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Heart failure (HF) is a leading cause of morbidity. Strategies for preventing HF are par-
amount. Prevalent extracoronary calcification is associated with HF risk but less is
known about progression of mitral annular (MAC) and aortic valve calcification (AVC)
and HF risk. Progression of valvular calcification (VC) [interval change of >0 units/yr]
was assessed by 2 cardiac computed tomography scans over a median of 2.4 years. We
used Cox regression to determine the risk of adjudicated HF and linear mixed effects
models to determine 10-year change in left ventricular (LV) parameters measured by
cardiac magnetic resonance imaging associated with VC progression. We studied 5,591
MESA participants free of baseline cardiovascular disease. Mean § SD age was 62 § 10
years; 53% women; 83% had no VC progression, 15% progressed at 1 site (AVC or
MAC) and 3% at both sites. There were 251 incident HF over 15 years. After adjusting
for cardiovascular risk factors, the hazard ratios (95% confidence interval) of HF associ-
ated with VC progression at 1 and 2 sites were 1.62 (1.21 to 2.17) and 1.88 (1.14 to 3.09),
respectively, compared with no progression (p-for-trend <0.001). Hazard ratios were
higher for HFpEF (2.52 [1.63 to 3.90] and 2.49 [1.19 to 5.25]) but nonsignificant for
HFrEF. Both AVC (1.61 [1.19 to 2.19]) and MAC (1.50 [1.09 to 2.07]) progression were
associated with HF. VC was associated with worsening of some LV parameters over
10 years. In conclusion, VC progression was associated with increased risk of HF and
change in LV function. Interventions targeted at reducing VC progression may also
impact HF risk, particularly HFpEF. © 2020 Elsevier Inc. All rights reserved. (Am J
Cardiol 2020;134:99−107)
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Heart failure (HF) is a complex clinical disease and
shares many similar risk factors with atherosclerotic cardio-
vascular disease (ASCVD)1 (such increasing age, hyperten-
sion, diabetes, and physical inactivity) and sometimes
results as a direct sequalae of clinical ASCVD.2,3 It results
from impairment in ventricular filling or cardiac ejection
and can be classified as HF with preserved (HFpEF) or
reduced (HFrEF) ejection fraction based on the left ventric-
ular ejection fraction (LVEF). Compared with HFrEF, the
pathophysiology of HFpEF is less well understood.4 Base-
line coronary artery calcium (CAC) and extracoronary cal-
cification have been shown to predict future coronary heart
disease (CHD)5−10 and HF11 events. However, there is a
paucity of knowledge on the effects of progression of val-
vular calcification (VC), possibly as a direct indicator of
worsening subclinical atherosclerosis, on HF risk. We
assessed the prospective association between progression of
VC and incident HF and its subtypes, as well as indices of
left ventricular (LV) structure and function, in a commu-
nity-based cohort free from CHD and atrial fibrillation (AF)
at baseline.
Methods

The Multiethnic Study of Atherosclerosis (MESA) is an
ethnically diverse cohort of 6,814 women and men aged
45-84 years old enrolled between July 2000 and August
2002 from Forsyth County, NC; Northern Manhattan and
the Bronx, NY; Baltimore City and Baltimore County, MD;
St. Paul, MN; Chicago, IL; and Los Angeles County, CA.12

The study design and methods are available at http://www.
mesa-nhlbi.org and have been previously described.12 Par-
ticipants were free of clinical cardiovascular disease and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.amjcard.2020.08.017&domain=pdf
http://www.mesa-nhlbi.org
http://www.mesa-nhlbi.org
mailto:oluwaseun.fashanu@ascension.org
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provided informed consent. Since inception, participants
have been contacted every 9 to 12 months to assess clinical
morbidity and mortality and have had 5 additional examina-
tions: Exam 2 (September 2002 to February 2004); Exam 3
(March 2004 to September 2005); Exam 4 (September
2005 to May 2007); Exam 5 (April 2010 to December
2011); and Exam 6 (September 2016 to June 2018). The
institutional review board of each participating site
approved the study.

The present study includes 5,591 participants who were
followed for HF events and had data on valvular calcium at
both Exam 1 and Exam 2 or 3 (Figure 1). We excluded par-
ticipants who had missing data on baseline calcification
(n = 2), missing data on follow-up valvular calcium or time
between baseline and follow-up computed tomography
(CT) scans (n = 1,063), missing covariates used in our main
models (n = 111), missing HF events (n = 3), and partici-
pants who developed HF before the follow-up CT at Exam
2 or 3 (n = 44).

