenotype
Class 1
Class 2
Indicators
Multisystem Morbidity
Healthy
30%
70%
Membership Probability
Brain infarct
0.2301
0.5796
AAI
0.2639
0.0447
IMT
0.2269
0.512
WMG
0.1295
0.0525
ECG
0.3276
0.729
NTproBNP
0.1404
0.773
ST2
0.2451
0.413
Cystatin C
0.1672
0.6722
IL-6
0.2822
0.642
Gal3
0.1424
0.4944
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.20. Item-Response Probabilities for Three-Class Model: Probability of
Abnormality Given Latent Class in Men.
No. of Classes and Suggested Phenotype
Indicators
Class 1
Class 2
Class 3
Aging
Healthy
Multisystem Morbidity
19%
59%
22%
Membership Probability
Brain Infarct
0.2154
0.4192
0.5769
AAI
0.133
0.0394
0.2787
IMT
0.3599
0.2173
0.5227
WMG
0.1117
0.0453
0.124
ECG
0.2535
0.7763
0.6777
NTproBNP
0.0632
0.6432
0.7619
ST2
0.359
0.2328
0.4046
Cystatin C
0.1984
0.1664
0.8276
IL6
0.2726
0.4213
0.6705
Gal3
0.0261
0.1608
0.6765
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.21. Item-Response Probabilities for Four-Class Model: Probability of
Abnormality Given Latent Class in Men.
No. of Classes and Suggested Phenotypes
Indicator
Class 1
Class 2
Class 3
Class 4
Healthy
Vascular
Cardiac
Multisystem Morbidity
58%
8%
15%
20%
Membership Probability
Brain infarct
0.17
0.35
0.97
0.57
AAI
0.04
0.17
0.12
0.3
IMT
0.22
0.34
0.39
0.54
WMG
0.03
0.05
0.11
0.41
ECG
0.28
0.51
0.78
0.68
NTproBNP
0.06
0.17
0.87
0.78
ST2
0.24
0.24
0.38
0.41
Cystatin C
0.17
0.22
0.24
0.86
IL-6
0.29
0.19
0.47
0.7
Gal3
0.15
0.25
0.06
0.69
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = galectin 3
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Table 3.22. Item-Response Probabilities for Five-Class Model: Probability of
Abnormality Given Latent Class in Men.
No. of Classes and Suggested Phenotypes
Indicator
Class 1 Class 2
Class 3 Class 4
Class 5
Multisystem
Healthy Vascular Cardiac Morbidity
Inflammatory
9%
17%
12%
12%
Membership Probability 50%
Brain Infarct
0.17
0.31
0.3
0.96
0.65
AAI
0.04
0.19
0.1
0.39
0.09
IMT
0.21
0.31
0.35
0.4
0.61
WMG
0.03
0.05
0.15
0.02
0.39
ECG
0.27
0.33
0.52
0.74
0.84
NTproBNP
0.03
0.22
0.3
0.83
0.97
ST2
0.23
0.25
0.38
0.32
0.46
Cystatin C
0.08
0.25
0.22
0.85
0.93
IL-6
0.26
0.24
0.47
0.73
0.55
Gal3
0.12
0.28
0.08
0.7
0.51
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness; WMG = White Matter
Grade; ECG = Echocardiogram; NTproBNP = N-terminal pro-brain natriuretic peptide; IL6 =
Interleukin-6; Gal3 = Galectin 3
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Figure 3.8.Expected probabilities of indicator variables by phenotype among men.
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Figure 3.9. Membership probabilities for phenotype class among men.
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Table 3.23. Characteristics of the Men Stratified by Phenotype.
Characteristic

74.15 (4.89)
225 (16.69)
14.66 (4.93)

Classes and Suggested Phenotypes.
Class 2
Class 3
Class 4
Multisystem
Vascular
Cardiac
Morbidity
(n=71)
(n=259)
(n=428)
Mean(SD) or N(%)
77.38 (6.22)
76.22 (5.57)
78.62 (6.15)
19 (26.76)
30 (11.58)
51 (11.92)
14.5 (5.10)
13.47 (5.17)
13.47 (5.17)

590 (51.22)
418 (36.28)
144 (12.50)

37 (64.91)
14 (24.56)
6 (10.53)

112 (51.85)
82 (37.96)
22 (10.19)

237 (65.83)
91 (25.28)
32 (8.89)

452 (33.58)
769 (57.13)
125 (9.29)
134.27 (19.84)
73.09 (10.70)

21 (29.58)
40 (56.34)
10 (14.08)
140.27 (20.26)
73.49 (11.12)

85 (32.95)
148 (57.36)
25 (9.69)
135.99 (23.13)
71.93 (12.82)

130 (30.37)
246 (57.48)
52 (12.15)
137.83 (24.11)
71.11 (12.92)

645 (48.86)
202 (15.30)
473 (35.83)
198.14 (34.89)
123.55 (31.42)
47.81 (11.64)

18 (27.27)
14 (21.21)
34 (51.52)
198.06 (42.87)
117.28 (31.28)
48.71 (13.38)

118 (45.56)
37 (14.29)
104 (40.15)
186.95 (33.12)
115.18 (29.32)
47.28 (11.70)

153 (36.87)
52 (12.53)
210 (50.60)
192.99 (39.31)
119.47 (34.62)
43.59 (10.82)

889 (70.61)
149 (11.83)

39 (60.00)
12 (18.46)

180 (70.31)
26 (10.16)

252 (64.80)
51 (12.91)

Class 1
Healthy
(n=1,348)

Age
African American (vs. white/other)
Grade (no.years)
Alcohol use
Never user
Light user
Frequent user
Smoking Status
Never
Former
Current
Systolic BP
Diastolic BP
Hypertension
Normotensive
Borderline Hypertensive
Hypertensive
Total Cholesterol
LDL Cholesterol
HDL Cholesterol
Diabetes
Normal
Impaired Fasting Glucose

84
Diabetic
221 (17.55)
14 (21.54)
50 (19.53)
92 (23.29)
APOE
307 (25.35)
19 (29.23)
73 (30.54)
82 (20.81)
DSST
38.72 (13.16)
32.92 (13.98)
34.4 (12.99)
31.11 (12.54)
3MSE
90.70 (8.79)
86.45 (10.14)
88.15 (11.33)
85.17 (13.43)
ADL limitation
86 (6.49)
7 (10.45)
21 (8.14)
62 (14.90)
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more than 14 drinkers per week for men.
ADL limitation was defined as difficulties with at least one of the following: walking around the home, getting out of bed, eating,
dressing, bathing, and using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele; DSST = Digit Symbol Substitution Test; 3MSE:
Modified Mini Mental State Exam.
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Table 3.24. K-means clustering using 5 clusters and dichotomous variables.
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Infarction
0.228399
0.309942
0.246342
0.697297
0.656716
AAI
0.097297
0.358209
0.03282
0.099415
0.070732
IMT
0.135135
1
0.174146
0.304094
0.207317
WMG
0.118919
0.171642
0.050234
0.046784
0.078049
ECG
0.204957
0.409756
0.443243
0.731343
0.994152
NTproBNP
0
1
4864865
0.858209
0.491228
ST2
0.25946
0.201493
0.116544
1
0.082927
Cystatin C
0.123242
0.239766
0.22439
0.951351
0.813433
IL-6
0.22639
0.415205
0.221951
0.783784
0.686567
Gal3
0.151373
0.187135
0.119512
0.810811
0.604478
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness;
WMG = White Matter Grade; ECG = Echocardiogram; NTproBNP = N-terminal
pro-brain natriuretic peptide; IL6 = Interleukin-6; Gal3 = galectin 3
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Table 3.25. K-means clustering using 5 clusters and continuous standardized variables.
Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5
AAI
-0.37437
-2.12088
0.30071
0.325428
0.074745
IMT
0.219718
0.706823
-0.14449
-0.58761
1.299011
NTproBNP
1.271292
0.216185
-0.02744
-0.16037
-0.07889
ST2
0.319259
0.097629
1.400889
-0.35914
-0.13828
Cystatin C
2.089413
0.368392
-0.00824
-0.26687
-0.02692
IL-6
0.17964
0.154571
0.008537
0.030274
-0.08873
Gal3
2.125121
0.091993
-0.05129
-0.24472
-0.09001
Note. AAI = Ankle arm index; IMT = Internal intima-media thickness;
BNP = N-terminal pro-brain natriuretic peptide; IL6 = Interleukin-6; Gal3 = galectin 3

87

CHAPTER 4: Trajectories of Cognitive Decline and Mediation by Clinical
Cardiovascular Disease and Depression

4.1 Introduction
As there is no known cure for dementia, gaining a better understanding of the etiology that
underlies cognitive decline can improve targeted strategies for potential interventions. Thus,
exploring the relationship between phenotypes of cardiovascular damage created in Chapter 3
and cognitive decline may capture a more complete picture of this long-standing and
multidimensional association. Additionally, previous literature has shown evidence of an
association between markers of cardiovascular damage with both depression and CVD.107,236
Evidence has also indicated that depression and CVD are associated with cognitive decline and
dementia.87,237–239 However, no studies have evaluated the mediating effect of depression or
CVD on these outcomes with phenotypes of cardiovascular damage. Evaluating the mediating
effect of depression and CVD on this relationship may shed light onto whether particular groups
of cardiovascular damage have different causal pathways to cognitive decline and dementia.

In this chapter, I aimed to evaluate the longitudinal association between phenotype class created
in Chapter 3 and change in cognitive function over 6 years of follow-up. I also aimed to
determine whether there existed mediation by clinical CVD and depression on this relationship.

4.2 Methods
4.2.1 Data Source
The Cardiovascular Health Study (CHS)
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Description of the CHS cohort was detailed in section 3.2.1

4.2.2 Analytic Sample
In this sample, CHS participants with prevalent clinical CVD or depression at baseline (followup visit 3) were excluded to ensure primary incident cases upon follow-up.

4.2.2 Measures
Exposure
The primary exposure of interest is phenotype, created in Chapter 3 and categorized as 1
(healthy), 2 (cardiac), 3 (inflammatory), 4 (multisystem morbidity) and 5 (vascular). The healthy
phenotype is considered the reference group in all subsequent analyses.

Cognitive Decline
Modified Mini Mental State Exam (3MSE). A description of 3MSE was detailed in section
3.2.2.2. To reduce bias from missing data, the Telephone Interview for Cognitive Status (TICS)
will be used to convert missing values for 3MSE scores during follow-up years 6 through 9 using
the method following Arnold et al. 240

Digit Symbol Substitution Test (DSST). A description of DSST was detailed in section 3.2.2.2.

89

Mediating Variables
Cardiovascular events included stroke, MI, and the diagnosis of heart failure (HF), and were
adjudicated annually by a CHS outcome-assessment committee using standardized criteria.241
Cardiovascular events were included after the third follow-up visit, and up to six months prior to
the time-dependent measure of cognitive function to ensure cognitive impairment was not
acutely caused by the observed CVD event; this time-window was derived from expert opinion
in CHS.

Depressive symptoms were measured using the 10-item version of the Center for
Epidemiological Studies Depression Scale (CES-D). Depression was defined as a score of
greater than eight.242,243

Potential Confounding Variables
Description of potential confounding variables was detailed in section 3.2.3.

