JACC: CARDIOVASCULAR IMAGING voL. B, NO. H, 2025
© 2025 BY THE AMERICAN COLLEGE OF CARDIOLOGY FOUNDATION
PUBLISHED BY ELSEVIER

ORIGINAL RESEARCH

Mid- to Late-Life Traditional
Cardiovascular Risk Factor Exposure
and Zero Coronary Artery Calcium
The ARIC (Atherosclerosis Risk in Communities) Study

Frances M. Wang, PuD, MS,? Shoshana H. Ballew, PuD,*>"° Aaron R. Folsom, MD,¢ Lynne E. Wagenknecht, DrPH,*
Candace M. Howard, MD, PuD,! Josef Coresh, MD, PuD,>>¢ Matthew J. Budoff, MD,% Michael J. Blaha, MD, MPH,*
Kunihiro Matsushita, MD, PuD?

ABSTRACT

BACKGROUND Our understanding of traditional atherosclerotic risk factors is based predominantly on one-time
measurements and associations with adverse cardiovascular outcomes.

OBJECTIVES The aim of this study was to evaluate the contribution of mid- to late-life cumulative risk factor exposure
to healthy arterial aging, represented by a persistent coronary artery calcium (CAC) score of zero.

METHODS Among 2,044 community-dwelling, participants free of coronary heart disease from the ARIC (Atheroscle-
rosis Risk in Communities) study, the associations of ~30-year time-weighted average mid- to late-life (starting at a
median age of 49 years in 1987-1989) traditional atherosclerotic risk factors (cholesterol, systolic blood pressure, fasting
glucose, and smoking) with late-life (median age 80 years in 2018-2019) CAC O were evaluated.

RESULTS A total of 204 participants (10.0%) had CAC O, and they tended to have more favorable mid- to late-life
average risk factor profiles than those with CAC: lower total cholesterol, especially <160 mg/dL; lower systolic blood
pressure, especially <125 mm Hg; and higher high-density lipoprotein cholesterol, especially >45 mg/dL. The association
was less evident for fasting glucose, with no increased probability of CAC O at <95 mg/dL. Never smoking was associated
with a 5.7 (95% Cl: 2.3-16.7) times greater odds of CAC O vs smoking throughout mid- to late-life. Within sex-race
groups, average modifiable risk factors predicted substantial differences in CAC O probability (eg, for a Black woman,
53% vs 0.4% for a low vs high risk factor profile, respectively).

CONCLUSIONS Favorable average risk factor profiles at mid- to late-life were associated with a greater probability of
CAC O at older age. These results highlight the importance of maintaining a healthy risk factor profile from mid- to late-
life, with implications for public health promotion and policy. (JACC Cardiovasc Imaging. 2025;m:m-m) © 2025 by the
American College of Cardiology Foundation.
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ABBREVIATIONS
AND ACRONYMS

CAC = coronary artery calcium
CHD = coronary heart disease

HbA,. = glycated hemoglobin

HDL-C = high-density
lipoprotein cholesterol
LDL-C = low-density

lipoprotein cholesterol

SBP = systolic blood pressure

Ithough age is one of the strongest
risk factors for cardiovascular dis-
ease, vascular disease burden is
very heterogeneous among older adults.'
Traditionally, studies have focused on the
unhealthy end of the arterial aging spectrum,
namely, advanced atherosclerosis, vascular
stiffening, or adverse outcomes such as car-
diovascular death and myocardial infarction.
However, the focus of public health and clin-
ical research has expanded beyond avoiding
cardiovascular disease toward optimizing long-term
healthy arterial aging in the population (eg, the AHA
[American Heart Association] 2030 goals to extend
health-adjusted life expectancies).” Knowledge of
cardiovascular health profiles linked to healthy arte-
rial aging is important for understanding how to opti-
mize cardiovascular health and extend cardiovascular

disease-free healthy life expectancy in the general
population.

Although various measures of healthy arterial ag-
ing have been proposed or explored,* a coronary
artery calcium (CAC) score of zero has especially
attracted attention, including in recent clinical
guidelines,® as one of the strongest negative pre-
dictors of cardiovascular disease and mortality.'?"”
For example, even in the 75-and-older age group, a
prior study demonstrated that the risk for mortality
over a 5.6-year follow-up period in those with CAC
0 was 2% compared with 19% in those with CAC
scores >400.'® Thus, maintenance of CAC 0 into older
adulthood is a logical and clinically important marker
of healthy arterial aging to help us further understand
lifelong contributors to optimal arterial aging.

Leveraging >30 years of data on traditional car-
diovascular risk factors from the ARIC (Atheroscle-
rosis Risk in Communities) study, we assessed the
association between average risk factor exposures
from mid- to late-life with CAC 0. We also contrasted
the associations of midlife vs late-life risk factors with
CAC 0. Additionally, we examined these associations
with a broader definition of low CAC, including CAC
scores of 1-10. Thus, our overarching aim was to un-
derstand optimal cardiovascular risk factor profiles
across mid- to late-life for maintaining low CAC into
old age.

METHODS

STUDY POPULATION. The ARIC study is a prospec-
tive cohort designed to study the etiology of cardio-
vascular disease that originally recruited 15,792
participants 45-64 years of age between 1987 and
1989 (visit 1) from 4 communities in the United States:
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Forsyth County, North Carolina; Jackson, Mississippi;
suburban Minneapolis, Minnesota; and Washington
County, Maryland.' Participants were subsequently
followed up in 1990-1992 (visit 2), 1993-1995 (visit 3),
1996-1998 (visit 4), 2011-2013 (visit 5), 2016-2017 (visit
6), and 2018-2019 (visit 7), when CAC was measured.

In our cumulative time-weighted average exposure
analyses, we assessed risk factor exposure from visit 1
to visit 6 to maximize average exposure duration and
have 2 time points of exposure assessment in older
adulthood (visits 5 and 6), while also allowing a lag
time for CAC development by visit 7. For single-time
point analyses, we used visit 1 as the midlife time
point, as it was the first visit available, and visit 5,
rather than visit 6, as the late-life time point because
the 2 visits were only 4 years apart, and visit 5 had
significantly less missingness.