Participants provided information on age, sex, race/eth-
nicity, education, and smoking status during enrollment
interview and questionnaire filling. The total metabolic
equivalent of task-minutes/week of vigorous and moderate
physical activity was derived from the Physical Activity
Survey. Medication use was obtained from a medication
inventory. Body mass index (BMI, kg/m2) was calculated.
Systolic blood pressure (SBP) was calculated as the average
of the last 2 of 3 measurements using a Dinamap automated
blood pressure device. Total cholesterol and high-density
lipoprotein cholesterol (HDL-C) was measured from blood
obtained after a 12-hour fast. A participant was said to have
diabetes if participant self-reported this, used diabetes
medication or insulin, or had a fasting glucose ≥126 mg/dl.
Estimated glomerular filtration rate (eGFR) was derived
Figure 1. Flow chart of
from the Chronic Kidney Disease Epidemiology Collabora-
tion equation.13

Participants underwent an ECG-gated cardiac CT scan-
ning at Exam 1, and at either Exam 2 or 3 (randomly
assigned). Electron-beam CT was used at 3 centers and a 4-
slice multidetector row helical CT was used at the other 3
centers.14 Calcification was quantified using the Agatston
scoring method.15 The scanning method, image reconstruc-
tion, and reading protocols have been previously reported.14

The equivalence across scanner types and inter-scanner
reproducibility (kappa statistic of 0.94 to 0.96) have also
been published.16,17 The minimum, mean, median, and
maximum time between baseline and follow-up CT scans
in the 5,591 participants included in this study were 0.9,
2.4, 2.4, and 4.9 years, respectively.

The primary outcome of our analysis is incident HF
which included both definite and probable HF. Partici-
pants were followed from Exam 2 or 3 (i.e., after the fol-
low-up CT) till incident HF, non-HF related death, loss
to follow-up, or December 31, 2016, whichever came
first. Every 9 to 12 months participants or their next of
kin were contacted for interim hospitalization. Medical
records and death certifications were reviewed for HF
diagnoses and adjudicated using standardized criteria
by a MESA committee of physicians. Participants were
diagnosed as having probable HF if diagnosis was
defined by a physician or if participant was receiving
HF treatment. An additional evidence of pulmonary
edema/congestion on chest x�ray or reduced LV function
by echocardiography or any ventriculography or any evi-
dence of LV diastolic dysfunction was needed to make a
definite diagnosis of HF. We further classified participants
with data on LVEF as having HFpEF or HFrEF if LVEF
was ≥50% or <50%, respectively.
study participants.

www.ajconline.org
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Ten-year change in cardiac magnetic resonance (CMR)
measures of LV structure and function as ascertained at
Exam 1 and Exam 5 were considered as secondary out-
comes of our analysis; namely − left ventricular mass
(LVM); left ventricular end diastolic volume (LVEDV);
left ventricular end systolic volume (LVESV); stroke vol-
ume (SV); LVEF; and mass-to-volume ratio (LVM/
LVEDV). We indexed LVM, LVEDV, LVESV to body sur-
face area (BSA). This analysis was limited to 2,748 partici-
pants who had measures at both Exam 1 and 5 and were not
missing any data as previously stated. The acquisition
method of CMR images in MESA has been explained in
detail in previous publications and was performed using 1.5
Tesla scanners.18

Statistical analysis was performed using Stata (version
15.1, College Station, Texas) and a p-value of <0.05 was
considered to be statistically significant. The progression of
VC was defined based on the number of left sided heart
valves with an interval increase in calcification (Agatston
units) between baseline and follow-up CT scans as 0 for no
progression, 1 for progression at only 1 valve site (AVC or
MAC), and 2 for progression at both sites (AVC and
MAC). In another analysis we created binary variables −
AVC progression compared to no AVC progression and
similarly for MAC progression compared to no MAC pro-
gression. In this analyses, we compared participants with
>0 Agatston units of change per year to those with ≤0
Agatston units of change per year between CT scans at
each valve site.

Baseline characteristics were described by number of
sites with progression of VC. The hazard ratios (HRs) and
95% confidence intervals (CI) for the associations between
VC, AVC, and MAC progression with HF, HFpEF, and
HFrEF were determined using Cox proportional hazard
regression. Subgroup analysis by HF subtypes excluded
participants with missing LVEF and those with the other
HF subtype. Time to incident HF was the time from the sec-
ond follow-up CT scan to HF event. Using the Schoenfeld
residuals, we ensured that the proportional hazards assump-
tion was not violated in unadjusted models.

The 10-year average adjusted change in CMR markers of
LV structure and function was determined using linear
mixed models with random intercepts and slopes.

