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Abstract.
Background: There is an expanding body of literature implicating heart disease and stroke as risk factors for Alzheimer’s
disease (AD). Hawaii is one of the six majority-minority states in the United States and has significant racial health dispar-
ities. The Native-Hawaiians/Pacific-Islander (NHPI) population is well-known as a high-risk group for a variety of disease
conditions.
Objective: We explored the association of cardiovascular disease with AD development based on the Hawaii Medicare data,
focusing on racial disparities.
Methods: We utilized nine years of Hawaii Medicare data to identify subjects who developed heart failure (HF), ischemic
heart disease (IHD), atrial fibrillation (AF), acute myocardial infarction (AMI), stroke, and progressed to AD, using multistate
models. Propensity score-matched controls without cardiovascular disease were identified to compare the risk of AD after
heart disease and stroke. Racial/Ethnic differences in progression to AD were evaluated, accounting for other risk factors.
Results: We found increased risks of AD for AF, HF, IHD, and stroke. Socioeconomic (SE) status was found to be critical to
AD risk. Among the low SE group, increased AD risks were found in NHPIs compared to Asians for all conditions selected
and compared to whites for HF, IHD, and stroke. Interestingly, these observations were found reversed in the higher SE
group, showing reduced AD risks for NHPIs compared to whites for AF, HF, and IHD, and to Asians for HF and IHD.
Conclusions: NHPIs with poor SE status seems to be mostly disadvantaged by the heart/stroke and AD association compared
to corresponding whites and Asians.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder that causes a decline in brain
function and overall cognitive ability. This impair-
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ment affects multiple cognitive domains, resulting
in memory loss, language abnormalities, personality
changes, and difficulties with judgment [1]. As peo-
ple are living longer, AD is becoming an increasingly
significant burden on society due to its prevalence and
its direct and indirect impact on the economy. In the
United States (US), it is estimated that the cost of
healthcare, including long-term care and hospice ser-
vices for individuals aged 65 and older with AD, was
$305 billion in 2020. This cost is projected to increase
to over $1.1 trillion by 2050 (in 2020 dollars) [2].

Cardiovascular disease is a growing concern
among elderly individuals aged 65 and above, as vas-
cular insufficiency can potentially impair the function
of other organs, including the brain. Research sug-
gests that cardiovascular disease may be a risk factor
for AD, with significant anatomical and physiological
pathways implicated [3–5]. Heart failure, for exam-
ple, has been found to contribute to cognitive decline,
with the severity of cognitive impairment linked to the
severity of heart failure [6]. The Framingham Heart
Study has revealed an association between reduced
cardiac index and left ventricular ejection fraction
with impaired cognition [7]. Studies have also shown
that approximately 40–47% of patients hospitalized
for heart failure demonstrate some degree of cog-
nitive decline [8, 9]. Recent neuroimaging research
has further supported the link between heart and
brain dysfunction, with structural brain abnormali-
ties observed after heart failure [10, 11]. In addition,
there is growing evidence of a mechanistic associ-
ation between chronic heart failure (HF), ischemic
heart disease (IHD), atrial fibrillation (AF), acute
myocardial infarction (AMI), and the development
of AD [3, 12]. Cardiovascular risk factors, such as
hypertension, diabetes, obesity, hyperhomocystine-
mia, hyperlipidemia, and smoking, have also been
independently associated with the development of
AD [3, 12]. Stroke, particularly ischemic stroke, can
also lead to biochemical dysfunction and structural
damage in the brain, potentially leading to demen-
tia [13]. In fact, up to one-third of elderly patients
with stroke develop dementia within three years of
the stroke event [13]. Further research is needed
to better understand the epidemiological features of
the association between heart disease, stroke, and
the development of AD. Research also suggests that
social and economic factors, such as income level,
educational attainment, employment status, access
to healthcare, access to healthy food, and neigh-
borhood characteristics, can contribute to a person’s
risk for developing diseases such as cardiovascular

disease and AD [14–16]. By identifying populations
that may be at higher risk and developing targeted
interventions to improve health outcomes and reduce
disparities, we can potentially mitigate the impact of
these diseases on society.

According to the 2020 census, Hawaii has the
most diverse ethnic population in the US, with the
largest diversity index [17]. Prior epidemiological
studies conducted in Hawaii have identified sig-
nificant racial/ethnic health disparities, highlighting
disadvantaged groups in various aspects [18–21].
Notably, the Native Hawaiian and Pacific Islander
(NHPI) population has been recognized as a high-risk
group for multiple conditions, including cardiovas-
cular disease [18, 19]. Compared to whites, NHPIs
report a 1.7 times higher age-adjusted rate of heart
disease and a three-fold higher risk of heart fail-
ure, as well as an increased risk of ischemic stroke
at a younger age [19–21]. Additionally, NHPIs are
disproportionately affected by other chronic condi-
tions, such as diabetes and chronic kidney disease
[22, 23]. Given that heart conditions and stroke events
are known to increase the risk of developing AD,
it is likely that NHPIs are also at a higher risk of
developing AD, particularly after experiencing a car-
diovascular event. In Hawaii, AD is the sixth leading
cause of death, with a 258% increase in AD-related
deaths since 2000 [24]. Therefore, it is crucial for
research studies to examine potential racial and ethnic
disparities in AD, especially those linked to cardio-
vascular disease, to improve our understanding of its
epidemiological features.