At visit 7, a total of 2,288 participants without
prevalent coronary heart disease (CHD), defined as
having either a medical history or self-reported
myocardial infarction or coronary revascularization
prior to December 31, 2015, underwent noncontrast
computed tomographic scanning to evaluate CAC. Of
these participants, we excluded those who were not
of Black or White race (n = 7) or had missing cova-
riates at midlife visit 1 or late-life visit 5 (n = 237),
yielding a final study sample of 2,044 participants. In
sensitivity analyses, we included 388 additional visit
7 participants who were excluded from CAC scanning
because of a clinical history of CHD. All participants in
the present study provided informed consent, and
the Institutional Review Board at each of the sites
approved the study.

EXPOSURE ASCERTAINMENT. Our exposures of in-
terest were traditional, modifiable atherosclerotic risk
factors: total cholesterol, high-density lipoprotein
cholesterol (HDL-C), systolic blood pressure (SBP),
fasting glucose, and smoking. Total cholesterol and
HDL-C were measured using enzymatic methods
following National Cholesterol Education Program
standards.”®*" Seated SBP was measured 3 times, and
the mean of the last 2 measurements was recorded,
except for visit 4, when only 2 SBP measures were
taken. Smoking status was self-reported at the time of
each study visit. Fasting glucose was measured using
standard hexokinase assay methods. In secondary
analyses, we also evaluated glycated hemoglobin
(HbA,.) (including nonfasters), which was measured
in accordance with the NGSP (National Glyco-
hemoglobin Standardization Program) criterion at
only ARIC visit 2 (n = 1,998) and visit 5 (n = 2,041).>*

The primary exposure was mid- to late-life aver-
ages (from visit 1 to visit 6) of each of the risk factors.
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Average risk factor exposure was calculated by
multiplying the time duration between each 2
consecutive measures (weights) with the average of
the 2 consecutive measures, divided by the total time
between the first and last measure (total weights).
Further details on this method are provided in the
Supplemental Methods. As secondary exposures, as-
sociations with single-time point exposures at midlife
(visit 1, 45-64 years of age) and late-life (visit 5, 66-90
years of age) were also evaluated.

COVARIATES AND PARTICIPANT CHARACTERISTICS.
At each study visit, participant demographics and
health behaviors were collected through a standard-
ized questionnaire administered by a trained inter-
viewer. Age, race, and sex were self-reported. Body
mass index was calculated as weight in kilograms
divided by the square of height in meters. When
describing participant characteristics, hypertension
was defined as SBP =130 mm Hg, diastolic blood
pressure =80 mm Hg, or using antihypertensive
medications. Diabetes was defined as a fasting glucose
=126 mg/dL, nonfasting glucose =200 mg/dL, using
diabetes medications, or a self-reported prior medical
diagnosis of diabetes. Participants brought the medi-
cations they used to each study visit, and medication
use was coded by trained study personnel.

CAC EVALUATION. CAC was measured using non-
contrast cardiac-gated multidetector computed
tomographic scanning at each of the field centers. All
CAC scans from the 4 sites were interpreted at a
centralized reading center at Harbor-UCLA Medical
Center in Los Angeles, California, USA. CAC was
calculated using the Agatston scoring method and
reported in Agaston units.”

STATISTICAL ANALYSIS. Participant characteristics
at midlife and late-life were described for those with
CAC o0, 1-10, and >10. The associations between
midlife and late-life levels of each risk factor were
evaluated using either Pearson’s correlation coeffi-
cient (r) or the kappa statistic.

We evaluated the association of average risk factor
exposures, as well as single-time point midlife and
late-life exposures individually, with CAC 0. To eval-
uate potential nonlinearity, we modeled the contin-
uous risk factors as restricted cubic splines with knots
at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles. In
the main analysis, adjusted multinomial regressions
were used to calculate ORs of CAC 0 and CAC 1-10 vs
CAC >10. All models were adjusted by age, race, sex,
use of diabetes, hypertension, and cholesterol-
lowering medication, and all other listed cardiovas-
cular risk factors (total cholesterol, HDL-C, SBP, and
fasting glucose). As CAC 0 is a stronger marker of
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healthy vascular aging, we used multivariable logistic
regressions to quantify ORs for having zero vs any CAC
according to risk factors of interest. C-statistics were
used to evaluate the performance of midlife, late-life,
and average risk factors for predicting CAC 0. Likeli-
hood ratio tests were used to test whether the com-
bination of midlife and late-life risk factors added to
the prediction of CAC 0 over that of each time point
alone. We also estimated the probability of CAC 0 at
75 years of age according to average risk factor expo-
sures from a multivariable logistic regression. In this
analysis, to efficiently present the data as a heatmap,
we followed the approach of the 2021 ESC (European
Society of Cardiology) clinical guidelines on cardio-
vascular disease prevention and modeled non-HDL-C,
instead of total cholesterol and HDL-C.**

As sensitivity analyses, multivariable logistic re-
gressions were constructed using expanded defini-
tions of: 1) healthy arterial aging as CAC <10; and 2)
unhealthy arterial aging as those with CAC >0 along
with individuals with prevalent CHD (388 additional
cases). We also conducted sensitivity analyses
excluding participants with prevalent stroke at visit 7.
As a final sensitivity analysis, we also reconducted
the modeling analyses using standard inverse proba-
bilities of attrition weighting methods.?>° First, we
built a multivariable logistic regression model on the
basis of the entire ARIC visit 1 study population
without missing covariates (n = 13,057) to estimate
the attrition weight. Predictors included in the gen-
eration of the attrition weights were age, race, sex,
use of diabetes, hypertension, and cholesterol-
lowering medication, total cholesterol, HDL-C, SBP,
and fasting glucose, and the dependent variable was
missingness in the present study vs the entire ARIC
visit 1 cohort. Second, the inverses of these attrition
weights were added to the multivariable logistic
regression models used in the main analysis (detailed
earlier) to evaluate the ORs and z-scores for having
zero vs any CAC by risk factors of interest.

