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Predictors of Long-Term Healthy
Arterial Aging
Coronary Artery Calcium Nondevelopment in the MESA Study
Seamus P. Whelton, MD, MPH,* Michael G. Silverman, MD,y John W. McEvoy, MB, BCH, BAO, MHS,*
Matthew J. Budoff, MD,z Ron Blankstein, MD,x John Eng, MD,k Roger S. Blumenthal, MD,*
Moyses Szklo, MD, DRPH,{ Khurram Nasir, MD, MPH,*#** Michael J. Blaha, MD, MPH*yy
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OBJECTIVES This study sought to determine the predictors of healthy arterial aging.

BACKGROUND Long-term nondevelopment of coronary artery calcification (persistent CAC ¼ 0) is a marker of healthy

arterial aging. The predictors of this phenotype are not known.

METHODS We analyzed 1,850 participants from MESA (Multi-Ethnic Study of Atherosclerosis) with baseline CAC ¼ 0

who underwent a follow-up CAC scan at visit 5 (median 9.6 years after baseline). We examined the proportion with

persistent CAC¼ 0 and calculated multivariable relative risks and area under the receiver operating characteristic curve for

prediction of this healthy arterial aging phenotype.

RESULTS We found that 55% of participants (n ¼ 1,000) had persistent CAC ¼ 0, and these individuals were signifi-

cantly more likely to be younger, female, and have fewer traditional risk factors (RF). Participants with an ASCVD

(Atherosclerotic Cardiovascular Disease Risk Score) risk score <2.5% were 53% more likely to have healthy arterial aging

than were participants with an ASCVD score $7.5%. There was no significant association between the Healthy

Lifestyle variables (body mass index, physical activity, Mediterranean Diet, and never smoking) and persistent CAC ¼ 0.

The area under the receiver operating characteristic curve incorporating age, sex, and ethnicity was 0.65, indicating

fair to poor discrimination. No single traditional RF or combination of other risk factors increased the area under the

receiver operating characteristic curve by more than 0.05.

CONCLUSIONS Whereas participants free of traditional cardiovascular disease RF were significantly more likely to have

persistent CAC ¼ 0, there was no single RF or specific low-risk RF phenotype that markedly improved the discrimination

of persistent CAC ¼ 0 over demographic variables. Therefore, we conclude that healthy arterial aging may be predom-

inantly influenced by the long-term maintenance of a low cardiovascular disease risk profile or yet to be determined

genetic factors rather than the absence of any specific RF cluster identified in late adulthood. (J Am Coll Cardiol Img
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ABBR EV I A T I ON S

AND ACRONYMS

AUC = area under the receiver

operating characteristic curve

BMI = body mass index

CAC = coronary artery calcium

CHD = coronary heart disease

CI = confidence interval

CVD = cardiovascular disease

HR = hazard ratio
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T raditionally, aging has been thought
of as a linear, chronological process.
However, genetics and cumulative

risk factor exposure can lead to significant
variations in biological age for individuals
of the same chronological age (1–3). This has
prompted some to suggest substituting an
individual’s biological or vascular age in
place of chronological age for risk prediction
models (4–6). Although the predictors of un-
healthy arterial aging are well established,
the predictors of healthy arterial aging are less
certain, and it is unclear whether there are specific
protective factors or a low-risk phenotype that exist
for the maintenance of healthy arterial aging.

A finding of no coronary artery calcium (CAC) in a
middle age or older adult is a marker of healthy
arterial aging that is a powerful predictor of long-term
all-cause survival and very low risk of cardiovascular
disease (CVD) (7–9). In contrast, compared with an
individual without CAC, individuals with a CAC score
as low as 1 to 10 Agatston units are at more than 3�
the risk for a hard coronary heart disease (CHD) event
(10). Moreover, elderly patients without CAC have a
better survival rate than do younger individuals with
an elevated CAC score (11). As such, long-term,
persistent maintenance of CAC ¼ 0 can be consid-
ered an extreme manifestation of healthy arterial
aging.

Just as it is important to clearly define high-risk
phenotypes, it is also important to understand the
predictors of healthy arterial aging in order to pro-
mote continued healthy aging. In this analysis, we
sought to identify a phenotype for healthy arterial
aging using routinely collected clinical variables.

METHODS

We used data from the MESA (Multi-Ethnic Study of
Atherosclerosis): a community-based, multiethnic,
cohort free of CVD at baseline, which has been
described in greater detail elsewhere (12).