In this study, we aimed to explore the link between
AD and major cardiovascular events, including AF,
AMI, HF, IHD, or stroke, in subjects aged 65
and above. We also sought to examine potential
racial/ethnic differences in this link. To our knowl-
edge, no prior studies have been conducted in the
Hawaii population to assess such associations, nor
have there been comprehensive studies done in the US
using large longitudinal follow-up datasets that focus
on racial and ethnic differences in the progressive
dependencies of AD on these conditions. Collect-
ing longitudinal data containing the health status of a
large cohort of subjects over a long- and continuous-
time frame is generally challenging. However, health
insurance databases such as Medicare datasets pro-
vide rich sources that offer a natural basis for mining
vital information on diseases and their interrelation-
ships. For this study, we used nine years of Hawaii
Medicare data to capture vital time-to-event details.
We aimed to evaluate the risk of developing AD
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after observing heart disease and stroke and to assess
racial/ethnic differences in developing AD based on
these conditions. In this study, we aimed 1) evaluat-
ing the risk of developing AD after observing heart
disease and stroke, and 2) evaluating racial/ethnic
differences in developing AD, based on heart/stroke
conditions. To address the research problem, we
used the multistate model approach, which turned
the problem into a state-transition problem. In this
framework, subjects can move among a set of states
over time, which allowed us to efficiently handle state
transitions and better understand the dynamics of the
problem.

MATERIALS AND METHODS

Data

For our study, we conducted a retrospective cohort
analysis of the Hawaii Medicare database, which
spans nine years (2009–2017) and includes 369,131
individual records and 3.27 million insurance claims.
Specifically, we focused on the elderly Medicare
population aged 65 years and above, and identified
subjects who had experienced AF, AMI, HF, IHD,
or stroke conditions between January 1, 2009, and
December 31, 2017. We followed these subjects lon-
gitudinally for up to nine years to systematically track
the occurrence of AD and death and collected demo-
graphic data and information on other co-morbidities
as covariates. It should be noted that the follow-up
lengths of the selected cohort varied. To avoid sys-
tematic bias in a time-to-event analytical setting, we
excluded individuals with a history of AF, AMI, HF,
IHD, stroke, and AD conditions prior to January 1,
2009. We utilized data on both inpatient and outpa-
tient visits and used the International Classification
of Diseases, 9th and 10th Revisions (ICD-9/ICD-10)
diagnosis codes, along with subject disease history
from Medicare beneficiary summary files, to identify
disease conditions. Supplementary material (Sup-
plementary Table 1) provides specific ICD codes
used to identify conditions such as AD, AF, AMI,
HF, IHD, and stroke. Race/ethnicity was categorized
as white, Asian, Native Hawaiian, Pacific Islander
(NHPI), and other groups, which included American
Indian/Alaska Native, African American, Hispanic,
and unknown races. We used dual eligibility (DE)
status, which indicates an individual who received
both Medicare and Medicaid benefits, as a proxy
for socioeconomic status since it is common among
individuals with lower income [25–27]. The Insti-

Fig. 1. Progression to AD, followed by the illness and death model.
In the figure, the initial event is varying from AF, AMI, HF, IHD,
and stroke, generating five different models. The control group
corresponds to a set without the initial event of interest (i.e., AF,
AMI, HF, IHD, and stroke).

tutional Review Board at the University of Hawaii
(CHS #23362) approved the research protocol.

Multistate model

Multistate models are survival models used in epi-
demiological research to track the progression of a
disease or sequence of conditions/events. They show
possible movements of an individual in a set of suc-
cessive states from an initial state, while accounting
for possible competing risks. These models uti-
lize state occupation probabilities and hazard rate
functions, which are important temporal functions.
However, right-censoring due to partial observations
is a significant issue when dealing with time-to-event
data, which restricts the utilization of common sta-
tistical methods that are limited to fully observed
data and can introduce selection bias. In this study,
we used a three-state acyclic illness death multistate
model shown in Figs. 1 and 2 to address a set of
research questions, centered around the progression
to AD. We aimed to 1) investigate the risk of progres-
sion from heart disease (i.e., AF, AMI, HF, IHD) and
stroke conditions to AD (Fig. 1) and 2) investigate
racial-ethnic disparities in heart/stroke and AD links
highlighted under aim 1 (Fig. 2). Separate models
were used for AF, AMI, HF, IHD, and stroke condi-
tions, as appropriate. For example, to examine the risk
of developing AD after AF, the model given in Fig. 1
was used with the initial event as “AF”. In the system,
there is one clinical state among two that an individ-
ual can occupy at a given time point, whereas the final
state is the death state (absorbing state). An individ-
ual starts from the initial disease state (i.e., AF, AMI,
HF, IHD, or stroke) and moves towards the absorbing
state of death either directly or through the intermedi-
ate state. For example, Fig. 1 shows the progression
to AD for an individual with and without observ-
ing a condition such as AF, with no history of AD
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Fig. 2. Progression from cardiovascular disease to AD, followed
by the illness and death model. A sub-model of the model given in
Fig. 1 only with subjects observed the initial event of interest (i.e.,
AF, AMI, HF, IHD, and stroke).

or other conditions: AMI, HF, IHD, and stroke. The
basic structure of these models provides the acyclic
property that highlights the irreversible transitions.
In particular, we present the twin illness death model
corresponding to cases and controls under each sce-
nario in Fig. 1. Note that more details of the control
group are described in the next section. To analyze a
particular model, we first identified a set of subjects
who made a claim for the condition between 2009
and 2017 for the first time. We excluded those who
had a history of AD, AF, AMI, HF, IHD, or stroke
conditions. For each individual, we determined the
earliest date of the first disease occurrence and then
tracked all subsequent states and corresponding state
transition times based on the claims data.

Control group

In this study, under aim 1, we aimed to assess
the risk of transitioning to AD after observing heart
disease and stroke, compared to a control group of
subjects who had not observed the initial condi-
tion/event. The following procedure was applied to
specify a control group for each model in Fig. 1:
a group of subjects who had never experienced any
cardiovascular events but were similar to those with
heart/stroke conditions (i.e., cases) in terms of their
covariate distributions were selected as a control
group. The selection step proceeded as follows. First,
cases were partitioned based on the age (in years) at
the onset of the condition. Let’s denote the set for jth
age as Xj . Next, for the age value j, we determined
a corresponding same-age sub cohort never experi-
enced AF, AMI, HF, IHD, or stroke events in their
lifetimes, indicated by Cj . Let sizes of Xj and Cj

sets be nx
j and nc

j . Essentially, in the large Medicare
database, we observe the property nx

j < nc
j for each j.

