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Abstract

Background

Very few studies have explored the patterns of cardiovascular health (CVH) metrics in mid-
life and late life in relation to risk of dementia. We examined the associations of composite
CVH metrics from midlife to late life with risk of incident dementia.

Methods and findings

This cohort study included 1,449 participants from the Finnish Cardiovascular Risk Factors,
Aging, and Dementia (CAIDE) study, who were followed from midlife (baseline from1972 to
1987; mean age 50.4 years; 62.1% female) to late life (1998), and then 744 dementia-free
survivors were followed further into late life (2005 to 2008). We defined and scored global
CVH metrics based on 6 of the 7 components (i.e., smoking, physical activity, and body
mass index [BMI] as behavioral CVH metrics; fasting plasma glucose, total cholesterol, and
blood pressure as biological CVH metrics) following the modified American Heart Associa-
tion (AHA)’s recommendations. Then, the composite global, behavioral, and biological CVH
metrics were categorized into poor, intermediate, and ideal levels. Dementia was diagnosed
following the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-
IV) criteria. Data were analyzed with Cox proportional hazards and the Fine and Gray com-
peting risk regression models. During the follow-up examinations, dementia was diagnosed
in 61 persons in 1998 and additional 47 persons in 2005 to 2008. The fully adjusted hazard
ratio (HR) of dementia was 0.71 (95% confidence interval [CI]: 0.43, 1.16; p=0.174) and
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with late-life cognitive phenotypes (http://www.uef.
fi/caide/). Access to these original data is available
to the research community upon approval by the
CAIDE data management and maintenance
committee. Applications for accessing these data
can be submitted to Alina Solomon (alina.
solomon@ki.se) at Karolinska Institutet, Sweden.
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0.52 (0.29, 0.93; p=0.027) for midlife intermediate and ideal levels (versus poor level) of
global CVH metrics, respectively; the corresponding figures for late-life global CVH metrics
were 0.60 (0.22, 1.69; p=0.338) and 0.91 (0.34, 2.41; p=0.850). Compared with poor
global CVH metrics in both midlife and late life, the fully adjusted HR of dementia was 0.25
(95% CI: 0.08, 0.86; p=0.028) for people with intermediate global CVH metrics in both mid-
life and late life and 0.14 (0.02, 0.76; p = 0.024) for those with midlife ideal and late-life inter-
mediate global CVH metrics. Having an intermediate or ideal level of behavioral CVH in both
midlife and late life (versus poor level in both midlife and late life) was significantly associ-
ated with a lower dementia risk (HR range: 0.03 to 0.26; p < 0.05), whereas people with mid-
life intermediate and late-life ideal biological CVH metrics had a significantly increased risk
of dementia (p = 0.031). Major limitations of this study include the lack of data on diet and
midlife plasma glucose, high rate of attrition, as well as the limited power for certain sub-
group analyses.

Conclusions

In this study, we observed that having the ideal CVH metrics, and ideal behavioral CVH met-
rics in particular, from midlife onwards is associated with a reduced risk of dementia as com-
pared with people having poor CVH metrics. Maintaining life-long health behaviors may be
crucial to reduce late-life risk of dementia.

Author summary

Why was this study done?

» Dementia is a global public health problem, but there is currently no cure or a disease-
modifying therapy for dementia.

o Simulation studies suggested that interventions targeting modifiable risk factors (e.g.,
cardiovascular factors) could prevent up to one-third of dementia cases.

o A better understanding of the life-long cardiovascular health (CVH) metrics and risk of
dementia may facilitate the development of optimal intervention strategies.

What did the researchers do and find?

« We examined the associations of CVH metrics in midlife and late life with risk of inci-
dent dementia in a population-based cohort of 1,449 participants in Finland followed
for around 30 years.

o Compared with poor CVH metrics, the ideal global and behavioral CVH metrics in
midlife were associated with a reduced risk of dementia, whereas the ideal biological
CVH metrics in late life appeared to be associated with an increased risk of dementia.

« Having an intermediate or ideal level of behavioral CVH metrics from midlife onwards
was associated with a late-life reduced risk of dementia.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003474 December 15, 2020

2/18


https://doi.org/10.1371/journal.pmed.1003474
http://www.uef.fi/caide/
http://www.uef.fi/caide/
mailto:alina.solomon@ki.se
mailto:alina.solomon@ki.se

PLOS MEDICINE

Cardiovascular health metrics and dementia

in Communities; BMI, body mass index; CAIDE,
Cardiovascular Risk Factors, Aging, and Dementia;
Cl, confidence interval; CVH, cardiovascular health;
DBP, diastolic blood pressure; DSM-IV, Diagnostic
and Statistical Manual of Mental Disorders, Fourth
Edition; HR, hazard ratio; MMSE, Mini-Mental State
Examination; SBP, systolic blood pressure;
STROBE, Strengthening the Reporting of
Observational Studies in Epidemiology.

What do these findings mean?

o The association of ideal global CVH metrics with a reduced dementia risk disappeared
from midlife to old age, driven largely by the age-varying association between biological
CVH metrics and risk of dementia.

« Maintaining a life-long optimal level of CVH metrics, especially behavioral health met-
rics, may reduce late-life risk of dementia.

o The association of late-life ideal biological CVH metrics with an increased risk of
dementia may largely reflect the potential of reverse causality.

Introduction

Dementia has been recognized as a global public health priority owing to its tremendous eco-
nomic and societal burden [1]. Despite massive global efforts in the past 4 decades, no cure or
even a disease-modifying therapy has been developed for dementia. Encouragingly, epidemio-
logical studies have identified a range of life-long modifiable risk factors for dementia; of them,
cardiovascular risk factors from midlife onwards have been shown to play a pivotal role in the
development and onset of dementia [2]. Furthermore, simulation research has estimated that up
to one-third of global dementia cases might be attributable to these modifiable risk factors [3].
Indeed, numerous epidemiological studies have reported that major cardiovascular risk factors
(e.g., smoking and diabetes) and cardiovascular disease (e.g., heart failure and atrial fibrillation)
are associated with an elevated risk of dementia [2,4-7]. The associations of cardiometabolic risk
factors (e.g., high blood pressure, obesity, and high cholesterol) with the risk of dementia may
vary with age from midlife to later in life [8—-10]. However, very few studies have explored the
potential associations of optimal cardiovascular health (CVH) metrics from mid- to late life with
the risk of dementia. This is of high relevance from the public health perspective.