All analyses were performed using R version 4.0.2
(R Foundation for Statistical Computing). Statistical
significance was defined as a 2-sided value of
P < 0.05.

RESULTS

DESCRIPTIVE STATISTICS. In the 2,044 study par-
ticipants, the median age was 49 years (Q1-Q3: 47-53
years) at midlife visit 1, 73 years (Q1-Q3: 71-77 years) at
late-life visit 5, and 80 years (Q1-Q3: 77-83 years) at
visit 7 (time of CAC scanning), with 20% Black and
39% male individuals. In midlife, 34% of participants
had hypertension, 3% had diabetes, and 2% were on
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TABLE 1 Midlife and Late-Life Participant Characteristics by CAC Score (0, 1-10, and >10)

Midlife (1987-1989) Characteristics

Late-Life (2011-2013) Characteristics

CAC at Visit 7 CAC at Visit 7
Overall o 1-10 >10 Overall [} 1-10 >10

(N = 2,044) (n =204) (n =138) (n =1,702) (N = 2,044) (n =204) (n =138) (n =1,702)
Age, y 49 (47-53) 48 (46-50) 49 (46-52) 50 (47-53) 73 (71-77) 72 (70-74) 73 (70-76) 73 (71-77)
White 1,634 (79.9) 147 (72.1) 100 (72.5) 1,387 (81.5) - - - -
Male 786 (38.5) 35 (17.2) 25 (18.1) 726 (42.7) — - — —
BMI, kg/m2 26.0 (23.4-29.1) 24.5 (21.9-27.1) 25.8 (22.6-28.5) 26.1(23.7-29.4) 28.1(25.1-31.6) 26.9 (23.8-30.8) 28.2 (24.9-31.7) 28.2 (25.4-31.7)
SBP, mm Hg 112 (103-122) 107 (101-115) 109 (102-117) 113 (104-123) 128 (117-139) 124 (116-136) 128 (119-137) 128 (117-139)
DBP, mm Hg 71 (65-78) 69 (63-76) 70 (64-76) 72 (66-78) 67 (60-74) 67 (61-74) 67 (61-74) 67 (60-74)
Hypertension 693 (34.0) 60 (29.4) 39 (28.5) 594 (35.0) 1,678 (82.3) 147 (72.1) 109 (79.0) 1,422 (83.8)
Antihypertensive 341 (16.7) 33 (16.2) 25 (18.1) 283 (16.6) 1,402 (68.6) 118 (57.8) 87 (63.0) 1,197 (70.3)

medication
Current smoking 310 (15.2) 17 (8.3) 16 (11.6) 277 (16.3) 100 (4.9) 5(2.5) 6 (4.3) 89 (5.2)
Fasting glucose, mg/dL 96 (91-102) 94 (89-99) 96 (89-101) 97 (91-102) 105 (97-117) 101 (94-109) 104 (97-113) 106 (98-118)
Diabetes 55 (2.7) 3(1.5) 2(1.4) 50 (2.9) 533 (26.1) 33(16.2) 23 (16.7) 477 (28.0)
Diabetes medication 19 (0.9) 3(1.5) 1(0.7) 15 (0.9) 305 (14.9) 18 (8.8) 15 (10.9) 272 (16.0)
Total cholesterol, mg/dL 202 (180-227) 189 (165-208) 193 (172-212) 206 (182-229) 184 (159-211) 197 (168-219) 188 (167-221) 182 (157-209)
HDL-C, mg/dL 52 (43-64) 61 (50-71) 57 (49-67) 50 (41-63) 51 (43-61) 57 (48-68) 55 (47-62) 50 (43-60)
Cholesterol-lowering 32 (1.6) 1(0.5) 1(0.7) 30 (1.8) 1,022 (50.0) 64 (31.4) 51 (37.0) 907 (53.3)
medication

Values are median (Q1-Q3) or n (%).
BMI = body mass index; CAC = coronary artery calcium; DBP = diastolic blood pressure; HDL-C = high-density lipoprotein cholesterol; SBP = systolic blood pressure.

cholesterol-lowering medications (Table 1). By late-
life, 82% of participants had hypertension, 26% had
diabetes, and 50% were on cholesterol-lowering
medications.

The prevalence of CAC 0 at visit 7 was 10% (204
participants), and the prevalence of CAC 1 to 10 was
7% (138 participants). There were higher proportions
of participants who were Black, were female, did not
smoke, did not have hypertension, did not have dia-
betes, and had lower body mass index with CAC
0 than among those with CAC > 10 in both mid- and
late-life (Table 1). Those with CAC 0 were also more
likely to have lower total cholesterol in midlife and
not be taking cholesterol-lowering medication in late-
life. Further midlife and late-life demographics are
presented by sex-race group (Supplemental Tables 1
and 2).

CORRELATIONS OF TRADITIONAL MODIFIABLE
RISK FACTORS AT MIDLIFE AND LATE-LIFE.
Within participants, the correlations between mid-
and late-life HDL-C were strongest (r = 0.70)
(Supplemental Figure 1). The mid- and late-life cor-
relations were modest for SBP and fasting glucose
levels (r = 0.23 and r = 0.34, respectively), with an
overall shift to higher SBP and fasting glucose levels
in late-life. The correlation between mid- and late-life
0.16). For
smoking, most midlife nonsmokers (98%) remained

was weakest for total cholesterol (r =

nonsmokers in late-life, and the majority of midlife
smokers (78%) had stopped smoking by late-life
(Supplemental Figure 2).