CAC was measured in all participants at MESA visit
1 (2000 to 2002) and one-half of the participants were
selected randomly for a CAC scan at MESA visit 5
(2010 to 2012). We excluded participants with any
CAC at MESA visit 1 (n ¼ 3,399) and those without a
repeat CAC scan at MESA visit 5 (n ¼ 1,566) for a total
of 1,850 participants included in this analysis.

CAC scans were performed using an electron beam
computed tomography scanner at the Chicago, Los
Angeles, and New York field centers and using mul-
tidetector computed tomography at the Baltimore,
Forsyth County, and St. Paul field centers. Participants
inejacc.org/ by Matthew Budoff on 11/12/2015
were scanned twice during MESA visit 1 and once
during MESA visit 5. Calcium scores were calculated
using the Agatston method and calcium phantoms
scanned alongside the participants were used to stan-
dardize results between field centers (13,14). Scans
were uploaded and read at the Harbor-University of
California, Los Angeles Research and Education Insti-
tute. There was an interobserver kappa value of
0.90 and interscan kappa value of 0.92 for the presence
of coronary artery calcification (15).

Participant covariates were obtained from the
baseline MESA clinical examination. We defined hy-
pertension as a systolic blood pressure $140 mm Hg,
a diastolic blood pressure $90 mm Hg, or use of a
blood pressure–lowering medication; diabetes was
defined as a fasting blood glucose $126 mg/dl,
self-report of diabetes mellitus, or use of a blood
glucose–lowering medication; smoking was classified
as current, former, or never. Optimal body mass index
(BMI) was defined as $18.5 kg/m2 to <25 kg/m2.
Regular physical activity was defined as more than
150 min per week of moderate intensity physical ac-
tivity or more than 75 min per week of vigorous in-
tensity physical activity. We used a Mediterranean
Diet score as previously defined by Trichopoulou
et al. (16). A family history of CHD was classified as a
parent, sibling, or child with a history of CHD at any
age. We defined socioeconomic status based on the
highest level of achieved education and household
income. The Lifestyle Score is the sum of optimal
BMI, regular physical activity, adherence to a Medi-
terranean Diet, and never smoking (17).

Persistent CAC ¼ 0, our definition of healthy arte-
rial aging, was the primary outcome for this analysis.
In order to determine whether we could identify a
healthy arterial aging phenotype, we calculated the
absolute number and percentage of participants with
persistent CAC ¼ 0 stratified by high- and low-risk
groups. We also used hazard ratios (HRs) and associ-
ated 95% confidence intervals (CIs) to assess whether
these relationships were independent of other asso-
ciated cardiovascular risk factors. The proportional
hazards assumption was assessed using Schoenfeld
residual testing and was not violated (18). Model 1 was
adjusted for age, sex, and race. Model 2 was adjusted
for age, sex, race, BMI, waist circumference, systolic
and diastolic blood pressure, antihypertensive medi-
cation use, smoking status, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol,
lipid-lowering medication use, family history of CHD,
household income, educational attainment, and re-
ported physical activity. In addition, we calculated
the area under the receiver operating character-
istic curve (AUC) to further investigate whether we



TABLE 1 Participant Characteristics at Visit 1 Stratified by Persistent CAC ¼ 0

Persistent CAC ¼ 0
(n ¼ 1,000)