In 2010, the American Heart Association (AHA) defined ideal CVH based on 7 risk factors,
also known as Life’s Simple 7, to promote CVH [11]. These CVH metrics include 4 behavioral
metrics (e.g., smoking, physical activity, diet, and body weight) and 3 biological metrics (e.g.,
blood glucose, blood cholesterol, and blood pressure) [11]. The CVH metrics have been shown
to be a useful tool for predicting cardiovascular events because numerous studies have linked
ideal CVH metrics with a lower risk of coronary heart disease and stroke [12,13].

The AHA’s CVH metrics approach may help achieve healthy brain aging [14]. Having the
ideal CVH metrics in midlife has been associated with a lower risk of dementia in late life
[15,16]. However, population-based studies investigating the association between late-life
composite CVH metrics and risk of dementia have yielded mixed results; some studies sug-
gested an association between a higher CVH metric score in late life and a reduced risk of
dementia [17,18], whereas others showed no association [19]. However, most of the previous
studies have examined the CVH metrics assessed in either midlife or later in life. The associa-
tion between changes or patterns of CVH metrics from midlife to late life and risk of dementia
have been rarely examined in prospective studies. In addition, very few studies that examine
the composite CVH metrics in midlife and late life in association with dementia risk have dif-
ferentiated behavioral and biological CVH metrics [16]. This is important because the associa-
tions between certain biological components of CVH metrics and risk of dementia vary with
age from middle age to late life [8-10].
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Using data from the Cardiovascular Risk Factors, Aging and Dementia (CAIDE) in Fin-
land, we sought to examine the association between CVH metrics from midlife to late life and
risk of dementia. We hypothesized that optimal CVH metrics, especially occurring from mid-
life onwards, are associated with a reduced risk of incident dementia.

Materials and methods
Study design and participants

The study participants were derived from the Finnish CAIDE study, which is an ongoing pop-
ulation-based cohort study. The study design and purpose of CAIDE study were fully
described elsewhere [20-22]. Briefly, the CAIDE study aims to investigate the associations of
social, lifestyle, and cardiovascular risk factors from midlife onwards with late-life cognitive
phenotypes. The initial participants of the CAIDE study were derived from population-based
random samples examined within the framework of the North Karelia project [23] and the
FINMONICA studies in 1972 to 1987 [24].

Fig 1 shows the flowchart of participants in the midlife and late-life examinations for this
study. Briefly, of the eligible participants (n = 2,293) who were alive by the end of 1997 and were
living in 2 geographically defined areas in or close to the towns of Kuopio and Joensuu (target
population) [21], a random sample of 2,000 persons was selected for the first late-life evaluation
in 1998. Of these, 1,449 (72.5%) undertook the examination in 1998, which consisted of the ana-
lytical sample for the association between midlife CVH metrics and late-life dementia detected
in the 1998 examinations and the later wave of examination (analytical sample 1 in Fig 1).

The second late-life examination was conducted in 2005 to 2008. A total of 1,426 persons
out of the initial 2,000 persons were still alive in the beginning of 2005 and eligible for the sec-
ond late-life examination. Of these, 517 persons were not included due to death (n = 405,
78.3%) or poor health or refusal (n = 112, 21.7%), and 909 persons undertook the second late-
life examination in 2005 to 2008. Of these, 165 persons either had dementia in 1998 or had
missing information on dementia diagnosis, thus, 744 (81.8%) persons, who were free of
dementia in 1998 and undertook the 2005 to 2008 examination, were included in the analyses
involving late-life CVH metrics and dementia (analytical sample 2 in Fig 1).

The average follow-up time was 21.2 years from baseline to the 1998 examination and 8.3
years from the 1998 examination to the examination in 2005 to 2008.

Ethics statement

The CAIDE study received approval from the local ethics committee at Kuopio University and
the Kuopio University Hospital in Kuopio, Finland as well as from the ethics committee at
Karolinska Institutet in Stockholm, Sweden. The verbal informed consent (midlife surveys in
1972 to 1987) or the written informed consent (late-life surveys in 1998 and 2005 to 2008) was
obtained from all participants prior to the recruitment into each wave of the examination.
Research within CAIDE has been carried out in compliance with the ethical principles for
medical research involving human subjects expressed in the Declaration of Helsinki. This
study is reported as per the Strengthening the Reporting of Observational Studies in Epidemi-
ology (STROBE) guidelines (S1 Checklist).

Data collection and definitions

Data on demographics (e.g., age, sex, and education), lifestyles (e.g., smoking and physical
activity), cardiometabolic factors (e.g., body mass index [BMI], plasma glucose, serum total
cholesterol, and blood pressure), and medical history (e.g., diabetes and cerebrovascular and
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Eligible participants randomly selected from the target population
(n=2293) of North Karelia Project and FINMONICA in midlife in 1972-
1987, age 45-64 years, n=2000

A

CAIDE: first late-life examination in 1998, age >65
years, n=1449 (analytical sample 17)

l'“““““"“"“““]

Eligible persons for second | 405 died, 112 refused, poor !
late-life examination, » health, moved from region, |
n=1426 1 unknown address |

o e ,

CAIDE: second late-life examination in 2005-2008,
age >72 years, n=909

. . 1
. 165 persons either had dementiain !
—» 1998 or had missing informationon !
1 dementia diagnosis !