We next used the propensity score approach to obtain
1:1 covariate matched subset for Xj set within Cj ,
that given by C̄j (C̄j ∈ Cj) [28]. The propensity score
matching was based on the variables summarized in

Supplementary Tables 2–6. In our approach, since the
age variable was matched exactly in the 1:1 setting,
each case and control were followed from the same
time point in their life cycle. This approach enabled
us to obtain matched covariate distributions between
the comparison groups for a reasonable comparison.

Statistical approach

Statistical techniques for analyzing censored time-
to-event data were applied to examine the temporal
characteristics and covariate relationships of multi-
state models used in the study. Subject movements
within multistate systems given in Figs. 1 and 2 were
tracked over time using Medicare claims ICD9/10
disease codes and corresponding claim dates. We esti-
mated transition hazard functions using the Nelson
Aalen hazard rate estimator and used the Aalen-
Johansen product limit integral estimator to quantify
marginal estimates of state occupation probabilities
[29]. The Aalen-Johansen nonparametric techniques
are valid even when the restrictive Markov model
assumption is not met, offering flexibility in handling
problems encountered in real-life situations [30, 31].
Observed transitions were subject to right-censoring
due to incomplete follow-up times. The estimation
was performed under the assumption that individ-
uals were randomly censored. We calculated 95%
point-wise confidence intervals of selected temporal
functions using the bootstrap approach with 1,000
bootstrap iterations. To examine covariate effects
on temporal functions, we applied the Anderson-
Klein pseudo-value regression method, which has
been recognized as a flexible, generalizable, and
straightforward technique for modeling complex
time-to-event data subject to censoring, compared
to competing methods [32, 33]. The pseudo-value
regression method was initiated with a marginal esti-
mator of the targeted quantity, which could be either
parametric or nonparametric, and next utilize the
jackknife estimate along with the flexible general-
ized estimating equations on testing. As propensity
score matching was utilized in specifying the con-
trol group, all analyses comparing cases and controls
were conducted while accounting for the match-
ing, to avoid technical issues in inferencing [34,
35]. Pseudo value approach was applied at a grid
of time points ranging from 12 to 96 months. To
assess the risk of transitioning from state-0 to state-1
and state-0 to state-2, we focused on the cumula-
tive incidence function whereas state-1 to state-2 was
based on the cumulative hazard function. We provide
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additional details on the statistical approach in the
Supplementary Material. Note that a key aspect of
this study was to examine the racial/ethnic effects
on temporal functions of multistate models. In our
approach, we performed these analyses by incor-
porating the race/ethnicity interaction with the DE
status. Note that the DE indicator generally describes
low-income beneficiaries enrolled in both Medicare
and Medicaid; thus, it serves as a surrogate marker
for one’s financial status. We observed that this vari-
able has a critical effect on regulating the racial/ethnic
effects on several important transitions, indicating the
importance of such interaction. These assessments
were performed while accounting for subject age,
gender, and multiple disease conditions, including
chronic kidney disease, chronic obstructive pul-
monary disease, diabetes, depression, osteoporosis,
rheumatoid arthritis/osteoarthritis, anemia, asthma,
hyperlipidemia, hypertension, and having cancer,
under pseudo-regression models. All the analyses
were conducted using R version 4.0.1.

RESULTS

Participant characteristics

Supplementary Tables 2–6 provide a summary of
the characteristics of the study subjects who experi-
enced initial events of AF, AMI, HF, IHD, and stroke,
which correspond to the multistate model shown in
Figs. 1 and 2. At the onset of each of these condi-
tions, there were a total of 12,991, 7,856, 10,748,
12,781, and 7,430 subjects, respectively. The average
age of these cohorts ranged from 73.5 to 77.1 years,
with male subjects comprising 51.2% to 61.1%, and
DE subjects comprising 16.3% to 19.5%. In terms of
race/ethnicity, the cohorts were composed of whites
(27.6% to 34.7%), Asians (21.5% to 27.9%), and
NIHPIs (21.9% to 24.4%). Additionally, 25.2% to
41.3% of the subjects had diabetes, 6.5% to 10.8%
had depression, 47.0% to 67.67% had hyperlipi-
demia, and 49.1% to 70.9% had hypertension.

AD risks after heart disease and stroke

Table 1 summarizes the results of our analysis
examining the risks of AD for individuals who have
experienced heart disease or stroke, as compared to
control groups. We used the pseudo-value regression
approach to estimate HR for transition probabilities
between the two groups. In Table 1, an HR value
greater than 1 indicates an increased hazard for the

diseased group in the given transition, while an HR
value less than 1 indicates a reduced hazard for the
diseased group. As described in the methods section,
the control group consists of a cohort of disease-free
individuals who were matched for covariates. The p-
values indicate the statistical significance of the HR,
with a null hypothesis that the true parameter HR is
equal to 1.

In the multistate model, the transition from state 0
to state 1 indicates the event of diagnosing AD after
experiencing AF, AMI, HF, IHD, or stroke. There-
fore, one of our primary interests was to understand
the relative risks for the diseased compared to the
control group in this transition. In Fig. 3, the plots
given in the first row show the characteristics of the
cumulative hazard functions of the diseased and con-
trol groups on this transition. The analysis results
in Table 1 (column 1) showed increased hazards for
developing AD after observing AF, AMI, HF, IHD,
and stroke compared to the control group after fol-
lowing up with subjects for a maximum of 9 years.
Except for AMI, all HR values were greater than 1
and statistically significant at a 5% level. The RR
values were AF (HR = 1.09), HF (HR = 1.21), IHD
(HR = 1.17), and stroke (HR = 1.15). Our assessment
of the revealed data showed only borderline signifi-
cance for the AMI condition (HR = 1.09). In general,
the observed risks were modest.