The test for linear trend (p-for-trend) was derived by
modeling the number of sites with progression of VC as a
continuous variable. Analytical models were adjusted for
several demographic, lifestyle, and ASCVD risk factors.
Model 1 was adjusted for participant age, sex, race/ethnic-
ity, MESA site (6 centers), and CT scanner types. Analysis
having the number of sites with progression of VC as the
independent variable additional adjusted for the time
between baseline and follow-up CT scan (years). Model 2
included Model 1 variables and educational status, BMI,
smoking status, pack-years of smoking, and physical activ-
ity. Model 3 which was our main model included Model 2
variables and SBP, use of antihypertensives, use of lipid
lowering medications, total cholesterol, HDL-C, diabetes
mellitus, and eGFR. A fourth model which additionally
adjusted for baseline CAC (0, 1−99, 100−399, and ≥400)
was used to determine if associations were independent of
baseline CAC.

We tested for multiplicative interactions by age and sex.
We performed several sensitivity analyses. First, we
adjusted for incident CHD and AF as time varying covari-
ates. Second, we excluded participants who developed inci-
dent CHD and AF before onset of HF. Third, we used
competing risks model described by Fine and Gray19 for
non-HF death to assess associations between progression of
VC and HF. Fourth, we limited our assessment to partici-
pants with and without prevalent AVC or MAC at MESA
exam 1 (i.e., Agatston score >0). This was done to explore
if the association between AVC or MAC progression and
HF depended on the presence or absence of baseline AVC
and MAC respectively.
Results

We studied 5591 MESA participants with mean (SD)
age of 61.8 (10.2) years, 53% were women, and 40%White.
At the time of baseline CT scan, 691 (12%) had prevalent
AVC and 502 (9%) prevalent MAC. Eighty-three percent
of participants had no progression of VC, 15% had progres-
sion of VC at only 1 site (AVC or MAC), and 3% at both
sites (AVC and MAC) after a median of 2.4 years of fol-
low-up. Table 1 shows the baseline characteristics of study
participants stratified by number of sites with progression
of VC. In summary, participants with progression of VC at
both sites (AVC and MAC) tended to have a higher mean
age, SBP, and median pack-years of cigarette smoking, and
a lower mean eGFR, HDL-C, and median physical activity
level. They also had a higher proportion of Whites, men,
participants with diabetes, participants on antihypertensive
and lipid-lowering medications, participants with CAC
score of 100 to 399 and ≥400, and participants with interim
CHD and AF compared with participants with no progres-
sion of VC.

We identified a total of 251 participants (4.5%) with
incident HF, including 103 with HFpEF and 124 with
HFrEF, and 491 participants (8.9%) who died from non-HF
related deaths during the 14.6 years of follow-up totaling
62,957 person-years. Twenty-four participants had missing
data on LVEF at time of HF hospitalization. The unadjusted
incidence rate (95% CI) of HF was 3.99 (3.52 to 4.51) per
1,000 person-years in the whole cohort. In Table 2, in our
main analytic model 3, we found an increased risk of inci-
dent HF and HFpEF but not HFrEF when comparing partic-
ipants with no progression of VC to those with progression
of at 1 and 2 sites respectively. Adjusting for baseline CAC
attenuated results but remained statistically significant. We
found no interactions by median age or sex for the associa-
tion between the number of sites with progression of VC
and HF (p >0.05). Adjusting for interim CHD and AF as
time-varying covariates resulted in the attenuation of our
results for the association between VC progression and HF
but these remained statistically significant as with previous
models (Table 2). However, excluding participants with
interim CHD and AF (n = 1075) resulted in nonsignificant
associations in model 3 in a smaller sample size (Online Table



Table 1

Baseline characteristics of study participants; MESA

Characteristics Number of left valve sites with progression of calcium p-for-trend

Total No progression One site only

(AVC or MAC)

Both sites

(AVC and MAC)

n = 5,591 n = 4,617 n = 827 n = 147

Age (years) 61.8 § 10.2 60.3 § 9.8 68.6 § 8.5 71.9 § 7.1 <0.001
Women 2939 (52.6%) 2458 (53.2%) 414 (50.1%) 67 (45.6%) 0.02

White 2215 (39.6%) 1753 (38.0%) 377 (45.6%) 85 (57.8%) <0.001
Black 1500 (26.8%) 1286 (27.9%) 189 (22.9%) 25 (17.0%) <0.001
Hispanic 1194 (21.4%) 974 (21.1%) 193 (23.3%) 27 (18.4%) 0.59

Chinese 682 (12.2%) 604 (13.1%) 68 (8.2%) 10 (6.8%) <0.001
Education

Less than high school 922 (16.5%) 715 (15.5%) 184 (22.3%) 23 (15.7%) <0.001
High school or vocational school 2294 (41.0%) 1890 (40.9%) 341 (41.2%) 63 (42.9%) 0.68

College, graduate or professional school 2375 (42.5%) 2012 (43.6%) 302 (36.5%) 61 (41.5%) 0.002

Body mass index (kg/m2) 28.2 § 5.4 28.1 § 5.4 28.9 § 5.4 28.8 § 4.7 <0.001
Current smoker 679 (12.1%) 567 (12.3%) 106 (12.8%) 6 (4.1%) 0.11