4.2.3 Analytical Approach
Linear mixed effects models were used to evaluate the longitudinal relationship between
phenotype class and cognitive decline using 3MSE and DSST. The best covariance structure
(independent vs. exchangeable vs. identity vs. unstructured) was evaluated by comparing the
BIC between unadjusted models, where the lowest BIC represents the best covariance model for
fitting the fixed effects. Robust variance estimation was used to account for the correlation in
cognitive scores across study visits. Each model included a visit X phenotype interaction to
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evaluate the change in cognitive scores over time, and a three-way interaction between
phenotype X visit X sex, and phenotype X visit X ADL limitation was used to evaluate effect
modification by sex and disability. Normality was evaluated by plotting the standardized
residuals. The association was evaluated in both unadjusted and adjusted models adjusted for
potential confounders outlined in section 3.2.3. The following represents the proposed model to
evaluate cardiovascular damage phenotype and cognitive decline where 𝛽0𝑖 and 𝛽1𝑖 represent the
random intercept and random slope of person i after controlling for phenotype, and 𝛽⃑ 𝑋⃑ are the
potential confounders:

𝑌𝑖𝑗 (𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛) = 𝛽𝑜𝑖 + 𝛽1𝑖 (𝑣𝑖𝑠𝑖𝑡𝑖𝑗 )+ 𝜖𝑖𝑗
𝑅𝑎𝑛𝑑𝑜𝑚 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡: 𝛽0𝑖 = 𝛽00 + 𝑏0𝑖
𝑤ℎ𝑒𝑟𝑒 𝑏𝑜𝑖 ~ 𝑁(0, 𝜎02 )
𝑅𝑎𝑛𝑑𝑜𝑚 𝐿𝑖𝑛𝑒𝑎𝑟 𝑆𝑙𝑜𝑝𝑒: 𝛽1𝑖 = 𝛽11 + 𝑏1𝑖
𝑤ℎ𝑒𝑟𝑒 𝑏1𝑖 ~ 𝑁(0, 𝜎12 )
𝑌𝑖𝑗 (𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛) = (𝛽00 + 𝑏𝑜𝑖 ) + (𝛽11 + 𝑏1𝑖 )𝑣𝑖𝑠𝑖𝑡𝑖𝑗 + 𝛽⃑ 𝑋⃑ + 𝜖𝑗𝑖

The effect of mediation was evaluated as the magnitude of the difference in coefficient of the
phenotype X visit interaction term before and after adding CVD, depression and vitamins to the
model separately. Assumptions for mediation analysis include no misspecification of causal
order or due to unmeasured confounders or measurement error of the mediator, and no
interaction between the exposure and the mediator.244,245 Mediating events were included after
the third follow-up visit, and up until 3 months prior to the time-dependent measure of cognitive
function to ensure that misspecification of the causal order was not violated as well as to ensure
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that cognitive function measures were not acutely caused by these events. While difficult to test,
using information from the current literature regarding risk factors for cognitive decline, all
available and potential covariates I believed would influence the estimates, were included in the
model. Furthermore, I used adjudicated CVD events and a validated measure of depression to
reduce misspecification.246

All analyses were performed in Stata (version 15.1, Stata Corporation). Significance was defined
for all analyses as p<0.05.

4.3. Results
4.3.1 Trajectories of Cognitive Decline by Phenotype
Comparison of covariance structures suggested the best fit model as using unstructured in the
model with 3MSE, and independent for the model with DSST (Table 4.1). Standardized residual
plots suggest slight violation in normality for both 3MSE and DSST.

In the total population, the average annual decline in 3MSE scores per year was 0.42 points (95%
CI: -0.49, -0.36, p<0.001) for the cardiac phenotype, -0.46 points (95% CI: -0.52, -0.38,
p<0.001) for the inflammatory phenotype, -1.08 points (95% CI: -1.14, -1.01, p<0.001) for the
multisystem morbidity phenotype, and -1.16 points (95% CI: -1.26, -1.06, p<0.001) for the
vascular phenotype. I found no evidence of effect modification by sex (p=0.20) or with ADL
limitations (p=0.06).
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In the unadjusted model, all four phenotypes had a significant decrease in 3MSE points per year
over follow-up compared with the healthy phenotype, with the vascular phenotype having the
largest decrease (β: -1.44, 95% CI: -1.96, -0.95, p<0.001) followed by the multisystem morbidity
phenotype (β: -1.30, 95% CI: -1.65, -0.95, p<0.001). All four phenotypes remained significantly
associated with decreases in 3MSE scores per year when adjusted and compared with the healthy
phenotype. The phenotype with the greatest decline in 3MSE scores was the vascular phenotype
(β: -0.89, 95% CI: -1.33, -0.45, p<0.001), followed by the high multisystem morbidity phenotype
(β: -0.74, 95% CI: -1.09, -0.38, p<0.001), followed by the inflammatory phenotype (β: -0.66,
95% CI: -0.95, -0.38, p<0.001), and finally the cardiac phenotype (β: -0.46, 95% CI: -0.71, -0.21,
p<0.001; Table 4.4).

The average annual decline in DSST scores was 4.03 points (95% CI: -4.61, -3.45) for the
cardiac phenotype, 3.73 points (95% CI: -4.30, -3.15) for the inflammatory phenotype, 8.69
points (95% CI: -9.31, -8.07) for the high multisystem morbidity phenotype, and 8.47 points
(95% CI: -9.36, -7.59) for the vascular phenotype. I found no evidence of effect modification by
sex (p=0.34), or with ADL limitations (p=0.77).

Similar to the analyses with 3MSE as the outcome, the vascular phenotype had the greatest
decline in DSST scores per year compared with the healthy phenotype (β:-0.66, 95% CI: -0.98, 0.34, p<0.001), and remained significant after adjustment (β: -0.64, 95% CI: -1.01, -0.28,
p=0.001; Table 4.1). In the adjusted model, the high multisystem morbidity phenotype had a
similar decline as participants in the vascular phenotype (β: -0.64 (-0.88, -0.40, p<0.001),
whereas participants in the inflammatory phenotype declined in DSST scores by 0.28 points per
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year (95% CI: -0.48, -0.09, p=0005), and the participants in the cardiac phenotype declined by
0.50 points per year (95% CI: -0.70, -0.31, p<0.001). Figure 4.3 shows the crude predictions of
3MSE scores over follow-up, and figures 4.4 through 4.7 show adjusted predictions of 3MSE
scores between cardiac, inflammatory, multisystem and vascular phenotypes compared with the
healthy phenotype.

4.3.2 Mediation
Depression
The addition of depression to the adjusted model between phenotype class and change in 3MSE
scores over follow-up suggested modest evidence of mediation by depression. In the cardiac
phenotype, decline in 3MSE scores were attenuated by 6% (β: -0.44, 95% CI: -0.75, -0.14,
p=0.005). Similarly, 3MSE scores declined by 12% in both the inflammatory and multisystem
morbidity phenotypes (β: -0.48, 95% CI: -0.77, -0.18, p=0.002; β:-1.08, 95% CI: -1.55, -0.61,
p<0.001, respectively), and by 13% in the vascular phenotype (β: -1.11, 95% CI: -1.62, -0.59,
p<0.001).

The evidence for mediation by depression was less strong when evaluating the association
between phenotype class and DSST. The addition of depression to the model attenuated the
decline by 7% in the cardiac (β: -0.43, 95% CI: -0.69, -0.18, p=0.001), and by 9% in the cardiac
phenotype (β: -0.19, 95% CI: -0.44, 0.06, p=0.05). I found no evidence of mediation for the
multisystem morbidity, or vascular phenotypes (Table 4.2).

Stroke
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I only found evidence of mediation by stroke for the inflammatory phenotypes when using
3MSE as the outcome, which attenuated the effect by 10% (β: -0.50, 95% CI: -0.82, -0.18,
p=0.002), and only minimal evidence of mediation when using DSST as an outcome. Stroke
attenuated DSST scores by 8% in the cardiac phenotype (β: -0.42, 95% CI: -0.66, -0.19,
p<0.001), but did not attenuate scores for any other phenotypes (Table 4.2).

Myocardial Infarction
Similar to stroke, I only found evidence of mediation for the inflammatory phenotype when
using 3MSE as an outcome. Myocardial infarction attenuated scores by 7% (β: -0.53, 95% CI: 0.85, -0.20, p=0.001). However, evidence for mediation by MI in the relationship between
phenotype and change in DSST scores was stronger. Myocardial infarction attenuated the decline
of DSST scores in all 4 phenotypes compared with the healthy phenotype. Scores were
attenuated by 15% in the cardiac phenotype (β: -0.35, 95% CI: -0.57, -0.12, p=0.002), by 12% in
the inflammatory phenotype (β: -0.16, 95% CI: -0.38, 0.07, p=0.17), 4% in the multisystem
morbidity phenotype (β: -0.60, 95% CI: -0.88, -0.33, p<0.001), and by 24% in the vascular
phenotype (β: -0.41, 95% CI: -0.77, -0.05, p=0.03; Table 4.2).

Heart Failure
I found little evidence of mediation by HF when using 3MSE as the outcome. The addition of HF
to the adjusted model attenuated 3MSE scores by 3% for the cardiac phenotype (β: -0.47, 95%
CI: -0.80, -0.13, p=0.006), and by 9% in the inflammatory (β: -0.51, 95% CI: -0.84, -0.19,
p=0.002), but did not attenuate scores for either the multisystem morbidity or vascular
phenotypes. Similarly, there was little evidence of mediation by HF in the relationship between
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phenotype and change in DSST scores. Heart Failure minimally attenuated the decline of DSST
scores by 11% in the cardiac phenotype (β:-0.39, 95% CI: -0.63, -0.16, p=0.001), by 5% in the
inflammatory phenotype (β:-0.23, 95% CI: -0.47, 0.001, p=0.05), and by 2% in the vascular
phenotype (β:-0.63, 95% CI: -1.02, -0.25, p=0.001; Table 4.2).

All three CVD events
The addition of all 3 events to the adjusted model attenuated 3MSE scores by 4% for the cardiac
phenotype (β: -0.46, 95% CI: -0.79, -0.13, p=0.007), and by 11% in the inflammatory phenotype
(β:-0.49, 95% CI: -0.81, -0.17, p=0.003), but did not attenuate scores for any of the other
phenotypes. There was no evidence of mediation by all 3 events in the relationship between
phenotype and change in DSST scores. The addition of all 3 events minimally attenuated the
decline of DSST scores by 10% in the cardiac phenotype (β: -0.40, 95% CI: -0.64, -0.16,
p=0.001; Table 4.2).

4.4 Discussion
In this chapter, I found that all phenotypes were significantly associated with both 3MSE and
DSST in the unadjusted models, and remained significantly associated with cognitive decline in
adjusted models. I found that the vascular damage phenotype had the greatest rate of 3MSE
decline compared with the healthy phenotype, followed by the multisystem morbidity phenotype,
followed by the inflammatory phenotype and finally, the cardiac damage phenotype had the
smallest decline compared with the healthy phenotype. However, when using DSST as the
outcome, both the vascular and multisystem morbidity phenotype had the same and greatest rate
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of decline, followed by the cardiac phenotype and then the inflammatory phenotype, suggesting
inconsistencies among cognitive measures or domains.

I found some evidence that CVD mediated the relationship among the cardiac and inflammatory
phenotypes signifying a potential casual pathway among participants with high abnormalities in
markers corresponding to these phenotypes. However, the attenuation was minimal and should
be interpreted with caution. Similar to CVD, I found some evidence of mediation by depression
that was stronger when using DSST as the outcome measure, again suggesting differences in
cognitive measures.

While no studies have evaluated phenotypes of cardiovascular disease with cognitive function, I
found that vascular, cardiac and inflammatory markers were significantly associated with a
decline in cognitive scores over time, which is consistent with previous work.38,146,194 This
extends previous research in CHS that found that participants with any SCVD were at greater
risk for cognitive decline. However, unlike these studies, I found that participants with particular
markers, such as those in the vascular phenotype, had the greatest rate of decline. Unexpectedly,
participants in the vascular phenotype had a greater rate of decline compared with the healthy
phenotype than the multisystem morbidity phenotype compared with the healthy. This is
inconsistent with what I observed in the cross-sectional analysis at baseline yielding results that
suggested the multisystem morbidity phenotype had lowest 3MSE and DSST scores compared
with the healthy phenotype. While participants assigned to this phenotype may have
abnormalities or higher levels in markers that span across multiple systems, the markers assigned
to the vascular phenotype may have a stronger influence on decline even when multiple systems
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are at work. This is similar to previous studies that have found that vascular disease is an
important contributor to cognitive decline and dementia, including markers such as brain
infarctions and WMG, both markers that were prominent in the vascular phenotype.142,146,147,149
While these markers are observed in healthy patients,74 it is possible that participants who
identify in the vascular phenotype may be further along in the aging and cognitive process and
may have more severe forms of these markers compared to healthy participants or participants in
other phenotypes.