Risk of death after AD, with history of heart
disease or stroke

Table 1 (column 2) shows the risks of death after
developing AD, given that the subjects had already
experienced AF, AMI, HF, IHD, or stroke conditions.
The results show increased risks for four out of the
five conditions: AF (HR = 1.37), AMI (HR = 1.52),
HF (HR = 1.79), and IHD (HR = 1.37), compared to
the control group. A relatively stronger group differ-
ence was observed for the HF group. However, this
analysis did not show any statistically significant risks
for subjects who had experienced stroke in the above
transition, compared to the corresponding controls.
These relationships can also be observed from Fig. 3
(third row).

Direct risk of death after heart disease or stroke

As expected, we found increased hazard rates for
death immediately following AF, AMI, HF, IHD, and
stroke compared to the corresponding control groups,
with HR values of 1.30, 1.39, 1.45, 1.15, and 1.12,
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Table 1
Effects of heart disease and stroke on transitions in the multistate model given in Fig. 1

Heart/Stroke to AD AD to Death Heart/Stroke to Death
(State 0 to 1) (State 1 to 2) (State 0 to 2)

HR (95% CI) p HR (95% CI) p HR (95% CI) p

AF 1.092(1.045, 1.141) <0.0001 1.369(1.170, 1.601) <0.0001 1.303(1.143, 1.485) <0.0001
AMI 1.091(0.992, 1.200) 0.0731 1.516(1.240, 1.854) <0.0001 1.394(1.183, 1.643) <0.0001
HF 1.211(1.100, 1.333) <0.0001 1.794(1.347, 2.39) <0.0001 1.453(1.213, 1.741) <0.0001
IHD 1.168(1.083, 1.260) <0.0001 1.371(1.138, 1.652) 0.0009 1.150(1.073, 1.232) <0.0001
Stroke 1.147(1.071, 1.228) <0.0001 1.031(0.856, 1.241) 0.7474 1.122(1.059, 1.188) <0.0001

Estimated hazard ratio (HR) values correspond to the effect of the disease group (i.e., AF, AMI, HF, IHD, and stroke), compared to the
control group, by the pseudo value regression approach.

respectively. This can be clearly observed in Fig. 3,
second row. This result indicates the highest risk of
death for the HF condition, whereas the IHD condi-
tion had the lowest risk.

State occupational probabilities

We provide estimated state occupational probabil-
ities for the multistate models in Fig. 4. Inspection
of the estimated probabilities of state-0 among the
heart disease and stroke sets continued to decline
while the probabilities of state-2 increased steadily,
compared to the control group. As shown in Sup-
plementary Table 7, at 48 months, the estimated
state-1 probabilities (%) for the {diseased ver-
sus controls} groups were {62.3:81.6}, {55.5:79.1},
{57.6:85.2}, {74.5:86.3}, and {71.4:81.4} for the AF,
AMI, HF, IHD, and stroke models, respectively. On
the other hand, the corresponding state-2 probabili-
ties (%) were {36.6:17.1}, {43.4:19.6}, {41.5:13.6},
{24.7:12.9}, {27.2:17.6}, for the AF, AMI, HF, IHD,
and stroke models, respectively. At a given time, esti-
mated state occupational probabilities at state-1 were
relatively small due to the state 1 to state 2 transition
process.

Racial/ethnic differences on AD risks after heart
disease and stroke

In Tables 2–4, we provide details on the
racial/ethnic effects observed on transitioning from
each of the initial states of the multistate model given
in Fig. 2: AF, AMI, HF, IHD, and stroke to AD.
Note that the analysis results were stratified by the
DE indicator that corresponds to having Medicare
and Medicaid coverage for low-income beneficiaries.
This is because heterogeneous effects were observed
between the two groups on transitions, which is
explained in a sequel. As previously suggested in
the Methods section, DE was considered a surrogate

marker of an individual’s financial status. In our dis-
cussion of the analysis results, we focus on these two
groups separately (i.e., DE and Medicare-only). In
the Supplementary Table 8, we provide a summary of
marginal effects by DE status on transitions in each
of the models. For example, consistently increased
risks were observed for the state-0 to state-1 transi-
tion for all conditions considered in the study: AF
(HR = 1.63), AMI (HR = 3.95), HF (HR = 1.46), IHD
(HR = 1.96), and stroke (HR = 1.39). In Tables 2–4,
an HR value greater than 1 indicates an increased
risk for a given racial group compared to a reference
group. Otherwise, a reduced risk. As one of our key
interests was to examine effects on NHPIs compared
to both whites and Asians in Hawaii, we considered
both Asians and whites as reference groups in that
aspect.

Table 2 shows that in the DE group, NHPIs
had a higher risk of developing AD compared
to whites in three health states: HF (HR = 1.32),
IHD (HR = 1.37), and stroke (HR = 1.41). NHPIs
also had consistently higher AD risks than Asians
in all five health states: AF (HR = 1.54), AMI
(HR = 1.72), HF (HR = 2.23), IHD (HR = 2.39), and
stroke (HR = 1.85). It’s important to note that in the
DE group, Asians had a lower risk of developing AD
than whites in all five health states: AF (HR = 0.51),
AMI (HR = 0.47), HF (HR = 0.55), IHD (HR = 0.57),
and stroke (HR = 0.76). This suggests that Asians
have the safest AD risk profiles compared to the other
groups. Although we found some racial differences
in AD risk following the AMI to AD transition, it’s
worth noting that a previous assessment of the risk
of developing AD after an AMI, using AMI patients
and controls, did not show a substantially elevated
risk for AMI patients.