Pack-years of smoking in ever-smokers* 16.0 (6.0 - 32.0) 15.1 (5.8 - 30.0) 19.0 (7.5 - 37.0) 20.0 (6.0 - 43.5) <0.001
Physical activity (MET-minutes/week)* 4,140 (2,055 - 7,530) 4,238 (2100 - 7,710) 3,818 (1,713 6,870) 3,360 (1,710 - 6,480) <0.001
Systolic blood pressure (mm Hg) 125.8 § 21 124.4 § 20.5 132.6 § 22.6 133.1 § 20.3 <0.001
Antihypertensive use 1804 (32.3%) 1365 (29.6%) 363 (43.9%) 76 (51.7%) <0.001
Lipid-lowering medication 923 (16.5%) 685 (14.8%) 199 (24.1%) 39 (26.5%) <0.001
Total cholesterol (mg/dL) 194.2 § 35.2 194.1 § 35.2 195.4 § 35.4 190.5 § 32.1 0.98

High density lipoprotein cholesterol (mg/dl) 51 § 14.7 51.2 § 14.7 50.4 § 14.9 49.3 § 14.2 0.02

Diabetes mellitus 656 (11.7%) 480 (10.4%) 145 (17.5%) 31 (21.1%) <0.001
Estimated glomerular filtration rate

(ml/min per 1.73 m2)

77.8 § 15.9 79 § 15.6 72.5 § 16.2 69.8 § 16.5 <0.001

Coronary artery calcium (Agatston units)

0 2875 (51.4%) 2626 (56.9%) 229 (27.7%) 20 (13.6%) <0.001
1 - 99 1463 (26.2%) 1192 (25.8%) 231 (27.9%) 40 (27.2%) 0.24

100 - 399 733 (13.1%) 504 (10.9%) 190 (23.0%) 39 (26.5%) <0.001
≥ 400 520 (9.3%) 295 (6.4%) 177 (21.4%) 48 (32.7%) <0.001

Interim coronary heart disease and/

or atrial fibrillation

1075 (19.2%) 738 (16.0%) 279 (33.7%) 58 (39.5%) <0.001

AVC = aortic valve calcium; MAC =mitral annular calcium.

Data are presented as Mean § Standard Deviation for continuous variables and frequency (percentage) for categorical variables unless otherwise specified.

*Data presented as median (interquartile interval).
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1). Results for competing risk analysis for non-HF related
death showed an increased risk of HF with progression of VC
with HR (95% CI) for 1 and 2 sites of 1.54 (1.12 to 2.12), and
1.84 (1.08 to 3.15), respectively (p-for-trend = 0.002, results
not shown).

Concerning the progression of calcification at each individ-
ual valve site, 561 participants (10%) had AVC progression
and 560 (10%) had MAC progression. In Table 3, we found
increased risk of HF and HFpEF but not HFrEF when compar-
ing AVC progressors to non-progressors and MAC progres-
sors to nonprogressors. Adjusting for baseline CAC resulted
in attenuated associations which remained mostly statistically
significant for HF and HFpEF (Table 3). There were also no
multiplicative interactions by median age or sex (p >0.05).
Similarly, adjusting for interim CHD and AF as time-varying
covariates resulted in the attenuation of results with the
increased risk of HF persisting for AVC and MAC progressors
(Table 3). Results for incident HF were weaker after excluding
participants with interim CHD and AF and no longer signifi-
cant in our main analytic model 3 (Online Table 2).
Additionally, stratifying by the presence or absence of base-
line AVC or MAC resulted in no statistical difference in HF
risk for participants with AVC or MAC progression compared
with nonprogressors in our main model (Online Table 3).

Analysis assessing associations with 10-year change in
LV structure included 2,748 participants who had data on
CMR indices of LV structure and function at both MESA
exams 1 and 5, spanning approximately 10 years. Of these,
2,385 (86.8%) had no progression of VC, 311 (11.3%) with
progression of VC at only 1 site (AVC or MAC), and 52
(1.9%) with progression at both sites. In Table 4, compared
to participants with no progression of VC, participants with
progression at only 1 site had a significant 10-year increase
in Mass:Volume Ratio, LVM, and LVESV and a decrease
in SV and LVEF. No significant associations were found in
participants with progression of VC at both sites. Table 5
shows 10-year change in LV parameters by AVC and MAC
progression. Participants with AVC progression had a sig-
nificant 10-year increase in Mass:Volume ratio, and
decrease in SV compared with participants with no AVC

www.ajconline.org


Table 2

Incidence rates and Hazard ratios (95% confidence interval) of incident heart failure associated with number of sites with valvular calcification progression,

MESA, 2000-2016

No progression One site only

(AVC or MAC)

Two sites

(AVC and MAC)

