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ORIGINAL RESEARCH

Association of Changes in Cardiovascular 
Health Metrics and Risk of Subsequent 
Cardiovascular Disease and Mortality
Bamba Gaye , PhD; Gabriel S. Tajeu, DrPH, MPH; Ramachandran S. Vasan , MD; Camille Lassale , PhD; 
Norrina B. Allen, PhD; Archana Singh-Manoux , PhD; Xavier Jouven, MD, PhD

BACKGROUND: The extent to which change in cardiovascular health (CVH) in midlife reduces risk of subsequent cardiovascular 
disease and mortality is unclear.

METHODS AND RESULTS: CVH was computed at 2 ARIC (Atherosclerosis Risk in Communities) study visits in 1987 to 1989 and 
1993 to 1995, using 7 metrics (smoking, body mass index, total cholesterol, blood glucose, blood pressure, physical activity, 
and diet), each classified as poor, intermediate, and ideal. Overall CVH was classified as poor, intermediate, and ideal to cor-
respond to 0 to 2, 3 to 4, and 5 to 7 metrics at ideal levels. There 10 038 participants, aged 44 to 66 years that were eligible. 
From the first to the second study visit, there was an improvement in overall CVH for 17% of participants and a decrease in 
CVH for 21% of participants. At both study visits, 28%, 27%, and 6% had poor, intermediate, and ideal overall CVH, respec-
tively. Compared with those with poor CVH at both visits, the risk of cardiovascular disease (hazard ratio [HR], 0.26; 95% CI, 
0.20–0.34) and mortality (HR, 0.35; 95% CI, 0.29–0.44) was lowest in those with ideal CVH at both measures. Improvement 
from poor to intermediate/ideal CVH was also associated with a lower risk of cardiovascular disease (HR, 0.67; 95% CI, 
0.59–0.75) and mortality (HR, 0.80; 95% CI, 0.72–0.89).

CONCLUSIONS: Improvement in CVH or stable ideal CVH, compared with those with poor CVH over time, is associated with a 
lower risk of incident cardiovascular disease and all-cause mortality. The change in smoking status and cholesterol may have 
accounted for a large part of the observed association.
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The American Heart Association (AHA) proposed 
the use of a composite marker of ideal cardiovas-
cular health (CVH), which targets the development 

of risk factors for the primordial prevention of cardio-
vascular disease (CVD).1 CVH is composed of 4 be-
havioral and 3 biological metrics: cigarette smoking, 
body mass index (BMI), physical activity, diet, total 
cholesterol, blood glucose, and blood pressure. Ideal 
CVH has been consistently found to be associated 
with a lower risk of CVD,2,3 CVD mortality,4,5 cancer 
mortality,6 and all-cause mortality3 in population-based 
prospective cohort studies. These associations have 

been observed in young,7–9 middle-aged,4,10–12 and 
older adults.13 Much of the evidence on the benefits of 
CVH use a single, baseline measure and the benefits of 
change in CVH remain to be investigated.

Recent studies report that improving or main-
taining a healthy lifestyle can attenuate or even re-
verse the progression of atherosclerosis and lower 
the risk of CVD.14–16 Whether improvement in CVH 
in midlife lowers risk of subsequent CVD or mor-
tality in later life remains unclear as few studies 
have repeat data on CVH metrics at multiple time 
points along with sufficient follow-up to examine 
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subsequent health outcomes. The exception is 
a recent study, based on data from the United 
Kingdom, which found no consistent relationship 
between favorable or unfavorable change in CVH 
and risk of CVD.17 To resolve this inconsistency, we 
examined patterns of change in individual metrics 
and CVH score and their association with incident 
CVD and major subtypes of CVD and all-cause 
and cause-specific mortality. In addition, we 
aimed to identify which components of the com-
posite CVH metric are most strongly associated 
with outcomes and therefore can provide policy-
makers, researchers, and clinicians evidence as to 
what risk factors they should prioritize.

METHODS
The ARIC (Atherosclerosis Risk in Communities) study 
was approved by institutional review boards, and 
participants gave informed consent. The data that 
supported the study findings are available from the 
corresponding author on reasonable request.

ARIC Study
The ARIC study is a population-based prospective cohort 
study conducted in 4 US communities, further details on 
design and methods have been published previously.18 
Data for the present analyses are dawn from 2 clinical as-
sessments of CVH metrics (1987–1989 and 1993–1995), 
which also included a questionnaire to assess behavioral 
measures of CVH. Participants were excluded from the 
investigation if they died or had prevalent CVD in 1987 to 
1989 (heart failure [HF], coronary heart disease [CHD], or 
stroke), or missing data (CVH metrics, health CVD events, 
or mortality over the follow-up).

Cardiovascular Health Metrics
We used the AHA definition of CVH.1 Table S1 pro-
vides details on the categorization of each metric as 
poor, intermediate, and ideal. The 7 metrics were as 
follows: (1) BMI (kg/m2), calculated from weight meas-
ured wearing a scrub suit and standing height; (2) 
smoking status (current, former, or never), assessed 
at the interview; (3) diet, assessed using the modified, 
66-item Harvard Food Frequency questionnaire;19 and 
(4) physical activity, assessed using the Baecke ques-
tionnaire,20 which asked participants to report the fre-
quency of involvement in up to 4 sports and walking in 
the previous year. This was converted to minutes per 
week of moderate or vigorous physical activity.21 (5) 
Blood pressure was taken 3 times in a seated posi-
tion using a random-zero sphygmomanometer after a 
5-minute rest. The mean of the last 2 measurements 
was used for analysis. (6) Fasting total cholesterol was 
measured by enzymatic methods. (7) Fasting glucose 
was measured using the hexokinase/glucose-6-phos-
phate dehydrogenase method. Use of antihyper-
tensive, cholesterol-lowering, and glucose-lowering 
medication in the 2 weeks prior to each study visit was 
reported by participants or determined during their in-
terview and used in the categorization of CVH metrics 
as defined by the AHA guidelines (Table S1).

The number of CVH metrics at ideal levels was 
combined to yield the total CVH score. This score 
was further categorized as poor CVH in those with 
0 to 2 ideal metrics, intermediate in those with 3 to 
4 ideal metrics, and ideal in those with 5 to 7 ideal 
metrics. Change in CVH score and individual metrics 
was defined as a change in category (poor, interme-
diate, or ideal) between 1997 to 1989 and 1993 to 
1995.

Outcomes: Incident Cardiovascular 
Disease, and Total and Cause-Specific 
Mortality
The current study included 2 main outcomes: incident 
CVD and mortality after the second measure of CVH 

CLINICAL PERSPECTIVE

What Is New?
•	 Change in cardiovascular health (CVH) and how 

it relates to risk of cardiovascular events has 
been little studied.

•	 We found a graded association between pat-
tern of change in CVH and subsequent cardio-
vascular disease and mortality; stable ideal and 
improvement from poor to intermediate/ideal 
CVH was associated with a lower risk of cardio-
vascular disease and mortality.

•	 The cardiovascular disease and mortality risks 
were more strongly driven by the baseline CVH 
level than the follow-up CVH level.

What Are the Clinical Implications?
•	 These findings highlight the importance of pro-

motion of CVH throughout the life course and as 
early as possible.

•	 Cardiovascular disease and mortality risks were 
more strongly driven by tobacco use and total 
cholesterol: This highlights the central impor-
tance of primordial prevention of tobacco use 
and high total cholesterol.