A

Second late-life examination who were free of dementia in 1998 and
undertook dementia assessment in 2005-2008, age >72 years, n=744
(analytical sample 27)

Fig 1. Flowchart of the study population. *The analytical sample 1 was used for analyzing the association between
midlife CVH metrics and late-life risk of dementia detected both in the 1998 and 2005 to 2008 examinations. The
analytical sample 2 was used for analyzing the association between late-life CVH metrics measured in the 1998
examination as well as the patterns of CVH metrics from midlife to late life (1998) with risk of dementia detected in the
2005 to 2008 examination. CAIDE, Cardiovascular Risk Factors, Aging, and Dementia; CVH, cardiovascular health.

https://doi.org/10.1371/journal.pmed.1003474.9001

cardiovascular events) were collected through self-administered questionnaire survey, clinical
examinations, the patient register, the prescribed drug register, and laboratory tests [21,25].
Cardiovascular diseases included angina pectoris, myocardial infarction, heart failure, and
stroke diagnosed by physicians [21,25]. Apolipoprotein E (APOE) genotype was analyzed
using polymerase chain reaction and Hhal restriction enzyme digestion [25] and was dichoto-
mized as carriers versus non-carriers of the €4 allele.

Definition of CVH metrics

We defined and scored the composite global CVH metrics based on 6 of the 7 components fol-
lowing the AHA’s recommendations [11], with some modifications, owing mainly to the lack
of data on diet in both midlife and late life as well as the lack of data on fasting plasma glucose
in midlife. The details of CVH metric definitions used in our study and the comparisons with
the definitions from AHA were described in Table 1. Briefly, we categorized each of the CVH
metric components into poor level (score = 0), intermediate level (score = 1), and ideal level
(score = 2). The ideal level of each of the 6 CVH metrics was defined as follows. Ideal smoking
status was defined as never smoking or having quitted for more than 1 year. Ideal physical
activity was defined as having >2 times per week of leisure time physical activity that lasted at
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least 20 to 30 minutes and caused breathlessness and sweating [26]. Ideal BMI was defined as a
BMI <25 kg/m®*. The AHA recommended cutoffs for blood glucose and total cholesterol were
converted to the units that we normally used. Ideal blood glucose in late life was defined as
fasting plasma glucose <5.6 mmol/l (corresponding to <100 mg/dl in the AHA’s recommen-
dations) without treatment. However, due to the lack of data on fasting plasma glucose in mid-
life, information on self-reported history of diabetes, a recorded diagnosis of diabetes from the
patient register, and the use of antidiabetic medication from the prescribed drug register were
used as a proxy. Thus, ideal level of blood glucose in midlife was defined as having none of the
self-reported history of diabetes, registered diagnosis of diabetes, and the use of prescribed
antidiabetic medication. Ideal total cholesterol was defined as untreated serum total cholesterol
<5.17 mmol/l (corresponding to <200 mg/dl in the AHA’s recommendations). Ideal blood
pressure was defined as systolic blood pressure (SBP) <120 mmHg and diastolic blood pres-
sure (DBP) <80 mmHg without antihypertensive treatment.

Then, the global CVH metric score was calculated as the sum of scores of 6 CVH metric
components, and the global CVH metrics were categorized into poor (total score <5), inter-
mediate (6 to 7), and ideal (>8) levels. In addition, smoking, physical activity, and BMI were
used to define behavioral CVH metrics, and fasting plasma glucose, serum total cholesterol,
and blood pressure as biological CVH metrics [11,16]. The levels of composite behavioral and
biological CVH metrics were categorized into poor (a composite score <2), intermediate (3 to
4), and ideal (>5) levels, respectively.

Clinical diagnosis of dementia

Comprehensive cognitive testing was performed at the late-life examinations in 1998 and 2005
to 2008. The Mini-Mental State Examination (MMSE) was used to assess global cognitive

Table 1. Definitions of CVH metrics in the recommendations of AHA and in the study of CAIDE.

Metrics Poor level (score = 0) Intermediate level (score = 1) Optimal level (score = 2)
Smoking* Current smoking Former smoking <1 year ago Never smoking or quit >1 year
Physical activity | No physical activity AHA: 1-149 min/week moderate intensity or 1-74 min/ AHA: >150 min/week moderate intensity or >75 min/
week vigorous intensity or 1-149 min/week moderate week vigorous intensity or >150 min/week moderate
+ vigorous + vigorous
CAIDE: <1 time/week of leisure time physical activity that | CAIDE: >2 times/week of leisure time physical activity that
lasts at least 20-30 min and causes breathlessness and lasts at least 20-30 min and causes breathlessness and
sweating sweating
Diet AHA: 0-1 component of | AHA: 2-3 components of a healthy diet score AHA: 4-5 components of a healthy diet score
a healthy diet score CAIDE: No data CAIDE: No data
CAIDE: No data
BMI* >30 kg/m® 25-29.9 kg/m” <25 kg/m®
Fasting plasma | AHA: >7.0 mmol/l AHA: 5.6-6.9 mmol/l or treated to goal AHA: <5.6 mmol/l
glucose# CAIDE: diabetes treated | CAIDE: diabetes treated on diet (midlife) CAIDE: no diabetes (midlife)
on drugs (midlife)
Serum total >6.21 mmol/l 5.17-6.20 mmol/l or treated to goal <5.17 mmol/l untreated
cholesterol*
Blood pressure* | SBP >140 mmHg or SBP 120-139 or DBP 80-89 mmHg or treated to goal SBP <120 mmHg and DBP <80 mmHg untreated

DBP >90 mmHg

* The definitions for these components in both midlife and late life used in our study were the same as those from AHA’s recommendations (Lloyd-Jones et al., 2010).
# The definition for late-life plasma glucose was the same as that from AHA. In midlife, due to lack of fasting plasma glucose, a proxy was used including the
information on self-reported history of diabetes, a recorded diagnosis of diabetes from the inpatient register, and the use of antidiabetic medication from the prescribed
drug register.