Incident CAC
(n ¼ 850) p Value

Demographics

Age, yrs 55.4 � 8.1 59.2 � 8.7 <0.001

Male 32.5 42.1 <0.001

Ethnicity

White 32.6 37.2 0.039

Black 12.7 9.9 0.500

Hispanic 30.5 29.1 0.873

Chinese 24.2 23.9 0.057

Traditional risk factors

SBP, mm Hg 118.1 � 18.7 124.8 � 20.1 <0.001

DBP, mm Hg 70.3 � 10.2 72.4 � 9.8 <0.001

Total cholesterol, mg/dl 192.0 � 34.8 196.6 � 34.4 0.004

LDL, mg/dl 114.2 � 29.5 119.9 � 30.0 <0.001

HDL, mg/dl 53.7 � 15.4 50.6 � 14.3 <0.001

Triglycerides, mg/dl 121.2 � 85.9 131.8 � 78.4 0.006

Non-HDL, mg/dl 138.3 � 35.0 146.1 � 34.2 <0.001

Antihypertensive medication 21.8 35.0 <0.001

Lipid-lowering medication 7.8 14.7 <0.001

Diabetes 5.0 9.9 <0.001

ASCVD risk

0%–<2.5% 39.8 18.0 <0.001

2.5%–<7.5% 33.7 36.1 0.28

$7.5% 26.5 45.9 <0.001

ASCVD risk score 5.7 � 7.0 9.3 � 8.5 <0.001

No. of risk factors 1.2 � 0.9 1.5 � 0.9 <0.001

Lifestyle score variables

Optimal BMI 31.7 22.8 <0.001

Regular physical activity 21.1 18.0 0.099

Mediterranean diet 48.2 49.4 0.627

Never smoker 58.5 54.0 0.050

Lifestyle score 1.6 � 1.0 1.4 � 0.9 0.012

CAC score at visit 5 0 24.8 (9.4–64.8) <0.001

Values are mean � SD, %, or median (interquartile range).

ASCVD ¼ Atherosclerotic Cardiovascular Disease Risk Score; BMI ¼ body mass index; CAC ¼ coronary artery
calcium; DBP ¼ diastolic blood pressure; HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein;
SBP ¼ systolic blood pressure.
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could identify and predict a persistent CAC ¼ 0
phenotype.

We also performed sensitivity analyses incorpo-
rating the following novel risk factors to determine
whether they helped identify a CAC ¼ 0 phenotype:
high-sensitivity C-reactive protein, N-terminal
pro–B-type natriuretic peptide, creatinine, micro-
albuminuria, homocysteine, and fibrinogen.

RESULTS

Participants had a mean age of 57.1 � 8.6 years, 37%
were men, and there was a median of 9.6 years be-
tween CAC scans. We found that 55% of participants
(n ¼ 1,000) had persistent CAC ¼ 0. Participants with
persistent CAC ¼ 0 were more likely to be younger,
female, have a lower burden of CVD risk factors, and a
lower ASCVD (Atherosclerotic Cardiovascular Dis-
ease) score (Table 1). They also were more likely to
have an optimal BMI, never smoked cigarettes, and a
higher Healthy Lifestyle score, but were not signifi-
cantly more likely to report regular physical activity
or consume a Mediterranean Diet. Among the 45.9%
of participants with CAC ¼ 0 who developed incident
CAC, the median CAC score was 25 (interquartile
range: 9 to 65). There were 2 (0.2%) hard CHD events
among participants with persistent CAC ¼ 0 and
11 (1.3%) hard CHD events among participants with
incident CAC.

Table 2 shows the percentage of participants with
persistent CAC ¼ 0 stratified by risk factors groups. In
the fully adjusted model, participants <55 years of
age at baseline were 39% more likely to have persis-
tent CAC ¼ 0 than were participants $65 years of age
(p < 0.001) and women were 18% more likely to have
persistent CAC ¼ 0 than were men (p < 0.004)
(Table 2). Participants with no traditional CVD risk
factors were more likely to have persistent CAC ¼ 0
and had a HR of 0.69 (95% CI: 0.54 to 0.90) than were
participants with $3 risk factors. Individuals without
diabetes mellitus were more likely to have persistent
CAC ¼ 0 and had a HR of 0.80 (95% CI: 0.68 to 0.94)
than were individuals with diabetes mellitus. In the
fully adjusted model, there was no significant differ-
ence in the likelihood of persistent CAC ¼ 0 for any of
the individual lifestyle score components or for the
Lifestyle Score: HR 1.06 (95% CI: 0.88 to 1.27).

There was significant heterogeneity in persistent
CAC ¼ 0 of individuals who would be traditionally
classified as having a high or low CVD risk. Among
participants who would traditionally be classified
as high risk for the development of CVD: 38% of
participants age $65 years old, 36% of participants
with an ASCVD $7.5%, and 36% of participants with
ded From: http://imaging.onlinejacc.org/ by Matthew Budoff on
$3 CVD risk factors had persistent CAC ¼ 0 (Table 3).
Conversely, among participants who would tradi-
tionally be classified as low risk for the development
of CVD, 35% of participants were <55 years old; 40%
had a low ASCVD of <2.5%; and 30% of participants
with no traditional CVD risk factors did develop CAC
(Figure 1).