Nonstandard Abbreviation and Acronym

CVH	 cardiovascular health
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in 1993 to 1995 through 2014. In further analyses, we 
also examined major subtypes of CVD (HF, CHD, and 
stroke) and broad causes of death (circulatory system, 
cancer, and other causes). Protocols and criteria for 
the ascertainment and diagnosis of CVD events, as 
well as the ascertainment of deaths in the ARIC study, 
have been reported previously.10,18,22 In brief, incident 
HF was defined using the International Classification of 
Diseases, Ninth Revision (ICD-9) code 428 or ICD-10 
code I50.23 CHD and stroke events were adjudicated 
by the ARIC Mortality and Morbidity Classification 
Committee using data obtained from contacting par-
ticipants annually, identifying hospitalizations and 
deaths during the previous year, surveying discharge 
lists from local hospitals, and death certificates. Death 
was ascertained through linkage with the National 
Death Index and classified as deaths from diseases 
of the circulatory system, cancer, and other causes. 
All events were recorded to the nearest year of age. 
Incident CVD events were comprised of fatal (among 
any of the listed diagnoses or underlying causes of 
death) or nonfatal events. All participants were fol-
lowed from the second measure of CVH (1993–1995) 
to the date of a CVD event, death, loss to follow-up, or 
otherwise to December 31, 2014.

Covariates

Data on covariates were extracted from the inter-
views accompanying the clinical examinations and in-
cluded age, sex, university education (yes/no), income 
(<$15 999, $16 000–$34 999, and $35 000 or more), 
race (White or Black), and birth cohort (5-year intervals 
using year of birth).

Statistical Analysis
Characteristics of participants across the 2 clinical 
examinations were compared using ANOVA for con-
tinuous variables or chi-square tests for categorical 
variables. We used 2 methods to examine the asso-
ciation of change in CVH with CVD and mortality. The 
first method consisted of using change in CVH status 
(categorized as poor, intermediate, or ideal) between 
1987 to 1989 and 1993 to 1995 as the exposure. 
The second method consisted of using the number 
of ideal CVH metrics as a time-varying exposure. In 
the time-varying exposure analysis, participants were 
considered as having the same exposure between the 
evaluation periods. Age was used as the time scale in 
both of these analyses. When age is used as the time 
scale of the Cox model, having also birth cohort as a 
covariate in the model is interpreted as a birth cohort 
effect (see Covariates subsection). The mathematically 
notated equation of the model is as follows: [i=1,...,n; 
hi(t) = h0(t)e(β1X1i(t)+...+βpXpi(t))].

The proportional hazard assumption was tested 
using Schoenfeld residuals after all Cox proportional 
hazards models.

Change in Cardiovascular Health 
Category: Individual Metrics and Overall 
Cardiovascular Health

Change in CVH category (poor, intermediate, or ideal) 
over the 2 clinical examinations resulted in 9 groups: 
poor to poor (reference category), poor to intermedi-
ate, poor to ideal, intermediate to poor, intermediate 
to intermediate, intermediate to ideal, ideal to poor, 
ideal to intermediate, and ideal to ideal. The unad-
justed association of patterns of change in CVH with 
CVD (and major subtypes) and all-cause mortality was 
assessed using Kaplan-Meier curves. As some of the 
groups were small, we combined poor to intermedi-
ate/ideal and ideal to intermediate/poor. Subsequent 
multivariable analyses had 7 categories for the main 
exposure. We first examined the association between 
patterns of change in individual CVH metrics with in-
cident CVD and all-mortality using Cox proportional 
hazards regression models. Second, we examined the 
association of change in overall CVH categories with 
CVD and all-cause mortality. We repeated the change 
in overall CVH analysis with outcomes of subtypes of 
CVD (CHD, stroke, and HF) and cause-specific mortal-
ity (circulatory system, cancer, and other causes) using 
competing risk analysis by calculating subdistribution 
hazard ratios (HRs) using the Fine and Gray method.24 
As we calculated the change between 1987 to 1989 
and 1993 to 1995, the baseline for the CVD and mor-
tality hazard analysis was 1993 to 1995 because CVD 
events or deaths occurring during the change period 
were excluded.

Cardiovascular Health as a Time-Dependent  
Exposure

In an alternative approach to modeling change, we mod-
eled the exposure as time-varying: first each individual 
metric, then overall ideal CVH score composed of the 
number of metrics at ideal levels, and then categorized 
poor, intermediate, and ideal for 0 to 2, 3 to 4, and 5 to 7 
metrics at the ideal level, respectively. In time-dependent 
Cox proportional-hazards models, we calculated HRs for 
all-cause mortality and CVD events updating covariate 
data over the follow-up with CVH as a time-dependent 
exposure. Entry time was defined as age at the begin-
ning of the follow-up. When CVD was the outcome, exit 
time was defined as age at death, age at CVD event, or 
age at the end of follow-up (December 31, 2014). The 
exit time when mortality was the outcome was defined 
as age at death or age at the end of follow-up (December 
31, 2014), whichever came first. Analyses were adjusted 
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for all covariates. In sensitivity analyses, we examined 
the association of CVH with the outcomes of the study, 
stratified by race (Black, White).

All tests were 2-tailed and a P value of <0.05 was 
considered statistically significant. Statistical analyses 
were undertaken using SAS software version 9.4 and 
R software, version 3.3.2.

RESULTS
A total of 15 048 participants were included in the 1987 
to 1989 wave of data collection in the ARIC study; after 
excluding those with missing data or CVD events or 
death between 1987 to 1989 and 1993 to 1995, the 
final analyses sample contained 10  038 participants 
(Figure S1). Compared with participants excluded from 
the analysis, those included in the analysis were more 
likely to be White, and have a university education and 
high income (Table S2).

A description of the CVH metrics according to 
AHA guidelines, along with their categorization into 
poor, intermediate, and ideal, is provided in Table S1. 
Of the 10  038 participants included in the analyses, 
2797 (27.9%) had poor, 2787 (27.8%) intermediate, and 
622 (6.2%) ideal CVH at both clinical examinations 
(Table 1). Change from poor to ideal status was only 
observed in 67 participants, and from ideal to poor 
in 83 participants. Favorable changes in CVH status 
were more common in those with an advantaged so-
ciodemographic profile. Mean age of participants in 
1987 to 1989 was 54.0 (SD, 5.7) and 59.9 (SD, 5.7) 
in 1993 to 1995. CVH did not globally improve over 
time, but rather deteriorated (Table S3, see overall CVH 
score). Of the 7 metrics that comprise CVH, a substan-
tial improvement was observed only for the smoking 
and cholesterol metrics, whereas only small changes 
were observed for physical activity and diet (Table S3). 

Conversely, health status deteriorated for BMI, blood 
glucose, and blood pressure.

Change in Cardiovascular Health 
Category: Individual Metrics and Overall 
Cardiovascular Health
The Kaplan-Meier curves, reflecting unadjusted as-
sociation of the 9 exposure groups of change in CVH 
with CVD and mortality, are shown in Figure 1A and 
1B, respectively. A dose-response relationship in risk 
of overall CVD, subtypes of CVD, and all-cause mortal-
ity was observed with participants who had more time 
in intermediate or ideal categories of CVH having lower 
risk for outcomes (Figure S2).

The adjusted HRs associated with change in each 
CVH metric are given in Table 2. Compared with partic-
ipants with persistent poor levels of CVH, higher levels 
of baseline CVH, regardless of whether there was a 
decrease in CVH following baseline examination, were 
generally associated with lower risk of CVD or mortality 
for all individual CVH metrics, except for diet for which 
no reduced risk was observed in any change category. 
Furthermore, for smoking and total cholesterol, there 
was no significant difference in CVD risk for ideal par-
ticipants who went to a lower category.

