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Heterogeneity in the Association Between
the Presence of Coronary Artery Calcium and
Cardiovascular Events: A Machine-Learning

Approach in the MESA Study

Kosuke Inoue™, MD, PhD, Teresa E. Seeman, PhD, Tamara Horwich®, MD, MS, Matthew J. Budoff{2, MD,
Karol E. Watson, MD, PhD

BACKGROUND: Coronary artery calcium (CAC) has been widely recognized as an important predictor of cardiovascular disease (CVD).
Given the finite resources, it is important to identify individuals who would receive the most benefit from detecting positive CAC by
screening. However, the evidence is limited as to whether the burden of positive CAC on CVD differs by multidimensional individual
characteristics. We sought to investigate the heterogeneity in the association between positive CAC and incident CVD.

METHODS: This cohort study included adults from MESA (Multi-Ethnic Study of Atherosclerosis) ages >45 years and free of
cardiovascular disease. After propensity score matching in a 1:1 ratio, we applied a machine learning causal forest model
to (1) evaluate the heterogeneity in the association between positive CAC and incident CVD, and (2) predict the increase in
CVD risk at 10-years when CAC>0 (versus CAC=0) at the individual level. We then compared the estimated increase in CVD
risk when CAC>0 to the absolute 10-year atherosclerotic CVD (ASCVD) risk calculated by the 2013 American College of
Cardiology/American Heart Association pooled cohort equations.

RESULTS: Across 3328 adults in our propensity score—matched analysis, our causal forest model showed the heterogeneity
in the association between CAC>0 and incident CVD. We found a dose—response relationship of the estimated increase in
CVD risk when CAC>0 with higher 10-year ASCVD risk. Almost all individuals (2293 of 2428 [94.4%]) with borderline risk
of ASCVD or higher showed >2.5% increase in CVD risk when CAC>0. Even among 900 adults with low ASCVD risk, 689
(69.2%) showed >2.5% increase in CVD risk when CAC>0; these individuals were more likely to be male, Hispanic, and have
unfavorable CVD risk factors than others.

CONCLUSIONS: The expected increases in CVD risk when CAC>0 were heterogeneous across individuals. Moreover, nearly 70% of
people with low ASCVD risk showed a large increase in CVD risk when CAC>0, highlighting the need for CAC screening among
such low-risk individuals. Future studies are needed to assess whether targeting individuals for CAC measurements based on not
only the absolute ASCVD risk but also the expected increase in CVD risk when CAC>0 improves cardiovascular outcomes.

Key Words: atherosclerosis ® cardiovascular disease ® machine learning ® precision medicine ® propensity score
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subclinical atherosclerotic cardiovascular disease  traditional CVD risk prediction models2® In addition, a
(ASCVD)." Ample evidence has shown the rela-  recent study reported that statin therapy was associated
tionship between CAC and incident cardiovascular dis-  with a reduced risk of incident CVD across all CAC burden

Coronary artery calcium (CAC) is a key marker of  ease (CVD) and suggested that CAC can aid in enhancing
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endorsed the use of CAC as a supporting tool for per-

Clinical Perspective sonalized CVD risk management in primary prevention.”®

Although the optimal target population for CAC mea-

What Is New? surements has often been considered according to the

* Using the longitudinal cohort study of the multieth-
nic population, along with propensity score match-
ing and machine learning causal forest algorithm,
we found heterogeneity in the association between
coronary artery calcium (CAC) >0 and incident car-
diovascular disease (CVD) risk (ie, the expected
increase in CVD risk when CAC>0 varied across
individuals).

* The 10-year atherosclerotic CVD risk was associ-
ated in a dose-response manner with the expected
increase in CVD risk when CAC>0.

» Even among people with low absolute atheroscle-
rotic CVD risk, nearly 70% had a large, expected
increase in CVD risk when CAC>0, and they were
more likely to be male, Hispanic, and have unfavor-
able CVD risk factors.

What Are the Clinical Implications?

» These findings provide empirical evidence for the
potential utility of targeted CAC measurements for
such subpopulations with a large increase in CVD
risk related to a positive CAC even when their ath-
erosclerotic CVD risk is low.