AHA, American Heart Association; BMI, body mass index; CAIDE, Cardiovascular Risk Factors, Aging, and Dementia; CVH, cardiovascular health; DBP, diastolic
blood pressure; SBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1003474.t001
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function. Dementia was ascertained following a 3-step protocol that included a screening
phase, a clinical phase, and a differential diagnostic phase [21,22,27]. Briefly, in the 1998 exam-
ination, participants with an MMSE score <24 were referred to the clinical phase for further
evaluations. In the 2005 to 2008 examination, participants with either an MMSE score <24, or
a decrease in the MMSE score since the 1998 examination >3 points, or <70% delayed recall
in the Consortium to Establish a Registry for Alzheimer’s Disease word list, or informant’s
serious concerns regarding the participant’s cognition, were referred to the clinical phase. In
both the 1998 and 2005 to 2008 examinations, the clinical phase included thorough physical
examination and neuropsychological testing. If the person was suspected to have dementia,
further evaluations were made, including laboratory blood tests, a chest radiograph, an electro-
cardiogram test, brain MRI/CT scans, and a cerebrospinal fluid analysis as needed. The final
diagnoses of dementia were made by a review board after careful evaluation of all available
information following the criteria outlined in the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV).

Statistical analysis

The study protocol and analytical plan are reported in Supporting information (S1 Study
protocol). The midlife (1972 to 1987) and late-life (1998) characteristics were compared
between participants included in the analytical sample and those lost to follow-up by using
Student t test for continuous variables and chi-squared test for categorical variables. Inci-
dence of dementia was calculated as the number of dementia cases developed during the fol-
low-up period divided by the total person-years of follow-ups. Cox proportional hazards
models were used to estimate the hazard ratio (HR) and 95% confidence interval (CI) of
dementia associated with global, behavioral, and biological CVH metrics in midlife and late
life as well as the patterns of CVH metrics from midlife to late life, in which the follow-up
time was used as the time scale. When examining midlife CVH metrics in relation to risk of
dementia detected in 1998 and 2005 to 2008, we estimated the follow-up time from the date
of midlife examination to the date of dementia diagnosis or the last contact in the 1998 or
2005 to 2008 examination. When examining the associations of late-life CVH metrics mea-
sured in 1998 and CVH metric patterns from midlife to late life (1998) with risk of dementia
detected in 2005 to 2008, we estimated the follow-up time from the date of the 1998 examina-
tion to the date of the 2005 to 2008 examination. The proportional hazards assumption was
verified using time-dependent coefficient in the Cox regression models. To account for pos-
sible influence of selective survival, we estimated the cumulative incidence of dementia from
Cox proportional hazards models while taking into account death as a competing risk event
[28].

We reported the main results from 3 models. Model 1 was adjusted for age, sex, and educa-
tion, and in model 2, we further adjusted for baseline cardiovascular disease and APOE geno-
type. We considered APOE genotype as a potential confounder because APOE €4 allele is a
genetic risk factor for dementia and also the APOE gene is involved in the lipid transport and
lipoprotein metabolism [29,30]. In addition, to assess the potential effect of selective survival,
we reported results from the Fine and Gray competing risk regression models (model 3) (S1
Statistical methods) where death was considered as a competing risk event and all covariates in
the model 2 were included [31].

IBM SPSS Statistics 26 for Windows (IBM SPSS, Chicago, Illinois) was used for the descrip-
tive analysis and Cox regression analysis. SAS 9.4 Statements (SAS Institute, 2013, Cary, North
Carolina, United States of America) was used for estimating the cumulative incidence of
dementia and performing the Fine and Gray competing risk regression analysis.
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Results

Characteristics of study participants in midlife (1972 to 1987) and late life
(1998)

Table 2 shows the midlife characteristics of participants in the analytical sample 1 as well as the
comparison of characteristics in both midlife and late life between participants included in the
analytical sample 2 (n = 744) and those not included (n = 705). Compared with those not
included in the analytical sample 2, the included participants in midlife were younger

(p < 0.001), more likely to be female (p = 0.031), more educated (p < 0.001), had higher pro-
portions of ideal smoking (p = 0.002), ideal BMI (p = 0.004), and ideal blood pressure

(p < 0.001), a higher score of global, behavioral, and biological CVH metrics (all p < 0.001),
and were less likely to carry APOE &4 allele (p = 0.003) and have cardiovascular diseases

(p = 0.024). There was no significant difference in the distributions of physical activity, diabe-
tes, and total cholesterol in midlife between those included and not included. In addition,
compared with those not included in the analytical sample 2, the included participants in late
life (1998) had higher proportions of ideal smoking (p < 0.001), ideal physical activity

(p < 0.001), ideal blood glucose (p < 0.001), higher global and behavioral CVH scores (both

p < 0.001), and lower prevalence of cardiovascular disease (p < 0.001).

Midlife CVH metrics and risk of incident dementia

Compared with people having poor global CVH metrics in midlife, those with an ideal level of
global CVH metrics in midlife had a 48% lower risk of dementia after controlling for potential
confounding factors and a 54% reduced risk of dementia after further taking into account
death as a competing risk event (Table 3, models 2 and 3). When the global CVH metric score
in midlife was analyzed as a continuous variable, the fully adjusted HR of dementia was 0.86
(95% CI: 0.76, 0.98; p = 0.019) for per 1-point increment in the CVH metric score, and the HR
remained unchanged in model 3 when death as a competing risk event was taken into account.
In addition, we analyzed the association of behavioral and biological CVH metrics in midlife
with dementia risk in late life. The associations of continuous behavioral CVH metric score
and the ideal level of behavioral CVH metrics with a reduced risk of dementia were statistically
evident, especially in model 3 when the competing risk due to death was taken into consider-
ation. In contrast, the tendency of an association between ideal biological CVH metrics in
midlife and the reduced dementia risk disappeared in the competing risk models (Table 3,
models 1 to 3).