ASSOCIATIONS OF 30-YEAR AVERAGE EXPOSURES
OF TRADITIONAL MODIFIABLE RISK FACTORS WITH
LOW CAC. Figure 1 demonstrates the adjusted prob-
ability of CAC 0 at visit 7 by average risk factor
exposure measured across repeated visits from mid-
to late-life (visits 1-5). Lower average total choles-
terol, especially <160 mg/dL, was strongly associated
with a higher probability of CAC 0 (Figure 1A). For
those with an average total cholesterol of 220 mg/dL,
adjusted probability of CAC 0 was 6%, while for those
with total cholesterol of 140 mg/dL, the correspond-
ing probability of CAC 0 was 20%. Higher average
HDL-C was linearly associated with higher probability
of CAC o, with a slightly sharper gradient at <40-
45 mg/dL (Figure 1B). For example, the adjusted
probability of CAC 0 at an HDL-C concentration of
40 mg/dL was 8%, while that of an HDL-C level of
80 mg/dL was 15%. Similarly, a linear association was
seen for SBP, with slightly sharper gradient
at <125 mm Hg (Figure 1C). The adjusted probability of
CAC 0 at an SBP of 125 mm Hg was 8%, while the
probability at 105 mm Hg was 15%. The association
appeared least evident for averaged fasting glucose
(Figure 1D), with no increase in the probability of CAC
0 at <95 mg/dL. We observed largely similar
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Total cholesterol (A), HDL-C (B), SBP (C), and fasting glucose (D). Adjusted to median (for continuous variables) or most prevalent (for
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variables listed. CAC = coronary artery calcium; HDL-C = high-density lipoprotein cholesterol; SBP = systolic blood pressure.

associations when we modeled probabilities of
CAC <10 rather than CAC 0 (Supplemental Figure 3).
Results were consistent when modeling traditional
risk factors linearly (Table 2), with the strongest
CAC 0 association with averaged lower total choles-
terol, followed by lower SBP and higher HDL-C. CAC
1-10 was associated only with lower averaged total
cholesterol.

Not smoking in mid- to late-life was associated
with a higher probability of CAC 0 (Supplemental
Figure 4). Never smoking from mid- to late-life was
associated with 5.7 times greater odds of CAC 0 and
4.3 times greater odds of CAC 1-10 compared with
continuous smoking (Table 3). According to our
model, smoking only 26% of the time, the median
intermittent smoking duration in this sample, yielded
1.6 times higher odds of CAC 0 and 1.5 times higher

odds of CAC 1-10, compared with continuous smok-
ing. Focusing on mid- and late-life time points, never
and former smoking were both associated with higher
odds of CAC 0, relative to current smokers.

TABLE 2 ORs (95% Cls) of CAC by Midlife to Late-Life Average Healthy

Risk Factor Profiles

CAC >10 CAC1-10 CACO
Total cholesterol (per 10 mg/dL decrement) Ref. 1.04 (0.97-1.12)  1.15 (1.08-1.23)
HDL-C (per 5 mg/dL increment) Ref. 1.03 (0.96-1.11) 1.1 (1.04-1.19)
SBP (per 10 mm Hg decrement) Ref. 1.18 (1.00-1.40)  1.32 (1.13-1.54)
Fasting glucose (per 10 mg/dL decrement) Ref. 0.99 (0.84-1.17)  1.12 (0.95-1.33)

smoking; and using antidiabetic, antihypertensive, or cholesterol-lowering medications.
Ref. = Reference; other abbreviations as in Table 1.

An OR >1 represents higher odds of having either CAC 1-10 or CAC O (as labeled) by risk factor profile, averaged
across repeated measures from mid- to late-life. The reference is CAC >10. Bold indicates significant ORs.
Adjusted for all other variables listed along with age; race; sex; average body mass index; proportion of time
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TABLE 3 ORs (95% Cls) of Low CAC by Smoking Status

CACO CAC <10

Mid- to late-life exposure®

Continuous smoking from mid- to late-life
Intermittent smoking between mid- to late-life®
Never smoked between mid- to late-life

Visit 1 (midlife)
Smoking at midlife

Smoked before midlife
Never smoked before midlife

Visit 5 (late-life)
Smoking in late-life

Smoked before late-life
Never smoked before late-life

Ref.
1.57 (1.24-2.08)
5.67 (2.26-16.70)

Ref.
1.46 (1.22-1.79)
4.30 (2.14-9.36)

Ref.
2.84 (1.61-5.24)
2.88 (1.70-5.16)

Ref.
2.23 (1.43-3.54)
2.53 (1.69-3.89)

Ref.
2.48 (1.05-7.30)
2.69 (1.15-7.91)

Ref.
1.67 (0.89-3.46)
2.10 (1.11-4.32)

An OR >1 represents higher odds of having CAC O or <10 by smoking status relative to the reference indicated.
Bold indicates significant ORs. Adjusted for age; race; sex; average or respective study visit body mass index;
total cholesterol; high-density lipoprotein cholesterol; body mass index; systolic blood pressure; fasting glucose;
and use of antidiabetic, antihypertensive, and cholesterol-lowering medications. *Mid- to late-life smoking status
was categorized as: 1) continuous smoking (smoked throughout mid- to late-life); 2) intermittent smoking
(smoked intermittently from mid- to late-life, modeled on a median of smoking 26% of the elapsed time); and

3) never smoked.

CAC = coronary artery calcium; other abbreviation as in Table 2.

PREDICTION OF CAC O ACCORDING TO MID- TO
LATE-LIFE AVERAGE EXPOSURES OF TRADITIONAL
MODIFIABLE RISK FACTORS. Probabilities of CAC
0 at 75 years of age by demographics and average risk
factor profiles are presented in Figure 2. Women and
Black individuals tended to have a higher overall
probability of having CAC 0 compared with their
counterparts. With lower average SBP and non-HDL-C
levels, the likelihood of CAC 0 at 75 years of age
increased. Continuous smoking made it very unlikely,
especially among White men (<3%), tohave CAC 0 at 75
years of age, even with an optimal profile of other risk
factors. Within the same sex and race group, the
average exposures of the modifiable risk factors, SBP,
non-HDL-C, and smoking, contributed to substantial
differences in the probability of CAC 0. For example, in
Black women, the predicted CAC 0 probability was 53%
for a low risk factor profile (SBP 100-119 mm Hg,
non-HDL-C 100-119 mg/dL, and never smoking) vs
0.4% for a high risk factor profile (SBP 160-179 mm Hg,
non-HDL-C 200-219 mg/dL, and continuous smoking
from mid- to late-life) (Central Illustration).