* It is important to consider not only outcome risk
but also the exposure—outcome association (or the
treatment effect) at individual levels to achieve the
most effective distribution of finite resources such
as CAC screening with advancing cardiovascular
health equity.

» Additional studies are needed to evaluate whether
targeting people for CAC measurements based
on the potential burden of positive CAC on CVD
(ie, CAC-CVD association) at individual levels
improves cardiovascular outcomes as a future pre-
cision medicine approach.

Nonstandard Abbreviations and Acronyms

ACC/AHA American College of Cardiology/Ameri-
can Heart Association

strata except the absence of CAC (ie, CAC=0), highlight-
ing the role of CAC=0 in decision-making regarding statin
initiation.? The 2018 American Heart Association (AHA)/
American College of Cardiology (ACC)/Multi-Society
Cholesterol Guidelines and the 2019 ACC/AHA Pri-
mary Prevention Clinical Practice Guidelines upgraded
CAC measurement as a Class Ila recommendation and

Circulation. 2023;147:132-141. DOI: 10.1161/CIRCULATIONAHA.122.062626

estimated CVD risks under an implicit assumption of the
correlation between risk and benefit? it is unclear whether
individuals at high risk of CVD would receive the most ben-
efit from the information gained with CAC measurement.
In recent years, heterogeneity in the association
between risk factors and incident CVD has received
substantial attention. Previous studies showed that the
strength of the association between CAC and incident
CVD increased by the number of traditional CVD risk fac-
tors' although it did not statistically differ by age, sex, and
race/ethnicity.'’ However, these studies were based on
a traditional statistical approach—subgroup analysis—that
limits the identification of individuals with the strongest or
weakest associations because it reduces the dimension
of characteristics into a binary or simple category. To over-
come this limitation, there has been rapid advancement
in the machine learning—based approach which allows us
to investigate how associations vary by multidimensional
individual characteristics.*'® The causal forest model is
one such method that uses an ensemble of trees opti-
mized to detect heterogeneity in the association across
the individual levels.'*'® Although it uses a similar algo-
rithm to the random forest—one of the common machine
learning algorithms for outcome prediction, causal forest
allows us to evaluate the outcome risk associated with
the exposure at individual levels rather than the outcome
itself. Given the finite resources and increasing concerns
about overtesting and overtreatment,"'¢ identifying indi-
viduals with a large change in CVD risk related to positive
CAC by applying the causal forest model would provide
new insight into the precision-medicine approach of CAC
screening to effectively reduce the CVD burden.
Therefore, using data from MESA (Multi-Ethnic Study
of Atherosclerosis), along with the causal forest model
and propensity score matching, we examined the het-
erogeneity in the association between positive CAC and
incident CVD among US adults (ie, whether the esti-
mated increase in CVD risk when CAC>O0 varied across
individuals). We then examined the correlation between

ASCVD atherosclerotic cardiovascular disease the estimated increase in CVD risk when CAC>0 and the
CAC coronary artery calcium 10-year ASCVD risk calculated by the 2013 ACC/AHA
CVD cardiovascular disease pooled cohort equations.'” Lastly, we compared charac-
MESA Multi-Ethnic Study of Atherosclerosis teristics between individuals with a high burden of posi-

tive CAC on CVD and those with a low burden of positive
CAC on CVD.

METHODS

Data Sources and Study Population

The data and materials are available and can be requested at
http://www.mesa-nhlbi.org. The MESA is a prospective obser-
vational cohort of 6814 men and women aged 45 to 84 years
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without known CVD at enrollment.'® The participants, who iden-
tified themselves as White, Black, Hispanic, or Asian (mostly
of Chinese origin), were enrolled from 6 communities in the
United States (Baltimore, Maryland; Chicago, lllinois; Forsyth
County, North Carolina; Los Angeles, California; New York, NY;
St. Paul, Minnesota) between 2000 and 2002. Of the 6814
participants, we excluded participants with missing data on
covariates listed below (n=157). We then excluded participants
who did not have follow-up information on outcomes during 10
years since the enrollment (n=1063), resulting in a sample of
5594 participants before propensity score matching (Figure 1).
MESA was approved by the Institutional Review Boards of
the participating institutions, and the study was conducted
following the Declaration of Helsinki. All participants gave
written informed consent for participation in the studies. Full
details of the MESA study design can be found elsewhere.'®
This study followed the PRIME (Proposed Requirements for
Cardiovascular Imaging-Related Machine Learning Evaluation)
checklist (Table S1).°