Furthermore, of the 6 individual CVH metric components in midlife, intermediate and
ideal smoking (versus poor) and ideal BMI (versus poor) were significantly associated with the
reduced risk of dementia (S1 Table, model 2). However, the association was no longer signifi-
cant after taking into account death as a competing risk event (S1 Table, model 3).

Late-life CVH metrics and risk of incident dementia

Compared with poor CVH metrics in late life, having an intermediate or ideal level of global,
behavioral, and biological CVH metrics was not significantly associated with the HR of
dementia in models 1 and 2, but when the competing risk due to death was taken into account,
an ideal level of biological CVH metrics was significantly associated with an increased HR of
dementia (Table 4). Similarly, as a continuous variable, none of the global, behavioral, and bio-
logical CVH metric scores in late life was significantly associated with dementia risk in models
1 and 2, but after taking into account death as a competing risk event, per 1-point increment
in late-life biological CVH metric score was significantly associated with an over 40% increased
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Table 2. Characteristics of study participants in midlife (1972 to 1987) and late life (1998).

Characteristics* Analytical sample 1, | Analytical sample 2 in midlife, 1972-1987 Analytical sample 2 in late life, 1998
midlife (n = 1449) | gy jyded (n=705) |Included (n =744) |p Excluded (n = 705) | Included (n =744) |p
Age (years), mean (SD) 50.4 (6.0) 51.4 (5.9) 49.5 (5.9) <0.001 | 72.5 (4.2) 70.2 (3.5) <0.001
Women 900 (62.1) 418 (59.3) 482 (64.8) 0.031 418 (59.3) 482 (64.8) 0.031
Education (years), mean (SD) 8.6(3.4) 7.9(3.3) 9.2 (3.5) <0.001 | 7.9 (3.3) 9.2 (3.5) <0.001
Smoking
Poor 61 (4.2) 39 (5.5) 22 (3.0) 0.002 58 (8.5) 34 (4.6) <0.001
Intermediate 290 (20.0) 158 (22.4) 132 (17.7) 221 (32.3) 198 (26.8)
Ideal 1,098 (75.8) 508 (72.1) 590 (79.3) 406 (59.3) 506 (68.6)
Physical activity
Poor 51(3.6) 30 (4.4) 21(2.9) 0.321 73 (10.5) 27 (3.6) <0.001
Intermediate 772 (54.4) 373 (54.1) 399 (54.6) 146 (21.1) 123 (16.6)
Ideal 597 (42.0) 286 (41.5) 311 (42.5) 473 (68.4) 593 (79.8)
BMI
Poor 241 (16.6) 139 (19.7) 102 (13.7) 0.004 | 202 (28.7) 192 (25.8) 0.133
Intermediate 718 (49.6) 347 (49.2) 371 (49.9) 321 (45.5) 378 (50.8)
Ideal 490 (33.8) 219 (31.1) 271 (36.4) 182 (25.8) 174 (23.4)
Plasma glucose”
Poor 55(3.8) 32 (4.5) 23(3.1) 0.071 65 (9.2) 31(4.2) <0.001
Intermediate 3(0.2) 3(0.4) 0(0.0) 97 (13.8) 90 (12.1)
Ideal 1391 (96.0) 670 (95.0) 721 (96.9) 543 (77.0) 623 (83.7)
Total cholesterol
Poor 944 (65.1) 476 (67.5) 468 (62.9) 0.103 | 229 (32.5) 265 (35.6) 0.095
Intermediate 384 (26.5) 169 (24.0) 215 (28.9) 343 (48.7) 369 (49.6)
Ideal 121 (8.4) 60 (8.5) 61(8.2) 133 (18.9) 110 (14.8)
Blood pressure
Poor 618 (42.7) 337 (47.8) 281 (37.8) <0.001 | 276 (39.1) 276 (37.1) 0.692
Intermediate 760 (52.4) 339 (48.1) 421 (56.6) 415 (58.9) 451(60.6)
Ideal 71 (4.9) 29 (4.1) 42 (5.6) 14 (2.0) 17 (2.3)
Global CVH metrics score, mean (SD) 7.2 (1.5) 7.0 (1.5) 7.4 (1.5) <0.001 | 7.1 (1.7) 7.6 (1.5) <0.001
Behavioral CVH metrics score, mean 4.2 (1.0) 4.1 (1.1) 4.4 (1.0) <0.001 | 4.2 (1.1) 4.4 (1.0) <0.001
(SD)
Biological CVH metrics score, mean 3.0 (1.0) 2.9 (1.0) 3.1(1.0) <0.001 | 3.2(1.1) 3.2(1.0) 0.217
(SD)
APOE &4 allele carriers 499 (35.1) 265 (39.0) 234 (31.5) 0.003 | 265 (39.0) 234 (31.5) 0.003
Cardiovascular diseases 114 (7.9) 67 (9.5) 47 (6.3) 0.024 | 260 (37.6) 190 (25.5) <0.001

Data were n (%), unless otherwise specified.

* The number of participants with missing values in analytical sample 1 was 21 persons for education, 27 persons for APOE genotype, and 29 persons for midlife
physical activity, and in analytical sample 2 was 11 persons for education, 1 person for APOE genotype, 6 persons for late-life smoking, and 1 person for late-life physical
activity. In the subsequence analysis, a dummy variable was created to indicate the missing values for education and APOE genotype, whereas missing value on physical
activity and smoking was considered as null (i.e., poor level) in the calculation of global CVH metric score.

# In midlife, information on fasting plasma glucose was lacking, instead, the information on self-reported diabetes, a recorded diagnosis of diabetes from the inpatient
register, and the use of antidiabetic medication from the prescribed drug register were used as a proxy.