The associations of change in overall CVH status, 
adjusted for all covariates, with subsequent CVD and 
all-cause mortality is shown in Figure  2A and 2B. A 
graded association was observed across the 7 cate-
gories of change for both CVD and mortality, as risk 
was progressively lower with better CVH over the 2 
measures. Improvement from poor to intermediate or 
ideal CVH was associated with lower risk of CVD (HR, 
0.67; 95% CI, 0.59–0.75) and all-cause mortality (HR, 
0.80; 95% CI, 0.72–0.89) compared with those with 
poor CVH at both measures.

Table 1.  Characteristics of Participants as a Function of Change in CVH Between 1987 to 1989 and 1993 to 1995

Patterns of Change in CVH N (%)

Age, y Male White University Education High Income

Mean (SD) N (%) N (%) N (%) N (%)

Poor to poor 2797 (27.86%) 54.5 (5.5) 1321 (47.2) 1932 (69.1) 2012 (71.9) 518 (19.7)

Poor to intermediate 1137 (11.33%) 54.9 (5.8) 599 (52.7) 877 (77.1) 896 (78.8) 290 (26.8)

Poor to ideal 67 (0.06 %) 55.4 (5.9) 37 (55.2) 49 (73.1) 57 (85.1) 15 (23.4)

Intermediate to poor 1444 (14.38%) 53.6 (5.6) 611 (42.3) 1179 (81.7) 1169 (81) 338 (24.7)

Intermediate to intermediate 2787 (27.76%) 53.9 (5.8) 1259 (45.2) 2355 (84.5) 2400 (86.1) 817 (31.0)

Intermediate to ideal 475 (4.73%) 53.9 (5.5) 195 (41.1) 431 (90.7) 418 (88.0) 173 (39.0)

Ideal to poor 83 (0.08%) 52.2 (5.5) 22 (26.5) 72 (86.8) 69 (83.1) 31 (39.7)

Ideal to intermediate 626 (6.24%) 52.6 (5.8) 208 (33.2) 577 (92.2) 576 (92.0) 252 (41.9)

Ideal to ideal 622 (6.20%) 52.2 (5.4) 204 (32.8) 594 (95.5) 592 (95.2) 291 (47.9)

P value <0.0001 <0.0001 <0.0001 <.0001 <.0001

CVH indicates cardiovascular health. Over a median follow-up of 20 years (interquartile range, 16 –21), 2696 (27%) CVD events were recorded, and there 
were 3 431 (34%) deaths.
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Figure 1.  Kaplan–Meier curves denoting association of cardiovascular health (CVH) change between 
1987 to 1989 and 1993 to 1995 with (A) incident cardiovascular disease (CVD) and (B) mortality.
*The minimum age at 1987 to 1989 was 44 years; the minimum age at 1993 to 1995 (start of the survival follow-
up) was 50 years, which is the start of the Kaplan–Meier curve. A, Incident CVD over the follow-up (1995 to 
2014). B, Mortality over the follow-up (1995 to 2014).
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Table 2.  Association of Change in Individual CVH Metrics Between 1987 to 1989 and 1993 to 1995 With Incident CVD and 
Mortality

1987–1989 to 1993–1995 N (%)

CVD Mortality

N Events (%) HR* (95% CI) P Value† N Events (%) HR (95% CI) P Value†

Smoking <0.001 <0.001

Poor to poor 1604 (16.0) 560 (34.9) 1.00 (ref) 810 (50.50) 1.00 (ref)

Poor to intermediate or Ideal 653 (6.5) 211 (32.3) 0.80 (0.68–0.94) 275 (42.11) 0.72 (0.63–0.84)

Intermediate to poor 45 (0.4) 11 (24.4) 0.64 (0.35–1.15) 16 (35.56) 0.64 (0.39–1.04)

Intermediate to intermediate 7 (0.1) 3 (42.9) 1.39 (0.45–4.32) 2 (28.57) 0.59 (0.15–2.36)

Intermediate to ideal 220 (2.2) 67 (30.4) 0.66 (0.51–0.86) 86 (39.09) 0.56 (0.44–0.69)

Ideal to poor or intermediate 137 (1.4) 42 (30.7) 0.77 (0.56–1.05) 52 (37.96) 0.61 (0.46–0.81)

Ideal to ideal 7372 (73.4) 1802 (24.4) 0.53 (0.48–0.59) 2190 (29.71) 0.42 (0.39–0.46)

BMI <0.001 <0.001

Poor to poor 2271 (22.6) 804 (35.4) 1.00 (ref) 914 (40.25) 1.00 (ref)

Poor to intermediate or ideal 215 (2.1) 82 (38.1) 1.12 (0.88–1.41) 109 (52.09) 1.21 (0.99–1.48)

Intermediate to poor 870 (8.7) 233 (26.8) 0.74 (0.64–0.86) 284 (32.64) 0.81 (0.71–0.93)

Intermediate to intermediate 2849 (28.4) 766 (26.9) 0.65 (0.59–0.72) 923 (32.40) 0.69 (0.63–0.76)

Intermediate to ideal 304 (3.0) 89 (21.4) 0.77 (0.62–0.96) 142 (46.71) 1.03 (0.86–1.23)

Ideal to poor or intermediate 954 (9.5) 175 (18.3) 0.51 (0.43–0.60) 261 (27.36) 0.71 (0.61–0.81)

Ideal to ideal 2575 (25.6) 547 (21.2) 0.58 (0.52–0.65) 795 (30.87) 0.78 (0.71–0.86)

Diet 0.651 0.166

Poor to poor 1641 (16.3) 466 (28.4) 1.00 (ref) 613 (37.36) 1.00 (ref)

Poor to intermediate or ideal 1577 (15.7) 437 (27.7) 1.00 (0.88–1.14) 561 (35.57) 0.96 (0.86–1.08)

Intermediate to poor 1345 (13.4) 372 (27.7) 1.01 (0.88–1.16) 460 (34.20) 0.93 (0.82–1.05)

Intermediate to intermediate 4719 (47.0) 1230 (26.1) 0.98 (0.88–1.09) 1556 (32.97) 0.92 (0.84–1.01)

Intermediate to ideal 331 (3.3) 94 (28.4) 1.03 (0.82–1.29) 113 (34.14) 0.92 (0.75–1.12)

Ideal to poor or intermediate 332 (3.3) 78 (23.5) 0.85 (0.67–1.09) 106 (31.93) 0.82 (0.67–1.02)

Ideal to ideal 93 (1.0) 19 (20.4) 0.73 (0.46–1.16) 22 (23.66) 0.63 (0.41–0.96)

Physical activity <0.001 <0.001

Poor to poor 1967 (20.0) 640 (32.5) 1.00 (ref) 786 (39.96) 1.00 (ref)

Poor to intermediate or Ideal 1461 (14.5) 439 (30.0) 0.86 (0.76–0.98) 543 (37.17) 0.81 (0.72–0.90)

Intermediate to poor 823 (8.2) 245 (29.8) 0.94 (0.81–1.09) 280 (34.02) 0.86 (0.75–0.99)

Intermediate to intermediate 813 (8.1) 190 (23.8) 0.76 (0.64–0.89) 243 (29.89) 0.78 (0.67–0.90)

Intermediate to ideal 934 (9.3) 238 (25.5) 0.75 (0.64–0.87) 300 (32.12) 0.72 (0.63–0.83)

Ideal to poor or intermediate 1424 (14.2) 342 (24.0) 0.72 (0.63–0.82) 475 (33.36) 0.80 (0.71–0.90)

Ideal to ideal 2616 (26.1) 602 (23.0) 0.66 (0.59–0.75) 804 (30.73) 0.68 (0.61–0.75)

Blood glucose <0.001 <0.001

Poor to poor 608 (6.1) 318 (52.3) 1.00 (ref) 356 (58.55) 1.00 (ref)