Exposure Ascertainment

At baseline, the CAC score was measured twice for each indi-
vidual using a cardiac-gated electron-beam computed tomog-
raphy scanner (Chicago, Los Angeles, New York) or a 64-slice
multidetector CT (Baltimore, Forsyth County, St. Paul).?® The
intra- and interobserver agreements were x = 0.93 and 0.90,
respectively. Participants were told either they had no CAC or
that the amount was less than average, average, or greater
than average and that they should discuss the results with
their physicians.

Heterogeneity in CAC and CVD

Outcome Ascertainment

For the purpose of this study, we used incident hard CVD events
at 10 years of follow-up, which included myocardial infarction,
resuscitated cardiac arrest, stroke, coronary heart disease
death, and stroke death. During follow-up examinations con-
ducted every 9 to 12 months, a telephone interviewer inquired
about all interim hospital admissions, cardiovascular diagno-
ses, and deaths. Two physicians from the MESA study events
committee independently reviewed all the medical records for
end-point classification and assignment of incidence dates. A
more detailed description of the follow-up methods and event
adjudication is available at www.mesa-nhlbi.org.

Other Covariates

Participants completed self-administered questionnaires includ-
ing age, sex (male, female), race/ethnicity (White, Black, Hispanic,
Asian), education status (less than college, college or above), health
insurance status (public, private, uninsured), smoking status (never,
former, current), history of diabetes, and medication use. Weight,
height (which were used to calculate body mass index), and blood
pressure were measured by trained staff. Creatinine and choles-
terol levels (total, high-density lipoprotein [HDL], and low-density
lipoprotein [LDL]) were measured from peripheral blood samples.
The estimated glomerular filtration rate (eGFR) was calculated by
the Chronic Kidney Disease Epidemiology Collaboration equation.?!

Propensity Score Matching

We employed 1-to-1 propensity score matching without
replacement to match participants who had CAC>0 with those

6,814 participants in MESA
Aged 45-85 years

- Non-Hispanic white, Non-
Hispanic black, Hispanic,

Chinese American

Participants excluded (n=157)

- Free of cardiovascular disease .

v -
6,657 participants with
information on covariates

No information on education

status at enrollment (n=23)

* No information on blood

pressure at enrollment (n=3)

No information on cholesterol

levels at enrollment (n=112)

*  No information on eGFR at
enrollment (n=5)

« No information on statin use at

enrollment (n=14)

Figure 1. Flow of study sample
selection.

Sensitivity analysis was conducted using
all 5594 samples before propensity score
matching. CAC indicates coronary artery

| 5,594 were followed for 10 years |

T

2,918 had CAC=0 |2,676 had CAC>0 |

Propensity score maiching

[ 1,664 had CAC=0 | 1,664 had CAC>0 | |
. Final Analytical Sample

calcium; and MESA, Multi-Ethnic Study of
Atherosclerosis.
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who had CAC=0 at baseline, to adjust for potential confound-
ers listed in Table 1. We used a logistic regression model to
derive the propensity scores for positive CAC, and a caliper of
0.1 standard deviations of the logit of the propensity score. The
absolute standardized mean difference <0.1 indicated suc-
cessful balance.”

Statistical Analyses

After describing baseline characteristics before and after
propensity score matching, we applied a machine learning
causal forest algorithm (using grf package in R) among the
matched sample to build a model to predict the increase in
hard CVD risk when CAC>0 (compared to CAC=0) at the
individual level. In this model, an ensemble of 2000 causal
trees was built using all of the covariates included in propen-
sity score matching. To minimize the overfitting of the model,
we employed an honest splitting approach along with 10-fold
cross-fitting.'*'%2% In this approach, each tree algorithm was
built using a randomly chosen 50% subsample from the origi-
nal data without replacement. The fractional subsample was
then divided into 2 halves, with the first half used to construct
the tree structure and the second half used to make predic-
tions. The parameters of our causal forest model (eg, the mini-
mum number of samples a node should contain, the number
of variables considered during each split) were tuned using
10-fold cross-validation. Model calibration was evaluated by
fitting the best linear fit of the regression of the observed
association on the predicted association.?* The c-for-benefit
was also calculated to evaluate the discrimination perfor-
mance of our model.?® The variable importance was assessed
based on a simple weighted sum of how many times each
variable was split in the causal forest model without consid-
eration of the stage of split?* More details on causal forest
analysis are shown in the Expanded Methods, Figures S1 to
S4, and elsewhere.!4%24