APOE, apolipoprotein E; BMI, body mass index; CVH, cardiovascular health.

https://doi.org/10.1371/journal.pmed.1003474.t002

risk of dementia (HR = 1.41; 95% CI = 1.02, 1.94; p = 0.036) (Table 4). In addition, none of the
6 individual CVH metric components in late life was significantly associated with the risk of
dementia in any of the 3 models (S2 Table).
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Table 3. The association of CVH metrics in midlife (1972 to 1987) and risk of dementia detected in late life (both 1998 and 2005 to 2008) (n = 1,449).

Midlife CVH
metrics (score)

Global CVH
metrics

Per 1-point
increment

Poor (<5)

Intermediate
(6-7)

Ideal (>8)

Behavioral CVH
metrics

Per 1-point
increment

Poor (<2)

Intermediate
(3-4)

Ideal (>5)

Biological CVH

metrics

Per 1-point
increment

Poor (<2)

Intermediate
(3-4)

Ideal (>5)

No. of
participants

1,449

183

645

621

1,449

85

741

623

1,449

464

878

107

No. of
dementia
cases

108

28

52

28

108

13

65

30

108

48

55

Person- Incidence (per |20-year Model 17 Model 2* Model 3*

years of 1,000 person- | cumulative HR (95% |p HR(95% |p HR (95% |p

follow-up | years) incidence (%)* [9))) ) [9))

30,680 3.52 6.16 0.86 (0.76, |0.016 | 0.86(0.76, |0.019|0.86(0.76, | 0.014
0.97) 0.98) 0.97)

3,619 7.74 9.03 1.00 1.00 1.00
(reference) (reference) (reference)

13,904 3.74 6.35 0.69 (0.42, |0.143|0.71(0.43, |0.174 | 0.63 (0.38, |0.072
1.13) 1.16) 1.04)

13,156 2.13 3.82 0.51(0.29, |0.0210.52(0.29, |0.027 | 0.46 (0.27, |0.003
0.90) 0.93) 0.77)

30,680 3.52 6.16 0.86 (0.72, | 0.083|0.86(0.73, |0.090 | 0.81(0.69, |0.013
1.02) 1.02) 0.96)

1,612 8.06 5.71 1.00 1.00 1.00
(reference) (reference) (reference)

15,865 4.10 7.24 1.47 (0.73, |0.278 | 1.45(0.72, |0.294 | 0.67 (0.36, | 0.195
2.94) 2.91) 1.23)

13,204 2.27 3.54 0.73(0.35, |0.409|0.73 (0.35, | 0.402 | 0.42(0.22, |0.012
1.53) 1.52) 0.83)

30,680 3.52 6.16 0.81 (0.65, | 0.052|0.82(0.66, | 0.063|0.90(0.71, |0.374
1.00) 1.01) 1.14)

9,760 4.92 7.90 1.00 1.00 1.00
(reference) (reference) (reference)

18,768 2.93 4.73 0.73(0.49, |0.124 | 0.74(0.49, | 0.140 | 0.83 (0.56, | 0.363
1.09) 1.10) 1.24)

2,152 0.93 2.97 0.62 (0.24, |0.338|0.63(0.24, | 0.353 | 1.04 (0.41, |0.941
1.64) 1.67) 2.62)

* The cumulative incidence was calculated from the crude Cox models after taking into account the competing risk of death.

# Model 1 was adjusted for age, sex, and education; model 2 was additionally adjusted for APOE €4 allele and cardiovascular disease in midlife; and model 3 included

death as a competing risk event with the adjustment of all covariates in model 2.

APOE, apolipoprotein E; CI, confidence interval; CVH, cardiovascular health; HR, hazard ratio.

https://doi.org/10.1371/journal.pmed.1003474.t003

Patterns of CVH metrics from midlife to late life and risk of incident
dementia

When midlife and late-life global CVH metric scores were entered simultaneously into the
model, the fully adjusted HR of dementia associated with per 1-point increment in CVH score
in midlife and late life was 0.82 (95% CI: 0.66, 1.03; p = 0.082) and 1.21 (0.97, 1.51; p = 0.093),
respectively. After further taking into account death as a competing risk event, the HR
remained unchanged for both midlife and late-life global CVH metric scores. There was a sta-
tistical interaction between midlife global CVH metric score and late-life global CVH metric
score on the risk of dementia (p for interaction = 0.001).

Fig 2 showed the HRs (95% CI) of dementia associated with the combinations (or patterns)
of different levels of global, behavioral, and biological CVH metrics in midlife and late life,
controlling for multiple potential confounding factors. (1) Global CVH metrics: Compared
with persons having a poor level of global CVH metrics in both midlife and late life, those with
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Table 4. The association of CVH metrics in late life (1998) and risk of dementia detected in late life (2005 to 2008) (n = 744).

Late-life CVH No. of No. of
metrics (score) participants | dementia
cases

Global CVH
metrics

Per 1-point 744 47
increment

Poor (<5) 66 6

Intermediate 276 14
(6-7)

Ideal (>8) 402 27
Behavioral CVH
metrics

Per 1-point 744 47
increment

Poor (<2) 36 5

Intermediate 353 19
(3-4)

Ideal (>5) 355 23
Biological CVH
metrics

Per 1-point 744 47
increment

Poor (<2) 171 7

Intermediate 495 31
(3-4)

Ideal (>5) 78 9

Person- Incidence (per |8-year Model 17 Model 2* Model 3*

years of 1,000 person- | cumulative HR(95% |p HR(95% |p HR (95% |p

follow-up |years) incidence (%)* [9)) [9)) (o))

6,168 7.62 4.24 1.04 (0.86, | 0.700 | 1.09 (0.89, |0.409 | 1.10 (0.87, 0.433
1.26) 1.33) 1.39)

537 11.17 6.64 1.00 1.00 1.00
(reference) (reference) (reference)

2,259 6.20 3.63 0.52 (0.20, | 0.191 | 0.60 (0.22, | 0.338 | 0.61 (0.23, 0.329
1.38) 1.69) 1.64)