Poor to intermediate or ideal 154 (1.5) 66 (42.9) 0.74 (0.57–0.97) 88 (57.14) 0.90 (0.71–1.14)

Intermediate to poor 542 (5.4) 227 (41.9) 0.78 (0.65–0.93) 265 (48.89) 0.91 (0.77–1.06)

Intermediate to intermediate 2181 (21.7) 607 (27.8) 0.43 (0.37–0.49) 753 (34.53) 0.54 (0.48–0.62)

Intermediate to ideal 1116 (11.1) 266 (23.8) 0.38 (0.32–0.45) 383 (34.32) 0.55 (0.48–0.64)

Ideal to poor or intermediate 1588 (15.8) 436 (27.5) 0.45 (0.38–0.52) 532 (33.50) 0.58 (0.50–0.66)

Ideal to ideal 3849 (38.3) 776 (20.2) 0.33 (0.29–0.38) 1054 (27.38) 0.49 (0.44–0.56)

Total cholesterol <0.001 0.005

Poor to poor 1173 (11.7) 367 (31.3) 1.00 (ref) 433 (36.91) 1.00 (ref)

Poor to intermediate or ideal 1187 (11.8) 400 (33.7) 1.06 (0.92–1.23) 497 (41.87) 1.15 (1.01–1.30)

Intermediate to poor 568 (5.7) 160 (28.2) 1.02 (0.85–1.24) 180 (31.69) 1.05 (0.88–1.25)

Intermediate to intermediate 2183 (21.7) 571 (26.2) 0.83 (0.73–0.95) 699 (32.02) 0.90 (0.80–1.01)

Continued
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Table 3 presents results of the analysis of change 
in overall CVH with CVD subtype and cause-specific 
mortality. This competing risk analysis showed im-
proving overall CVH over time to be associated with 
lower risk of CHD, stroke, and HF; risk reductions 
were of comparable magnitude across CVD subtypes. 
Furthermore, this analysis did not reveal an underlying 
competition between subsequent cause-specific mor-
tality. Improvement in those with poor overall CVH was 
associated with lower risk of mortality from diseases of 
the circulatory system (HR, 0.73; 95% CI, 0.61–0.89) 
and other causes (HR, 0.79; 95% CI, 0.67–0.94), but 
the association with cancer mortality did not reach 
statistical significance (HR, 0.87; 95% CI, 0.72–1.04). 
For CVD subtypes and all-cause mortality, there was 
a graded association between overall CVH and risk; 
risk was lowest in those with ideal overall CVH at both 
measures.

Cardiovascular Health as a Time-
Dependent Exposure
The results for each CVH metric, treated as a time-
dependent measure for CVD and all-cause mortality 
are given in Table S4. Compared with poor status, in-
termediate and ideal status on all metrics except diet 
and total cholesterol was associated with a lower risk 
of CVD and mortality. Diet was not associated with 
either outcome, and ideal cholesterol was associated 
only with lower risk of CVD.

The number of ideal CVH metrics score ranged 
from 0 (none) to all 7 metrics at ideal levels. The 

individuals with 6 and 7 ideal metrics were combined 
into 1 category in subsequent analyses because of 
the small number of participants with all 7 metrics 
at ideal levels (n=11). The adjusted Cox time-varying 
CVH analysis showed a strong graded association 
of number of ideal metrics with CVD and mortality, 
Table S5 (P for trend <0.001). Compared with those 
with 0 ideal metrics, the risk of CVD (HR, 0.20; 95% 
CI, 0.15–0.27) and mortality (HR, 0.29; 95% CI, 0.22–
0.37) was lowest in those with 6 of the 7 ideal metrics. 
Categorized into 0 to 2, 3 to 4, 5 to 7 ideal metrics 
yielded similar results, with a graded association and 
the risk for both CVD and mortality being lowest in 
those with more metrics at ideal levels. The general 
pattern of results was similar for all CVD subtypes 
and cause-specific mortality, as shown in Table S6.

The large sample size of the ARIC study allowed 
us to examine the association of ideal CVH metrics, 
treated as time-varying variables, with CVD and mortal-
ity in both Black and White participants. These results 
show the protective association of a greater number of 
ideal metrics to be similar in Black and White partici-
pants (Table S7).

DISCUSSION
We report 3 key findings based on analysis of data 
spanning 25 years in over 10 038 ARIC study partici-
pants. First, analysis of change in CVH status from 1987 
to 1989 to 1993 to 1995 shows that having ideal CVH 
at the first period, either in individual CVH metrics or 

1987–1989 to 1993–1995 N (%)

CVD Mortality

N Events (%) HR* (95% CI) P Value† N Events (%) HR (95% CI) P Value†

Intermediate to ideal 1084 (11.0) 300 (27.7) 0.85 (0.73–1.00) 406 (37.45) 1.05 (0.91–1.20)

Ideal to poor or intermediate 1014 (10.1) 239 (23.6) 0.86 (0.73–1.02) 290 (28.60) 0.98 (0.84–1.13)

Ideal to ideal 2829 (28.2) 659 (23.3) 0.75 (0.65–0.85) 926 (32.73) 1.01 (0.90–1.14)

Blood pressure <0.001 <0.001

Poor to poor 1788 (17.8) 735 (41.1) 1.00 (ref) 873 (48.83) 1.00 (ref)

Poor to intermediate or Ideal 534 (5.3) 206 (38.6) 0.98 (0.83–1.14) 236 (44.19) 1.02 (0.88–1.18)

Intermediate to poor 1061 (10.6) 378 (35.6) 0.85 (0.75–0.96) 441 (41.56) 0.87 (0.77–0.97)

Intermediate to Intermediate 1514 (15.1) 416 (27.5) 0.64 (0.57–0.73) 528 (34.87) 0.76 (0.68–0.84)

Intermediate to ideal 545 (5.4) 117 (21.5) 0.51 (0.42–0.63) 175 (32.11) 0.75 (0.64–0.88)

Ideal to poor or intermediate 1561 (15.5) 369 (23.6) 0.59 (0.52–0.67) 457 (29.28) 0.72 (0.65–0.81)

Ideal to ideal 3035 (30.2) 475 (15.6) 0.40 (0.36–0.45) 721 (23.76) 0.62 (0.56–0.69)

ROC values of CVD models and mortality models: smoking (0–69), BMI (0–68), total cholesterol (0–67), blood glucose (0–69), blood pressure (0–69), physical 
activity (0–67), and diet (0–67). The time-dependent ROC values were computed using cumulative case/dynamic control ROC prediction models. Respective 
AIC values of CVD unadjusted and the adjusted model for smoking (44051 vs 43795), BMI (44036 vs 43814), total cholesterol (44204 vs 43915), blood glucose 
(43849 vs 43659), blood pressure (43847 vs 43674), physical activity (44137 vs 43898), and diet (44214 vs 43952). Respective AIC values of mortality unadjusted 
and the adjusted model for smoking (56923 vs 56657), BMI (57243 vs 56971), total cholesterol (57333 vs 57042), blood glucose (57109 vs 56884), blood 
pressure (57185 vs 56958), physical activity (57275 vs 57003), and diet (57321 vs 57052). AIC indicates Akaike information criterion; BMI, body mass index; 
CVD, cardiovascular disease; CVH, cardiovascular health; HR, hazard ratio; and ROC, receiver operating characteristic curve.

*HRs were estimated using Cox proportional hazards regression with age as the time scale and adjusted for sex, year of birth, education, and race. 
†Overall type 3 P values. 