Age, sex, and race were moderately predictive for
persistent CAC ¼ 0 with a C-statistic of 0.65 (Table 4).
The addition of a participant’s ASCVD score or their
CVD risk factors had a small improvement in the
C-statistic of 0.011 (p < 0.001) and 0.051 (p < 0.001),
respectively. There was no significant change after
adding the Lifestyle score (p ¼ 0.07). When added
individually, the absence of any single CVD risk
factor did not significantly increase the C-statistic
 11/12/2015



TABLE 2 Percentage of Individuals With Persistent CAC ¼ 0 Stratified by Low- and

High-Risk Groups With the Multivariable Adjusted Relative Risk of Persistent CAC ¼ 0

N
% Persistent

CAC ¼ 0
Model 1

HR (95% CI)
Model 2

HR (95% CI)

Demographics

Age, yrs

<55 856 64.8 0.56 (0.50–0.63) 0.61 (0.53–0.71)

$65 426 38.3 Ref. Ref.

Sex

Female 1,167 57.8 0.78 (0.71–0.85) 0.82 (0.71–0.94)

Male 683 47.6 Ref. Ref.

Traditional risk factors

No. of risk factors

0 RF 338 70.1 0.48 (0.39–0.57) 0.69 (0.54–0.90)

$3 RF 193 35.8 Ref. Ref.

ASCVD score

0%–<2.5% 551 72.2 0.47 (0.40–0.54)*

2.5%–<7.5% 644 52.3 0.80 (0.72–0.89)*

$7.5% 655 40.5 Ref.

Diabetes

Yes 134 37.3 Ref. Ref.

No 1,716 55.4 0.75 (0.65–0.88) 0.80 (0.68–0.94)

Lifestyle score variables

Optimal BMI

Yes 511 62 0.77 (0.68–0.88) 0.94 (0.80–1.09)

No 1,339 51 Ref. Ref.

Regular physical activity

Yes 363 57.9 0.87 (0.76–0.99) 0.95 (0.83–1.09)

No 1,484 53 Ref. Ref.

Mediterranean diet

Yes 872 46.6 0.99 (0.90–1.10) 0.98 (0.88–1.09)

No 916 45.4 Ref. Ref.

Never smoker

Yes 1,042 56 0.95 (0.86–1.04) 0.94 (0.85–1.04)

No 804 51.4 Ref. Ref.

Healthy Lifestyle score

0 260 53.5 Ref. Ref.

$3 419 57.5 0.97 (0.83–1.11) 1.06 (0.91–1.24)

Model 1: age, sex, race. Model 2: – Model 1 þ BMI, waist circumference, SBP, DBP, antihypertensive medication,
smoking, LDL-C, HDL-C, triglycerides, lipid-lowering medication, family history of CHD, household income,
educational attainment, physical activity. *Unadjusted model.

CHD ¼ coronary heart disease; CI ¼ confidence interval; HDL-C ¼ high-density lipoprotein cholesterol;
HR ¼ hazard ratio; LDL-C ¼ low-density lipoprotein cholesterol; Ref. ¼ reference value; RF ¼ risk factors; other
abbreviations as in Table 1.
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(p > 0.05). Adding high-sensitivity C-reactive protein
and other novel CVD risk factors to the model had a
small, but statistically significant improvement in the
C-statistic of 0.027 (p < 0.001).

There was no association between persistent
CAC ¼ 0 and a carotid intima-medial thickness <75%
percentile; HR 0.95 (95% CI: 0.85 to 1.06) (Table 5).
However, participants without carotid plaque by ul-
trasound were 11% more likely to have persistent
CAC ¼ 0 than were those with a carotid plaque
(HR: 0.89; 95% CI: 0.80 to 0.99) and participants
without thoracic artery calcification were 18%
more likely to have persistent CAC ¼ 0 than were
aging.onlinejacc.org/ by Matthew Budoff on 11/12/2015
individuals with extracoronary calcification of HR
0.82 (95% CI: 0.73 to 0.92).

In our sensitivity analyses we found was no sig-
nificant difference in high-sensitivity C-reactive pro-
tein levels between participants with and without
persistent CAC ¼ 0 (Online Tables 1). In addition,
using the visit 5 variables in place of the baseline
variables, the AUC estimates were essentially the
same (Online Table 2).

DISCUSSION

Our analysis demonstrates that participants with
persistent CAC ¼ 0 had an overall lower cardiovas-
cular risk factor profile. The healthy arterial aging
group had a significantly lower level for all of the
individual cardiovascular risk factors and a higher
level for all of the healthy lifestyle factors, except
Mediterranean diet. The absence of traditional
CVD risk factors was also associated with persistent
CAC ¼ 0 when compared with participants with $3
CVD risk factors. However, there was no single modi-
fiable traditional cardiovascular risk factor whose
absence was strongly associated with healthy arterial
aging. This is similar to a large cross-sectional cohort
study of almost 17,000 participants by Boutouyrie
et al. (19) in which sex, dyslipidemia, and smoking
were not significantly associated with arterial aging,
which was classified as an increased central arterial
stiffness. In addition, Lehmann et al. (20) found a
significant inverse trend between the number of car-
diovascular risk factors and healthy arterial aging.