Total/

p-for-trend

Total Heart failure

N (row %) 4617 (82.6%) 827 (14.8%) 147 (2.6%) 5591

HF; n (%) 157 (3.4%) 75 (9.1%) 19 (12.9%) 251 (4.5)

Person-years 53289 8302 1366 62957

IR (95% CI)* 2.95 (2.52 - 3.45) 9.03 (7.20 - 11.33) 13.91 (8.87 - 21.81) 3.99 (3.52 - 4.51)

Model 1 1 (reference) 1.92 (1.44 - 2.56) 2.33 (1.42 - 3.83) <0.001
Model 2 1 (reference) 1.73 (1.30 - 2.31) 2.07 (1.26 - 3.40) <0.001
Model 3 1 (reference) 1.62 (1.21 - 2.17) 1.88 (1.14 - 3.09) <0.001
Model 4 1 (reference) 1.49 (1.11 - 2.01) 1.62 (0.98 - 2.68) 0.005

Heart failure with preserved ejection fraction

N (row %) 4,514 (82.9%) 792 (14.6%) 137 (2.5%) 5,443

HFpEF; n (%) 54 (1.2%) 40 (5.1%) 9 (6.6%) 103 (1.9)

Person-years 52,581 8,070 1,308 61,959

IR (95% CI)* 1.03 (0.79 - 1.34) 4.96 (3.64 - 6.76) 6.88 (3.58 - 13.22) 1.66 (1.37 - 2.02)

Model 1 1 (reference) 2.98 (1.93 - 4.60) 3.23 (1.54 - 6.76) <0.001
Model 2 1 (reference) 2.63 (1.71 - 4.06) 2.65 (1.26 - 5.59) <0.001
Model 3 1 (reference) 2.52 (1.63 - 3.90) 2.49 (1.19 - 5.25) <0.001
Model 4 1 (reference) 2.44 (1.57 - 3.78) 2.27 (1.07 - 4.82) <0.001
Heart failure with reduced ejection fraction

N (row %) 4,549 (83.3%) 780 (14.3%) 135 (2.5%) 5,464

HFrEF; n (%) 89 (2.0%) 28 (3.6%) 7 (5.2%) 124 (2.3)

Person-years 52827 7989 1307 62122

IR (95% CI)* 1.68 (1.37 - 2.07) 3.51 (2.42 - 5.08) 5.36 (2.55 - 11.23) 2.00 (1.67 - 2.38)

Model 1 1 (reference) 1.33 (0.85 - 2.07) 1.57 (0.71 - 3.48) 0.12

Model 2 1 (reference) 1.22 (0.78 - 1.90) 1.47 (0.66 - 3.26) 0.24

Model 3 1 (reference) 1.07 (0.68 - 1.69) 1.28 (0.57 - 2.86) 0.55

Model 4 1 (reference) 0.95 (0.60 - 1.49) 1.05 (0.47 - 2.35) 0.95

Total Heart failure adjusting from interim CHD and AFy

Model 1 1 (reference) 1.86 (1.40 - 2.48) 2.23 (1.36 - 3.65) <0.001
Model 2 1 (reference) 1.70 (1.28 - 2.27) 2.01 (1.23 - 3.31) <0.001
Model 3 1 (reference) 1.58 (1.18 - 2.11) 1.86 (1.13 - 3.06) <0.001
Model 4 1 (reference) 1.47 (1.09 - 1.97) 1.62 (0.98 - 2.67) 0.01

AF = atrial fibrillation; CHD = coronary heart disease; CI = confidence interval; HF=heart failure; HFpEF = heart failure with preserved ejection fraction;

HFrEF = heart failure with reduced ejection fraction; IR = incidence rate.

* unadjusted and per 1,000 person-years.
yModels additional adjust for interim coronary heart disease and atrial fibrillation as time-varying co-variates and use time updated age. Values in bold font

are statistically significant, p <0.05. Model 1: age, race/ethnicity, sex, MESA site, CT scanner type, and time between baseline & follow-up CT. Model 2:

Model 1+ educational status, BMI, smoking status, pack-years of smoking, & physical activity. Model 3: Model 2 + systolic blood pressure, use of antihyper-

tensives, use of lipid lowering medications, total cholesterol, HDL-cholesterol, diabetes status & eGFR. Model 4: Model 3 + baseline coronary calcium
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progression whereas participants with MAC progression
had a significant 10-year change increase in LVESV and
decrease in SV and LVEF.
Discussion

Baseline CAC and CAC progression have previously
been shown to be associated with incident HF.11,20 In this
study, we now show that progression of VC at 1 or both
sites after a median of 2.4 years is associated with an
increased risk of HF in this multiethnic community-based
cohort free from clinical cardiovascular disease at baseline
independent of ASCVD risk factors. We also found stron-
ger associations with the incidence of HFpEF, with a
greater than twofold risk of HFpEF with VC progression,
and no significant associations with HFrEF. Similarly,
AVC and MAC progression were associated with a signifi-
cantly higher risk of HF and HFpEF. We also found that
progression of VC at 1 site, AVC and MAC progression
were all associated with various indices of LV structure and
function except for LVEDV.