Table 2.  Continued
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overall CVH, was associated with lower risk of incident 
CVD and mortality regardless of subsequent change 
in CVH. Second, improvement of CVH from poor to 
intermediate or ideal was consistently associated with 
lower risk of incident CVD and mortality when com-
pared with those with persistently poor CVH. Finally, 
improvement in CVH (17% of the study population) 
was less common than worsening of CVH (21%); this 
highlights the importance of primordial prevention by 
targeting CVH metrics.

The current study showed that, regardless of the 
CVH pattern of change over the 2 measures, partic-
ipants with an initial ideal/intermediate CVH status 
had a lower risk of incident CVD events and all-cause 
mortality compared with participants with poor CVH at 
the first measure. This observation adds empirical ev-
idence that maintaining CVH into mid-to-late 50 years 
of age has a protective effect on subsequent health 
outcomes.25 Having intermediate or ideal CVH in mid-
life has beneficial effects even for those in their sixth 
and seventh decades. Only 1 prior report investigated 
the association between change in CVH, incident 
CVD, and mortality in the United States. That study 
used data from 3460 participants in the Framingham 

Offspring study cohort, and reported increasing odds 
of subclinical disease, CVD, and death associated with 
worsening CVH scores over a 20-year look-back pe-
riod using high and poor classification of CVH.26 Our 
study, which utilizes a much larger cohort, extends 
these results by examining individual CVH metrics and 
detailing patterns of change in CVH using 3 levels of 
CVH (poor, intermediate, and ideal) as recommended 
by the AHA.1

Another major finding from our analyses is that in-
dividuals who started with poor CVH and improved 
their CVH metrics over time lowered their risk of 
CVD and all-cause mortality. As study participants 
were already middle-aged at first CVH assessment, 
our results suggest that improvement of poor CVH 
later in life is also associated with health benefits. So 
far, very few studies have investigated CVH change 
and hard CVD outcomes; several studies have ex-
amined the association of CVH change with sub-
clinical markers of vascular structure and function. 
In the ARIC study, improving and maintaining ideal 
CVH through mid- to late life has been associated 
with better cardiovascular structure and function 
over time, and lower CVD prevalence.14 Furthermore, 

Figure 2.  Forest plot of adjusted hazard ratios (HRs) of change in cardiovascular health (CVH) status between 1987 to 1989 
and 1993 to 1995 and cardiovascular disease (CVD) and mortality over the follow-up.
A, Incident CVD. B, Mortality.
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in middle-aged and older adults in China, Gao et al. 
showed that improvements in CVH and maintaining 
a healthy lifestyle can attenuate or even reverse the 
progression of atherosclerosis, which may, in part, 
underlie the inverse relations between CVH and in-
cident CVD.15 Using Framingham Heart Study data, 
Hwang and colleagues showed that a decrease in 
the number of ideal CVH metrics over 6.1  years is 
associated with coronary artery calcium progression 
in low-risk, middle-aged men and women.27 These 
results are consistent with our findings of a tracking 
effect, and suggest that the potential benefits associ-
ated with ideal CVH may persist over time.25

One recent  study17 investigated patterns of CVH 
change over a median 11 years of follow-up with inci-
dent CVD and all-cause mortality using data from the 
UK’s Whitehall II study. Although some of the findings 
between their study and ours are similar, unlike the cur-
rent study, the authors did not find an association be-
tween improving CVH from low to moderate or low to 
high with a lower risk of CVD and mortality outcomes. 
Therefore, they reported that there was an inconsis-
tent relationship between the direction of change in 
CVH and subsequent risk of CVD. In contrast to these 
findings, the findings of the current study support the 
benefits of improving CVH throughout midlife, which 
have important implications for lowering CVD and 
all-cause mortality rates in later life. It is possible that 
the younger age of the Whitehall II study participants 
compared with the ARIC study (44 versus 54 years of 
age, respectively) and the long-time window to assess 
change in CVH (11 years versus 6 years, respectively) 
led to these inconsistent results. Additional differences 
between the 2 samples may be responsible for the 
more robust results of the current study: more repre-
sentative of the community, and larger sample size, as 
well as number of cases resulting in higher statistical 
power.

So far, 3 US studies have described time trends 
of CVH, without attempting to examine the impact of 
these changes on risk of CVD or mortality. A previous 
study using data from the ARIC study reported a low 
prevalence of ideal CVH at baseline and a decline of 
ideal CVH between 1987 to 2013.14 Using data from 
the National Health and Nutrition Examination Survey, 
researchers found that between 1988 and 2008 there 
was a statistically significant decrease in the prevalence 
of ideal BMI (44.1%–32.5), ideal diet (33.1%–22.3%), 
and fasting blood glucose (67.3%–59.5%), whereas 
the prevalence of nonsmoking status (45.3%–53.2%) 
improved over time.4 Decrease in optimal values of 
blood pressure, glucose, and cholesterol were also re-
ported, while the prevalence of ideal total cholesterol 
and physical activity remained unchanged. In a third 
report, the proportion of people meeting ideal CVH cri-
teria in the Framingham Offspring study26 decreased 

from 8.5% (1991–1995) to 5.9% from 2005 to 2008. 
Furthermore, the investigators observed a decrease 
in the proportion of participants with ideal BMI (from 
35.2%–29.6%), blood pressure (from 35.7%–21.6 %), 
glucose (from 68.2%–47.0 %), and cholesterol (from 
44.6%–30.5%) over 17  years (1991–2008). The only 
improvement found was a decrease in smoking preva-
lence from 36.3% to 32.7%. The results of the previous 
studies are similar to the current study, wherein only 
the prevalence of nonsmoking and cholesterol at ideal 
level increased over time. Use of cholesterol-lowering 
medication increased over time, suggesting that med-
ication may play a role in changes in ideal cholesterol 
CVH status.

Implications
Our findings carry potentially important implications 
for population health prevention of CVD and for clini-
cal decision-making. We found that individuals with 
ideal CVH at baseline who worsened their CVH over 
time had a lower CVD event risk and all-cause mortal-
ity compared not only to participants with consistently 
poor CVH, but to those with poor and intermediate 
CVH who improved their CVH over time. This highlights 
the role of CVH as early as possible. We also found that 
improvement in CVH score likely was strongly driven 
by less cigarette smoking and lower total cholesterol 
over time, highlighting the success of efforts to improve 
these factors. Clinical and public health efforts should 
also now be aimed at addressing the remaining CVH 
metrics (BMI, diet, physical activity, blood glucose, and 
blood pressure) to further improve primordial preven-
tion of CVD.

Strengths and Limitations
Strengths of the current study include the use of a 
large dataset with both Black and White participants, 
a wide age range (44–66 years at baseline), a long fol-
low-up for CVD events (median, 19; interquartile range, 
13–21 years) and all-cause mortality (median, 20; in-
terquartile range, 16–21 years). However, our investi-
gation has several limitations. First, the ARIC cohort 
is community-based, but not nationally representative. 
This may affect estimates of prevalence of CVH and 
CVH change patterns, but not the association between 
change in CVH and outcomes. Second, 3534 of the 
15 048 participants at the first measure could not be 
included in the analysis because of missing data. This 
might have introduced selection bias, as shown by the 
comparison of included and excluded participants, 
as those excluded were less likely to be White, have 
a university degree, and high income. Third, the ob-
servational design precludes causal inferences; how-
ever, given decades of data on the causal nature of at 
least several of these factors, it would be reasonable 
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to state that at least smoking, BMI, total cholesterol, 
blood glucose, blood pressure, physical activity, and 
diet are causally linked to CVD, and there is likely some 
casual effect to the associations observed. In addition, 
the age of the cohort does not change our estimates 
and does not affect our conclusion that improving CVH 
is associated with lower risk of incident CVD and all-
cause mortality. Finally, given the multiple testing in our 
study, and no multiplicity adjustments, the type 1 error 
is likely inflated.