Although our results did not identify an individual
predictor or specific phenotype of healthy arterial
aging, it is important to understand that this does not
exclude the existence of such predictors or pheno-
types. Our analysis focused on using traditional CVD
risk factors measured in late adulthood to examine
healthy arterial aging. These risk factors are well
established to be individually and collectively pre-
dictive of CVD events. Our analysis showed that the
absence of these risk factors collectively was associ-
ated with healthy arterial aging, but that the absence
of the risk factors individually was not associated
with healthy arterial aging.

This finding suggests that although modifying CVD
risk factors individually may lead to a lower burden of
CAC and, hence, risk of CVD; we did not identify a
specific CVD risk factor measured in late adulthood in
which an improvement would be expected to predict
continued healthy arterial aging. This does not pre-
clude the existence of a predictor of healthy arterial
aging, but it suggests that there may be other factors
that we did not examine, such as genetics.



TABLE 3 Description of Traditional High-Risk and Low-Risk Phenotypes Stratified by Individuals With Persistent CAC ¼ 0 Versus Incident CAC

High Risk Low Risk

Age $65 Years $7.5% ASCVD $3 Risk Factors Age <55 Years <2.5% ASCVD 0 Risk Factors

Persistent
CAC ¼ 0
(n ¼ 163)

Incident
CAC

(n ¼ 263)

Persistent
CAC ¼ 0
(n ¼ 265)

Incident
CAC

(n ¼ 390)

Persistent
CAC ¼ 0
(n ¼ 69)

Incident
CAC

(n ¼ 124)

Persistent
CAC ¼ 0
(n ¼ 555)

Incident
CAC

(n ¼ 301)

Persistent
CAC ¼ 0
(n ¼ 398)

Incident
CAC

(n ¼ 153)

Persistent
CAC ¼ 0
(n ¼ 237)

Incident
CAC

(n ¼ 101)

Demographics

Age, yrs 69.3 69.8 62.9 65.0* 58.8 59.4 49.4 49.9* 50.2 50.4 54.5 58.8*

Male, % 25.2 37.6* 48.3 50.8 37.7 38.7 34.6 47.8* 11.3 17.6* 30.0 43.6*

Traditional risk factors

No. risk factors 1.4 1.5 1.9 1.9 3.1 3.1 1.1 1.5* 0.8 0.9 0 0

ASCVD score 15.0 16.4 14.6 16.0* 16.4 16.5 2.9 4.1* 1.2 1.4* 2.9 5.3*

Diabetes, % 11.0 11.0 15.1 16.2 44.9 48.4 3.6 8.6* 1.0 2.6 0 0

Lifestyle score variables

Optimal BMI 33.1 24.7 19.6 19.0 0 2.0 32.6 20.3* 41.2 34.6 94.5 95.0

Regular physical
activity

20.2 16.7 20.6 18.7 23.2 14.5 20.8 19.3 20.6 19.0 26.6 23.8

Mediterranean Diet 44.0 51.4 47.7 50.5 43.1 41.9 49.5 46.9 47.5 51.7 44.2 51.0

Never smoker 63.2 55.5 51.7 47.0 42.0 34.7 57.3 54.2 66.3 64.1 74.7 59.4*

Healthy Lifestyle score 1.7 1.5 1.4 1.4 1.1 0.9 1.5 1.4 1.7 1.7 2.4 2.3

*p < 0.05 compared with nondevelopment participants.

Abbreviations as in Table 1.

FIGURE 1 Persistent CAC ¼ 0 Stratified by Baseline Risk Factor Profile
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TABLE 4 AUC for the Prediction of Persistent CAC ¼ 0

AUC
Change in

AUC p Value

Demographics

Age, sex, race 0.650 N/A N/A

Traditional risk factors

ASCVD score 0.656 0.013 <0.001

Risk factors, continuous* 0.695 0.051 <0.001

Lifestyle score variables

No. variables 0.657 0.008 0.074

Novel biomarkers

hsCRP 0.645 0.004 0.029

All† 0.665 0.027 <0.001

*SBP, DBP, LDL-C, HDL-C, antihypertensive medication, lipid-lowering medication,
diabetes. †hsCRP, NT-proBNP, creatinine, microalbuminuria, homocysteine,
fibrinogen.