Then, we applied our causal forest model to MESA par-
ticipants to predict the increase in CVD risk when CAC>0 at
the individual level (because the model was built using 10-fold
cross-fitting, estimates for individuals were calculated based
on trees fitted without their own observations and thus had
low risk of overfitting®). We computed Spearman'’s correlation
coefficient and Pearson'’s correlation coefficient to investigate
the correlation between the estimated increase in CVD risk
when CAC>0 and the 10-year ASCVD risk calculated by the
2013 ACC/AHA pooled cohort equations” as well as the 4
major risk factors of CVD (age, systolic blood pressure, body
mass index, and LDL-cholesterol levels).

Lastly, we identified subpopulations with low 10-year ASCVD
risk (<5% based on the 2013 AHA/ACC pooled cohort equa-
tions) and a large increase in CVD risk when CAC>0 (>2.5%
based on our causal forest model), and compared their charac-
teristics with those with low 10-year ASCVD risk and a small
increase in CVD risk when CAC>0 (<2.5% based on our causal
forest model). We set 2.5% increase as the threshold given that
borderline 10-year ASCVD risk ranges from 5 to 7.5%." We
also compared the characteristics according to the increase in
CVD risk when CAC>0 among individuals with borderline or
higher 10-year ASCVD risk (=56% based on the 2013 AHA/
ACC pooled cohort equations). As sensitivity analyses, we reset
the threshold using the median for each subpopulation instead

Circulation. 2023;147:132-141. DOI: 10.1161/CIRCULATIONAHA.122.062626
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of 2.5% increase (3.2% increase for adults with low 10-year
ASCVD risk; and 5.5% increase for adults with borderline or
higher 10-year ASCVD risk). P values were adjusted for mul-
tiple comparisons using the Benjamini—Hochberg method.? Al
analyses were conducted using R version 4.1.1 (R Foundation
for Statistical Computing, Vienna, Austria).

Additional Analyses

We conducted 2 additional analyses. First, we applied the
causal forest model to the entire 5594 participants before
propensity score matching rather than 3328 propensity score-
matched sample. Second, given the usefulness of CAC mea-
surement for shared decision-making of initiating statin therapy
for untreated patients in clinical practice,® we restricted individ-
uals to those without statin use at baseline, in order to assess
whether our findings can be applied to adults who have not
started statin therapy yet.

RESULTS

Participant Characteristics

Across 5594 participants in the MESA before propen-
sity score matching, the mean£SD age was 61.3 (10.0)
years, and 53% were female. Compared to participants
with CAC=0 (n=2918 [52.6%)]), those with positive
CAC (n=2676 [47.8%]) were more likely to be older,
male, White (as opposed to Black, Hispanic, or Asian),
less educated, publicly insured, and former smokers
(Table 1). They also showed unfavorable CVD risk pro-
files: higher systolic blood pressure, higher diastolic
blood pressure, lower eGFR, higher prevalence of dia-
betes, higher prevalence of antihypertensive use, and
higher prevalence of statin use. The 2 groups (CAC>0
and CAC=0) were well balanced on all baseline co-
variates after propensity score matching; standardized
mean differences were 0.1 for all covariates (Table 1;
Figure Sb).

Causal Forest Model Predicts Increased CVD
Risk When CAC>0

During 10 years of follow-up among 3328 propensity
score—matched samples, 231 (6.9%) participants ex-
perienced composite CVD events (CAC=0; 69 of 1674
[4.1%]; CAC>0, 162 of 1674 [9.7%)]). Our causal forest
model suggested the presence of heterogeneity in the
association between CAC>0 and incident CVD events
(ie, the CAC—CVD association varied across individuals;
Figure S6). In the best linear fit model for the observed
association, the coefficient of the mean forest prediction
was 1.00 (Pvalue <0.001), indicating that the mean for-
est prediction was well calibrated. Also, the coefficient of
the out-of-bag predicted association was 0.93 (P value
<0.001), indicating that the forest captured heterogene-
ity. The c-for-benefit of our causal forest model was 0.87
(95% Cl, 0.74 to 1.00), indicating the high discrimination
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ASMD indicates absolute standardized mean difference; BMI, body mass index; CAC, coronary artery calcium score; CVD, cardiovascular diseases; eGFR, esti-
mated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; and MESA, Multi-Ethnic Study of Atherosclerosis.