VC can be easily detected by echocardiography or CT
imaging and it is possible that its progression serves as a
subclinical marker of worsening atherosclerosis thereby
predicting individuals at a higher risk of incident HF similar
to that shown for CAC progression.20 Also, VC and HF
share similar ASCVD risk factors. We however found that
this increased risk of HF and HFpEF was independent of
baseline ASCVD risk factors and CAC. This may suggest
an added benefit of measuring VC in addition to CAC and



Table 3

Hazard ratios (95% confidence interval) of incident heart failure associated with progression of valvular calcification, MESA, 2000 to 2016

Progressors vs nonprogressors

Aortic valve calcium Mitral annular calcium

Heart failure, n (%)Progressors vs nonprogressors 59 (10.5) vs 192 (3.8) 54 (9.6) vs 197 (3.9)

N Progressors vs nonprogressors 561 vs 5030 560 vs 5031

Model 1 1.84 (1.36 - 2.49) 1.80 (1.31 - 2.47)

Model 2 1.72 (1.27 - 2.32) 1.60 (1.17 - 2.20)

Model 3 1.61 (1.19 - 2.19) 1.50 (1.09 - 2.07)

Model 4 1.47 (1.08 - 2.01) 1.37 (1.00 - 1.89)

HFpEF, n (%)Progressors vs nonprogressors 26 (4.9) vs 77 (1.6) 32 (6.0) vs 71 (1.5)

N Progressors vs non-progressors 528 vs 4915 538 vs 4905

Model 1 2.06 (1.30 - 3.28) 2.81 (1.80 - 4.38)

Model 2 1.93 (1.21 - 3.07) 2.37 (1.52 - 3.71)

Model 3 1.84 (1.16 - 2.94) 2.30 (1.47 - 3.59)

Model 4 1.75 (1.10 - 2.80) 2.19 (1.40 - 3.43)

HFrEF, n (%)Progressors vs nonprogressors 25 (4.7) vs 99 (2.0) 17 (3.3) vs 107 (2.2)

N Progressors vs nonprogressors 527 vs 4937 523 vs 4941

Model 1 1.53 (0.97 - 2.41) 1.14 (0.67 - 1.94)

Model 2 1.45 (0.92 - 2.29) 1.04 (0.61 - 1.77)

Model 3 1.30 (0.82 - 2.05) 0.94 (0.55 - 1.61)

Model 4 1.14 (0.72 - 1.82) 0.84 (0.49 - 1.43)

Heart failure*, n (%)Progressors vs nonprogressors 59 (10.5) vs 192 (3.8) 54 (9.6) vs 197 (3.9)

N Progressors vs nonprogressors 561 vs 5030 560 vs 5031

Model 1 1.81 (1.34 - 2.45) 1.74 (1.27 - 2.38)

Model 2 1.70 (1.26 - 2.30) 1.58 (1.15 - 2.17)

Model 3 1.61 (1.19 - 2.18) 1.47 (1.07 - 2.02)

Model 4 1.48 (1.09 - 2.01) 1.35 (0.98 - 1.86)

HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction.

Values in bold font are statistically significant, p <0.05.
*Models additional adjust for interim coronary heart disease and atrial fibrillation as time-varying co-variates and use time updated age. Model 1: age, race/

ethnicity, sex, MESA site, & CT scanner type. Model 2: Model 1+ educational status, BMI, smoking status, pack-years of smoking, & physical activity.

Model 3: Model 2 + systolic blood pressure, use of antihypertensives, use of lipid lowering medications, total cholesterol, HDL-cholesterol, diabetes status &

eGFR. Model 4: Model 3 + baseline coronary calcium.
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other potential mechanisms other than shared risk factors.
However, it remains unclear why the progression of VC
was associated with an increased risk of overall HF and
HFpEF but not HFrEF. VC and CAC are correlated (Spear-
man’s rho = 0.31 and 0.23 for baseline AVC and MAC in
MESA, respectively, p <0.001) and also share similar risk
factors.21 CAC results in impairment of coronary endothe-
lial function which may result in diastolic dysfunction.22

This and its correlation with VC may explain some but not
all of the association between progression of VC and HF.