Interestingly, among the Medicare-only cohort, we
observed a relationship that was inverted compared to
the DE cohort, with reduced AD risks for NHPIs com-
pared to whites for many conditions, including AF
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Fig. 3. Estimated transition hazard functions with respect to time, corresponding to multistate model given in Fig. 1, separately by diseased cases: AF, AMI, HF, IHD, and stroke) and controls.
Plots given in rows 1, 2, and 3 correspond to state-0 to state-1, state-1 to state-2, and state-0 to state-2, transitions in each of the five models.
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Fig. 4. The figure displays the estimated state occupational probabilities over time for individuals with different disease conditions (AF, AMI, HF, IHD, and stroke) and controls, based on the
multistate model shown in Fig. 1. The plots in the first three rows correspond to state-0, state-1, and state-2, estimates, for each of the five disease models.
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Table 2
Racial/ethnic effects on developing AD after heart disease and stroke

NHPI versus Whites NHPI versus Asians Asians versus Whites
HR (95% CI) p HR (95% CI) p HR (95% CI) p

Medicare only AF 0.700(0.501, 0.978) 0.0366 0.734(0.536, 1.005) 0.0536 0.954(0.733, 1.242) 0.7261
AMI 1.058(0.537, 2.084) 0.8705 0.914(0.434, 1.926) 0.8131 1.158(0.684, 1.961) 0.5851
HF 0.542(0.351, 0.837) 0.0057 0.394(0.248, 0.627) <0.0001 1.375(0.998, 1.894) 0.0513
IHD 0.750(0.575, 0.978) 0.0336 0.584(0.434, 0.787) 0.0004 1.285(0.988, 1.671) 0.0613

Stroke 0.786(0.496, 1.246) 0.3055 0.785(0.488, 1.263) 0.3182 1.002(0.657, 1.528) 0.9926
Dual Eligible AF 0.793(0.536, 1.173) 0.2455 1.544(1.147, 2.079) 0.0042 0.514(0.319, 0.829) 0.0063

AMI 0.809(0.539, 1.215) 0.3071 1.722(1.073, 2.764) 0.0244 0.47(0.322, 0.686) <0.0001
HF 1.316(1.004, 1.724) 0.0464 2.223(1.498, 3.300) <0.0001 0.592(0.397, 0.883) 0.0101
IHD 1.369(1.103, 1.699) 0.0044 2.393(1.552, 3.690) <0.0001 0.572(0.436, 0.750) <0.0001

Stroke 1.408(1.043, 1.901) 0.0254 1.852(1.297, 2.645) 0.0007 0.76(0.561, 1.030) 0.0767

Table summarizes the race/ethnicity-based hazard ratio (HR) values observed in the transition probabilities from state 0 to state 1 in the
multistate model presented in Fig. 2. The estimated HR corresponds to a specific racial/ethnic group in comparison to a reference group,
using the pseudo-value regression approach. The results were stratified by Dual Eligibility (DE) status.

(HR = 0.70), HF (HR = 0.54), and IHD (HR = 0.75).
NHPIs also had a reduced risk compared to Asians
from HF (HR = 0.39) and IHD (HR = 0.58) to AD
transition. The effect was only borderline significant
for AF (HR = 0.73). In the Medicare-only group, we
did not find substantial differences between Asians
and whites; however, we found increased risks for
HF and IHD with borderline significance.

Racial differences on the risk of death after AD,
with history of heart disease or stroke

The analysis of racial-ethnic differences in the
risk of death after heart and stroke conditions/events
showed only a few differences among the groups,
which are presented in Table 3. Among the dif-
ferences found, in the DE cohort, NHPIs had an
increased risk of death compared to both whites
(HR = 2.13) and Asians (HR = 1.46) after the AF to
AD transition. Among the DE cohort, NHPIs had
increased risks compared to both whites and Asians
after the stroke to AD transition, but they had a
reduced risk of death compared to Asians after HF
(HR = 0.64). Additionally, Asians had a reduced risk
of death compared to whites after IHD (HR = 0.44).

Racial differences on the direct risk of death after
heart disease or stroke

Racial/ethnic differences in the risk of death
due to cardiovascular conditions are presented in
Table 4. In the DE cohort, NHPIs had a reduced
risk of transitioning from state 0 (initial event)
to state 1 (death) compared to whites after AMI
(HR = 0.50), HF (HR = 0.87), IHD (HR = 0.63), and
stroke (RR = 0.698). NHPIs also had a reduced risk

compared to Asians from AMI (HR = 0.61). In addi-
tion, Asians had reduced risks compared to whites
after AF (HR = 0.84), HF (HR = 0.89), and IHD
(HR = 0.83), indicating an overall low-risk profile for
this group.

In the Medicare-only cohort, we did not find exces-
sively elevated or low risk for any group, however,
there were still significant differences for a few cases.
NHPIs had an increased risk compared to whites
for HF to death (HR = 1.10). They had a reduced
risk compared to Asians from AF (HR = 0.91) and
IHD (HR = 0.90). Increased risks were found for
Asians from AF (HR = 1.12), HF (HR = 1.15), and
IHD (HR = 1.12) cases. Overall, the differences found
within the Medicare-only cohort were marginal in
terms of magnitudes.

DISCUSSION

There is limited literature on the topic of heart
disease and stroke’s connection to AD progression.
More importantly, this topic has never been studied
before in a minority population in a majority-minority
state like Hawaii. Hawaii’s population stands out
from the rest of the US due to various distinguishing
factors such as its ethnic diversity, lifestyle, loca-
tion, and geography. Numerous studies have shown
racial and ethnic health disparities in this population
in different contexts, highlighting the NHPI group
as a high-risk group for various health conditions,
including diabetes [36], chronic kidney disease [23],
obesity [37], and cardiovascular conditions [18, 22],
compared to other ethnic groups. It is important to
emphasize that from 2000 to 2010, the NHPI pop-
ulation grew by approximately 40%, making it one
of the fastest-growing populations in the US [38]. If
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Table 3
Racial/ethnic effects on the risk of death after AD with history of heart disease or stroke

NHPI versus Whites NHPI versus Asians Asians versus Whites
HR (95% CI) p HR (95% CI) p HR (95% CI) p

Medicare only AF 1.091(0.906, 1.314) 0.3584 0.927(0.733, 1.172) 0.5264 1.177(0.942, 1.471) 0.1525
AMI 0.849(0.546, 1.320) 0.4672 0.977(0.617, 1.547) 0.921 0.869(0.584, 1.293) 0.4887
HF 0.665(0.428, 1.032) 0.069 0.639(0.468, 0.872) 0.0048 1.374(0.786, 2.402) 0.2648
IHD 0.677(0.436, 1.051) 0.0823 1.554(0.912, 2.648) 0.1049 0.436(0.232, 0.820) 0.0100