CONCLUSIONS
Our investigation of a large community-based sample 
of Black and White middle-aged adults in the United 
States demonstrates that a consistently ideal CVH 
status and initial ideal CVH are associated with lower 
CVD event risk and all-cause mortality. Improvements 
in CVH over time were also associated with a lower 
CVD event risk and lower all-cause mortality. This sug-
gests that promotion of ideal CVH status is relevant at 
every stage of adult life, suggesting that for primordial 
and primary prevention efforts, individual and public 
health interventions should start very early and con-
tinue throughout life. Understanding the factors influ-
encing patterns of CVH change over time may inform 
us regarding strategies for promoting ideal CVH.
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Figure S1. Flowchart of sample selection. 

 

N= 15,048   

1987-1989 

Excluded (1987-1989) 

Prevalent CVD, N= 1,168 

Data missing on covariates, N=15 

Data missing on CVH metrics, N=316 

N=10,038  

Excluded (1993-1995) 

Death or Incidence of CVD between 1987-1989 & 1993-

1995, N=308 

Non-participation in 1993-1995, N=2,924 

Data missing on outcome, N=279 



Figure S2. Kaplan Meier curves showing association of change in CVH between 1987-1989 and 

1993-1995 and subsequent Coronary Heart Disease (A), Stroke (B), and Heart Failure (C). 

A. Coronary Heart Disease (CHD) 

 

  



 

B. Stroke 

 

 

  



 

C. Heart Failure 

 

 

  



Table S1. Definition of CVH metrics in the ARIC study, using the American Heart Association 

(AHA) definition. 

 

CVH metrics Poor Intermediate Ideal 

Smoking Current smoker Quit smoking ≤12 months ago 
Never smoked OR 

quit >12 months ago 

Body Mass Index ≥30 kg/m2 25 to 29.9 kg/m2 <25 kg/m2 

Healthy diet score*  0-1 component 2-3 components 4-5 components 

Physical activity 
No moderate or vigorous 

activity 

1-149 min/week moderate OR 

1-74 min/week vigorous 

activity OR 

1-149 min/week of moderate 

and vigorous activity 

≥150 min/week moderate 

activity OR ≥75min/week 

vigorous activity OR ≥150 

min/week moderate and 

vigorous activity 

Fasting 

Blood glucose 
≥126 mg/dL 

100–125 mg/dL OR 

 <100 mg/dL treated 
<100 mg/dL untreated 

Fasting 

Total cholesterol 
≥240 mg/dL 

200–239 mg/dL OR 

<200 mg/dL treated 
<200 mg/dL untreated 

Blood pressure 

(SBP/DBP) 

SBP ≥140 OR 

DBP≥90 mmHg 

120–139/80–89 mmHg OR 

<120/<80 mmHg treated 
< 120/80 mmHg untreated 

* Diet was assessed using the 66-item Harvard food frequency questionnaire. Persons with extreme energy intake of <600 

or >4,200 kcal/day for men or <500 or >3,600 kcal/day for women (approximate lower and upper 1 per- centiles) were 

excluded. The following 5 components were used to designate an ideal diet: fruits and vegetables: ≥4.5 cups per day; fish: 

≥ two 3.5-oz servings per week; fiber-rich whole grains: ≥three 1-oz-equivalent servings per day; sodium: <1500 mg per 

day; sugar sweetened beverages: ≤450 kcal (36 oz) per week. 



Table S2. Comparison of participant characteristics in 1987-1989 in those included and excluded from the analyses. 

 

 
Participants in 

the analysis 

 
Participants excluded 

 from the analysis 
 

  (N=10,038) 

Missing data  

in 1993-1995 

(N=2,924) 

p* 

Missing data on 

outcome 

(N=279) 

p† 

Age, Mean (SD) 54 (5.7) 54.9 (6.0) <0.001 52.4 (5.5) <0.001 

Male, N (%) 4456 (44.4) 1,338 (47.2) 0.20 78 (28.0) <0.001 

University Education, N (%) 8189 (81.6) 1,712 (60.5) <0.001 199 (71.3) <0.001 

White, N (%) 8066 (80.4) 1,615 (57.0) <0.001 146 (52.3) <0.001 

High income, N (%) 2725 (28.7) 430 (15.9) <0.001 40 (15.7) <0.001 

Cigarette smoking, N (%) 2257 (22.5) 1,153 (40.8) <0.001 51 (18.3) 0.11 

BMI (kg/m²), Mean (SD) 27.3 (5.0) 28.2 (6) <0.001 27.7 (5.6) 0.19 

Glucose (mg/dL), Mean (SD) 105.1 (31.5) 119.8 (58.6) <0.001 100.9 (21.2) 0.03 

Glucose lowering medication use, N (%) 341 (4.0) 337 (13.6) <0.001 4 (1.8) 0.10 

Cholesterol (mg/dL), Mean (SD) 214.2 (40.7) 216.2 (45.5) 0.02 213.8 (43.3) 0.87 

Cholesterol lowering medication use, N (%) 259 (2.6) 94 (3.4) 0.07 5 (1.8) 0.53 

SBP (mmHg), Mean (SD) 119.4 (17.3) 126.7 (22.7) <0.001 120 (16.8) 0.57 

Antihypertensive medication use, N (%) 2005 (20.0) 929 (33.1) <0.001 62 (22.2) 0.40 

 

* p-values for comparisons between participants included in the analysis and participants missing data in 1993-1995 
† p-values for comparisons between participants included in the analysis and participants missing data on outcome 



Table S3. Characteristics of the ARIC study population in 1987-1989 and 1993-1995. 

 
 1987-1989 1993-1995 p 

Age, Mean (SD) 54.0 (5.7) 59.9 (5.7) <0.0001 

Male, N (%) 4456 (44.4)   

University Education, N (%) 8189 (81.6)   

White, N (%) 8066 (80.4)   

High income, N (%) 2725 (28.7) 3110 (32.0) <0.0001 

Overall Ideal CVH score, N (%)   <0.0001 

Poor (0-2 Ideal metrics) 4001 (39.9) 4324 (43.1)  

Intermediate (3-4 Ideal metrics) 4706 (46.9) 4550 (45.3)  

Ideal (5-7 Ideal metrics) 1331 (13.3) 1164 (11.6)  

Smoking, N (%)   <0.001 

Poor 2257 (22.5) 1755 (17.5)  

Intermediate 272 (2.7) 160 (1.6)  

Ideal 7509 (74.8) 8123 (80.9)  

Body Mass Index, N (%)   <0.001 

Poor 2486 (24.8) 3169 (31.6)  

Intermediate 4023 (40.1) 3980 (39.7)  

Ideal 3529 (35.2) 2889 (28.8)  

Physical Activity, N (%)   <0.001 

Poor 3428 (34.2) 3490 (34.8)  

Intermediate 2570 (25.6) 2279 (22.7)  

Ideal 4040 (40.3) 4269 (42.5)  

Diet, N (%)   <0.001 

Poor 3218 (32.1) 3016 (30.1)  

Intermediate 6395 (63.7) 6562 (65.4)  

Ideal 425 (4.2) 460 (4.6)  

Blood Glucose, N (%)   <0.001 

Poor 762 (7.6) 1240 (12.4)  

Intermediate 3839 (38.2) 3813 (38.0)  

Ideal 5437 (54.2) 4985 (49.7)  

Total Cholesterol, N (%)   <0.001 

Poor 2360 (23.5) 1837 (18.3)  

Intermediate 3835 (38.2) 4157 (41.4)  

Ideal 3843 (38.3) 4044 (40.3)  

Blood Pressure, N (%)   <0.001 

Poor 2322 (23.1) 3135 (31.2)  

Intermediate 3120 (31.1) 3273 (32.6)  

Ideal 4596 (45.8) 3630 (36.2)  

SD=standard deviation; BMI=body mass index; SBP=systolic blood pressure; CVH=cardiovascular health 



Table S4. Association of time-varying individual CVH metrics with incidence of CVD and Mortality. 
 