Among the various CMR indices of LV structure and
function, we found progression of VC to be associated with
reductions in both SV and LVEF and increase in Mass:
Volume ratio, LVM, and LVESV after 10 years. Another
MESA study showed CAC progression was associated with
higher LVEDV and LVESV but not the other indices.20

This difference in findings may be as a result in difference
in statistical analysis as the previous study only assessed
LV function at 1 time point (MESA visit 5). These changes
in LV structure and function may possibly explain some of
the associations found with incident HF and HFpEF. How-
ever, associations of VC progression with LV parameters
were only modest and likely do not fully explain the
increased HFpEF risk. Additionally, it is possible that these
changes, especially reductions in LVEF, were not clinically
sufficient enough to increase the risk of HFrEF as
participants enrolled in the MESA study were free from
clinical ASCVD and HF at baseline. MAC progression,
however, appeared to be better predictor of LVEF reduction
and HFpEF compared with AVC but not overall HF.

Furthermore, in our supplemental analysis, we found that
the associations between VC progression and overall HF
risk to be independent of interim CHD and AF in our time-
varying analysis suggesting that this associated was not
mediated through CHD and AF. Excluding participants
with interim CHD and AF led to attenuation of results,
which may have resulted from reduced sample size and lim-
ited statistical power. This may explain why associations
remained significant when adjusting for interim CHD and
AF as time-varying covariates instead of excluding them.
Studies assessing the associations between progression of
VC and CHD may be necessary. In MESA, MAC progres-
sion was associated with increased AF risk23 and baseline
extracoronary calcification predicted CHD risk.6−8

Our study has a number of strengths and limitations wor-
thy of mention. To our knowledge, our study is the first to
assess the associations between progression of VC, HF risk
and indices of LV structure and function in a well-charac-
terized multiethnic cohort of men and women. We were
also able to show results for participants with HFpEF and
HFrEF, although we had a few participants with missing
LVEF at time of HF hospitalization. HF was ascertained
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Table 4

Average adjusted 10-year change in left ventricular structure associated with number of valve sites with calcification progression: MESA

No progression One site only (AVC or MAC) Two sites (AVC and MAC) p-for-trend

N (row %) 2385 (86.8%) 311 (11.3%) 52 (1.9%) 2748

Left ventricular mass-to-volume ratio

Model 1 Ref = 0 3.45 (0.79, 6.10) 5.09 (�1.09, 11.28) 0.004

Model 2 Ref = 0 3.45 (0.79, 6.11) 5.08 (�1.11, 11.26) 0.004

Model 3 Ref = 0 3.45 (0.79, 6.11) 5.07 (�1.11, 11.26) 0.004

Model 4 Ref = 0 3.45 (0.79, 6.11) 5.07 (�1.11, 11.26) 0.004

Left ventricular mass

Model 1 Ref = 0 1.26 (0.05, 2.47) 0.86 (�1.96, 3.68) 0.06

Model 2 Ref = 0 1.26 (0.05, 2.47) 0.85 (�1.97, 3.67) 0.06

Model 3 Ref = 0 1.25 (0.04, 2.46) 0.86 (�1.96, 3.68) 0.06

Model 4 Ref = 0 1.25 (0.04, 2.46) 0.86 (�1.96, 3.68) 0.06

Left ventricular end diastolic volume

Model 1 Ref = 0 �0.13 (�1.63, 1.36) �0.87 (�4.36, 2.61) 0.66

Model 2 Ref = 0 �0.13 (�1.63, 1.36) �0.87 (�4.36, 2.61) 0.66

Model 3 Ref = 0 �0.13 (�1.63, 1.36) �0.88 (�4.36, 2.61) 0.66

Model 4 Ref = 0 �0.13 (�1.63, 1.36) �0.88 (�4.36, 2.61) 0.66

Left ventricular end systolic volume

Model 1 Ref = 0 1.35 (0.45, 2.25) �0.40 (�2.50, 1.70) 0.05

Model 2 Ref = 0 1.35 (0.45, 2.25) �0.40 (�2.50, 1.70) 0.05

Model 3 Ref = 0 1.35 (0.45, 2.25) �0.40 (�2.50, 1.70) 0.05

Model 4 Ref = 0 1.35 (0.45, 2.25) �0.40 (�2.50, 1.70) 0.05

Left ventricular stroke volume

Model 1 Ref = 0 -3.66 (-5.77, -1.55) �2.07 (�6.99, 2.85) 0.002

Model 2 Ref = 0 -3.67 (-5.78, -1.56) �2.05 (�6.98, 2.87) 0.002

Model 3 Ref = 0 -3.68 (-5.79, -1.57) �2.07 (�6.99, 2.85) 0.002

Model 4 Ref = 0 -3.68 (-5.79, -1.57) �2.07 (�6.99, 2.85) 0.002

Left ventricular ejection fraction

Model 1 Ref = 0 �1.78 (�2.72, �0.83) 0.01 (�2.18, 2.21) 0.01

Model 2 Ref = 0 �1.78 (�2.72, �0.83) 0.02 (�2.18, 2.21) 0.01

Model 3 Ref = 0 �1.78 (�2.72, �0.84) 0.01 (�2.18, 2.21) 0.01

Model 4 Ref = 0 �1.78 (�2.72, �0.84) 0.01 (�2.18, 2.21) 0.01

Values in bold font are statistically significant, p <0.05.
Model 1: age, race/ethnicity, sex, MESA site, CT scanner type, and time between baseline & follow-up CT.