Stroke 1.845(1.290, 2.639) 0.0008 2.134(1.089, 4.183) 0.0273 0.864(0.440, 1.695) 0.6708
Dual Eligible AF 2.132(1.081, 4.203) 0.0288 1.463(1.075, 1.991) 0.0156 1.458(0.941, 2.260) 0.0918

AMI 0.719(0.445, 1.162) 0.1777 0.783(0.522, 1.174) 0.2370 0.918(0.383, 2.199) 0.8478
HF 1.024(0.923, 1.136) 0.6545 1.245(0.859, 1.804) 0.2468 0.614(0.298, 1.264) 0.1854
IHD 0.934(0.743, 1.174) 0.5585 1.389(0.04, 47.825) 0.8556 0.673(0.296, 1.528) 0.3439

Stroke 0.705(0.470, 1.057) 0.0906 1.264(0.423, 3.779) 0.675 0.558(0.291, 1.070) 0.0791

Table summarizes the race/ethnicity-based hazard ratio (HR) values observed in the transition probabilities from state 1 to state 2 in the
multistate model presented in Fig. 2. The estimated HR corresponds to a specific racial/ethnic group in comparison to a reference group,
using the pseudo-value regression approach. The results were stratified by Dual Eligibility (DE) status.

Table 4
Racial/ethnic effects on the risk of death after heart disease and stroke, but without AD

NHPI versus Whites NHPI versus Asians Asians versus Whites
HR (95% CI) p HR (95% CI) p HR (95% CI) p

Medicare only AF 1.028(0.954, 1.108) 0.4711 0.911(0.840, 0.988) 0.024 1.128(1.051, 1.21) 0.0008
AMI 0.923(0.832, 1.024) 0.1315 0.95(0.857, 1.053) 0.3293 0.972(0.885, 1.068) 0.5546
HF 1.108(1.013, 1.212) 0.0246 0.961(0.88, 1.049) 0.3753 1.153(1.07, 1.243) 0.0002
IHD 1.018(0.943, 1.099) 0.6473 0.902(0.831, 0.979) 0.0139 1.129(1.057, 1.206) 0.0003

Stroke 0.972(0.880, 1.074) 0.5776 1.048(0.932, 1.178) 0.4315 0.927(0.835, 1.029) 0.1537
Dual Eligible AF 0.894(0.743, 1.076) 0.2348 1.065(0.890, 1.274) 0.4911 0.84(0.729, 0.968) 0.0159

AMI 0.502(0.355, 0.710) <0.0001 0.611(0.446, 0.838) 0.0022 0.821(0.661, 1.020) 0.0752
HF 0.865(0.769, 0.974) 0.0162 0.972(0.569, 1.66) 0.9172 0.89(0.827, 0.958) 0.0020
IHD 0.626(0.499, 0.786) <0.0001 0.753(0.544, 1.042) 0.0868 0.831(0.758, 0.911) <0.0001

Stroke 0.698(0.504, 0.966) 0.0300 0.917(0.755, 1.114) 0.383 0.760(0.573, 1.009) 0.0576

Table summarizes the race/ethnicity-based hazard ratio (HR) values observed in the transition probabilities from state 0 to state 2 in the
multistate model presented in Fig. 2. The estimated HR corresponds to a specific racial/ethnic group in comparison to a reference group,
using the pseudo-value regression approach. The results were stratified by Dual Eligibility (DE) status.

heart disease and stroke are linked to AD, assessing
ethnic disparities within the link between heart/stroke
and AD is vital. Due to the large presence of Asians,
understanding the comparative risks for Asians is also
of interest to the state.

Our longitudinal analysis showed that patients who
had AF, HF, IHD, and stroke were at an increased
risk of developing AD when compared to a matched
control group. Furthermore, the risk of death from
AD was considerably higher for patients who had
transitioned from AF, AMI, HF, and IHD to AD, as
compared to the control group. Our findings provide
a foundation for further research into potential racial
and ethnic disparities. Given that NHPIs have been
identified as a high-risk group for heart disease and
stroke, this group is also likely to be at an increased
risk for AD, based on this link.

It is also important to determine whether heart dis-
ease and stroke increase the risk of AD to a greater
extent in certain racial groups, or whether the risk is
consistent across all races. In this next phase of the

study, we investigated this issue and found that there
are indeed racial and ethnic differences in the like-
lihood of developing AD following cardiovascular
conditions. We also discovered that socioeconomic
status, as measured by the DE index, plays a signif-
icant role in how race affects the risk of AD. DE
is often used as a proxy for low socioeconomic sta-
tus and is considered a social determinant of health
[39–41]. The DE population has been found to have a
higher prevalence of chronic conditions and a larger
total number of chronic conditions than those who
are only eligible for Medicare [42, 43]. Additionally,
the DE population is responsible for a disproportion-
ate amount of Medicare spending [44]. These factors
make the DE population an important focus of public
health research, particularly regarding racial/ethnic
differences in health outcomes. Studies have shown
that DE patients experience worse short- and long-
term outcomes for several conditions, including AMI,
AF, HF, IHD, and stroke, compared to those who are
only eligible for Medicare [41, 45, 46]. It is worth
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noting that DE individuals may fall under different
eligibility categories, as described elsewhere. For a
detailed explanation of DE eligibility criteria, readers
should refer to the Centers for Medicare & Medicaid
Services [47].