ASSOCIATIONS OF MIDLIFE AND LATE-LIFE TRADI-
TIONAL MODIFIABLE RISK FACTORS WITH LOW
CAC. As a whole, midlife risk factors were more
strongly associated with CAC 0 and 1-10 than late-life
factors (Supplemental Table 3). Lower total choles-
terol at both midlife and late-life were associated
with CAC o0, while higher HDL-C was linearly and
strongly associated with higher probability of CAC
0 at both mid- and late-life (Figure 3). Lower SBP
(especially <125 mm Hg at midlife and <140 mm Hg in
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late-life) and less so fasting glucose (up to about
100 mg/dL) were generally associated with a
modestly increasing probability of CAC 0. Results
were comparable when modeling probability of
CAC <10 (Supplemental Figure 5). Of note, when
modeled as a linear term, fasting glucose was not
independently associated with CAC 0 or CAC 1-10 at
either mid- or late-life (Supplemental Table 3). Asso-
ciations were similar when we conducted a sensitivity
analysis stratifying individuals by diabetes status
(Supplemental Table 4) and also when we modeled
HbA,. measures instead of fasting glucose, where
HbA,. was not significantly associated with CAC 0 or
CAC 1-10 (Supplemental Table 5).

CAC O PREDICTION WITH MIDLIFE, LATE-LIFE, AND
AVERAGE EXPOSURES. Midlife risk factors were
more strongly predictive of CAC 0 in older age than
late-life risk factors (C-statistic = 0.782 and 0.765,
respectively) (Table 4). Including both midlife and
late-life risk factors improved the C-statistic over that
of each time point alone (P = 0.02 when adding late-
life to midlife factors, and P < 0.001 when adding
midlife to late-life factors); however, average expo-
sures model achieved the highest C-statistic for CAC 0
(C-statistic = 0.794).

SENSITIVITY ANALYSIS. Healthy risk factor profile
associations were also consistent in secondary ana-
lyses when separately evaluating associations with
CAC 0 and CAC <10 outcomes (Supplemental Table 6),
when including participants at old age with clinical
histories of CHD in the non-CAC 0 unhealthy arterial
aging category (Supplemental Table 7), after excluding
participants with histories of stroke at CAC scanning
(Supplemental Table 8), and after implementing in-
verse probability of attrition weighting, on the basis of
the population at ARIC visit 1 (Supplemental Table 9).
Subgroup analyses by sex and race also yielded no
effect measure modification (Supplemental Table 10).
In additional secondary analyses on low-density li-
poprotein cholesterol (LDL-C), effect sizes for LDL-C
associations were similar to that of total cholesterol
(Supplemental Table 11, Supplemental Figure 6).
Midlife LDL-C was more strongly associated with CAC
0 than late-life LDL-C, which did not reach statistical
significance.

DISCUSSION

In this prospective cohort study of community-
dwelling adults in the ARIC study, we observed that
favorable 30-year mid- to late-life average risk factor
profiles—lower total cholesterol, lower SBP, and
higher HDL-C—were associated with CAC 0 among
those who reached old age. Never smoking was also
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FIGURE 2 Mid- to Late-Life Average Risk Factor Profile and Probability of a Coronary Artery Calcium Score of 0 at 75 Years of Age

Female Male
Non-HDL-C (mg/dL) Non-HDL-C (mg/dL)

Systolic Blood [100- 120- 140- 160- 180- 200- | Smoking Systolic Blood [100- 120- 140- 160- 180- 200-

Pressure (mmHg) | 119 139 159 179 199 219 Status Pressure (mmHg)| 119 139 159 179 199 219

100-119 53 45 37 29 23 17 100-119 25 19 15 1 8 6
120-139 36 29 22 17 13 9 Never 120-139
140-159 22 17 12 Smoked 140-159
160-179 12 9 7 160-179
100-119 42 34 27 100-119
Black 120-139 26 20 15 12 8 6 [ Intermittent 120-139
140-159 15 n Smoking* 140-159
160-179 8 160-179
100-119 100-119
120-139 Continuous 120-139
140-159 Smoking 140-159
160-179 160-179
100-119 100-119
120-139 Never 120-139
140-159 Smoked 140-159
160-179 160-179
100-119 100-119
. 120-139 Intermittent 120-139
White 140-159 Smoking* 140-159
160-179 160-179
100-119 100-119
120-139 Continuous 120-139
140-159 Smoking 140-159
160-179 160-179

Red denotes <5%, orange denotes 5% to 9%, yellow denotes 10% to 19%, and green denotes =20%. *Smoked intermittently from mid- to late-life, modeled on a
median of smoking 26% of the elapsed time. HDL-C = high-density lipoprotein cholesterol.

strongly associated with a greater odds of having CAC
0, compared with sustained smoking. Cumulative
average exposures to these modifiable risk factors
resulted in substantial differences in the probability
of CAC 0 at 75 years of age for the most extreme tails
of the risk distribution. Healthy 30-year average risk
factor profiles were most strongly associated with
CAC o, followed by profiles at midlife and then in
late-life. These results highlight the importance of
maintaining healthy risk factor profiles throughout
the life course for healthy arterial aging.

Prior studies have suggested that the process of
maintaining healthy arterial aging can be complex,
and unlike general adverse disease prevention, the
maintenance of a comprehensive healthy cardiovas-
cular risk factor profile may be more important for
healthy arterial aging rather than optimal conditions
of a specific individual risk factors.?>*° Indeed, one of
the few prior studies on cardiovascular risk factor
associations with CAC 0 in the general population
also suggested that risk factor burden in those with

persistent CAC 0 is lower than for those who develop
CAC.?® Our study uniquely observed that better 30-
year profiles of cardiovascular risk factors—total
cholesterol, HDL-C, SBP, and smoking—were inde-
pendently associated with higher CAC 0 probability.