Model 2: Model 1+ educational status, BMI, smoking status, pack-years of smoking, & physical activity.

Model 3: Model 2 + systolic blood pressure, use of antihypertensives, use of lipid lowering medications, total cholesterol, HDL-cholesterol, diabetes status

& eGFR.

Model 4: Model 3 + baseline coronary calcium.
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from medical records and death certificates and may have
been subject to misclassification. However, MESA used a
standardized adjudication criteria for HF as described in the
methods section which would have limited such misclassifi-
cation. Categorizing our exposure assumes a homogeneous
effect within exposure groups which may not be accurate. It
is possible that moving from a zero Agatston unit to a non-
zero score may not confer the same risk as moving from a
nonzero score to a higher nonzero score. We, however,
attempted to stratify our analysis based on the presence of
baseline VC and found no significant associations. Also,
assessing continuous longitudinal changes in VC within a
median of 2.4 years may not be long enough to provide
clinically meaningful changes.

In sum, we found that the progression of VC was associ-
ated with increased risk of HF and HFpEF. Interventions
targeted at reducing VC progression may also impact HF
risk, particularly HFpEF.

Trial registration: The MESA cohort design is registered
at clinicaltrials.gov as follows: https://clinicaltrials.gov/ct2/
show/NCT00005487.
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Table 5

Average adjusted 10-year change in LV structure and function associated with AVC and MAC progression: MESA

Progressors vs nonprogressors

Aortic valve calcium Mitral annular calcium

N (row %) 210 vs 2538 205 vs 2543

Left ventricular mass-to-volume ratio

Model 1 4.47 (1.30, 7.63) 2.81 (�0.39, 6.02)

Model 2 4.47 (1.30, 7.63) 2.81 (�0.40, 6.02)

Model 3 4.47 (1.30, 7.63) 2.81 (�0.40, 6.01)

Model 4 4.47 (1.30, 7.63) 2.81 (�0.40, 6.01)

Left ventricular mass

Model 1 1.21 (�0.24, 2.65) 0.95 (-0.51, 2.41)

Model 2 1.21 (�0.23, 2.65) 0.95 (�0.51, 2.41)

Model 3 1.21 (�0.24, 2.65) 0.95 (�0.51, 2.41)

Model 4 1.20 (�0.24, 2.65) 0.95 (�0.51, 2.41)

Left ventricular end diastolic volume

Model 1 �0.81 (�2.59, 0.97) 0.20 (�1.60, 2.01)

Model 2 �0.81 (�2.59, 0.97) 0.20 (�1.60, 2.01)

Model 3 �0.81 (�2.59, 0.97) 0.20 (�1.60, 2.00)

Model 4 �0.81 (�2.59, 0.97) 0.20 (�1.60, 2.00)

Left ventricular end systolic volume

Model 1 0.26 (�0.81, 1.34) 1.41 (0.32, 2.50)

Model 2 0.26 (�0.81, 1.34) 1.41 (0.32, 2.50)

Model 3 0.26 (�0.81, 1.34) 1.41 (0.32, 2.50)

Model 4 0.26 (�0.81, 1.34) 1.41 (0.32, 2.50)

Left ventricular stroke volume

Model 1 �2.97 (�5.48, �0.45) �3.12 (�5.67, �0.56)

Model 2 �2.95 (�5.46, �0.43) �3.14 (�5.69, �0.59)

Model 3 �2.95 (�5.47, �0.44) �3.15 (�5.71, �0.60)

Model 4 �2.95 (�5.47, �0.44) �3.15 (�5.71, �0.60)

Left ventricular ejection fraction

Model 1 �0.84 (�1.96, 0.29) �1.62 (�2.75, �0.48)

Model 2 �0.83 (�1.96, 0.29) �1.62 (�2.75, �0.48)

Model 3 �0.84 (�1.96, 0.29) �1.62 (�2.76, �0.48)

Model 4 �0.84 (�1.96, 0.29) �1.62 (�2.76, �0.48)

Values in bold font are statistically significant, p <0.05.
Model 1: age, race/ethnicity, sex, MESA site, & CT scanner type.

Model 2: Model 1+ educational status, BMI, smoking status, pack-years of smoking, & physical activity.

Model 3: Model 2 + systolic blood pressure, use of antihypertensives, use of lipid lowering medications, total cholesterol, HDL-cholesterol, diabetes status

& eGFR.

Model 4: Model 3 + baseline coronary calcium.
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