Previous studies have shown that low socioeco-
nomic status is associated with poor health outcomes
[48, 49]. In our current study, we found that DE
patients had an increased risk of AD after heart dis-
ease and stroke compared to Medicare-only patients.
Interestingly, we also found that NHPIs had an
increased risk of AD after HF, IHD, and stroke com-
pared to whites within the DE group. Furthermore,
NHPIs had a higher AD risk compared to Asians
after AF, AMI, HF, IHD, and stroke. However, these
observations were different for the Medicare-only
group, as NHPIs had a lower AD risk than both
whites and Asians in this setting. While this study
does not indicate an overall increased AD risk for
NHPI patients with heart disease or stroke compared
to white patients, there seems to be an important
effect of lifestyle, behaviors, health literacy, access
to healthcare, and other essential resources mediated
by poor socioeconomic status. Therefore, we believe
more in-depth studies should focus on this issue in
future research. Investigating patterns of care by DE
status allows for the incorporation of a subject-level
indicator of low income in clinical practice. This
study highlights the increased risk of AD develop-
ment in the DE population, with NHPIs being the
most disadvantaged group. We believe that more
attention should be focused on these connections
to develop interdisciplinary initiatives that increase
awareness among both practitioners and patients. In
a state such as Hawaii, which has a strong racial
diversity and health disparities, understanding the
role of race may result in benefits for elderly patients
through appropriate evidence-based treatment. Dis-
cussion among work groups that include teams of
neurologists, cardiologists, patient advocates, and
healthcare stakeholders may be appropriate in these
aspects. Future health policy developments should
focus on high-risk groups for both early prevention
and healthcare cost/resource management.

More attention is needed for AD management
within the DE population. National-level statistics
indicate that nearly 24% of those aged 65 and above
living with AD and other dementias have DE status,
compared to only 10% of seniors without AD [48].
The per-person Medicaid expenditure for seniors with
AD and other dementias is 22 times greater than aver-
age per-person Medicaid spending across all seniors

without any dementia, placing an enormous burden
on the economy [49, 50]. In 2022, Medicaid spent $60
billion on caring for people with AD or other demen-
tia. It is projected that between 2020 and 2025, 30
US states will experience at least a 20% increase in
Medicaid spending on AD and other dementias [49].

However, it is important to note that DE status is
not solely an indicator of poor socio-economic sta-
tus. Medicaid coverage provides additional financial
assistance for medical care and prescription drugs,
which can affect medication adherence, the utility of
services, and health outcomes. From a different per-
spective, it could also be argued that the Medicare
database more efficiently captures healthcare claims
for the DE group compared to the Medicare-only
group, as Medicare-only beneficiaries tend to have
additional health insurance coverage, such as private
insurance. Therefore, findings from DE claims may
provide a more accurate representation of the true
status.

There have been many previous studies that have
examined the relationship between socioeconomic
status and the risk of developing AD [51–53]. For
example, Moceri et al. found that AD risk is asso-
ciated with economic level during childhood, age of
parents, and family size [52]. Karp et al. reported an
increased risk of AD based on occupational socioeco-
nomic status [15]. Tóth et al. analyzed the relationship
between AD and socioeconomic factors such as GDP,
wage, and education and found significant associa-
tions [53]. It is well known that low socioeconomic
status is associated with poor education, and a wealth
of literature has examined the inverse relationship
between education and the risk of AD or demen-
tia in cross-sectional and case-control studies [52,
54–57]. Previous studies in Hawaii have shown that
the level of education, at both individual and neigh-
borhood levels, is associated with self-rated general
health [58]. It has been proposed that differences in
socioeconomic status mediate the self-rated health
differences observed between some ethnic groups
in Hawaii [58]. It is important to note that Native
Hawaiians have reported the lowest median house-
hold income and the highest poverty rate in Hawaii
[59]. Low socioeconomic status has also been asso-
ciated with poor physical and psychological health,
with unhealthy lifestyle patterns being mediated by
socioeconomic effects [60]. Individuals with low
socioeconomic status often have insufficient access
to healthcare and high-quality food and nutrition [61,
62]. It is worth noting that an individual’s neighbor-
hood can be influenced by their socioeconomic status.
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Studies have highlighted the impact of environmental
factors such as nutrients, pollutants, chemicals, phys-
ical activity, and lifestyle on both physical and mental
health [51].

Previous studies have shown the association
between heart disease and cognition through sys-
tematic pathways and findings from observational
analyses. It is widely known that insufficient blood
circulation can contribute to systemic alterations in
multiple organs, including the brain, leading to organ
dysfunction syndrome [63]. For instance, studies
indicate that decreased cardiac output due to HF is
associated with cognitive impairment [64–66]. Left
ventricular ejection fraction (LVEF) was found to be
specifically linked to a series of cognitive declines
in patients with HF [7, 67, 68]. Moreover, LVEF
has been confirmed to be associated with small
brain volumes [7, 69, 70]. Neuroimaging studies
provide evidence of structural brain abnormalities
among individuals with HF, including alterations in
the medial temporal lobe and other structures within
the Papez circuit, which are closely connected to the
medial temporal lobes [8, 11, 71, 72]. In patients with
HF, structural alterations in the medial temporal lobe
are similar to those observed in AD [72]. Further-
more, critical white matter pathways in the medial
temporal lobe have been found to be altered in HF
patients [11]. Studies also report alterations in the
cingulate gyrus, mammillary bodies and fornix, and
thalamus [71, 73, 74]. The medial temporal lobe and
related limbic system structures are known to play
critical roles in memory functions and have been
suggested as early markers of AD [75, 76]. Sev-
eral epidemiological studies have investigated the
link between AD and the heart. In a previous study,
a community-based cohort of individuals aged 75
years or older without dementia in Sweden were
examined over a 9-year period and found that heart
failure was associated with AD with a hazard ratio
of 1.80 [77]. The study also suggested that antihy-
pertensive drug therapy may partially counteract the
risk effect of heart failure on dementia disorders.
In a recent cohort study of patients with incident
HF, the burden of AD and AD-related dementias
(AD/ADRD) was found to be high as more than
25% of patients with HF received a diagnosis of
AD/ADRD either before or after HF diagnosis. Fur-
thermore, AD/ADRD was found to increase the risk
of adverse outcomes in HF [78]. A large-scale cohort
study conducted in the Danish population showed
that HF was associated with an increased risk of
all-cause dementia but not necessarily AD [79]. Sim-

ilarly, a study based on UK Biobank participants of
European ancestry found that the dementia risk asso-
ciated with high cardiometabolic multimorbidity was
three times greater than that associated with high
genetic risk [80]. Although there is a wide body of
literature, including the current study, that supports
the link between AD and the heart, the mechanistic
relationship remains largely unclear. Reduced cere-
bral blood flow [72] and progressive dysfunction of
the neurovascular unit are commonly cited expla-
nations for this relationship, which likely involve
multiple pathways that correspond to different
conditions.