Our study showed that low total cholesterol is one
of the strongest predictors of CAC 0. Indeed, we
observed that total cholesterol <160 mg/dL, with no
lower limit in the range explored, demonstrated a
sharp positive association with healthy arterial aging.
Our observation seems consistent with prior studies
showing that the lower cholesterol levels, the better
the outcomes.?” For example, the CARDIA (Coronary
Artery Risk Development in Young Adults) study
demonstrated that even from a young age (18-30
years), low cholesterol is associated with 15-year CAC
0.?® The potential causal contribution of low choles-
terol to CAC 0 has also been further supported by
Mendelian randomization analyses.”® Along with
prior studies, our findings highlight the importance
of maintaining low cholesterol, whether through
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Female Male
Non-HDL-C (mg/dL) Non-HDL-C (mg/dL)
SystolicBlood |100- 120- 140- 160- 180- 200- Smoking Systolic Blood |100- 120- 140- 160- 180- 200-
Pressure (mmHg) | 119 139 159 179 199 219 Status Pressure (mmHg)| 119 139 159 179 199 219

100-119 53 45 37 29 23 17 100-119

120-139 36 29 22 17 13 9 Never 120-139

140-159 22 17 12 9 7 5| Smoked 140-159

160-179 12 9 7 5] 160-179

100-119 42 34 27 21 16 12 100-119

Black 120-139 26 20 15 12 8 6 | Intermittent 120-139
140-159 15 n 8 6 Smoking* 140-159

160-179 8 6 160-179

100-119 17 13 9 7 5 100-119

120-139 9 7 5 Gontintions 120-139

140-159 5 Smoking 140-159
160-179 160-179

100-119 40 32 25 19 15 n 100-119

120-139 25 19 14 n 8 6 Never 120-139

140-159 14 10 8 6 Smoked 140-159
160-179 7 5 160-179

100-119 30 23 18 13 10 7 100-119

) 120-139 17 13 10 7 5 Intermittent 120-139
While 140-159 9 7 5 Smoking* 140-159
160-179 5 160-179

100-119 10 8 6 100-119

120-139 6 Continuous 120-139

140-159 Smoking 140-159
160-179 160-179

CAC = coronary artery calcium.

Total cholesterol (A), high-density lipoprotein cholesterol (HDL-C) (B), systolic blood pressure (SBP) (C), and fasting glucose (D).
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FIGURE 3 Adjusted Probability of CAC 0 by Mid- and Late-Life Risk Factor Profile
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TABLE 4 Predictive Value of Midlife, Late-Life, and Average Risk
Factor Exposures for a Coronary Artery Calcium Score of O

Model C-Statistic (95% CI)
Midlife 0.782 (0.750-0.814)
Late-life 0.765 (0.731-0.798)

Midlife and late-life

Mid- to late-life average

0.793 (0.761-0.824)
0.794 (0.761-0.826)

lifestyle modifications or medications, throughout
the life course for optimizing vascular health.

The absence of association between fasting glucose
and healthy arterial aging in our study also deserves
discussion. This observation may sound counterin-
tuitive, as diabetes is recognized as one of the most
potent risk factors for atherosclerotic disease.?° One
explanation for this finding may be that the number
of participants with diabetes at baseline was low in
our cohort. However, a few prior studies, such as the
Framingham Heart Study and PESA (Progression of
Early Subclinical Atherosclerosis), have likewise
demonstrated a lack of independent association be-
tween fasting glucose and CAC.3'? Also, unlike total
cholesterol, HDL-C, and SBP, for which the probabil-
ity of CAC 0 continuously increased by “better” pro-
files, in our study, the highest probability of CAC
0 was observed in average fasting glucose levels be-
tween about 90 to 100 mg/dL. Of note, low CAC was
found to be associated with HbA,. in the PESA study,
perhaps because it better represents glycemic status
compared with fasting blood glucose. Nonetheless,
further studies are necessary to develop our under-
standing of the connection between glycemic status
and healthy arterial aging.

Although both midlife and late-life risk factor ex-
posures are associated with cardiovascular outcomes,
previous published reports have suggested that
earlier exposure to cardiovascular risk factors more
strongly contribute to the development of cardio-
vascular disease than at older age.>**> Our results for
CAC o were in line with those previous studies. This
supports growing efforts to optimize cardiovascular
health by promoting primordial prevention (eg, the
AHA statement on the value of primordial preven-
tion®°). Although both early- and late-life risk factor
exposures are biologically important in healthy aging,
on a human behavior perspective, early risk factor
prevention is further supported by the concept that
those with healthy lifestyle behaviors in midlife tend
to maintain these healthy profiles into late-life.3”3®
Indeed, our analysis demonstrated a moderate to
high correlation between midlife risk factor profiles
and late-life risk factor profiles.
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Although 30-year cumulative average profiles of
traditional atherosclerotic risk factors may not seem
relevant in current clinical practice or public health,
with increasing availability of electronic health re-
cords, questions of how to parameterize longitudinal
exposures of these risk factors and how they can be
used to understand patient health and need for health
intervention are becoming increasingly relevant. Cu-
mulative risk factor measures, such as mid- to late-
life averages in our study, may be a practical and
valuable way to summarize longitudinal exposures.
Indeed, as risk factors vary within person in both the
short and long term, averaging multiple measures
provides a better measure of conditions the arteries
are exposed to during adulthood. Although the
optimal way to parameterize longitudinal exposures
is yet to be determined, integrating cumulative
measures in addition to a common approach of
relying on single-time point risk factors is likely to
improve the understanding and management of car-
diovascular risk.

STUDY LIMITATIONS. First, in average risk factor
analyses, there was a 15-year gap between ARIC visits
4 and 5, during which risk factor exposures were not
measured. Despite this, the ARIC study was well
positioned for studying longitudinal cardiovascular
risk factor exposures as the longest, most expansive,
and well-characterized contemporary cohort to date
with CAC measures in old age (mostly =75 years of
age). Even with the gap in risk factor assessment, the
association between average risk factors and CAC
0 remained strong, highlighting the value of
measuring cumulative risk factors. Also, potential
survival bias from mid- to late-life would likely lead
to our observed estimates being conservative because
individuals with worse risk factor profiles and un-
healthy arterial aging were more likely to differen-
tially drop out of the study (eg, because of mortality).
Last, because of the ARIC study design, this analysis
was limited to individuals who were Black and White,
which may limit the generalizability of these findings
to people of other races or ethnicities.