Although I found some evidence of mediation by clinical CVD in the cardiac and inflammatory
groups, attenuation was minimal. It may be more biologically plausible for the cardiac phenotype
to share a causal pathway with CVD and cognitive decline, however, previous studies have
found that markers, such as NTproBNP are associated with brain infarcts and markers of
dementia independent of clinical CVD.247 Similar to previous studies, I found that depression
minimally mediated the association between phenotypes of cardiovascular damage and cognitive
decline among older adults. In the CHS Cognition Study, Armstrong et al. found that late-life
depression partially mediated the relationship between CAC, carotid IMT, stenosis, and AAI
with cognitive decline.248 However, this study did not include important markers of subclinical
disease presented in this dissertation.

This chapter had several strengths. The first is the large sample size and longitudinal design
evaluating cognitive decline with up to 6 years of follow-up, as well as the use of a
multidimensional phenotype type variable created in Chapter 3. An additional strength is the use
of adjudicated CVD to evaluate mediation, which reduces the opportunity to introduce
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misclassification bias. However, I acknowledge several weaknesses including the cross-sectional
nature of the exposure variable, which assumes that these phenotypes, or risk factor profiles and
markers used to create these phenotypes, remain static over time. Additionally, the method I used
to conduct mediation analysis was less rigorous compared with other methods that are causal and
use parametric regression models. These more rigorous methods account for exposure-mediator
interactions, and compute both the controlled and natural direct-effect, as well as the natural
indirect effect and total marginal effect.245 While I did not anticipate an exposure-mediator
interaction, these associations can be explored in subsequent work.

In summary, I found that all 4 phenotypes were significantly associated with both cognitive
measures in unadjusted and adjusted models compared with the healthy phenotype, however, the
vascular phenotype had the greatest rate of decline. Further research should be done to evaluate
the extent of differences between phenotypes on the association with cognitive decline, as well
as specific domains of cognitive decline as rates were different between the global measure
(3MSE) and executive functioning and processing (DSST). Discerning phenotypes and the
relationship with cognitive decline may help better tailor interventions to reduce morbidity.
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Table 4.1. Comparison of covariance structures in unadjusted models.
Covariance Structure
3MSE
DSST
Independent
191982.5
174260.7
Exchangeable
196951.6
185642.5
Identity
197252.4
185637.5
Unstructured
174270.7
191599.5
Note. Values represent BIC
Note. 3MSE = Modified Mini Mental State Exam; DSST = Digit Symbol Substitution Test
Note. Bolded values represented chosen covariance structure
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Figure 4.1. Standardized residual plot for the unadjusted association between phenotype
and 3MSE
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Figure 4.2. Standardized residual plot for the unadjusted association between phenotype
and DSST.
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Table 4.2. Linear Mixed Models Evaluating the Relationship Between Phenotype and
Cognitive Decline
Model
3MSE
Phenotype
Healthy (reference)
Cardiac
Inflammatory
Multisystem Morbidity
Vascular

Unadjusted

Adjusteda
β Coefficient (95% CI)

-0.49 (-0.75, -0.22)***
-0.57 (-0.82, -0.32)***
-1.30 (-1.65, -0.95)***
-1.45 (-1.96, -0.95)***

-0.50 (-0.78, -0.21)***
-0.60 (-0.88, -0.32)***
-1.20 (-1.60, -0.81)***
-1.24 (-1.75, -0.74)***

DSST
Phenotype
Healthy (reference)
Cardiac
-0.33 (-0.49, -0.17)**
-0.50 (-0.70, -0.31)***
Inflammatory
-0.28 (-0.45, -0.10)**
-0.28 (-0.48, -0.09)**
Multisystem Morbidity
-0.64 (-0.84, -0.44)***
-0.64 (-0.88, -0.40)***
Vascular
-0.66 (-0.98, -0.34)***
-0.65 (-1.00, -0.30)***
Note. *P<0.05, **P<0.01, ***P<0.001
Note. 3MSE = Modified Mini Mental State Exam; DSST = Digit Symbol Substitution Test
a
Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes, eGFRcys,
LDL-HDL and total cholesterol, cystatin C, CRP, hypertension, anti-hypertensive medication,
ADL, APOE4.
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Figure 4.3. Crude analysis of predicted 3MSE scores by phenotype.
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Figure 4.4. Predicted 3MSE scores between the healthy and cardiac damage phenotypes
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Figure 4.5. Predicted 3MSE scores between the healthy and inflammatory damage
phenotypes.
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Figure 4.6. Predicted 3MSE scores between the healthy and multisystem morbidity
phenotypes.
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Figure 4.7. Predicted 3MSE scores between the healthy and vascular phenotypes.
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Table 4.3. Linear Mixed Models Evaluating the Relationship Between Phenotype and Cognitive Decline and Mediation by
Depression and CVD.
Mediation
Mediation CVD
Mediation
Mediation
Mediation
a
b
c
d
Model
Depression
all 3
Stroke
MI
HFe
β Coefficient
3MSE
(95% CI)
Phenotype
Healthy (reference)
Cardiac
Inflammatory
MM
Vascular
DSST
Phenotype
Healthy (reference)

-0.44
(-0.75, -0.14)**
-0.48
(-0.77, -0.18)**
-1.08
(-1.55, -0.61)***
-1.11
(-1.62, -0.59)***

-

-0.46
(-0.79, -0.13)**
-0.49
(-0.81, -0.17)**
-1.22
(-1.68, -0.77)***
-1.35
(-1.92, -0.77)***

-

-0.51
(-0.84, -0.18)**
-0.50
(-0.82, -0.18)**
-1.26
(-1.72, -0.81)***
-1.36
(-1.93, -0.79)***

-

-0.51
(-0.84, -0.17)**
-0.53
(-0.85, -0.20)***
-1.29
(-1.75, -0.83)***
-1.39
(-1.97, -0.81)***

-

-0.43
-0.40
-0.42
-0.35
(-0.69, -0.18)**
(-0.64, -0.16)**
(-0.59, -0.12)***
(-0.57, -0.12)**
-0.19
-0.29
-0.23
-0.16
Inflammatory
(-0.44, 0.06)
(-0.53, -0.04)*
(-0.46, 0.01)
(-0.38, 0.07)
-0.71
-0.72
-0.75
-0.60
MM
(-1.06, -0.37)***
(-1.02, -0.41)***
(-1.04, -0.46)***
(-0.88, -0.33)***
-0.53
-0.67
-0.65
-0.41
Vascular
(-0.95, -0.11)*
(-1.07, -0.27)**
(-1.03, -0.26)**
(-0.77, -0.05)*
Note. *P<0.05, **P<0.01, ***P<0.001
Note. 3MSE = Modified Mini Mental State Exam; DSST = Digit Symbol Substitution Test; CVD =
Cardiovascular Disease Events; MM= Multisystem Morbidity
Cardiac

-0.47
(-0.80, -0.13)**
-0.51
(-0.84, -0.19)**
-1.26
(-1.72, -0.80)***
-1.37
(-1.95, -0.80)***

-0.39
(-0.63, -0.16)**
-0.23
(-0.47, 0.001)
-0.74
(-1.03, -0.45)***
-0.63
(-1.02, -0.25)**
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a

Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes, eGFRcys, LDL-HDL and total cholesterol, CRP,
hypertension, anti-hypertensive medication, ADL, APOE4, and incident depression.
b
Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes, eGFRcys, LDL-HDL and total cholesterol, CRP,
hypertension, anti-hypertensive medication, ADL, APOE4, stroke, myocardial infarction, and heart failure.
c
Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes, eGFRcys, LDL-HDL and total cholesterol, CRP,
hypertension, anti-hypertensive medication, ADL, APOE4, and stroke.
d
Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes, eGFRcys, LDL-HDL and total cholesterol, CRP,
hypertension, anti-hypertensive medication, ADL, APOE4, and myocardial infarction (MI).
e
Adjusted for clinic, race, age, sex, alcohol use, smoking status, BMI, diabetes, eGFRcys, LDL-HDL and total cholesterol, CRP,
hypertension, anti-hypertensive medication, ADL, APOE4, and heart failure.
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CHAPTER 5: Risk of Incident Dementia by Phenotype
Using two definitions of Dementia

4.1 Introduction
Alzheimer’s disease and related dementias (ADRD) are progressive and irreversible conditions
characterized by difficulties in memory, concentration and learning, and effects a person’s ability
to carry out every day activities. Dementia is associated with poor health outcomes including
disability, loss of independence, and death, and the prevalence is expected to rise from 5 million
in 2014 to 13.9 million for adults 65 and older by 2060.249 In the US, the cost of health care,
long-term care, and hospice for people with dementia was estimated at 259 billion dollars, with
the annual cost of dementia worldwide estimated at 818 billion dollars in 2015.23

For these reasons, the National Institute of Aging (NIA) has been prioritizing studies of ADRD
for funding opportunities with approximately 53 current Funding Opportunity Announcements
(FOAs).Thus, a growing number of researchers have taken part in the quest to unravel the
etiology and risk factors for ADRD. In the CHS, dementia is defined using an adjudicated gold
standard measure from two ancillary studies: The Cognition Study (PI: Lew Kuller) that
included participants with an MRI (taken at the third follow-up visit; 1992/93) and followed until
1999 (n=3602),55 and the Pittsburgh follow-up study (PI: Dr. Oscar Lopez) which included
participants followed from 1999 until 2013 (n=924).250 However, other studies, such as the
Atherosclerosis Risk in Communities Study (ARIC), define dementia based on a committee
review using information such as cognitive test scores, imaging, subjective memory complaints
and proxy reports, medications, and medical and family history of conditions such as TIA,
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stroke, Parkinson’s disease, head trauma and multiple sclerosis.17 Since adjudicated dementia is
only available for a smaller portion of participants with MRI data, investigators in the CHS have
been focused on utilizing a wealth of data, as was done in ARIC, to define dementia in all of the
CHS participants and to improve power.

Time to event analysis, otherwise known as survival analysis, is a method used in clinical
epidemiology to evaluate both an event of interest (dementia) with an exposure, as well as the
time from baseline to an event. Time to event analysis is particularly useful in longitudinal
studies aimed at quantifying survival time, or the event rate and is unique from other types in that
not all participants will have the event of interest and thus survival time is unknown for those
individuals. While parametric methods exist, semi-parametric methods, such as Cox proportional
hazards regression allows for covariate adjustment and provides an effect size, making it a more
suitable method for clinical research.251

In addition to Cox proportional hazards regression, another method to evaluate time to event
analysis is through competing risk regression. Competing risk regression assumes and accounts
for another event (often death in studies of older adults) that competes with the event of interest.
One method that researchers use is the Fine and Gray (FG) method, however, this method is
often misunderstood and misused. Although it would seem that in the presence of a competing
risk, the FG method would be preferred, Cox proportional hazards models use proper censoring
for competing risks such as death and allows the researcher to estimate the rate of occurrence of
an event (dementia) in an event-free population (among participants who have not yet
experienced either type of event). Unlike Cox proportional hazards regression for which
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censored participants are removed from the risk set (making it a better method for questions of
etiology), the FG method for competing risk regression estimates the absolute risk of an event.
This creates an immortal period of person-time where those who have already experienced the
competing risk (even death) remain in the risk set. This introduces bias that is typically small
unless the competing event is frequent or occurs early during follow-up.252

As a statistical exploration, the primary objective of this chapter was to evaluate the association
between cardiovascular damage phenotype created in Chapter 3 and risk of incident dementia
using time to event analysis. To accomplish this, I used Cox proportional hazards regression as
my primary method, and compared results using the FG method of competing risk regression
using death as the competing risk as an analytical exploration. Additionally, I utilized both the
gold standard measure of incident dementia from the CHS Cognition Study as the primary
outcome, and with the objective of increasing sample size and improving estimates; I compared
results using adjudicated dementia with the newly developed dementia from all sources.