3,372 8.01 4.33 0.70 (0.29, |0.444 | 0.91(0.34, | 0.850 | 0.96 (0.35, 0.929
1.73) 2.41) 2.58)

6,168 7.62 4.24 0.89 (0.69, | 0.367 | 0.93(0.71, | 0.608 | 0.86 (0.62, 0.368
1.15) 1.22) 1.19)

299 16.72 8.88 1.00 1.00 1.00
(reference) (reference) (reference)

2,909 6.53 3.90 0.53 (0.20, 0.218 | 0.53 (0.19, 0.212 |1 0.50 (0.15, 0.258
1.45) 1.44) 1.66)

2,960 7.77 4.21 0.63 (0.23, | 0.367 | 0.70 (0.25, | 0.491 | 0.57 (0.17, 0.371
1.72) 1.93) 1.95)

6,168 7.62 4.24 1.24 (0.93, 0.140 | 1.28 (0.96, 0.092 | 1.41 (1.02, 0.036
1.64) 1.70) 1.94)

1,394 5.02 2.68 1.00 1.00 1.00
(reference) (reference) (reference)

4,102 9.02 4.38 1.71(0.73, | 0.2152.06 (0.83, |0.120 | 2.10 (0.84, 0.110
4.00) 5.14) 5.20)

673 13.37 6.63 2.38 (0.86, 0.097 | 2.85 (0.96, 0.059 | 3.54 (1.16, 0.027
6.64) 8.46) 10.83)

* The cumulative incidence was calculated from the crude Cox models after taking into account the competing risk of death.

# Model 1 was adjusted for age, sex, and education; model 2 was additionally adjusted for APOE €4 allele and cardiovascular disease in late life; and model 3 included

death as a competing risk event with the adjustment of all covariates in model 2.

APOE, apolipoprotein E; CI, confidence interval; CVH, cardiovascular health; HR, hazard ratio.

https://doi.org/10.1371/journal.pmed.1003474.t004

an intermediate level of global CVH metrics in both midlife and late life and those with midlife
ideal and late-life intermediate global CVH metrics had the fully adjusted HR of 0.25 (95% CI:
0.08, 0.86; p = 0.028) and 0.14 (0.02, 0.76; p = 0.024), respectively, for dementia (Fig 2A). How-
ever, the HRs were not significant when taking into account death as a competing risk event.
There was no significant association with dementia risk for any other combinations of midlife
and late-life CVH metrics. (2) Behavioral CVH metrics: Compared with people with the poor
level of behavioral CVH metrics in both midlife and late life, those with an intermediate level
of behavioral CVH metrics in both midlife and late life, an intermediate level in midlife but an
ideal level in late life, an ideal level in midlife but an intermediate level in late life, and an ideal
level in both midlife and late life had a significantly reduced risk of dementia (Fig 2B). The
associations remained significant after taking into account death as a competing risk event.
We found no significant association between other combining groups of behavioral CVH met-
rics and risk of dementia. (3) Biological CVH metrics: Of all the 9 combinations of biological
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Fig 2. The HR (95% CI) of dementia associated with the joint patterns of midlife and late-life CVH metrics: A,
global CVH metrics; B, behavioral CVH metrics; C, biological CVH metrics. HR (95% CI) was derived from the
Cox proportional hazards models controlling for age, sex, education, APOE &4 allele, and cardiovascular disease in
midlife. “p < 0.05. APOE, apolipoprotein E; CVH, cardiovascular health; CI, confidence interval; HR, hazard ratio; IM,
intermediate; NA, not available; n/N, the number of dementia cases/number of participants.

https://doi.org/10.1371/journal.pmed.1003474.g002
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CVH metric levels in midlife and late life, only the combination of midlife intermediate and
late-life ideal levels of biological CVH metrics was significantly associated with an increased
risk of dementia in the fully adjusted Cox regression models (Fig 2C). However, when taking
into account death as a competing risk event, compared with people having the poor level of
biological CVH metrics in both midlife and late life, the HR of dementia was 7.62 (95% CI:
1.97,29.48; p = 0.003) for those with midlife intermediate level and late-life ideal level of bio-
logical CVH metrics and 7.30 (1.22, 43.78; p = 0.030) for those with midlife ideal level and late-
life intermediate level of biological CVH metrics.

Discussion

In this population-based cohort study, we found that compared with poor CVH metrics in
midlife, an ideal level of midlife global CVH metrics, and behavioral CVH metrics in particu-
lar, was associated with a lower risk of dementia in late life. There was no association between
CVH metrics and dementia risk when CVH metrics were assessed in late life. However, when
the global CVH metric patterns from midlife to late life were examined, compared with the
poor global CVH metrics in both midlife and late life, having an intermediate or ideal level of
global CVH metrics in midlife or late life was associated with a reduced risk of dementia,
although the competing risk due to death could partly account for the associations (Fig 2A).
Notably, the association of an intermediate or ideal level of behavioral CVH metrics in either
midlife or late life with a reduced risk of dementia was present independent of competing risk
and all potential confounders examined (Fig 2B). Finally, having an ideal or intermediate level
of late-life biological CVH metrics in combination with either an ideal or intermediate biologi-
cal CVH metrics in midlife (versus poor level both in midlife and late life) was associated with
an increased risk of dementia (Fig 2C).

Population-based studies have rarely investigated the association of composite CVH met-
rics with the risk of dementia from a life-course perspective. The Whitehall IT cohort study,
which used the modified AHA’s definitions to define smoking and diet, showed that per
1-point increment in the global CVH metric score at the age of 50 years was associated with an
over 10% decreased risk of dementia during an over 25-year follow-up (HR = 0.89; 95%
CI=0.85to 0.95) [16]. Similarly, the Atherosclerosis Risk in Communities (ARIC) cohort
study suggested that a higher global CVH metric score in middle age (mean age, 54 years) was
associated with slower cognitive decline over a 20-year follow-up period [32]. In the Finnish
CAIDE cohort, we found that having a higher global CVH metric score or having an ideal
level of global CVH metrics in midlife (mean age, 50.4 years) was associated with the lower
risk of dementia. Taken together, these studies provide consistent evidence supporting the
view that achieving optimal CVH in midlife is crucial for reducing late-life dementia risk.