CONCLUSIONS

Favorable mid- to late-life average risk factor profiles
(lower total cholesterol, higher HDL-C, lower SBP) are
associated with CAC 0 in older adulthood. These cu-
mulative average risk factors were more strongly
associated with CAC o0 than either midlife or late-life
single time points. Within sex and race strata, dif-
ferences in these modifiable cumulative average risk
factors were associated with substantial differences
in the probability of CAC 0 at older adulthood.
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These results strongly support the importance of
maintaining a healthy risk factor profile from the
entire mid- to late-life period to optimize healthy
arterial aging.

ACKNOWLEDGMENTS The authors thank the staff
and participants of the ARIC study for their important
contributions.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

The ARIC study has been funded in whole or in part with federal
funds from the National Heart, Lung, and Blood Institute,
National Institutes of Health (NIH), U.S. Department of Health
and Human Services, under contracts HHSN268201700001I,
HHSN268201700002I, HHSN2682017000031, HHSN268201700005I,
and HHSN2682017000041. Computed tomographic scans to evaluate
CAC in ARIC were supported by grant R01HL136592 (co-principal in-
vestigators: Drs Matsushita and Blaha). Dr Wang has received support
from the NIH T32 institutional training grant (T32 HL007024).
Dr Budoff has received support from NIH grant Rol1 HL146666.
Dr Matsushita has received research funding from Resolve to Save
Lives and personal fees from Fukuda Denshi and RhythmX Al outside
of the submitted work. All other authors have reported that they have

Exposure to Cardiovascular Risk Factors and Zero CAC

ADDRESS FOR CORRESPONDENCE: Dr Kunihiro
Matsushita, 2024 East Monument Street, Suite 2-500,
Baltimore, Maryland 21287, USA. E-mail: kuni.
matsushita@jhu.edu.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Favorable
mid- to late-life average risk factor profiles (eg, lower total

midlife or late-life single time points.

earlier, is critical for healthy vascular aging.

cholesterol, lower blood pressure, and not smoking) are associ-
ated with CAC O in older adulthood. These cumulative average
risk factors are more strongly associated with CAC O than either

TRANSLATIONAL OUTLOOK: Maintaining long-term healthy
cardiovascular risk factor profiles starting from midlife, and likely

no relationships relevant to the contents of this paper to disclose.

REFERENCES

1. Hamczyk MR, Nevado RM, Barettino A, Fuster V,
Andrés V. Biological versus chronological aging:
JACC focus seminar. J Am Coll Cardiol. 2020;75:
919-930.

2. Angell SY, McConnell MV, Anderson CAM, et al.
The American Heart Association 2030 impact goal:
a presidential advisory from the American Heart
Association. Circulation. 2020;141:e120-e138.

3. Blaha MJ, Cainzos-Achirica M, Greenland P,
et al. Role of coronary artery calcium score of zero
and other negative risk markers for cardiovascular
disease: the Multi-Ethnic Study of Atherosclerosis
(MESA). Circulation. 2016;133:849-858.

4. Blaha MJ, Blankstein R, Nasir K. Coronary Artery
calcium scores of zero and establishing the
concept of negative risk factors. J Am Coll Cardiol.
2019;74:12-14.

5. Wang FM, Cainzos-Achirica M, Ballew SH, et al.
Defining demographic-specific coronary artery
calcium percentiles in the population aged >/=75:
the ARIC study and MESA. Circ Cardiovasc Imaging.
2023;16:e015145.

6. Grundy SM, Stone NJ, Bailey AL, et al. 2018
AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/
APhA/ASPC/NLA/PCNA guideline on the manage-
ment of blood cholesterol: a report of the Amer-
ican College of Cardiology/American Heart
Association Task Force on Clinical Practice Guide-
lines. J Am Coll Cardiol. 2019;73:e285-e350.

7. Arnett DK, Blumenthal RS, Albert MA, et al.
2019 ACC/AHA guideline on the primary preven-
tion of cardiovascular disease: executive summary:
a report of the American College of Cardiology/
American Heart Association Task Force on Clinical
Practice Guidelines. J Am Coll Cardiol. 2019;74:
1376-1414.

8. Orringer CE, Blaha MJ, Blankstein R, et al. The
National Lipid Association scientific statement on
coronary artery calcium scoring to guide preven-
tive strategies for ASCVD risk reduction. J Clin
Lipidol. 2021;15:33-60.

9. Mach F, Baigent C, Catapano AL, et al. 2019
ESC/EAS guidelines for the management of dysli-
pidaemias: lipid modification to reduce cardiovas-
cular risk. Eur Heart J. 2020;41:111-188.

10. Valenti V, B OH, Heo R, et al. A 15-year war-
ranty period for asymptomatic individuals without
coronary artery calcium: a prospective follow-up
of 9,715 individuals. JACC Cardiovasc Imaging.
2015;8:900-909.

11. McClelland RL, Nasir K, Budoff M,
Blumenthal RS, Kronmal RA. Arterial age as a
function of coronary artery calcium (from the
Multi-Ethnic Study of Atherosclerosis [MESA]). Am
J Cardiol. 2009;103:59-63.

12. Budoff MJ, Shaw LJ, Liu ST, et al. Long-term
prognosis associated with coronary calcification:
observations from a registry of 25,253 patients.
J Am Coll Cardiol. 2007;49:1860-1870.

13. Detrano R, Guerci AD, Carr JJ, et al. Coronary
calcium as a predictor of coronary events in four
racial or ethnic groups. N Engl J Med. 2008;358:
1336-1345.