  Cardiovascular Disease Mortality 

 N (%) N events (%) HR* (95% CI) p N events (%) HR* (95% CI) p 

Smoking ‡        

Poor 2257 (22.5) 771 (34.2) 1.00 (ref)  1085 (48.1) 1.00 (ref)  

Intermediate 272 (2.7) 81 (29.8) 0.61 (0.45, 0.83) 0.002 104 (38.2) 0.68 (0.53, 0.87) 0.002 

Ideal 7509 (74.8) 1844 (24.6) 0.56 (0.51, 0.62) <0.001 2242 (29.9) 0.46 (0.43, 0.50) <0.001 

Body Mass Index ‡        

Poor 2486 (24.8) 886 (35.6) 1.00 (ref)  1026 (41.3) 1.00 (ref)  

Intermediate 4023 (40.1) 1088 (27.0) 0.68 (0.62, 0.74) <0.001 1349 (33.5) 0.75 (0.69, 0.81) <0.001 

Ideal 3529 (35.2) 722 (20.5) 0.64 (0.58, 0.70) <0.001 1056 (29.9) 0.85 (0.78, 0.92) <0.001 

Diet ‡        

Poor 3218 (32.1) 903 (28.1) 1.00 (ref)  1174 (36.5) 1.00 (ref)  

Intermediate 6395 (63.7) 1696 (26.5) 0.97 (0.89, 1.06) 0.48 2129 (33.3) 0.96 (0.89, 1.03) 0.29 

Ideal 425 (4.2) 97 (22.8) 0.95 (0.79, 1.16) 0.63 128 (30.1) 0.88 (0.74, 1.05) 0.15 

Physical activity ‡        

Poor 3428 (34.2) 1079 (31.5) 1.00 (ref)  1329 (38.8) 1.00 (ref)  

Intermediate 2570 (25.60) 673 (26.2) 0.84 (0.76, 0.93) <0.001 823 (32.0) 0.88 (0.80, 0.96) <0.001 

Ideal 4040 (40.2) 944 (23.4) 0.76 (0.70, 0.83) <0.001 1279 (31.7) 0.75 (0.69, 0.81) <0.001 

Blood Glucose ‡        

Poor 762 (7.6) 384 (50.5) 1.00 (ref)  44 (58.3) 1.00 (ref)  

Intermediate 3839 (38.2) 1100 (28.6) 0.49 (0.44, 0.54) <0.001 1401 (36.5) 0.58 (0.53, 0.63) <0.001 

Ideal 5437 (54.2) 1212 (22.3) 0.39 (0.35, 0.43) <0.001 1586 (292) 0.53 (0.48, 0.58) <0.001 

Total Cholesterol ‡        

Poor 2360 (23.5) 767 (32.5) 1.00 (ref)  930 (39.4) 1.00 (ref)  

Intermediate 3835 (38.2) 1031 (26.9) 0.92 (0.83, 1.02) 0.12 1285 (33.5) 0.98 (0.90, 1.08) 0.74 

Ideal 3843 (38.3) 898 (23.4) 0.84 (0.75, 0.93) <0.001 1216 (316) 1.07 (0.97, 1.17) 0.19 



Blood Pressure ‡        

Poor 2322 (23.1) 941 (40.5) 1.00 (ref)  1109 (47.8) 1.00 (ref)  

Intermediate 3120 (31.1) 911 (29.2) 0.69 (0.63, 0.75) <0.001 1144 (36.7) 0.80 (0.74, 0.87) <0.001 

Ideal 4596 (45.8) 844 (184) 0.46 (0.42, 0.51) <0.001 1178 (25.6) 0.69 (0.63, 0.75) <0.001 

*Hazard ratios were estimated using time varying CVH in Cox proportional hazards regression with age as the time-scale, adjusted for sex, year of birth, education, income, and race. 
† Categorization of CVH metrics as poor, intermediate, or ideal are shown in Table S1. 

  



Table S5. Association of CVH as time-dependent exposure with CVD and mortality.*  

 

N Ideal metrics  
 All CVD events Mortality 

N (%) N events (%) HR (95% CI) p  N events (%) HR (95% CI) p  

   0 192 (1.9) 93 (48.4) 1.00 (ref)  110 (57.3) 1.00 (ref)  

   1 1340 (13.4) 575 (42.9) 0.73 (0.63, 0.86) <0.001 637 (47.5) 0.74 (0.64, 0.85) <0.001 

   2 2469 (24.6) 817 (33.1) 0.55 (0.47, 0.64) <0.001 1018 (41.2) 0.61 (0.53, 0.71) <0.001 

   3 2712 (27.0) 689 (25.4) 0.43 (0.36, 0.50) <0.001 926 (34.1) 0.53 (0.46, 0.61) <0.001 

   4 1994 (19.9) 354 (17.7) 0.33 (0.28, 0.39) <0.001 508 (25.5) 0.46 (0.39, 0.53) <0.001 

   5 1008 (10.0) 139 (13.8) 0.28 (0.23, 0.34) <0.001 191 (18.9) 0.37 (0.32, 0.44) <0.001 

   6-7 323 (3.2) 29 (9.3) 0.20 (0.15, 0.27) <0.001 41 (12.7) 0.29 (0.22, 0.37) <0.001 

Overall Ideal CVH score     

Poor 

(0-2 Ideal metrics) 
4001 (39.9)  1485 (37.1) 1.00 (ref)  1765 (44.1) 1.00 (ref)  

Intermediate 

(3-4 Ideal metrics) 
4706 (46.9) 1043 (22.2) 0.62 (0.59, 0.66) <0.001 1434 (30.5) 0.75 (0.71, 0.79) <0.001 

Ideal 

(5-7 Ideal metrics) 
1331 (13.2) 168 (12.6) 0.43 (0.38, 0.48) <0.001 232 (17.4)  0.53 (0.48, 0.59) <0.001 

HR: Hazard Ratio; CI: Confidence Interval 

*Analysis undertaken using time dependent Cox proportional hazards regression with age as the time-scale, adjusted for sex, year of birth, education, income, and race.  



Table S6. Association of time-varying CVH metrics with CVD sub-types and cause-specific mortality.  

*Analysis undertaken using time dependent Cox proportional hazards regression models with age as the time-scale, adjusted for sex, year of birth, education, income and race. 