AUC ¼ area under the curve; hsCRP ¼ high-sensitivity C-reactive protein;
NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; other abbreviations as in
Tables 1 and 2.

TABLE 5 Percentage

High-Risk Imaging Gr

CAC ¼ 0

CIMT $75%

Yes

No

Carotid plaque

Yes

No

Thoracic calcification

Yes

No

Model 1: age, sex, race. Mo
lipid-lowering medication,

CIMT ¼ carotid intima-m
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We did not observe the same consistent difference
in the Lifestyle score variables between the healthy
and nonhealthy arterial aging groups. Neither the
individual Lifestyle score variables nor the aggregate
Healthy Lifestyle score were significantly associated
with healthy arterial aging after multivariable ad-
justment. It is possible that these variables measured
at MESA visit 1 may not be representative of the
participants’ true lifetime risk status or the self-
reported physical activity, and Mediterranean Diet
variables may incompletely define those variables.
However, CVD risk factors earlier in life are predictive
of CAC in middle age and a lower Healthy Lifestyle
was associated with a reduced risk of CHD in a sepa-
rate analysis (17,21).

Our analysis showed that whereas a lower overall
CVD risk profile was associated with healthy arterial
of Individuals With Persistent CAC ¼ 0 Stratified by Low- and

oups With the Multivariable Adjusted Relative Risk of Persistent

n
% Without

CAC Development
Model 1

HR (95% CI)
Model 2

HR (95% CI)

462 42.6 Ref. Ref.

1,388 57.9 0.86 (0.78–0.96) 0.95 (0.85–1.06)

492 41.9 Ref. Ref.

1,358 58.5 0.79 (0.72–0.88) 0.89 (0.80–0.99)

187 30.5 Ref. Ref.

1,663 56.7 0.76 (0.67–0.85) 0.82 (0.73–0.93)

del 2: Model 1 þ BMI, SBP, DBP, antihypertensive medication, smoking, LDL-C, HDL-C,
family history of CHD, household income, educational attainment, physical activity.

edial thickness; other abbreviations as in Tables 1 and 2.
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aging, there was still a large amount of heterogeneity
within individuals who would traditionally be classi-
fied as low or high risk for CVD. For example, among
participants with no CVD risk factors, approximately
one-third did not have continued healthy arterial
aging over the course of the almost 10-year follow-up,
and among participants with $3 cardiovascular risk
factors, more than one-third had healthy arterial ag-
ing during the same follow-up. Furthermore, among
individuals $65 years old more than one-third had
persistent CAC ¼ 0 during follow-up, at which time
they had a mean age of approximately 79 years
compared with approximately one-third of parti-
cipants <55 years old who had unhealthy arterial ag-
ing by the mean age of 59 years at MESA visit 5.

Regardless of the definition of high and low risk,
approximately one-third of the high-risk participants
had healthy arterial aging versus one-third of low-risk
participants who had unhealthy arterial aging. Within
the majority of each high- and low-risk group there
were also minimal differences in the number of CVD
risk factors, mean ASCVD scores, and Lifestyle score
variables. Further emphasizing the challenge of pre-
dicting healthy arterial aging, we found that age, sex,
and race provided the vast majority of the prediction
in AUC models, although with an AUC of 0.65 these
demographic variables were only poorly predictive of
healthy arterial aging. The addition of further tradi-
tional and novel variables to the models provided
statistically significant improvements, but the abso-
lute improvements were small enough that the
models remained poorly predictive.

Even when we examined imaging of other vas-
culature as a predictor of healthy arterial aging
there was still significant heterogeneity as 42% of
participants with any carotid plaque had persistent
CAC ¼ 0 and only 59% of those without carotid plaque
had healthy arterial aging. Although we found that
the association between imaging of other vasculature
beds was more strongly associated with healthy
arterial aging than traditional risk factors, the imag-
ing variables had a smaller improvement in the AUC
score than did traditional risk factors as a continuous
variable.

Thus, the heterogeneity of arterial aging was one of
the most important findings of this analysis. It may be
attributable to the fact that even though the presence
of a CVD risk factor is associated with the develop-
ment of CVD, its absence is not necessarily associated
with healthy arterial aging. This is reflected in most
cardiovascular risk scores by the virtue that CVD
risk factors add points, but typically only an elevated
high-density lipoprotein cholesterol is used to
subtract points. It may also be that despite using



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The long-term

nondevelopment of CAC is a marker of healthy arterial aging.