14. Dzaye O, Dardari ZA, Cainzos-Achirica M, et al.
Warranty period of a calcium score of zero:
comprehensive analysis from MESA. JACC Car-
diovasc Imaging. 2021;14:990-1002.

15. Budoff MJ, Young R, Burke G, et al. Ten-year
association of coronary artery calcium with
atherosclerotic cardiovascular disease (ASCVD)
events: the Multi-Ethnic Study of Atherosclerosis
(MESA). Eur Heart J. 2018;39:2401-2408.

16. Handy CE, Desai CS, Dardari ZA, et al. The
association of coronary artery calcium with non-
cardiovascular disease: the Multi-Ethnic Study of
Atherosclerosis. JACC Cardiovasc Imaging. 2016;9:
568-576.

17. Mok Y, Honda Y, Wang FM, et al. Coronary
artery calcification and one-year cardiovascular
disease incidence in the 75-and-older population:
the ARIC study. Circ Cardiovasc Imaging. 2023;16:
e015026.

18. Tota-Maharaj R, Blaha MJ, McEvoy JW, et al.
Coronary artery calcium for the prediction of
mortality in young adults <45 years old and
elderly adults >75 years old. Eur Heart J. 2012;33:
2955-2962.

19. Wright JD, Folsom AR, Coresh J, et al. The
ARIC (Atherosclerosis Risk in Communities) study:
JACC Focus Seminar 3/8. J Am Coll Cardiol.
2021;77:2939-2959.

20. Papp AC, Hatzakis H, Bracey A, Wu KK. ARIC
hemostasis study—I|. Development of a blood
collection and processing system suitable for
multicenter hemostatic studies. Thromb Haemost.
1989;61:15-19.

21. Third report of the National Cholesterol Edu-
cation Program(NCEP). Expert Panel on Detection,
Evaluation, and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel Ill) final
report. Circulation. 2002;106:3143-3421.

22, Little RR, Rohlfing CL, Wiedmeyer HM, et al.
The national glycohemoglobin standardization
program: a five-year progress report. Clin Chem.
2001;47:1985-1992.

23. Agatston AS, Janowitz WR, Hildner FJ,
Zusmer NR, Viamonte M, Detrano R. Quantification
of coronary artery calcium using ultrafast

1



Exposure to Cardiovascular Risk Factors and Zero CAC

computed tomography. J Am Coll Cardiol.

1990;15:827-832.

24, Visseren FLJ, Mach F, Smulders YM, et al. 2021
ESC guidelines on cardiovascular disease preven-
tion in clinical practice. Eur Heart J. 2021;42:3227-
3337.

25. Whelton SP, Silverman MG, McEvoy JW, et al.
Predictors of long-term healthy arterial aging:
coronary artery calcium nondevelopment in the
MESA study. JACC Cardiovasc Imaging. 2015;8:
1393-1400.

26. Razavi AC, Wong N, Budoff M, et al. Pre-
dicting long-term absence of coronary artery
calcium in metabolic syndrome and diabetes: the
MESA study. JACC Cardiovasc Imaging. 2021;14:
219-229.

27. O'Keefe JH Jr, Cordain L, Harris WH, Moe RM,
Vogel R. Optimal low-density lipoprotein is 50 to
70 mg/dl: lower is better and physiologically
normal. J Am Coll Cardiol. 2004;43:2142-2146.

28. Loria CM, Liu K, Lewis CE, et al. Early adult risk
factor levels and subsequent coronary artery
calcification: the CARDIA study. J Am Coll Cardiol.
2007;49:2013-2020.

29, Bjornsson E, Thorleifsson G, Helgadottir A,
et al. Association of genetically predicted lipid

JACC: CARDIOVASCULAR IMAGING, vOL. l, NO. W, 2025

levels with the extent of coronary atheroscle-
rosis in Icelandic adults. JAMA Cardiol. 2020;5:
13-20.

30. Kannel WB, McGee DL. Diabetes and cardio-
vascular disease. The Framingham study. JAMA.
1979;241:2035-2038.

31. Rutter MK, Massaro JM, Hoffmann U,
O'Donnell CJ, Fox CS. Fasting glucose, obesity,
and coronary artery calcification in community-
based people without diabetes. Diabetes Care.
2012;35:1944-1950.

32. Yamazoe M, Hisamatsu T, Miura K, et al. Rela-
tionship of insulin resistance to prevalence and
progression of coronary artery calcification beyond
metabolic syndrome components: Shiga Epidemio-
logical Study of Subclinical Atherosclerosis. Arte-
rioscler Thromb Vasc Biol. 2016;36:1703-1708.

33. Rossello X, Raposeiras-Roubin S, Oliva B, et al.
Glycated hemoglobin and subclinical atheroscle-
rosis in people without diabetes. J Am Coll Cardiol.
2021;77:2777-2791.

34. Walker KA, Sharrett AR, Wu A, et al. Associa-
tion of midlife to late-life blood pressure patterns
with incident dementia. JAMA. 2019;322:535-545.

35. Gottesman RF, Schneider AL, Zhou Y, et al.
Association between midlife vascular risk factors

W 2025:H-1

and estimated brain amyloid deposition. JAMA.
2017;317:1443-1450.

36. Weintraub WS, Daniels SR, Burke LE, et al.
Value of primordial and primary prevention for
cardiovascular disease: a policy statement from
the American Heart Association. Circulation.
2011;124:967-990.

37. Enserro DM, Vasan RS, Xanthakis V. Twenty-
year trends in the American Heart Association
cardiovascular health score and impact on sub-
clinical and clinical cardiovascular disease: the
Framingham Offspring Study. J Am Heart Assoc.
2018;7(11):e008741.

38. Djousse L, Petrone AB, Blackshear C, et al.
Prevalence and changes over time of ideal car-
health metrics among African-
Americans: the Jackson Heart Study. Prev Med.
2015;74:111-116.

diovascular

KEY WORDS coronary artery calcification,
healthy aging, life-course prevention,
subclinical atherosclerosis

APPENDIX For an expanded Methods section
as well as supplemental figures and tables,
please see the online version of this paper.