*Mean £ SD was described for continuous variables, otherwise indicated.

11-to-1 pair matching was performed by nearest-neighbor matching without replacement, with the use of a caliper width equal to 0.1 of the SD of the logit of the
propensity score. ASMD <0.1 was considered to indicate a negligible imbalance between the 2 groups (CAC>0 vs CAC=0).

performance of the model. The variable importance cal-
culation showed that age, eGFR, systolic and diastolic
blood pressure, HDL, LDL, body mass index, and sex
were frequently split when building the causal forest
model (Figure S7).

Estimated CVD Risk Increase When CAC>0 and
Its Correlation With 10-Year ASCVD Risk

The increase in CVD risk when CAC>0 based on the
causal forest model was associated in a dose—response
manner with the 10-year ASCVD risk based on the

136 January 10,2023
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Table 1. Baseline Characteristics in the MESA Cohorts Before and After Propensity Score Matching
=
g Cohort before propensity score matchingt Cohort after propensity score matchingt
=<
= Variable* CAC=0 CAC>0 ASMD CAC=0 CAC>0 ASMD
g Participants, n 2918 2676 - 1664 1664 -
—
g Age 576 £ 9.0 65.4+9.4 0.854 61.8+8.7 62.1 £9.1 0.036
= Sex, %
e
=) Male 36.3 576 0.437 46.8 49.0 0.043
Female 63.7 42.4 —0.437 53.2 51.0 —0.043
Race/ethnicity, %
White 35.1 45.2 0.207 39.6 40.8 0.025
Black 29.9 23.6 —0.142 273 26.4 —0.02
Hispanic 23.1 19.2 —0.096 20.9 20.2 —0.018
Asian 11.9 12.0 0.003 12.2 12.6 0.013
Education status, %
Less than college 325 35.9 0.071 35.6 34.1 —0.032
College or above 67.5 64.1 -0.071 64.4 65.9 0.032
Health insurance, %
Public 14.9 24.9 0.251 20.4 20.8 0.009
Private 75.0 68.8 —0.137 70.9 715 0.012
Uninsured 10.1 6.3 —0.139 8.7 7.8 —0.033
Smoking status, %
Never 56.5 45.5 —0.222 50.7 49.9 —0.016
Former 31.0 42.6 0.243 36.7 375 0.017
Current 12.4 11.8 —0.018 12.7 12.6 —0.002
BMI, kg/m? 28.2+5.7 28.4+5.2 0.03 28.4+55 285+55 0.019
O
g Systolic blood pressure, mmHg 121.8+20.3 130.2£21.3 0.403 126.4 +21.0 126.6 £ 20.4 0.008
]
g Diastolic blood pressure, mmHg 71.1+10.3 72.7 £10.0 0.159 721 £10.4 72.4+9.9 0.023
o eGFR, mL/(min-1.73 m?) 76.2+14.7 72.7+ 175 —0.214 745+ 145 745 £ 18.5 —0.002
g Total cholesterol, mg/dL 193.6 + 34.0 194.4 £ 34.7 0.024 195.6 + 34.8 195.3 +34.8 —0.009
g HDL cholesterol, mg/dL 52.8 +15.1 49.6 =145 —0.219 51.3+14.9 51.1 £15.3 —-0.018
°
§ LDL cholesterol, mg/dL 116.4 £ 30.6 118.7+31.8 0.073 118.7 £ 30.9 118.6 + 32.1 —0.004
%- Diabetes, % 8.3 15.0 0.21 11.7 12.2 0.015
o
;;s Antihypertensive use, % 27.6 44.7 0.363 35.7 36.5 0.018
8 Statin use, % 9.8 20.7 0.307 14.4 1561 0.019
<
g
o
)
>
c
o]
c
Qa
=
o
N
Q
R
w

ACC/AHA pooled cohort equations (Spearman correla-
tion coefficient = 0.60, P value <0.001; Pearson cor-
relation coefficient = 0.61, P value <0.001; Figure 2).
A similar pattern was also observed when we compared
the increase in CVD risk when CAC>0 with age, body
mass index, systolic blood pressure, and LDL-cholesterol
levels (Figure 3).