Participants without a single traditional cardiovascular risk factor

were more likely to have healthy arterial aging, although there

was no single risk factor whose absence significantly improved

the predication of healthy arterial aging.

TRANSLATIONAL OUTLOOK: There was no single traditional

cardiovascular risk factor or group of risk factors whose absence

significantly improved the prediction of healthy arterial aging.

Future studies are needed to determine whether there are other

factors such as genetics that may improve the prediction of

healthy arterial aging.
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nontraditional cardiovascular risk factors including
noninvasive imaging methods, we may not be mea-
suring the true determinants of arterial aging.

Strengths of this analysis include that participants
in this analysis were middle to older age at baseline
and there was a nearly 10-year median follow-up time
allowing for the investigation of long-term arterial
aging. In addition, we examined both traditional and
novel cardiovascular risk factors and noninvasive
imaging modalities.

STUDY LIMITATIONS. One limitation of this study is
that the follow-up CAC scans were performed
approximately 10 years apart, and we do not know
precisely when during the follow-up time individuals
developed CAC. We also did not examine the initia-
tion of new medications or directly investigate inci-
dent CVD. However, <2% of participants had a CVD
event over the nearly 10-year follow-up and the goal
of our analysis was to identify predictors of long-term
healthy arterial aging measured by CAC.

CONCLUSIONS

Whereas the risk factors for the development of CVD
are firmly established, the predictors of healthy
arterial aging are less well defined. In this analysis we
demonstrate that a low CVD risk factor burden is
associated with an increased likelihood of healthy
arterial aging as measured by CAC. However, the
absence of any one individual CVD risk factor was not
strongly predictive of healthy arterial again and there
was significant heterogeneity among the participants
with healthy arterial aging. Consequently, healthy
arterial aging may be predominantly influenced by
the long-term maintenance of a low CVD risk profile
rather than the absence of any specific RF or low-risk
ded From: http://imaging.onlinejacc.org/ by Matthew Budoff on
phenotype identified in adulthood. The prediction of
individuals who will continue to have healthy arterial
aging remains elusive given the current available risk
factors and further work using other markers such as
genetics is needed to determine whether a healthy
aging phenotype can be identified.

ACKNOWLEDGMENTS The authors thank the other
investigators, the staff, and the participants of the
MESA study for their valuable contributions. A full list
of participating MESA investigators and institutions
can be found at http://www.mesa-nhlbi.org.

REPRINT REQUESTS AND CORRESPONDENCE: Dr.
Seamus Whelton, Division of Cardiology, Johns Hop-
kins School of Medicine, 1800 Orleans Avenue, 7th
Floor, Baltimore, Maryland 21287. E-mail: seamus.
whelton@jhmi.edu.
RE F E RENCE S
1. Franceschi C, Bezrukov V, Blanche H, et al.
Genetics of healthy aging in Europe: the EU-
integrated project GEHA (GEnetics of Healthy
Aging). Ann N Y Acad Sci 2007;1100:21–45.

2. Shaw LJ, Raggi P, Berman DS, Callister TQ.
Coronary artery calcium as a measure of biologic
age. Atherosclerosis 2006;188:112–9.

3. Grundy SM. Age as a risk factor: you are as old as
your arteries. Am J Cardiol 1999;83:1455–7, A7.

4. Grundy SM. Coronary plaque as a replacement
for age as a risk factor in global risk assessment.
Am J Cardiol 2001;88:8E–11E.

5. 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.
6. Stein JH, Fraizer MC, Aeschlimann SE,
Nelson-Worel J, McBride PE, Douglas PS. Vascular
age: integrating carotid intima-media thickness
measurements with global coronary risk assess-
ment. Clin Cardiol 2004;27:388–92.

7. Blaha M, Budoff MJ, Shaw LJ, et al. Absence of
coronary artery calcification and all-cause mor-
tality. J Am Coll Cardiol Img 2009;2:692–700.

8. 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:
1336–45.

9. Hermann DM, Gronewold J, Lehmann N, et al.,
for the Heinz Nixdorf Recall Study Investigative
Group. Coronary artery calcification is an inde-
pendent stroke predictor in the general popula-
tion. Stroke 2013;44:1008–13.
 11/12/2015
10. Budoff MJ, McClelland RL, Nasir K, et al. Car-
diovascular events with absent or minimal coronary
calcification: the Multi-Ethnic Study of Athero-
sclerosis (MESA). Am Heart J 2009;158:554–61.