5.2 Methods
5.2.1. Data Source
The Cardiovascular Health Study (CHS)
Description of the CHS cohort was detailed in section 3.2.1
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5.2.2 Analytic Sample
In this chapter, participants were restricted to those with MRI data when using the gold standard
measure of incident dementia, but were not restricted to MRI data when using dementia from all
sources.

5.2.3 Measures
Exposure
The primary exposure was phenotype, created in Chapter 3 and detailed in Chapter 4.2.2.1.

Outcomes
Adjudicated dementia was defined using the gold standard adjudicated definition from the CHS
Cognition Study. Between 1991-1994, 3660 participants received magnetic resonance imaging
(MRI). Of those, 3,602 participants completed the 3MSE at the time of the MRI and were
included in the CHS Cognition Study where they were followed until 1999 for incident
dementia. Prevalent dementia was defined as being classified with dementia at the time of the
MRI. Incident dementia was defined as having been diagnosed with dementia between the fourth
follow-up (1994 -1995) and the ninth follow-up visit (1998 - 1999). Protocol for the CHS
Cognition Study has been described elsewhere.55,253

Dementia from All sources dichotomized (yes/no), was defined as at least one of the following:


CHS hospitalization ICD-9 codes: 290.xx, 294.xx, 331.0, 331.1, 331.2, 331.82,
331.83, 331.9, and 438.0



CMS ICD-9 codes above from all source: in hospital, outpatient, SNF
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CHS medication inventory: Aricept, Ariceptodt, Cognex, Donepezil, Donepezihcl,
Exelon, Exelonpatch, Galantamine, Memantine, Namenda, Razadyne, Razadyneer,
Rivastigmine and Tacrine



3MSE/TICS: Two definitions were derived from the 3MSE scores, using the TICS
estimated score when no 3MSE was available: 1) At least 2 consecutive scores <80
AND 10 points below a participant’s predicted score based on age, race, sex, and
years of education, 2) A drop of > 5 points from initial score for 2 consecutive years
or at the last cognitive test AND no subsequent recovery of scores to within 5 of the
initial score.

The date of the first of the 2 consecutive visits was used as the date of evidence of
cognitive issues. Note that no cognitive testing was done in Years 12-17 or 19.


The CHS Cognition Study and the follow-up study at Pittsburgh



A proxy report of memory problems



Adjudicated cause of death from dementia

Potential Confounders
Description of potential confounding variables was detailed in section 3.2.3.

5.2.4 Analytic approach
Baseline characteristics for each phenotype were evaluated and stratified by adjudicated
dementia (yes/no) from the CHS cognition study as well as dementia from all sources. Student ttests and chi-squared (χ2) tests were used to evaluate differences between groups.
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To evaluate the association between phenotype and time to incident dementia, I used cox
proportional hazards regression, which is presented below:

𝑝

ℎ(𝑡, 𝑥) = ℎ0 (𝑡)exp (∑ 𝛽𝑖 𝑥𝑖 )
𝑖=1

This model expresses the hazard at time 𝑡 for an individual with a vector of explanatory variables
𝑥. The hazard is a product of ℎ0 (𝑡), the baseline hazard, and exp(∑𝑝𝑖=1 𝛽𝑖 𝑥𝑖 ), the exponential
expression of the linear predictor variables involving the vector of explanatory variables (𝑥), but
not time (𝑡). The Hazard ratio (HR) can be computed using the following equation:

𝑝

ℎ(𝑡, 𝑋 ∗ )
̂
𝐻𝑅 =
= 𝑒𝑥𝑝 [∑ 𝛽𝑖 (𝑋𝑖∗ − 𝑋𝑖 )]
ℎ(𝑡, 𝑋)
𝑖=1

Time to incident dementia was left-truncated at baseline (follow-up visit 3; 1992/93), and righttruncated at follow-up visit 9 (1999). Participants with prevalent dementia at baseline were
excluded from analyses to ensure incident cases upon follow-up.

The proportional-hazards assumption, which assumes that the hazard ratio is constant over time,
was evaluated by plotting “log-log” survival curves, which plots the –ln{-ln(survival)} curves for
each categorical covariate versus ln(analysis time). If the plotted lines are parallel, then the
assumption has not been violated. If the assumption is violated, the data will be split into time
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intervals where separate cox analyses will be performed. The proportional-hazards assumption
will also be tested by evaluating Schoenfelds residuals, which tests if the slope of residuals is
zero.

As a sensitivity analysis, I evaluated competing risk regression using the FG method with death
as the competing risk.254 The following model represents competing risk regression with discrete
time points:

𝜆𝑗 (𝑡) = 𝑃(𝑇 = 𝑡, 𝐽 = 𝑗 | 𝑇 ≥ 𝑡 𝑜𝑟 (𝑇 < 𝑡 𝑎𝑛𝑑 𝐽 ≠ 𝑗))

where the time scale t is study duration, T will be defined as time to death or dementia
(T=min(T1, T2, C), C is the censoring time), J=j is whether dementia (j=1) or death (j=2)
occurred, and the sub-distribution hazard (𝜆𝑗 (𝑡)) is the probability of death or dementia given
that the participant has survived to time t without the event of interest or the competing event
(death).242 The following is a mock table (Table 6) to evaluate cox proportional hazards
regression and competing risk regression in the relationship with cardiovascular damage
phenotype and incident dementia.

Cox proportional hazards regression and competing risk regression were performed separately
for both adjudicated dementia and dementia from all sources. All analyses were performed in
Stata (version 15.1, Stata Corporation). Significance was defined for all analyses as p<0.05.
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5.3 Results
5.3.1 Baseline Characteristics
Adjudicated Dementia
Healthy Phenotype
There were 242 participants that developed dementia (11%), and 2,010 participants that
remained free of dementia over follow-up. Participants with dementia were more likely to be
older, have less education, be never drinkers, have higher systolic blood pressure, and be more
likely to have the APOE ɛ4 allele compared with participants without dementia (p<0.05 for all
comparisons). The two groups were similar in their percentage of women, African Americans,
smoking status, hypertension, levels of total, LDL and HDL cholesterol, diabetes and ADL
limitations (Table 5.1)

Cardiac Phenotype
There were 54 participants that developed dementia (17%), and 271 participants that remained
free of dementia over follow-up. Participants with dementia were more likely to be older, have
less education, be never drinkers, and be borderline hypertensive compared with participants
without dementia (p<0.05 for all comparisons). The two groups were similar in their percentage
of African Americans, smoking status, systolic and diastolic blood pressures, total, LDL and
HDL cholesterol levels, diabetes status, APOE e4 allele and ADL limitations (Table 5.2).

Inflammatory Phenotype
There were 67 participants that developed dementia (19%), and 282 participants that remained
dementia free over follow-up. Participants with dementia were more likely to be older and have
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higher HDL cholesterol compared with participants without dementia (p<0.05), however, they
were similar in all other characteristics (Table 5.3).

Multisystem Morbidity Phenotype
There were 69 participants that developed dementia (24%), and 214 participants that remained
free of dementia over follow-up. Participants with dementia were more likely to be older and
have limitations in ADL compared with participants without dementia (p<0.05). Both groups
were similar in all other characteristics (Table 5.4).

Vascular Phenotype
There were 48 participants that developed dementia (30%), and 114 participants that remained
free of dementia over follow-up. Participants with dementia were more likely to be older and be
never smokers compared with the participants without dementia compared with participants
without dementia (p<0.05). All other characteristics were similar between groups (Table 5.5).

Dementia from all Sources
Healthy Phenotype
There were 1011 participants that developed dementia (33%), and 2,098 participants that
remained free of dementia over follow-up. Among the dementia group, participants were
significantly more likely to be older, have less education, be never alcohol users, less likely to be
a current smoker, have higher systolic blood pressure, a greater percentage of participants with
diabetes, be less likely to have the APOE ɛ4 allele, and be more likely to have limitations in
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ADL compared with participants without dementia (p<0.05 for all comparisons). All other
characteristics were similar among participants with and without dementia (Table 5.6).

Cardiac Phenotype
There were 197 participants that developed dementia (43%), and 260 that remained free of
dementia over follow-up. Among the dementia phenotype, participants were significantly more
likely to be older, be never alcohol users, and have higher systolic BP compared with
participants without dementia (p<0.05). All other characteristics were similar between groups
(Table 5.7).

Inflammatory Phenotype
There were 211 participants that developed dementia (44%), and 272 participants that remained
free of dementia over follow-up. Participants with dementia were more likely to be older, more
likely to be never smokers, and more likely to have the APOE ɛ4 allele compared to participants
without dementia (p<0.05 for all comparisons). All other characteristics were not significantly
different between groups (Table 5.8).

Multisystem Morbidity Phenotype
There were 239 participants that developed dementia (52%), and 224 participants that remained
free of dementia over follow-up. Participants with dementia were more likely to be older and
have less education compared with participants without dementia (p<0.05). All other
characteristics were similar between groups (Table 5.9).
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Vascular Phenotype
There were 95 participants that developed dementia (55%), and 79 that remained free of
dementia over follow-up. Participants with dementia were more likely to be older, be never
smokers, and more likely to have the APOE ɛ4 allele compared with participants without
dementia (p<0.05). All other characteristics were similar between groups (Table 5.10).

5.3.2. Adjudicated Dementia from CHS Cognition Study
Cox Proportional Hazards Regression
Among 3,608 participants with an MRI, there were 480 cases (26 per 1,000 person-years) of
incident dementia over 6 years of follow-up. I found no evidence of violation of the proportional
hazards assumption. Kaplan-Meier plots showed that all hazard ratios for all phenotypes
compared to the healthy phenotype remained constant (Figure 5.1), and that the log-log plots
showed that the lines were reasonably parallel (Figure 5.2). In the unadjusted models, all 4
phenotypes were significantly associated with a greater risk of dementia compared with the
healthy phenotype. The cardiac phenotype had a 71% greater hazard of incident dementia (HR:
1.71, 95% CI: 1.27, 2.30, p<0.001), while the inflammatory phenotype had a 98% greater hazard
of incident dementia (HR: 1.98, 95% CI: 1.51, 2.60, p<0.001). In the multisystem morbidity
phenotype, I observed a HR of 3.00 (95% CI: 2.30, 3.93, p<0.001) and a HR of 3.53 in the
vascular phenotype (95% CI: 2.59, 4.82). In the adjusted models, only the multisystem morbidity
and vascular phenotypes reached statistical significance. The multisystem morbidity phenotype
had a 61% greater risk of dementia (HR: 1.61, 95% CI: 1.11, 2.35, p=0.01) and the vascular
phenotype had a 83% greater hazard of dementia (HR: 1.83, 95% CI: 1.24, 2.70, p=0.003)
compared with the healthy phenotype. I observed a HR of 1.36 in the cardiac phenotype (95%
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CI: 0.97, 1.91, p=0.08) and a HR of 1.32 in the inflammatory phenotype (95% CI: 0.92, 1.91,
p=0.13; Table 5.11).

Fine and Gray Competing Risk Regression
Among 3,608 participants with an MRI, there were 478 cases (26 per 1,000 person-years) of
incident dementia, and 1,330 deaths over 6 years of follow-up. In adjusted models, all 4
phenotypes were significantly associated with a greater risk of incident dementia compared with
the healthy phenotype. The cardiac group had a 69% greater risk of dementia (HR: 1.69, 95% CI:
1.26, 2.27, p<0.001), while the inflammatory phenotype had a 93% greater risk of incident
dementia (HR: 1.93, 95% CI: 1.48, 2.53, p<0.001). Similarly, I observed a HR 2.83 in the
multisystem morbidity phenotype (95% CI: 2.17, 3.71, p<0.001), and a HR of 3.54 in the
vascular phenotype (95% CI: 2.58, 4.87, p<0.001; Table 5.11).