We found no evidence for the association between late-life global CVH metrics and the risk
of dementia, which was consistent with the findings from the population-based study of adults
(age >55 years) from the health insurance settings in Germany [19]. However, the population-
based Three-City Study of older adults (age >65 years) in France did show that having more
optimal CVH metrics or having a higher CVH metric score defined following the AHA’s rec-
ommendations was associated with a lower risk of dementia [17]. The inconsistent findings
across studies might be partially attributable to differences in methodology (e.g., lack of diet
data in our study) and characteristics of study population (e.g., age).

This discrepancies between associations of midlife and late-life CVH metrics with the risk
of dementia were in accordance with the fact that the relationships of cardiometabolic compo-
nents of CVH metrics (e.g., BMI in behavioral CVH metrics and blood pressure and total cho-
lesterol in biological CVH metrics) with the risk of dementia vary with age; the strength of
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associations between these cardiometabolic risk factors and risk of dementia is attenuated with
age from young adulthood and midlife onwards, and may even be reversed among very old
people [33-35]. Thus, these individual CVH metrics may render the global CVH metrics less
predictive for dementia risk as people age [19]. Indeed, we found that an ideal level of late-life
biological CVH metrics was associated with an elevated risk of dementia. However, this associ-
ation may partly reflect the reverse causality because the ideal (or low) levels of certain biologi-
cal CVH metric components in late life (e.g., blood pressure <120/80 mmHg and low total
cholesterol) might be a marker of preclinical dementia [8,10,33]. This should be kept in mind
when interpreting the results from studies that involve late-life composite global and biological
CVH metrics in relation to dementia risk.

The association of CVH metric patterns from midlife to late life with the risk of dementia
has been rarely evaluated so far in the population-based settings. We found that compared
with poor levels of global CVH metrics in both midlife and late life, having the intermediate or
ideal level of global CVH metrics, especially behavioral CVH metrics, in either midlife or late
life was associated with a substantially reduced risk of dementia. Given the potentially reverse
causality of late-life ideal levels of biological components in the global CVH metrics and
dementia risk, interpretation of the results involving late-life global CVH metrics needs to be
cautious. Our findings implied that maintaining a life-long CVH, and behavioral health in par-
ticular, from midlife onwards may help achieve healthy brain aging. This supports the view
that intervention strategies to promote CVH, especially behavioral health, from the life-course
prospective might help prevent or delay the onset of dementia [2]. Because the CVH metrics
are modifiable and manageable, our findings have significant implications for public health.
This is particularly relevant given that dementia has become a global public health priority in
our aging society.

The mechanisms underlying the association between the CVH metrics over the life course
and risk of dementia are not fully understood. The poor levels (as risk factors) of CVH metrics,
especially occurring from midlife, are supposed to contribute mainly to macro- and microvas-
cular lesions and neurodegenerative process in the brain, e.g., oxidative stress, inflammation,
atherosclerosis, hypoxia, cerebral small vessel lesions, and advanced glycation end products
[36]. Optimal or ideal levels of CVH metrics (e.g., no smoking, physical activity, and normal
blood glucose) are associated with less burden of cerebrovascular damage [37], which then
leads to fewer white matter lesions and brain infarcts as well as less severe neurodegeneration
[2,38]. The optimal brain health resulting from optimal CVH profiles may in turn contribute
to the lower risk of cognitive impairment [39] and cognitive decline [17,18], and thus lead to a
lower risk of dementia.

Strengths of this study include the design of population-based cohort study with long fol-
low-up time from midlife to late life as well as the comprehensive assessments for the diagnosis
of dementia. However, our study also has limitations. First, we used the modified AHA’s defi-
nitions to assess CVH metrics owing to the lack of data on diet in both midlife and late life as
well as midlife plasma glucose. Lack of dietary data might underestimate the potential protec-
tive effect of ideal CVH metrics against dementia because data from a small subsample of the
CAIDE participants (n = approximately 350) showed that midlife healthy diet and beneficial
dietary changes from midlife to late life were associated with a reduced risk of dementia
[40,41]. Similarly, the lack of data on midlife fasting plasma glucose might have misclassified
some people with abnormal plasma glucose into the ideal category, and thus underestimate the
possible beneficial effect of the ideal midlife CVH metrics on dementia risk. Second, the ana-
lytic sample was generally healthier compared to dropouts (e.g., death, refusal, or missing
information for the diagnosis of dementia). Thus, the selective survival by both CVH metric
levels and cognitive conditions (e.g., cognitive impairment and dementia) over the follow-up
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period from midlife to late life might have led to an underestimation of the true associations
between poor CVH metrics and risk of dementia because people with poor CVH metrics or
poor cognitive conditions were less likely to survive into old age [21]. However, we have esti-
mated the cumulative incidence of dementia and also used the competing risk models to par-
tially account for the impact of selective survival on the associations between CVH metrics and
risk of dementia. Nevertheless, cautiousness is needed when generalizing our study findings to
the entire middle-aged and elderly population. Finally, the statistical power was limited for the
analysis of some subgroups due to small numbers of participants and dementia cases, espe-
cially in the analysis of midlife and late-life CVH metric patterns and risk of dementia. Thus,
our findings deserve further confirmation in the large-scale population-based studies.

In conclusion, in this population-based cohort study, we observed that having an ideal or
intermediate level of global CVH metrics, especially the behavioral CVH metrics, from midlife
to later in life is associated with a lower risk of dementia. Findings from this study reinforce
the view that maintaining a life-long optimal CVH profile, and behavioral health profile in par-
ticular, may help reduce the late-life risk of dementia.
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