11. 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:
2955–62.

12. Bild DE, Bluemke DA, Burke GL, et al. Multi-
Ethnic Study of Atherosclerosis: objectives and
design. Am J Epidemiol 2002;156:871–81.

13. McClelland RL, Chung H, Detrano R, Post W,
Kronmal RA. Distribution of coronary artery cal-
cium by race, gender, and age: results from the
Multi-Ethnic Study of Atherosclerosis (MESA).
Circulation 2006;113:30–7.

http://www.mesa-nhlbi.org
mailto:seamus.whelton@jhmi.edu
mailto:seamus.whelton@jhmi.edu
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref1
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref1
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref1
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref1
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref2
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref2
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref2
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref3
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref3
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref4
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref4
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref4
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref5
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref5
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref5
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref5
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref5
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref6
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref6
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref6
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref6
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref6
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref7
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref7
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref7
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref8
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref8
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref8
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref8
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref9
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref9
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref9
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref9
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref9
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref10
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref10
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref10
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref10
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref11
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref12
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref12
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref12
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref13
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref13
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref13
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref13
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref13


Whelton et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . - , N O . - , 2 0 1 5

Healthy Arterial Aging and Coronary Calcium - 2 0 1 5 :- –-

8

Downloaded From: http://im
14. Agatston AS, Janowitz WR, Hildner FJ,
Zusmer NR, Viamonte M Jr., Detrano R. Quantifi-
cation of coronary artery calcium using ultrafast
computed tomography. J Am Coll Cardiol 1990;15:
827–32.

15. Carr JJ, Nelson JC, Wong ND, et al. Calcified
coronary artery plaque measurement with cardiac
CT in population-based studies: standardized
protocol of Multi-Ethnic Study of Atherosclerosis
(MESA) and Coronary Artery Risk Development in
Young Adults (CARDIA) study. Radiology 2005;
234:35–43.

16. Trichopoulou A, Costacou T, Bamia C,
Trichopoulos D. Adherence to a Mediterranean
diet and survival in a Greek population. N Engl J
Med 2003;348:2599–608.
aging.onlinejacc.org/ by Matthew Budoff o
17. Ahmed HM, Blaha MJ, Nasir K, et al. Low-risk
lifestyle, coronary calcium, cardiovascular events,
and mortality: results from MESA. Am J Epidemiol
2013;178:12–21.

18. Grambsch PM, Therneau TM. Proportional
hazards tests and diagnostics based on weighted
residuals. Biometrika 1994;81:515–26.

19. Reference Values for Arterial Stiffness
Collaboration. Determinants of pulse wave veloc-
ity in healthy people and in the presence of car-
diovascular risk factors: “establishing normal and
reference values.” Eur Heart J 2010;31:2338–50.

20. Lehmann ED, Hopkins KD, Rawesh A, et al.
Relation between number of cardiovascular risk
factors/events and noninvasive Doppler ultrasound
n 11/12/2015
assessments of aortic compliance. Hypertension
1998;32:565–9.

21. Hartiala O, Magnussen CG, Kajander S, et al.
Adolescence risk factors are predictive of coronary
artery calcification at middle age: the cardiovas-
cular risk in young Finns study. J Am Coll Cardiol
2012;60:1364–70.

KEY WORDS arterial aging, cardiovascular
disease, cardiac computed tomography,
coronary artery calcium

APPENDIX For supplemental tables, please
see the online version of this paper.

http://refhub.elsevier.com/S1936-878X(15)00758-5/sref14
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref14
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref14
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref14
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref14
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref15
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref16
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref16
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref16
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref16
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref17
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref17
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref17
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref17
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref18
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref18
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref18
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref19
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref19
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref19
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref19
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref19
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref20
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref20
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref20
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref20
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref20
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref21
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref21
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref21
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref21
http://refhub.elsevier.com/S1936-878X(15)00758-5/sref21

	Predictors of Long-Term Healthy Arterial Aging
	Methods
	Results
	Discussion
	Study limitations

	Conclusions
	Acknowledgments
	References