5.3.3. Dementia from all sources
Cox Proportional Hazards Regression
Among 4,763 participants, there were 1,414 cases (59 per 1,000 person-years) of incident
dementia from all sources over 6 years of follow-up. I found no evidence of violation of the
proportional hazards assumption. Kaplan-Meier plots showed that all hazard ratios for all
phenotypes compared to the healthy phenotype remained constant (Figure 5.3), and that the loglog plots showed that the lines were reasonably parallel (Figure 5.4). In the unadjusted models,
all phenotypes were significantly associated with a greater risk of incident dementia compared to
the healthy phenotype. Notable, the effect sizes were weaker compared to the analysis using the
adjudicated dementia outcome. In the adjusted model, all but the inflammatory phenotype was
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significantly associated with a greater hazard of incident dementia. The vascular phenotype had a
53% greater risk of incident dementia (HR: 1.53, 95% CI: 1.12, 2.10, p=0.008), the cardiac
phenotype had a 38% greater hazard (HR: 1.38, 95% CI: 1.08, 1.76, p=0.01), and the
multisystem morbidity phenotype had a 33% greater hazard (HR: 1.33, 95% CI: 1.01, 1.75,
p=0.045; Table 5.12).

Fine and Gray Competing Risk Regression
Among 4,763 participants, there were 1,411 cases (59 per 1,000 person-years) of incident
dementia from all sources, and there were 960 deaths over 6 years of follow-up. In the
unadjusted models, all phenotypes were significantly associated with lower risk of dementia
compared with the healthy phenotype. In the unadjusted model, the vascular phenotype had the
greatest subhazard ratio at 2.18 (95% CI: 1.72, 2.75, p<0.001), followed by the multisystem
morbidity phenotype (SHR: 1.92, 95% CI: 1.63, 2.27, p<0.001). In the adjusted model, only the
subhazard ratios for the cardiac and vascular phenotypes remained significant with a SHR of
1.32 for the cardiac phenotype (95% CI: 1.07, 1.62, p=0.009), and a SHR of 1.49 for the vascular
phenotype (1.10, 2.01, p=0.011; Table 5.12).
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5.4 Discussion
In this chapter, I found that in general, most participants with dementia tended to be older, have
less education, more likely to be never smokers, have higher systolic BP, be more likely to have
the APOE ɛ4 allele, and be more likely to have limitations in ADL, however, characteristics
differed by phenotype (Tables 5.1-5.10). When using Cox proportional hazards models, I found
that only the multisystem morbidity and vascular phenotypes had a significantly greater risk of
incident adjudicated dementia. Although significant, the effects were weaker when using
dementia from all sources indicating possible misclassification of the outcome. On the contrary,
when using competing risk regression, I found significant associations among the vascular
phenotype with adjudicated dementia, and both the cardiac and vascular phenotypes were
significantly associated with incident dementia from all sources. However, because the FG
method assumes that people whom experience death (the competing event) remain alive and in
the risk set, these estimands are illogical and are not relevant for studies of etiology. The minimal
differences between results observed using Cox regression and FG regression suggest that only a
small proportion of participants died before the end of the study (23% in the adjudicated subsample, and 18% when using dementia from all sources).

Similar to results observed in Chapter 4, the vascular phenotype had the greatest risk of incident
dementia compared with the healthy phenotype when using adjudicated dementia compared with
the multisystem morbidity phenotype having the greatest risk when using dementia from all
sources. Furthermore, the results using adjudicated dementia are consistent with studies that have
evaluated the association between subclinical markers and dementia and found that both cardiac
markers and vascular markers such as brain infarctions and white matter grade are associated
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with a greater risk of incident dementia.39,144 While other studies have also found that
inflammatory markers are associated with a greater risk of incident dementia, these studies have
focused on individual markers, and did not compare associations with other clusters or
phenotypes such as those created in Chapter 3.

This chapter has several strengths and weaknesses. The first strength is the use of two different
measures of dementia, one adjudicated and one using a multitude of sources, as well as the
comparison between using Cox proportional hazards regression and competing risk regression.
Additionally, because I evaluated dementia from all sources, I was able to observe the risk of
dementia in a greater number of participants with limited missing outcome data. One weakness
of this research included the smaller sample size for participants with adjudicated dementia.
However, because the use of dementia from all sources likely introduced misclassification of the
outcome, the use of adjudicated dementia may be more effective for capturing the true risk of
morbidity.

In summary, when using Cox proportional hazards regression I found that only the vascular and
multisystem morbidity phenotypes were significantly associated with a risk of incident
adjudicated dementia, and that the vascular, multisystem morbidity and cardiac phenotypes were
associated with dementia from all sources compared with the healthy phenotype. I also found
that associations were attenuated when using dementia from all sources. Due to the etiologic
nature of this study objective, these results suggest that Cox proportional hazards method is the
more appropriate and effective method at capturing the association between phenotype and risk
of incident dementia.
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Table 5.1. Baseline characteristics of participants in the Healthy phenotype stratified by
adjudicated dementia.
No Dementia
Dementia
(n=2,010)
(n=242)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
73.1 (4.0)
76.5 (4.2)
<0.001
Women
1,268 (63)
149 (62)
0.65
African American (vs. white/other)
313 (16)
45 (18.6)
0.22
Grader (no. years)
14.6 (4.5)
13.8 (4.9)
0.008
Alcohol use
0.009
Never user
891 (47)
132 (57)
Light user
787 (41)
73 (31)
Frequent user
221 (12)
27 (12)
Smoking Status
0.75
Never
994 (50)
126 (52)
Former
810 (40)
92 (38)
Current
204 (10)
24 (10)
Systolic Blood Pressure
133.0 (19.3)
137.1 (21.2)
0.003
Diastolic Blood Pressure
71.4 (10.3)
70.1 (11.4)
0.08
Hypertension
0.78
Normotensive
992 (50)
115 (49)
Borderline Hypertensive
303 (15)
34 (14)
Hypertensive
686 (35)
87 (37)
Total Cholesterol
210.1 (34.9)
210.6 (37.0)
0.82
LDL cholesterol
128.0 (31.6)
130.6 (33.1)
0.25
HDL cholesterol
55.2 (14.5)
54.8 (14.4)
0.69
Diabetes
0.13
Normal
1491 (78)
173 (77)
Impaired Fasting Glucose
179 (9)
13 (6)
Diabetic
236 (12)
39 (17)
APOE
429 (23)
84 (41)
<0.001
ADL Limitations
126 (6)
21 (9)
0.13
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.2. Baseline Characteristics for participants in the Cardiac Phenotype stratified
by adjudicated dementia.
No Dementia
Dementia
(n=271)
(n=54)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
75.2 (4.7)
78.4 (5.0)
<0.001
Women
128 (47)
33 (61)
0.06
African American (vs. white/other)
27 (10)
4 (9)
0.87
Grader (no. years)
14.7 (4.4)
12.7 (4.8)
0.003
Alcohol use
0.04
Never user
117 (48)
34 (68)
Light user
101 (41)
13 (26)
Frequent user
26 (11)
3 (6)
Smoking Status
0.06
Never
120 (44)
33 (62)
Former
122 (45)
17 (32)
Current
28 (10)
3 (6)
Systolic Blood Pressure
137.2 (23.0)
144.5 (23.2)
0.05
Diastolic Blood Pressure
70.7 (12.7)
72.1 (9.9)
0.43
Hypertension
0.007
Normotensive
114 (42)
17 (31)
Borderline Hypertensive
31 (11)
15 (28)
Hypertensive
126 (46)
22 (41)
Total Cholesterol
200.0 (35.0)
197.9 (39.2)
0.70
LDL cholesterol
121.4 (30.6)
120.3 (32.4)
0.81
HDL cholesterol
51.8 (13.7)
53.6 (12.8)
0.38
Diabetes
0.89
Normal
199 (75)
41 (77)
Impaired Fasting Glucose
25 (9)
5 (9)
Diabetic
42 (16)
7 (13)
APOE
63 (24)
11 (22)
0.77
ADL Limitations
20 (7)
5 (9)
0.64
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.3. Baseline characteristics for participants in the Inflammatory phenotype
stratified by adjudicated dementia
No Dementia
Dementia
(n=282)
(n=67)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
75.6 (5.1)
78.8 (5.3)
<0.001
Women
146 (52)
39 (58)
0.34
African American (vs. white/other)
22 (8)
7 (10)
0.48
Grader (no. years)
13.7 (4.7)
13.5 (4.5)
0.77
Alcohol use
0.28
Never user
145 (56)
41 (67)
Light user
94 (36)
16 (26)
Frequent user
19 (7)
4 (7)
Smoking Status
0.30
Never
112 (40)
33 (49)
Former
143 (51)
27 (40)
Current
27 (10)
7 (10)
Systolic Blood Pressure
135.0 (21.9)
136.5 (20.0)
0.62
Diastolic Blood Pressure
69.5 (12.0)
71.1 (9.7)
0.32
Hypertension
0.79
Normotensive
109 (39)
24 (36)
Borderline Hypertensive
43 (15)
9 (13)
Hypertensive
130 (46)
34 (51)
Total Cholesterol
207.5 (39.9)
213.6 (47.1)
0.28
LDL cholesterol
126.5 (34.7)
132.1 (38.1)
0.26
HDL cholesterol
47.3 (12.4)
52.2 (12.0)
0.004
Diabetes
0.75
Normal
191 (70)
49 (74)
Impaired Fasting Glucose
37 (14)
7 (11)
Diabetic
46 (17)
10 (15)
APOE
17 (39)
36 (27)
12
ADL Limitations
37 (13)
11 (16)
0.48
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.4. Baseline characteristics for participants in the Multisystem Morbidity
phenotype stratified by adjudicated dementia.
No Dementia
Dementia
(n=214)
(n=69)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
77.1 (5.1)
79.3 (5.9)
0.003
Women
100 (47)
36 (52)
0.43
African American (vs. white/other)
24 (11)
12 (17)
0.18
Grader (no. years)
14.1 (4.7)
13.17 (5.1)
0.16
Alcohol use
0.23
Never user
109 (55)
32 (52)
Light user
67 (34)
26 (43)
Frequent user
22 (11)
3 (5)
Smoking Status
0.88
Never
87 (41)
30 (43)
Former
88 (41)
28 (41)
Current
39 (18)
11 (16)
Systolic Blood Pressure
142.2 (25.2)
144.9 (22.1)
0.43
Diastolic Blood Pressure
69.5 (13.7)
70.5 (12.9)
0.59
Hypertension
0.58
Normotensive
70 (33)
18 (26)
Borderline Hypertensive
24 (11)
9 (13)
Hypertensive
120 (56)
42 (61)
Total Cholesterol
203.9 (57.0)
203.7 (42.0)
0.97
LDL cholesterol
124.1 (42.2)
121.9 (34.9)
0.71
HDL cholesterol
48.7 (13.7)
50.2 (15.1)
0.42
Diabetes
0.74
Normal
135 (66)
46 (70)
Impaired Fasting Glucose
29 (14)
7 (11)
Diabetic
42 (20)
13 (20)
APOE
38 (19)
12 (21)
0.76
ADL Limitations
22 (10)
18 (26)
0.001
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.5. Baseline characteristics of participants in the Vascular phenotype stratified by
adjudicated dementia.
No Dementia
Dementia
(n=114)
(n=48)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
76.3 (5.4)
79.4 (5.5)
0.001
Women
64 (56)
29 (60)
0.62
African American (vs. white/other)
26 (23)
7 (15)
0.24
Grader (no. years)
13.7 (4.8)
14.7 (4.3)
0.24
Alcohol use
0.56
Never user
63 (59)
26 (55)
Light user
33 (31)
18 (38)
Frequent user
11 (10)
3 (6.3)
Smoking Status
0.01
Never
39 (34)
28 (58)
Former
56 (49)
17 (35)
Current
19 (17)
3 (6)
Systolic Blood Pressure
143.1 (24.0)
142.0 (19.1)
0.79
Diastolic Blood Pressure
72.3 (15.1)
70.4 (15.7)
0.48
Hypertension
0.13
Normotensive
35 (31)
14 (31)
Borderline Hypertensive
18 (16)
13 (29)
Hypertensive
61 (53)
18 (40)
Total Cholesterol
211.9 (44.6)
212.3 (47.7)
0.70
LDL cholesterol
129.7 (51.0)
123.8 (35.7)
0.42
HDL cholesterol
53.3 (15.0)
53.1 (16.3)
0.94
Diabetes
0.32
Normal
71 (64)
29 (64)
Impaired Fasting Glucose
19 (17)
11 (24)
Diabetic
22 (20)
5 (11)
APOE
20 (19)
17 (40)
0.07
ADL Limitations
13 (11)
9 (20)
0.18
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.6. Baseline characteristics for participants in the Healthy phenotype stratified by
dementia from all sources.
No Dementia
Dementia
(n=2098)
(n=1011)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
72.78 (3.97)
75.50 (5.22)
<0.001
Women
1315 (63%)
644 (64%)
0.58
African American (vs. white/other)
359 (17%)
167 (17%)
0.68
Grader (no. years)
14.56 (4.52)
13.65 (4.71)
<0.001
Alcohol use
0.001
Never user
930 (47%)
520 (54%)
Light user
823 (42%)
331 (35%)
Frequent user
220 (11%)
107 (11%)
Smoking Status
0.01
Never
1032 (49%)
498 (49%)
Former
870 (42%)
387 (38%)
Current
193 (9%)
126 (12%)
Systolic Blood Pressure
133.68 (19.48)
136.36 (20.91)
0.001
Diastolic Blood Pressure
71.83 (10.50)
71.06 (10.91)
0.06
Hypertension
0.27
Normotensive
993 (49%)
446 (45%)
Borderline Hypertensive
313 (15%)
155 (16%)
Hypertensive
739 (36%)
380 (39%)
Total Cholesterol
210.50 (34.95)
210.65 (37.19)
0.92
LDL cholesterol
128.31 (31.51)
128.99 (34.26)
0.61
HDL cholesterol
54.80 (14.29)
55.51 (14.79)
0.22
Diabetes
<0.001
Normal
1541 (79%)
650 (73%)
Impaired Fasting Glucose
184 (9%)
83 (9%)
Diabetic
238 (12%)
158 (18%)
APOE
418 (78%)
589 (67%)
<0.001
ADL Limitations
140 (7%)
126 (13%)
<0.001
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele

131
Table 5.7. Baseline characteristics for participants in the cardiac phenotype stratified by
dementia from all sources.
No Dementia
Dementia
(n=260)
(n=197)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
74.5 (4.7)
77.3 (5.5)
<0.001
Women
123 (47)
100 (51)
0.46
African American (vs. white/other)
36 (14)
23 (12)
0.49
Grader (no. years)
14.1 (4.5)
13.34 (4.9)
0.07
Alcohol use
0.03
Never user
108 (47)
108 (60)
Light user
98 (42)
61 (34)
Frequent user
25 (11)
12 (7)
Smoking Status
0.54
Never
110 (43)
93 (47)
Former
119 (46)
85 (43)
Current
29 (11)
18 (9)
Systolic Blood Pressure
138.2 (23.3)
143.30 (25.4)
0.03
Diastolic Blood Pressure
72.2 (11.9)
71.7 (13.0)
0.65
Hypertension
0.17
Normotensive
101 (39)
66 (34)
Borderline Hypertensive
31 (12)
35 (18)
Hypertensive
128 (49)
96 (45)
Total Cholesterol
202.1 (34.5)
197.6 (38.1)
0.19
LDL cholesterol
122.7 (30.7)
119.4 (31.6)
0.27
HDL cholesterol
52.5 (13.9)
52.9 (14.7)
0.78
Diabetes
0.17
Normal
192 (75)
136 (71)
Impaired Fasting Glucose
26 (10)
14 (7)
Diabetic
39 (15)
41 (21)
APOE
55 (22)
48 (27)
0.31
ADL Limitations
23 (9)
27 (14)
0.10
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.8. Baseline characteristics for participants in the Inflammatory phenotype
stratified by dementia from all sources.
No Dementia
Dementia
(n=272)
(n=211)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
75.0 (5.1)
78.0 (5.7)
<0.001
Women
153 (56)
121 (57)
0.81
African American (vs. white/other)
31 (11)
16 (8)
0.16
Grader (no. years)
13.8 (4.7)
13.3 (4.6)
0.22
Alcohol use
0.37
Never user
140 (56)
122 (63)
Light user
92 (37)
60 (31)
Frequent user
18 (7)
13 (7)
Smoking Status
0.05
Never
105 (39)
104 (49)
Former
134 (49)
90 (43)
Current
33 (12)
17 (8)
Systolic Blood Pressure
134.4 (21.3)
137.9 (22.8)
0.09
Diastolic Blood Pressure
69.4 (12.4)
70.4 (12.0)
0.38
Hypertension
0.63
Normotensive
99 (36)
78 (37)
Borderline Hypertensive
35 (13)
33 (16)
Hypertensive
138 (51)
100 (47)
Total Cholesterol
208.3 (41.4)
209.0 (42.6)
0.88
LDL cholesterol
127.1 (36.7)
126.9 (35.6)
0.95
HDL cholesterol
47.8 (12.3)
49.1 (12.4)
0.26
Diabetes
0.07
Normal
180 (68)
142 (68)
Impaired Fasting Glucose
41 (16)
20 (10)
Diabetic
43 (16)
46 (22)
APOE
47 (19)
54 (28)
0.02
ADL Limitations
36 (13)
37 (18)
0.19
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.9. Baseline characteristics for participants in the multisystem morbidity
phenotype stratified by dementia from all sources.
No Dementia
Dementia
(n=224)
(n=239)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
77.4 (5.6)
78.97 (5.78)
0.003
Women
98 (44)
123 (51)
0.10
African American (vs. white/other)
195 (87)
206 (86)
0.79
Grader (no. years)
14.5 (4.8)
13.0 (4.7)
0.001
Alcohol use
0.37
Never user
111 (57)
125 (56)
Light user
64 (33)
82 (37)
Frequent user
21 (11)
16 (7)
Smoking Status
0.11
Never
77 (34)
105 (44)
Former
108 (48)
98 (41)
Current
39 (17)
36 (15)
Systolic Blood Pressure
140.6 (26.0)
142.6 (24.3)
0.39
Diastolic Blood Pressure
69.4 (13.5)
70.3 (12.4)
0.48
Hypertension
0.61
Normotensive
69 (31)
78 (33)
Borderline Hypertensive
23 (10)
30 (13)
Hypertensive
132 (59)
131 (55)
Total Cholesterol
200.4 (45.0)
205.8 (52.6)
0.25
LDL cholesterol
122.2 (41.1)
124.4 (36.0)
0.56
HDL cholesterol
47.3 (13.5)
48.5 (14.2)
0.38
Diabetes
0.18
Normal
136 (63)
145 (63)
Impaired Fasting Glucose
36 (17)
26 (11)
Diabetic
44 (20)
58 (25)
APOE
40 (19)
53 (25)
0.15
ADL Limitations
36 (16)
45 (19)
0.41
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.10. Baseline characteristics for participants in the vascular phenotype stratified
by dementia from all sources.
No Dementia
Dementia
(n=79)
(n=95)
Characteristic
p-value
Mean (SD) or N(%)
Age (years)
75.1 (4.9)
78.4 (5.8)
<0.001
Women
35 (44)
42 (44)
0.99
African American (vs. white/other)
20 (25)
16 (17)
0.17
Grader (no. years)
14.0 (4.8)
14.12 (4.5)
0.88
Alcohol use
0.99
Never user
41 (56)
50 (55)
Light user
24 (33)
31 (34)
Frequent user
8 (11)
10 (11)
Smoking Status
0.05
Never
25 (32)
46 (48)
Former
38 (48)
39 (41)
Current
16 (20)
10 (11)
Systolic Blood Pressure
142.9 (24.5)
142.5 (21.3)
0.92
Diastolic Blood Pressure
71.4 (15.7)
72.1 (14.9)
0.77
Hypertension
0.06
Normotensive
28 (36)
24 (26)
Borderline Hypertensive
10 (13)
25 (27)
Hypertensive
39 (51)
42 (46)
Total Cholesterol
211.7 (47.5)
213.5 (42.3)
0.79
LDL cholesterol
129.5 (42.6)
128.4 (35.7)
0.86
HDL cholesterol
52.9 (15.7)
54.28 (15.2)
0.58
Diabetes
0.05
Normal
52 (69)
55 (60)
Impaired Fasting Glucose
8 (11)
23 (25)
Diabetic
15 (20)
13 (14)
APOE
13 (18)
30 (34)
0.02
ADL Limitations
8 (10)
14 (15)
0.35
Note. Frequent alcohol use was defined as more than 7 drinks per week for women, or more
than 14 drinkers per week for men. ADL limitation was defined as difficulties with at least one
of the following: walking around the home, getting out of bed, eating, dressing, bathing, and
using the toilet.
Note. ADL=Activities of Daily Living; APOE= apolipoprotein E ɛ4 allele
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Table 5.11. Survival Analysis Using Cox Proportional Hazards and Competing-risks
Regression to Evaluate the Relationship Between Baseline Cardiovascular Damage
Phenotype and Incident Adjudicated Dementia.
Model
Unadjusted
Adjusteda
HR (95% CI)
Phenotype
Healthy (reference)
Cardiac
1.71 (1.27, 2.30)***
1.71 (0.97, 1.91)
Inflammatory
1.98 (1.51, 2.60)***
1.32 (0.92, 1.91)
Multisystem Morbidity
3.00 (2.30, 3.93)***
1.61 (1.11, 2.35)*
Vascular
3.53 (2.59, 4.82)***
1.83 (1.24, 2.70)**
SHR (95% CI)
Phenotype
Healthy (reference)
Cardiac
1.69 (1.26, 2.27)***
1.33 (0.94, 1.89)
Inflammatory
1.93 (1.48, 2.53)***
1.18 (0.79, 1.78)
Multisystem Morbidity
2.83 (2.17, 3.71)***
1.44 (0.94, 2.19)
Vascular
3.54 (2.58, 4.87)***
1.84 (1.20, 2.82)**
*p<0.05, **p< 0.01, ***p< 0.001
a
adjusted for clinic, age, sex, alcohol use, smoking status, BMI, diabetes, eGFR, LDL
cholesterol, CRP, hypertension, antihypertensive medication, Activities of Daily Living and
apolipoprotein E ɛ4 allele.
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Figure 5.1. Kaplan-Meier survival estimates for all five phenotypes over follow-up using
adjudicated dementia.
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Figure 5.2. Plot to test the proportionality assumption with adjudicated dementia using
Schoenfeld and scaled Schoenfeld residuals.

138
Table 5.12. Survival Analysis Using Cox Proportional Hazards and Competing-risks
Regression to Evaluate the Relationship Between Baseline Cardiovascular Damage
Phenotype and Incident Dementia from all sources.
Model
Unadjusted
Adjusteda
HR (95% CI)
Phenotype
Healthy (reference)
Cardiac
1.62 (1.36, 1.93)***
1.44 (1.18, 1.77)***
Inflammatory
1.50 (1.26, 1.78)***
1.19 (0.95, 1.49)
Multisystem Morbidity
2.54 (2.17, 2.99)***
1.59 (1.27, 1.49)***
Vascular
2.32 (1.85, 2.91)***
1.43 (1.10, 1.86)**
SHR (95% CI)
Phenotype
Healthy (reference)
Cardiac
1.49 (1.25, 1.77)***
1.32 (1.07, 1.62)**
Inflammatory
1.38 (1.16, 1.65)***
1.16 (0.92, 1.46)
Multisystem Morbidity
1.92 (1.63, 2.27)***
1.26 (0.99, 1.61)
Vascular
2.18 (1.72, 2.75)***
1.49 (1.10, 2.01)*
*p<0.05, **p< 0.01, ***p< 0.001
a
adjusted for clinic, age, sex, alcohol use, smoking status, BMI, diabetes, eGFR, LDL
cholesterol, CRP, hypertension, antihypertensive medication, Activities of Daily Living and
apolipoprotein E ɛ4 allele.
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Figure 5.3. Kaplan-Meier survival estimates for all five phenotypes over follow-up using
dementia from all sources.
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Figure 5.4. Plot to test the proportionality assumption with dementia from all sources using
Schoenfeld and scaled Schoenfeld residuals.
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CHAPTER 6: Accounting for Missing Data using Inverse Probability of
Censoring Weights (IPCW)

6.1 Introduction
Informative censoring, or differential loss to follow-up, plays an important role in studies of
older adults with incident dementia. Additionally, it is common for studies (such as the CHS) to
perform neuroimaging ancillary studies with participants whom may be selectively different than
participants whom opt out of these sub-studies, and the CHS has reported differences in prior
studies.148,227 For instance, previous work has shown that the association between neuroimaging
biomarkers and cognitive decline was attenuated when the probability of selection was accounted
for.255 Thus, it is critical to evaluate the effect of missing incident dementia data and the effect of
selection bias on observed results.