Among 2428 individuals with borderline ASCVD risk
or greater, 2293 (94.4%) showed a large increase in CVD
risk when CAC>0, supporting the need to evaluate CAC
for such a high-risk population (Table S2). Even among
900 individuals with low ASCVD risk, 623 (69.2%)

Circulation. 2023;147:132-141. DOI: 10.1161/CIRCULATIONAHA.122.062626
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Low risk of ASCVD &

32 High risk of CVD when CAC>0

Increase in the risk of CVD when CAC>0, %

Low risk of ASCVD &
Low risk of CVD when CAC>0

2 8

2013 ACC/AHA ASCVD risk, %

Borderline or Higher risk of ASCVD &
High risk of CVD when CAC>0

Borderline or Higher risk of ASCVD &
Low risk of CVD when CAC>0

32

Figure 2. Association between the 10-
year ASCVD risk and the estimated
increase in the risk of cardiovascular
events when CAC>0 compared to
CAC=0.

X-axis shows the 10-year ASCVD

risk calculated by the 2013 ACC/

AHA pooled cohort equations. Y-axis
showed the estimated increase in the

risk of cardiovascular events when
CAC>0 (calculated by the causal forest
model). Spearman correlation coefficient
and Pearson correlation coefficient
between the 10-year ASCVD risk and

the estimated increase in the risk of
cardiovascular events when CAC>0 were
0.60 (Pvalue <0.001) and 0.61 (Pvalue
<0.001), respectively. ASCVD indicates
atherosclerotic cardiovascular disease;
CAC, calcium coronary artery calcium; and
CVD, cardiovascular disease.

showed a large increase in CVD risk when CAC>0; they
were more likely to be male and Hispanic (as opposed
to White, Black, and Asian), and had more unfavorable
CVD profiles than those with <2.5% increase in CVD risk
when CAC>0 (Table 2). We found similar patterns when
we used the median instead of 2.5% as the threshold of
increase in CVD risk when CAC>O0 (ie, 3.2% increase for
adults with low 10-year ASCVD risk; and 5.5% increase
for adults with borderline or higher 10-year ASCVD risk;
Tables S3 and S4).

Additional Analyses

The results did not change when we used the entire
cohort before propensity score matching (Figure S8),
and restricted individuals to those without statin use
(Figure S9).

DISCUSSION

In this longitudinal cohort study of the multiethnic popu-
lation, we found that the expected increase in CVD risk
when CAC>0 was heterogeneous across individuals.
The 10-year ASCVD risk was associated in a dose—re-
sponse manner with the expected increase in hard CVD
risk when CAC>0. Even among individuals with low AS-
CVD risk, nearly 70% of them showed a 22.5% increase
in CVD risk when CAC>0. They were more likely to be
male, Hispanic, and had unfavorable CVD profiles. These
results provide empirical evidence for the potential util-
ity of targeted CAC measurements for such subpopula-
tions with a large increase in CVD risk related to positive
CAC even when their CVD risk is low. They also highlight

Circulation. 2023;147:132-141. DOI: 10.1161/CIRCULATIONAHA.122.062626

the importance to consider the individual-level burden of
positive CAC on CVD as well as the absolute CVD risk as
a precision medicine approach.