Number of ideal metrics 

 

 

 

N (%) 

 

N events (%) 

(%) 
sHR (95% CI)               p N events 

(%) (%) 
sHR (95% CI)               p N events 

(%) (%) 
sHR (95% CI)               p 

CARDIOVASCULAR DISEASE 

Coronary Heart Disease Stroke Heart Failure 

0 192 (1.9) 41 (21.3) 1.00 (ref)  24 (12.5) 1.00 (ref)  68 (35.4) 1.00 (ref)  

1 1340 (13.3) 261(19.5) 0.82 (0.65, 1.04) 0.10 155 (11.6) 0.79 (0.58, 1.08) 0.14 399 (29.8) 0.70 (0.58, 0.84) <0.001 

2 2469 (24.6) 363(14.7) 0.59 (0.47, 0.74) <0.001 214 (8.7) 0.58 (0.43, 0.79) <0.001 510 (20.7) 0.48 (0.40, 0.58) <0.001 

3 2712 (27.0) 291(10.7) 0.44 (0.35, 0.56) <0.001 188 (6.9) 0.47 (0.35, 0.64) <0.001 426 (15.7) 0.38 (0.32, 0.46) <0.001 

4 1994 (19.9) 142 (7.1) 0.32 (0.25, 0.42) <0.001 83 (4.2) 0.33 (0.24, 0.46) <0.001 212 (10.6) 0.29 (0.24, 0.36) <0.001 

5 1008 (10.0) 44 (4.4) 0.25 (0.18, 0.33) <0.001 41 (4.1) 0.34 (0.24, 0.49) <0.001 74 (7.3) 0.23 (0.19, 0.30) <0.001 

6 or 7 323 (3.2) 13 (4.0) 0.21 (0.14, 0.34) <0.001 4 (1.2) 0.15 (0.08, 0.30) <0.001 17 (5.3) 0.17 (0.11, 0.25) <0.001 

Overall Ideal CVH score 

Poor (0-2 Ideal metrics) 4001(39.9) 665(16.6) 1.00 (ref)  393 (9.8) 1.00 (ref)  977 (24.4) 1.00 (ref)  

Intermediate (3-4 Ideal 

metrics) 
4706(46.9) 433 (9.2) 0.58 (0.53, 0.63) <0.001 271 (5.8) 0.62 (0.56, 0.70) <0.001 638 (13.6) 0.60 (0.56, 0.65) <0.001 

Ideal (5-7 Ideal metrics) 1331(13.2) 57 (4.3) 0.36 (0.30, 0.43) <0.001 45 (3.4) 0.45 (0.36, 0.56) <0.001 91 (6.8) 0.39 (0.33, 0.45) <0.001 

Number of ideal metrics  

MORTALITY 

Diseases of the circulatory system Cancer Other causes 

0 192 (1.9) 40 (20.8) 1.00 (ref)  30 (16.6) 1.00 (ref)  40 (20.8) 1.00 (ref)  

1 1340 (13.4) 204 (15.2) 0.69 (0.47, 1.01) 0.05 185 (13.8) 0.68 (0.46, 0.99) 0.05 248(18.5) 0.73 (0.51, 1.05) 0.09 

2 2469 (24.6) 296 (12.0) 0.49 (0.34, 0.71) <0.001 347 (14.1) 0.60 (0.41, 0.87) 0.006 375(15.2) 0.59 (0.41, 0.84) 0.003 

3 2712 (27.0) 244 (9.0) 0.40 (0.27, 0.58) <0.001 328 (12.1) 0.53 (0.37, 0.77) <0.001 354(13.1) 0.48 (0.33, 0.68) <0.001 

4 1994 (19.9) 99 (5.0) 0.29 (0.19, 0.43) <0.001 193 (9.7) 0.50 (0.34, 0.74) <0.001 216(10.8) 0.45 (0.31, 0.66) <0.001 

5 1008 (10.0) 48 (4.8) 0.28 (0.18, 0.44) <0.001 70 (6.9) 0.40 (0.26, 0.62) <0.001 73 (7.2) 0.38 (0.25, 0.57) <0.001 

6 or 7 323 (3.2) 7 (2.4) 0.21 (0.10, 0.44) <0.001 17 (5.7) 0.32 (0.18, 0.59) <0.001 17 (5.7) 0.31 (0.17, 0.55) <0.001 

Overall Ideal CVH score 

Poor (0-2 Ideal metrics) 4001(39.9) 540(13.5) 1.00 (ref)  562 (14.1) 1.00 (ref)  663 (16.6) 1.00 (ref)  

Intermediate (3-4 Ideal 

metrics) 
4706(46.9) 343 (7.3) 0.58 (0.51, 0.67) <0.001 521 (11.1) 0.79 (0.70, 0.90) <0.001 570 (12.1) 0.75 (0.67, 0.84) <0.001 

Ideal (5-7 Ideal metrics) 1331(13.2) 55 (4.1) 0.39 (0.30, 0.52) <0.001 87 (6.5) 0.52 (0.41, 0.65) <0.001 90 (6.8) 0.50 (0.40, 0.61) <0.001 



Table S7. Association of time-varying CVH metrics with CVD and mortality in black and white participants of the ARIC study.  

 
CVD Mortality 

N events (%) HR (95% CI) p N events (%) HR (95% CI) p 

BLACK participants (N=1972) N (%)       

N Ideal metrics        

   0 70 (3.5) 23 (32.9) 1.00 (ref)  49 (70.0) 1.00 (ref)  

   1 441 (22.4) 131 (29.7) 0.77 (0.59, 1.01) 0.06 210 (47.6) 0.66 (0.52, 0.83) <0.001 

   2 632 (32.0) 131 (20.7) 0.6 (0.46, 0.78) <0.001 286 (45.2) 0.59 (0.47, 0.74) <0.001 

   3 501 (25.4) 92 (18.4) 0.49 (0.38, 0.64) <0.001 194 (38.7) 0.51 (0.4, 0.65) <0.001 

   4 240 (12.2) 29 (12.1) 0.37 (0.28, 0.51) <0.001 77 (32.1) 0.39 (0.30, 0.50) <0.001 

   5, 6, 7 88 (4.5) 7 (7.9) 0.28 (0.18, 0.44) <0.001 19 (21.6) 0.36 (0.25, 0.52) <0.001 

Overall Ideal CVH score        

Poor (0-2 Ideal metrics) 1143 (58.0) 285 (24.9) 1.00 (ref)  545 (47.7) 1.00 (ref)  

Intermediate (3-4 Ideal metrics) 741 (37.6) 121 (16.3) 0.66 (0.59, 0.74) <0.001 271 (36.6) 0.74 (0.66, 0.82) <0.001 

Ideal (5-7 Ideal metrics) 88 (4.4) 7 (7.9) 0.42 (0.29, 0.6) <0.001 19 (21.6) 0.57 (0.42, 0.77) <0.001 

WHITE participants  

N Ideal metrics       

   0 122 (1.5) 35 (28.7) 1.00 (ref)  61 (500) 1.00 (ref)  

   1 899 (11.1) 238 (26.5) 0.71 (0.59, 0.86) <0.001 427 (47.5) 0.80 (0.66, 0.97) 0.02 

   2 1837 (22.7) 401 (31.8) 0.52 (0.43, 0.63) <0.001 732 (39.8) 0.64 (0.53, 0.77) <0.001 

   3 2211 (27.3) 349 (15.8) 0.4 (0.33, 0.48) <0.001 732 (33.1) 0.55 (0.46, 0.67) <0.001 

   4 1754 (21.6) 189 (10.8) 0.32 (0.26, 0.38) <0.001 431 (24.6) 0.49 (0.41, 0.60) <0.001 

   5, 6, 7 1243 (15.3) 93 (7.5) 0.25 (0.21, 0.31) <0.001 213 (17.1) 0.37 (0.31, 0.46) <0.001 

Overall Ideal CVH score        

Poor (0-2 Ideal metrics) 2858 (35.4) 674 (23.6) 1.00 (ref)  1220 (42.7) 1.00 (ref)  

Intermediate (3-4 Ideal metrics) 3965 (49.2) 538 (13.6) 0.62 (0.58, 0.66) <0.001 1163 (29.3) 0.75 (0.71, 0.80) <0.001 

Ideal (5-7 Ideal metrics) 1243 (15.4) 93 (7.5) 0.43 (0.38, 0.48) <0.001 213 (17.1) 0.53 (0.48, 0.59) <0.001 

Hazard ratios were estimated from time dependent Cox proportional hazards regression models with age as the time-scale, adjusted for sex, year of birth, education, income. 

 

 