One method to assess informative censoring and account for selection bias is inverse probability
of censoring weights (IPCW) which can reduce selection bias from attrition influenced by both
the event of interest and risk factors.256 Inverse probability of censoring works by weighting
selected participants so that they account for censored participants with similar attributes, and the
weight in the inverse of the probability of not being censored. For example if there are 4 women
in the study without dementia and 3 are lost to follow-up, then the conditional probability of
remaining uncensored is ¼ and the inverse probability is 1/0.25 = 4.257 Less healthy participants,
or those most likely to be censored will have greater weights.
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While IPCW is becoming more commonly used in the field, treating death as “undefined”
instead of a missing data problem has not been widely addressed. In standard IPCW, estimates
are produced in a counterfactual population as if no one is censored or dies. However, for this
research, the target population is one where participants maintain a probability of death. For
instance, in a commentary, Chaix et al. suggests that creating a pseudo-population, or the
counterfactual, for undefined observations would actually create a fictional population that has
no real existence.258 Thus, instead of up-weighting participants in the study to create a pseudopopulation for the observations truncated by death as if they had not died, work by Odden and
Snowden suggests weighting participants proportional to the study time they contributed, or
assuming that deaths took place halfway through the interval if contributed study time is not
available.259

The objectives of this chapter were two-fold. First, to account for missing incident adjudicated
dementia data using the standard approach to IPCW. The second was to use IPCW adjusted to
account for the probability of death.

6.2 Methods
6.2.1 Data Source
The Cardiovascular Health Study (CHS)
Description of the CHS cohort was detailed in section 3.2.1
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6.2.2 Analytic Sample
Similar to Chapter 5, participants were restricted to those with MRI data when using the gold
standard measure of incident dementia.

6.2.3 Measures
Exposure
The primary exposure was phenotype, created in Chapter 3 and detailed in Chapter 4.2.2.

Outcomes
Outcome measures included adjudicated incident dementia, detailed in Chapter 5.2.3. Because I
do not expect selection bias to be an issue with dementia from all sources, I did not include that
definition in this chapter.

Potential Confounders
Description of potential confounding variables was detailed in section 3.2.3.

6.2.4 Analytical Approach
To account for missing incident dementia data during follow-up, I implemented IPCW using
observed data to model the outcome as if participants were not censored, assuming that the
participants with follow-up data were representative of those that died or were lost to follow-up.
However, before implemented IPCW, I first evaluated a simple logistic regression using
dementia as the outcome to observe results without IPCW.

144

To model IPCW, I fit a model of probability of having data on incident dementia to determine
censoring and identified the model of best-fit using variables with no missing data (age, sex,
race, study site, BMI, smoking status, ADL status, diabetes and depression) on participants with
data on dementia. I used mean and mode imputation to account for missing values for variables
BMI, smoking status, ADL status, diabetes, and depression. I then calculated the conditional
probability of not being censored, created weights taking the inverse of the fitted probability
using the follow formula:

𝑤𝑡𝑖𝑗 = ∏
𝑗

1
̂
Pr[𝐶𝑖1 = 0|𝐶𝑖2 = 0, 𝑥𝑖 ] ̂
Pr[𝐶𝑖2 = 0 | 𝐶𝑖1 = 0, 𝑥𝑖 ]

Where 𝐶𝑖1 is person i being alive, and 𝐶𝑖2 is person i remaining in the study. The calculated
weights will be used in the final model between phenotype and incident dementia within the first
6 years of follow-up.

The positivity assumption was used to ensure that censoring was not deterministic on covariates,
which was evaluated by plotting the log odds of having data by the probability of having data
with an overlay of the observed data. No unmeasured confounding and correct model
specification were evaluated theoretically, as these assumptions are difficult to test empirically.

To adjust the estimates to include only the person-time contributed prior to death, I first
identified the proportion of days in follow-up before death for each participant, which is defined
as the time to death divided by the end of the study time. The IPCW (created previously) was
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split into deciles, which was done to give participants with similar attributes and likelihood of
having data the same weight within a decile, the same weight. Then, the mean proportion of
person-time was determined by decile of IPCW. Finally, the IPCW was reweighted by the mean
proportion of person-time in each decile.

6.3 Results
6.3.1 Logistic Regression without IPCW
There were 3,371 participants with data on dementia and 480 participants with incident
dementia. Simple logistic regression analysis without IPCW yielded significant results for all
phenotypes with incident dementia in the unadjusted model. The odds of dementia were in the
vascular phenotype were 3.50 times the odds of dementia in the healthy phenotype (95% CI:
2.43, 5.03, p<0.001), whereas the odds of dementia in the multisystem morbidity phenotype was
2.68 times the odds of dementia in the healthy phenotype (95% CI: 1.98, 3.62, p<0.001).
Similarly, the odds of dementia in the inflammatory phenotype was 1.97 times the odds of
dementia in the healthy phenotype (95% CI: 1.46, 2.66, p<0.001) and finally, the odds of
dementia in the cardiac group were 1.66 times the odds of dementia in the healthy phenotype
(95% CI: 1.20, 2.28, p=0.002). In the adjusted model, only the vascular and multisystem
morbidity phenotype remained significant, with an OR of 1.91 for the vascular phenotype (95%
CI: 1.25, 2.94, p=0.003), and an OR of 1.53 for the multisystem morbidity phenotype (95% CI:
1.02, 2.29, p=0.04). The inflammatory and cardiac phenotypes were not associated with incident
dementia (Table 6.1).
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6.3.2 IPCW using Standard Method
With the addition of probability weights in the unadjusted model, all 4 phenotypes remained
significantly associated with incident dementia compared with the healthy phenotype. The
vascular group had the greatest odds of dementia compared with the healthy phenotype (OR:
3.35, 95% CI: 2.30, 4.88, p<0.001), followed by the multisystem morbidity phenotype (OR:
2.73, 95% CI: 1.99, 3.73, p<0.001) and the inflammatory phenotype (OR: 2.01, 95% CI: 1.48,
2.74, p<0.001). The cardiac phenotype had the lowest odds of dementia compared with the
healthy phenotype (OR: 1.63, 95% CI: 1.17, 2.27, p=0.004). In the adjusted model, only the
vascular phenotype remained significant with an OR of 1.52 (95% CI: 1.22, 2.95, p=0.004). The
multisystem morbidity, inflammatory and cardiac phenotypes were not associated with incident
dementia when IPCW was added to the model (Table 6.1).

Figure 6.1 shows a small violation of the positivity assumption with one participant. However,
since this participant had data on dementia, but a low probability of having data, I determined
that they would not significantly bias the causal estimate and were kept in analysis.

6.3.3 IPCW using Adjustment for Participants Censored by Death
Using IPCW with adjustment for participants censored due to death did not substantially alter
results. In unadjusted models, all four phenotypes were significantly associated with incident
dementia. The odds of dementia in the vascular phenotype was 3.35 times the odds of dementia
in the healthy phenotype (95% CI: 2.30, 4.89, p<0.001), whereas the odds of dementia in the
multisystem phenotype was 2.74 (95% CI: 2.00, 3.75, p<0.001). The odds of dementia was 2.01
in the inflammatory phenotype (95% CI: 1.48, 2.74, p<0.001), and 1.63 in the cardiac phenotype
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(95% CI: 1.17, 2.27, p=0.004). In adjusted models, only the vascular phenotype remained
significant with an OR of 1.84 (95% CI: 1.18, 2.87, p=0.007; Table 6.1).

6.4 Discussion
Contrary to my hypothesis, the use of IPCW to account for missing dementia data yielded
significant but weaker effect sizes for adjudicated incident dementia compared with results from
simple logistic regression, and the addition of IPCW with adjustment for participants censored
by death to the model attenuated effects further. In addition to the effects becoming weaker,
IPCW did not substantially alter results as expected compared with the standard logistic model.
A possible explanation for the attenuation of effects is that censoring was independent, or noninformative, or I was unable to capture the best-fit model to predict censoring.

Although it is unexpected to find random censoring when studying older adults with dementia
data, another study conducted in the CHS found similar results suggesting that unweighted
effects are at most, minimally biased from censoring.153 Furthermore, while I attempted to create
the best-fit model for censoring, it is possible that due to the unavailability of key variables, I
was unable to accurately capture this. While difficult to test empirically, the assumption of no
unmeasured confounding was met given that I included all available potential covariates into the
model. Finally, while there was a small violation of the positivity assumption by one participant,
I do not expect them to substantially bias results as this person had data on dementia.

There were several strengths and weaknesses with this chapter of my dissertation. The first
strength is the use of adjudicated dementia. As I observed in Chapter 5, the use of dementia from
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all sources biased results due to potential misclassification. However, I acknowledge several
weaknesses. First is that IPCW did not substantially alter results potentially suggesting that I did
not accurately develop a model to predict censoring. Because of this, future work will focus on
improving the censoring model with additional variables, as well as using advanced methods
such as the SuperLearner. The SuperLearner is a type of supervised machine learning that uses
cross-validation to predict an outcome and is less subjective.260 The second weakness is that
adjusting for participants censored due to death also did not increase estimates as was
hypothesized. Since this method has not been done previously, and that some aspects were
chosen arbitrarily, different features will be explored. However, it is important to determine
whether the censoring model is the best-fit model before altering this part of the analysis.

In conclusion, I found that only the vascular phenotype was significantly associated with a
higher odds of incident dementia in all three models. Contrary to my hypothesis, IPCW did not
strengthen effect sizes suggesting either random censoring or an inability to truly capture the
best-fit model to predict censoring. Future work will focus on improving this model and method
used to adjust for censoring due to death.
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Table 6.1. Logistic regression models adjusting for IPCW and adjustment for censoring
due to death.
Model
Unadjusted
Adjusteda
OR (95% CI)
Logistic Regression
Healthy (ref)
Cardiac
1.66 (1.20, 2.28)**
1.20 (0.83, 1.74)
Inflammatory
1.97 (1.46, 2.66)***
1.33 (0.91, 1.96)
Multisystem Morbidity
2.68 (1.98, 3.62)***
1.53 (1.02, 2.29)*
Vascular
3.50 (2.43, 5.03)***
1.91 (1.25, 2.94)**
Adjusted with IPCW
Healthy (ref)
Cardiac
Inflammatory
Multisystem Morbidity
Vascular

1.63 (1.17, 2.27)**
2.01 (1.48, 2.74)***
2.73 (1.99, 3.73)***
3.47 (2.40, 5.02)***

1.18 (0.82, 1.71)
1.29 (0.86, 1.93)
1.52 (0.99, 2.34)
1.90 (1.22, 2.95)**

Adjusted with IPCW and Adjustment Factor
Healthy (ref)
Cardiac
1.63 (1.17, 2.27)**
1.16 (0.80, 1.69)
Inflammatory
2.01 (1.48, 2.74)***
1.28 (0.85, 1.92)
Multisystem Morbidity
2.74 (2.00, 3.75)***
1.51 (0.98, 2.32)
Vascular
3.35 (2.30, 4.89)***
1.84 (1.18, 2.87)**
*p<0.05, **p<0.01, ***p<0.001
a
adjusted for clinic, age, sex, alcohol use, smoking status, BMI, diabetes, eGFR, LDL
cholesterol, CRP, hypertension, antihypertensive medication, Activities of Daily Living and
apolipoprotein E ɛ4 allele.