Our findings would advance the ongoing discus-
sion about who should be screened for CAC to prevent
future CVD events. An increasing body of literature has
shown the potential of CAC to reduce CVD risk in pre-
cision medicine through facilitating shared decision-
making between physicians and patients and promoting
long-term adherence to diet, exercise, statin, and aspirin
therapy.?™?® Some studies have reported that CAC mea-
surements would improve risk assessment by traditional
approaches which can underdetect individuals who could
potentially benefit from early preventive interventions.?%%°
The 2019 CVD Primary Prevention Clinical Practice
Guidelines® assigned CAC a class lla recommendation
as a useful tool when the treatment decision is uncertain
only by traditional CVD risk estimation (eg, CAC>0 could
be used to assist with shared decision-making about
statin use®'). This was, at least partially, based on the fact
that the benefit from the CAC screening is proportional
to the absolute risk of CVD, which was supported by our
findings of the dose-response relationship between the
increase in CVD risk when CAC>0 and the absolute
10-year ASCVD risk. Meanwhile, it is also important to
note that a substantial number of individuals at low risk of
10-year ASCVD showed a strong relationship between
CAC>0 and incident CVD. These findings indicate that
our machine learning—based approach would help us to
identify such individuals, and thus facilitate our effort to
achieve precision medicine® with appropriate and cost-
effective resource allocation of CAC measurements and
preventive approaches such as statin therapy.®
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Figure 3. Association between the traditional cardiovascular risk factors and the estimated increase in the risk of

cardiovascular events when CAC>0 compared to CAC=0.

X-axis shows 4 major traditional cardiovascular risk factors (age, BMI, systolic blood pressure, and LDL cholesterol levels). The vertical dashed line
(blue) for each variable corresponds to age (65 years), BMI (30 kg/m?), systolic blood pressure (130 mmHg), and LDL cholesterol levels (100
mg/dL). Y-axis shows the estimated increase in the risk of cardiovascular events when CAC>0 compared to CAC=0 (calculated by the causal
forest model). Spearman correlation coefficients (p) and Pearson correlation coefficient (r) between each traditional cardiovascular risk factor and
the estimated increase in the risk of cardiovascular events when CAC>0 (vs CAC=0) and their Pvalues are shown at the upper right of each plot.
BMI indicates body mass index; CAC, coronary artery calcium; CVD, cardiovascular disease; and LDL, low-density lipoprotein.

Of note, among adults with low ASCVD risk, those
with a large increase in CVD risk associated with CAC>0
were more likely to be Hispanic and have unfavorable
CVD risk profiles (ie, higher body mass index, higher
blood pressure, higher LDL cholesterol levels, and greater
prevalence of diabetes and antihypertensive use) than
those with a small increase in CVD risk associated with
CAC>0. This observed pattern might reflect the influ-
ence of social determinants of health on the relationship
between CAC>0 and CVD, which are not captured in the
ASCVD risk pooled cohorts equation. Thus, the correct
identification of such subpopulations would potentially
help us to minimize the social disparity in cardiovascu-
lar health. In other words, targeting only individuals at a

138  January 10,2023

high absolute risk of CVD for CAC measurements may
not be sufficient to achieve the AHA's 2024 Impact Goal
of removing barriers to health equity.®® Further investi-
gations are warranted to (1) disentangle the underlying
mechanisms of the observed heterogeneity across social
determinants of cardiovascular health and (2) evaluate
whether the tailored approach of CAC screening using
the individual-level prediction of the increase in CVD risk
associated with CAC>0 as well as their absolute CVD
risk would improve cardiovascular health equity.

Our study demonstrated for the first time that the
association between CAC>0 and incident CVD var-
ied across multidimensional characteristics of individu-
als. Previous studies have investigated the association

Circulation. 2023;147:132-141. DOI: 10.1161/CIRCULATIONAHA.122.062626
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Table 2. Baseline Characteristics of Adults With Low 10-
Year ASCVD Risk (<5%) According to Estimated Risk In-
crease of Hard CVD Events When CAC>0 vs CAC=0

Estimated increase in the
risk of hard CVD events when
CAC>0
Variable* Low (<2.5%) | High (>2.5%) | P valuet
Participants, n 277 623 -
Age 54.7 £5.7 53.9+59 0.08
Sex, % 0.05
Male 325 40.0
Female 67.5 60.0
Race/ethnicity, % 0.01
White 63.9 54.9
Black 9.4 11.2
Hispanic 11.2 20.1
Asian 155 13.8
Education status, % 0.08
Less than college 19.9 25.8
College or more 80.1 74.2
Health insurance, % 0.35
Public 5.4 7.9
Private 83.8 83.0
Uninsured 10.8 9.2
Smoking status, % 0.14
Never 49.1 55.9
Former 42.6 38.4
Current 8.3 5.8
BMI, kg/m? 26.3+55 28.9+59 <0.01
Systolic blood pressure, 106.7£12.0 | 1175+ 155 <0.01
mmHg
Diastolic blood pressure, 649+ 74 71.2+£9.7 <0.01
mmHg
eGFR, mL/(min-1.73 m?) 745 £ 10.9 76.56+21.0 0.15
Total cholesterol, mg/dL 190.9£26.7 | 199.2+35.0 | <0.01
HDL cholesterol, mg/dL 59.6 £ 16.9 50.8 £ 14.7 <0.01
LDL cholesterol, mg/dL 1111+ 228 121.8 £ 31.7 <0.01
Diabetes, % 11 3.1 0.11
Antihypertensive use, % 8.3 22.0 <0.01
Statin use, % 13.4 13.4 0.99