AF is the most common type of arrhythmia, and
previous studies have shown impaired cognitive func-
tions in individuals with AF [81–84]. Neuroimaging
studies have also revealed brain abnormalities in AF
patients, such as reduced hippocampal volume [85].
AF has been suggested as a risk factor for both demen-
tia and AD [86–88]. Cerebral embolism is common in
heart failure patients [89], and the risk of embolism is
significantly increased in AF. Progressive embolism
can cause cerebral damage and result in cognitive
impairment, including AD [90, 91].

Several studies have confirmed the association
between IHD and cognitive impairment, vascular
dementia, and AD development [92–95]. Elderly IHD
patients have shown brain MRI abnormalities, includ-
ing white matter lesions and grey matter changes
[96, 97]. Additionally, studies have linked AMI with
dementia [98–100], and a cross-sectional assessment
of the Rotterdam study found an association between
AMI and cognitive impairment resulting from brain
hypoperfusion [101]. However, the causality of AMI
on AD development remains controversial [102].
Note that in the current study, we were unable to
establish a statistically meaningful link between AD
development based on AMI.

Also, evidence shows that stroke plays a critical
role in AD development [103–107]. In particular, a
longitudinal follow-up study of Medicare recipients
without dementia in Manhattan, New York, showed
that stroke is associated with AD among elderly indi-
viduals, and the relationship was found to be strongest
in the presence of known vascular risk factors [105].
A systematic review and meta-analysis confirmed
that stroke is a risk factor for AD development [106].
However, similar to heart disease, the exact role of
stroke in the pathogenesis of AD remains largely
unclear [104, 107].

In addition to the principal analytical approach
employed in this study, we also performed a sensi-
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tivity assessment of key analyses using an alternative
Fine and Gray competing risk approach [108]. A sum-
mary of these results can be found in Supplementary
Tables 15 and 16. Overall, a concurrence between the
outcomes obtained from the two distinct analytical
approaches was observed.

There are several limitations to this study. Firstly,
using ICD codes alone to identify individuals with
a disease may not be sufficient. For example, AD
may be misdiagnosed in patients with other types
of dementia, and co-existing vascular dementia may
also be misclassified as AD. This is a common issue
with studies that use administrative databases, such
as Medicare data. In addition, disease history prior to
2009 was determined based on records for selected
major conditions, which may not provide a complete
picture of an individual’s disease profile. This could
result in misidentification of subjects who had pre-
viously been diagnosed with a specific condition as
new cases, leading to errors in survival estimates.
In the context of utilizing ICD codes for reimburse-
ment purposes within Medicare data, it is plausible
that the prevalence of AD may be underestimated
in the Medicare database when compared to actual
incidence rates. Moreover, the estimation of racial
effects may be influenced if race proves to be a
significant factor in the timeline of AD diagnosis.
Another limitation of this study is the reliance on
self-reported race-ethnicity information provided by
the Medicare beneficiaries to CMS. Self-reported
data can sometimes be subject to biases or inac-
curacies, and this could impact the precision and
reliability of our findings. The population in Hawaii
is highly diverse, and there are important health dis-
parities within the Asian population. While several
studies have identified the Hawaiian Filipino popu-
lation as a disadvantaged group for various health
conditions, including heart disease and stroke [109,
110], the Medicare data used in this study does not
capture detailed subethnic identity. Further analysis
with disaggregated Asian ethnicity would be useful.
There were also some reporting errors observed in
the claims data, and longer follow-up time may be
necessary to examine smaller effects. The study did
not account for potential temporal effects due to cal-
endar time, and there may be numerous other factors,
such as medication history, that could be important
to consider for a better assessment of the relationship
between cardiovascular diseases and AD develop-
ment. Finally, the selected cardiovascular diseases are
not homogeneous, and many subtypes exist within

each condition. While the study aimed to investigate
the influence of cardiovascular diseases on AD devel-
opment and racial effects on this relationship, further
investigations focusing on various subtypes within
the selected set of conditions could be considered in
future studies.

The use of health insurance databases, such as
Medicare, may not be the best choice for evaluat-
ing progressive disease models because these data
sources are generally not able to efficiently capture an
individual’s exact status in real-time. Administrative
claim databases only document data when a claim has
been processed, which may result in many unreported
incidents. These incidents may occur due to vari-
ous reasons, such as unawareness, claiming through
multiple insurance plans or switching between plans,
delayed doctor visits, and reporting errors. These
issues could lead to the underestimation of tran-
sition hazards, rather than overestimation, and can
be assumed to occur randomly. Another potential
issue with studies conducted based on claims data
is limited generalizability of findings to the entire
population. The findings could be specific to the pop-
ulation under investigation, which, in this study, is the
elderly Medicare population. Despite these limita-
tions, longitudinal health insurance databases provide
an excellent opportunity to investigate disease transi-
tion problems, as the continuous capturing of health
status in real-time faces various challenges in real-
life.

We believe this is one of the earliest studies inves-
tigating the risk of AD from heart disease and stroke
in the context of state transitions with the emphasis
on racial/ethnic disparities. This work revealed sev-
eral important findings that may be helpful for the
community and healthcare stakeholders in develop-
ing strategies for AD prevention, management, and
resource allocation.

Conclusion

This study shows an increased risk of developing
AD among subjects who developed heart disease and
stroke conditions, suggesting a progressive disease
relationship. There exist significant racial/ethnic dis-
parities among the Hawaii population in the link of
heart disease and stroke to AD. NHPIs with lower
socioeconomic status seems to be mostly disadvan-
taged by the heart/stroke and AD link compared to
corresponding whites and Asians.
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