150
Figure 6.1. Positivity assumption for adjudicated dementia.
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CHAPTER 7: Summary, Conclusions, and Future Research

7.1 Summary and Conclusions
This dissertation had two overarching goals. The first was to identify phenotypes of
cardiovascular damage (Chapter 3). The second goal was to explore which phenotypes were at
greatest risk for cognitive decline and incident dementia (Chapter 4-6).

The first study of my dissertation (Chapter 3) aimed to develop a categorical exposure variable,
phenotypes of cardiovascular damage using an innovative approach in clinical epidemiology.
Latent Class Analysis is an analytical method, typically used in psychology and social sciences,
that clusters indicator variables according to a latent variable and based on the posterior
probability of membership. In this study, I first performed extensive variable selection analyses
to identify the most parsimonious model using the following markers of SCVD: AAI, AAA,
major ECG, angina, intermittent claudication, carotid stenosis, common carotid and internal
carotid IMT, WMD, MRI brain infarctions, cystatin C, NTproBNP, troponin-T, CRP, IL-6, Gal3,
and ST2. The most parsimonious model contained indicator markers AAI, Major ECG, WMG,
Cystatin C, Brain infarctions, internal IMT, NTproBNP, ST2, IL6 and Gal3. Second, using LCA,
I identified the optimal number of classes pertaining to five phenotypes: healthy, cardiac,
inflammatory, multisystem morbidity, and vascular, suggesting that older adults fall into more
risk profiles than simply no SCVD or SCVD. Additionally, the same analyses were performed in
men and women separately to evaluate invariance, or to measure whether these phenotypes were
the same across sex. Results from these analyses suggested that both men and women fell into
healthy, multisystem morbidity and vascular phenotypes, but only men had a cardiac phenotype
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and only women had an inflammatory phenotype, signifying differences in risk profiles between
sexes. Unfortunately, due to the small sample sizes in several of the phenotype classes, I was
unable to continue stratified analyses. Finally, I analyzed the cross-sectional association between
phenotype and cognitive function at baseline and found that all phenotypes but the inflammatory
phenotype were associated with lower baseline 3MSE and DSST scores, and that the
multisystem morbidity phenotype had the lowest baseline score compared with the healthy
phenotype.

In conclusion of the first study, results suggest that the multidimensionality of cardiovascular
damage risk factors may naturally cluster into discrete phenotypes. Although I did not perform
comparisons with other composite measures, it is possible that these phenotypes better capture
SCVD and may better inform clinical practice. Furthermore, the extensive variable selection
suggest that not all markers of SCVD are useful for clustering techniques, and that is important
to consider when extending this work across datasets. While there are many potential clustering
techniques, the person-oriented nature of LCA and the clinical cut-points used for the indicator
variables makes this approach a preferred method for transition into practice.

In addition to clustering participants into phenotypes based on the interrelationship between
SCVD markers and creating the categorical phenotypes of cardiovascular damage variable, the
second study of my dissertation (Chapter 4) aimed to evaluate which phenotype class had the
greatest decline in cognitive scores over follow-up, and whether clinical CVD and depression
mediated this relationship. When evaluating the association with 3MSE, I found that the vascular
phenotype had the greatest rate of decline compared with the healthy phenotype, and that the

153
vascular and multisystem morbidity phenotypes had the same rate of decline when evaluating the
association with DSST. Furthermore, I found no evidence that these associations differed by sex
or ADL status. I also found marginal evidence of mediation by depression that was stronger
when using DSST as an outcome, which is consistent with previous literature.248 Moreover, I
found minimal evidence of mediation with CVD events among the cardiac and inflammatory
phenotypes, but found no evidence of mediation among the vascular and multisystem morbidity
phenotypes.

Findings from this study suggest that the markers associated with the vascular phenotype (brain
infarctions; IMT and AAI), have a stronger influence on cognitive decline than other markers of
SCVD, even when multiple systems are at play. However, because the rate of decline was similar
between the multisystem morbidity and vascular phenotypes when evaluating the association
with DSST, this may suggest differences in cognitive measures or domains and should be
investigated further. These results taken together with the cross-sectional analyses from Chapter
3, indicate that while the multisystem morbidity phenotype may have worse cognitive function
early in the cognitive process, older adults with markers of vascular damage may be further
along in the process that results in a more rapid decline. This is consistent with previous studies
that have found that vascular risk factors precede brain injury (infarcts), and that these infarcts
occur prior to cognitive decline.261 Moreover, limited evidence of mediation by clinical CVD and
depression suggest that the association between phenotype of cardiovascular damage and
cognitive decline is independent of these intermediate variables.
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In the third study of my dissertation (Chapter 5), I aimed to evaluate time to incident dementia
using several different comparisons. First, to compare Cox proportional hazards model to the FG
competing risk regression using the adjudicated dementia outcome, and second, to compare the
two time to event analyses using dementia from all sources with the objective of increasing
sample size and improving power. When using Cox proportional hazards regression, I found that
the vascular and multisystem morbidity phenotypes had the greatest risk of incident dementia
over follow-up when using adjudicated dementia, and that the vascular, multisystem morbidity
and cardiac phenotypes had a greater risk with dementia from all sources, indicating that these
phenotypes may be the most risky for dementia. I also found that the associations were weaker
when using dementia from all sources indicating possible misclassification of the outcome.
Finally, I found that when using the FG method for competing risk, the effects were attenuated
with adjudicated dementia and with dementia from all sources. The similar results observed
when comparing Cox regression to the FG method suggest that participants did not experience
the competing risk (death) more often than the event of interest (dementia). Still, the competing
risk regression is an inappropriate method for evaluating the etiology of incident dementia with
this exposure.

Together, results from this study highlight several important messages. The first is that we
should take caution in interpreting associations with non-adjudicated clinical outcomes. For
instance, we would expect that by increasing the sample size, such as with the newly developed
definition of dementia taken from all sources, effect sizes would become stronger. However, this
was not the case and was most likely due to some misclassification of the outcome. This has
important implications for other studies, such as ARIC that uses multiple sources to define
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dementia instead of strictly adjudicated cases. Although the sample size for adjudicated dementia
is smaller due to the sub-study of participants with MRI data, the absence of misclassification
makes these associations more robust and less subject to bias.

The second takeaway from this study (Chapter 5) is the use of Cox proportional hazards
regression compared with the FG method in the presence of a competing risk and the misguided
use among epidemiologists. While it would seem appropriate to use the FG method in studies of
older adults where comorbidities and mortality is more likely, the FG method calculates
cumulative incidence, which keeps participants who experience the competing risk in the risk set
and is better for studies of prediction or resource allocation.262 On the other hand, Cox
proportional hazards regression evaluates the rate of occurrence of an event in an event free
population, which is better for studies of etiology.252 Unfortunately, only recently has a dialog
begun around the differences and the correct usage of these methods, and many researchers
misinterpret results (assuming that protective effects mean that participants have a lower risk of
the event).

Finally, in the last study of my dissertation (Chapter 6), I conducted IPCW to account for
missing incident dementia data using the standard method and then implementing a novel
approach that adjusts for participants censored due to death. I found that, when including
probability weights to the adjusted model using both the standard method and the method
adjusting for participants due to death, only the vascular phenotype had a significant odds of
incident dementia compared with the healthy phenotype. I also found that the addition of
probability weights to the model did not substantially change results compared with the simple
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logistic model, suggesting a few potential explanations. The first is that I did not correctly
specify the censoring model, which may be a result of data availability. While I imputed
missingness for variables I believed would produce the best-fit model, it is possible that I failed
to include crucial and necessary covariables. Second, it may be possible that censoring is noninformative and thus, the inclusion of probability weights would not change the estimates
regardless.

In conclusion, the four studies in this dissertation demonstrate the multidimensionality of
cardiovascular damage risk factors, and the need to separate these risk factors into discrete
groups to better understand the etiology of distal outcomes. Furthermore, this dissertation found
that certain combinations are riskier for cognitive decline and incident dementia than others, and
that participants in the multisystem morbidity and vascular phenotypes are most likely further
along in the cognitive process than other phenotypes. From a clinical perspective, the
identification of phenotypes of cardiovascular damage may provide more specific and tailored
interventions, or may better predict adverse events. These phenotypes need to be validated in
other datasets, as well as modified to include markers that are easily implemented in clinical
settings.

7.2 Directions for Future Research
In this dissertation, I implemented a novel and data driven approach to identify phenotypes of
cardiovascular damage and evaluated the association with cognitive decline and dementia. This
study extended previous work by reexamining the method by which SCVD is measured, and
unlocked a new area of research regarding varying risk profiles and the association with adverse
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events. While this approach was able to identify risk profiles and better capture the heterogeneity
of SCVD, the implementation of cardiovascular damage phenotypes into clinical practice has
several challenges. First, because the selected markers span multiple systems, an older adult
would need to undergo multiple assays in order to have measures for all of the markers presented
in this study (i.e. blood sample for cystatin C vs. MRI for brain infarctions). Although AAI and
laboratory tests are relatively easy to perform at a doctor’s office, it is much more difficult to
expect an older individual, especially one that is frail, to partake in a potentially uncomfortable
or unaffordable MRI. In fact, previous research has found differential enrollment in MRI substudies due to refusal to participate, or differential survival from comorbidities.263 Although it is
out of the scope of this research, identifying a practical marker for brain infarctions and WMG
without the need to undergo an MRI, would help better detect older adults at greatest risk for
cognitive decline in a standard clinical setting. Moreover, while I attempted to utilize all
available and potentially useful markers to classify participants into phenotypes, it is possible
that I overlooked or was unable to obtain an important indicator. This is especially important if
the indicator variable is feasible to detect in a clinical setting. Re-evaluating phenotypes using
markers that are available at multiple time points should also be considered in future research as
this may better capture the true nature of cardiovascular risk factors. Finally, LCA uses the
maximum assignment rule to assign participants to the phenotype that they have the highest
probability of being membership, and does not take into consideration class uncertainty that can
introduce possible misclassification of the exposure. Future research should focus on the
implementation of pseudo-class draws to account for this discrepancy.264,265
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In Chapter 4, I found that all phenotypes were significantly associated with a decline in 3MSE
points per year, but that the vascular phenotype had the greatest rate of decline compared with
the healthy phenotype. I also found that when using DSST as an outcome, both the vascular and
the multisystem morbidity phenotype had the greatest rate of decline. These discrepancies
between cognitive measures suggest potential differences between markers of cardiovascular
damage and their associations with varying cognitive domains. This is consistent with previous
research that has found inflammatory biomarkers were more strongly associated with
psychomotor speed and memory, while cardiac biomarkers were associated with
visuoconstruction and motor speed.266,267 Although the CHS does not contain data on specific
cognitive domains, studies focusing on the association between cardiovascular damage
phenotype and domain as well as with types of dementia (Alzheimer’s; vascular dementia, etc.),
would add additional insight into the field of cardiovascular and cognitive research. Finally,
because the primary objective of this dissertation was to cluster markers into phenotypes, future
research should focus on comparing this method, and the creation of cardiovascular damage
phenotypes to previously dichotomized composite measures. For instance, while previous studies
in the CHS have shown that participants with any SCVD are at a greater risk for cognitive
decline compared with their healthy counterparts,121 analyzing the predictive value of these
phenotypes compared with other methods would shed further insight into the importance of
creating phenotypes to analyze with adverse outcomes.

Even though studies of older adults are often plagued with selection bias and informative
censoring, the use of IPCW in Chapter 6 did not substantially alter or strengthen the effects as
was expected. One potential explanation for this is that I did not capture the variables that best
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predict censoring. To account for this, future research could explore the use of machine learning.
Instead of using subjective knowledge about what best predicts censoring, machine learning
would choose the best algorithm that predict censoring. Finally, after identifying the best-fit
model for censoring using machine learning, different percentiles of participants weight will be
explored to account for censoring due to death.
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