BMI indicates body mass index; CAC, coronary artery calcium score; CVD,
cardiovascular diseases; eGFR, estimated glomerular filtration rate; HDL, high-
density lipoprotein; and LDL, low-density lipoprotein.

*Mean £ SD was described for continuous variables, otherwise indicated.

1P values for between-group differences. We used the Wilcoxon rank-sum
test for continuous variables and the Fisher exact test for categorical variables.
P value was adjusted for multiple comparisons using the Benjamini-Hochberg
method.

within traditional risk factor strata. Using a registry of
10,377 asymptomatic individuals who were referred by
their primary care physicians for CAC screening, Shaw
et al® reported the association between elevated CAC
and b-year mortality rate among low-, intermediate-, and

Circulation. 2023;147:132-141. DOI: 10.1161/CIRCULATIONAHA.122.062626
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high-risk individuals based on Framingham risk score,
respectively. Using a prospective cohort study (the South
Bay Heart Watch) including 1461 individuals with >1
coronary risk factor, Greenland et al? also showed the
increased risk of composite CVD outcomes related to
elevated CAC, even among people with low Framingham
risk scores. More recently, based on data from a large
cohort of 44 052 asymptomatic individuals in the United
States, Nasir et al®® showed that individuals with no risk
factors and elevated CAC had higher all-cause mortality
rates than those with >3 risk factors and CAC=0 dur-
ing a median follow-up of b years. Subsequently, using
MESA, Silverman, et al'® reported that CAC=0 was
associated with a low CVD event rate even among indi-
viduals with multiple risk factors, suggesting the clinical
usefulness of identifying CAC=0 to avoid unnecessary
or costly interventions. However, subgroup analyses in
these previous studies only allowed us to investigate the
association by the category of single or a few character-
istics. In this context, our study provided more detailed
and flexible information than the traditional approach
by capturing the heterogeneous patterns complicated
by their multidimensional combinations including con-
tinuous information such as summarized CVD risk score,
age, body mass index, systolic blood pressure, and LDL
cholesterol levels.

Limitations

Despite the strength of using MESA—a longitudinal
study design with a large sample size of an ethnically
diverse population—our study has several limitations.
First, although we have applied propensity score match-
ing to balance the distribution of measured covariates
including cardiovascular risk factors between partici-
pants with CAC>0 and those with CAC=0 and also ad-
justed for these covariates through causal forest model,
our results might have suffered from confounding bias
related to unmeasured confounders. Second, our re-
sults likely suffered from bias because of differential
loss to follow-up for 16% of MESA participants, such
that the likelihood of being lost to follow-up was related
to positive CAC and incident CVD. Although we set a
binary outcome (incident CVD at 10 years) to build a
causal forest model, future studies are warranted to
develop and apply the causal forest model in the time-
to-event data taking account of competing risks. Third,
because some of the baseline characteristics were self-
reported in MESA, we cannot rule out the possibility of
information bias of covariates. Fourth, we used baseline
covariates to assure temporality, and therefore, infor-
mation on the change in therapy after the results of
CAC screening was not included. Lastly, because the
MESA enrolled people aged >45 years at enrollment,
our findings are not generalizable or transportable to
the younger population.
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ber of individuals with a larger increase in CVD risk when
CAC>0 despite having a low 10-year ASCVD risk. Iden-
tifying such subpopulations with severe CVD burden re-
lated to positive CAC would facilitate our current effort to
maximize the utility and effectiveness of CAC screening
to prevent CVD. Future prospective studies are needed
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