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A B S T R A C T   

Background and Aims: We aimed to determine the utility of coronary artery calcium (CAC) for atherosclerotic 
cardiovascular disease (ASCVD) risk stratification in women with and without early menopause (EM). 
Methods: To examine the association between CAC and incident ASCVD, we performed Kaplan-Meier survival 
analysis and multivariable Cox proportional hazards modeling using data from 2,456 postmenopausal women in 
the Multi-Ethnic Study of Atherosclerosis (MESA) with or without EM, defined as occurring at <45 years of age. 
Results: The cohort was 64.1 ± 9.1 years old and 28.0% experienced EM. There were 291 ASCVD events over 
12.5 ± 3.6 year follow-up with a higher event rate among those with EM compared to those without EM of 13.6 
vs. 9.0 per 1,000 year follow-up (p < 0.01). Women with EM had a slightly lower prevalence of CAC = 0 (55.1%) 
than women without EM (59.7%) (p = 0.04) despite no difference in mean age. Among women with CAC = 0, the 
cumulative incidence of ASCVD at 10 years was low-to-borderline for women with (5.4%) and without EM 
(3.2%) (p = 0.06). However, women with EM had a significantly higher 15-year risk with an adjusted HR of 1.96 
(95% CI: 1.26–3.04). In multivariable Cox models, women with CAC ≥ 1 had progressively increased ASCVD risk 
that did not significantly differ by EM status. 
Conclusion: In MESA, >50% of middle-aged postmenopausal women with EM had CAC = 0, similar to those 
without EM. Among women with CAC = 0, those with EM had a low to borderline 10-year risk of ASCVD, but the 
15-year risk was significantly higher for women with EM versus those without EM. When CAC ≥ 1, the incidence 
of ASCVD was similar for women with and without EM. These findings support the use of CAC to help improve 
ASCVD risk stratification in women with EM. 
Condensed abstract: This study investigated the association between coronary artery calcium (CAC) and incident 
atherosclerotic cardiovascular disease (ASCVD) in postmenopausal women with and without early menopause 
(EM). We found that >50% of women had CAC = 0 and an associated low-to-borderline 10-year cumulative 
incidence of ASCVD. However, the risk for ASCVD was significantly higher for women with EM after 15-years 
follow-up. Additional research is needed to better understand the differences in long-term ASCVD risk be
tween women with and without EM who have CAC = 0.   

Abbreviations: ARIC, Atherosclerosis Risk in Communities; ASCVD, atherosclerotic cardiovascular disease; CAC, coronary artery calcium; CHD, coronary heart 
disease; CVD, cardiovascular disease; EM, early menopause; HT, hormone therapy; MESA, Multi-Ethnic Study of Atherosclerosis; PCE, Pooled Cohort Equations; 
SWAN, Study of Women’s Health Across the Nation. 
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1. Introduction 

Cardiovascular disease (CVD) is the leading cause of mortality 
among women in the United States and was responsible for more than 
400,000 deaths among women in 2015 [1]. The incidence of CVD for 
women lags by approximately ten years compared to men and women 
experience a sharp increase in CVD incidence following menopause 
[2–9]. This phenomenon has been predominantly attributed to the 
decrease in estrogen levels that is associated with menopause, although 
the Women’s Health Initiative (WHI) randomized trial did not find a 
decrease in risk with the use of exogenous hormone therapy [10,11]. 
Contemporary risk prediction tools, such as the American Heart Asso
ciation (AHA)/American College of Cardiology (ACC) Pooled Cohort 
Equations (PCEs), utilize traditional CVD risk factors to estimate an in
dividual’s 10-year atherosclerotic cardiovascular disease (ASCVD) risk 
to guide treatment. However, these tools underestimate ASCVD risk in 
populations with atherogenic inflammatory disease and may also 
underpredict risk in women who experience early menopause (EM) 
[12–18]. The AHA/ACC 2018 Cholesterol Treatment Guidelines further 
identifies premature menopause, defined as occurring at <40 years of 
age, as an ASCVD risk-enhancing factor in favor of lipid-lowering ther
apy [19]. 

Coronary artery calcium (CAC) is a non-invasive measurement of an 
individual’s subclinical atherosclerotic burden and a robust predictor of 
ASCVD beyond traditional risk factors that is equally prognostic in both 
men and women [20,21]. Its use has been recommended by the 2018 
AHA/ACC Cholesterol Treatment Guidelines to refine ASCVD risk pre
diction in individuals with uncertain ASCVD risk [19,22–26]. Although 
women who experience EM seem to be at increased ASCVD risk, their 
burden of CAC compared to women who do not experience EM is un
known. In addition, it is unknown whether there is a difference in the 
long-term association of the absence of CAC (CAC = 0) and ASCVD risk 
between women with and without EM. Therefore, we aimed to describe 
the prevalence of CAC and the association of CAC with incident ASCVD 
among women with and without EM in the Multi-Ethnic Study of 
Atherosclerosis (MESA). 

2. Methods 

2.1. Design and overview 

MESA is a multi-center, longitudinal cohort study of participants 
who were enrolled between July 2000 and August 2002. Eligible study 
participants were between 45 to 84 years of age and free of CVD. 
Recruitment and follow-up occurred in 6 US communities: Baltimore 
City and Baltimore County, Maryland; Chicago, Illinois; Forsyth County, 
North Carolina; Los Angeles County, California; Northern Manhattan 
and the Bronx, New York; and St. Paul, Minnesota. The study was 
approved by the Institutional Review Board of each Field Center and 
informed consent was obtained from each participant at the time of 
enrollment. 

2.2. Inclusion/exclusion criteria 

Of the 3,601 women enrolled in the study, we included those who 
were postmenopausal at entry as determined by self-report, history of 
prior oophorectomy, and/or age >55 years using a previously published 
algorithm for MESA (Supplementary Fig. 1) [27]. Self-reported meno
pausal status is a validated and reliable method of determining meno
pausal age as demonstrated in the Nurses’ Health Study where 99% of 
women accurately reporting their menopausal age within one year [5]. 
We excluded premenopausal women and those with indeterminate sta
tus (n = 516) to avoid selection bias that would result from classifying 
premenopausal women as women without EM due to the study’s mini
mum age criteria. At the baseline examination, trained interviewers 
obtained information on women’s menopause history, including their 

menopause status, age of menopause, type of menopause (natural vs. 
surgical), and use of hormone therapy (HT). Using this information, we 
additionally excluded women with inconsistencies between their re
ported ages of menopause and histories of surgical menopause (n = 496) 
or natural menopause (n = 58) as well as women with missing data on 
menopausal age (n = 75). For this analysis, we defined EM as occurring 
at age <45 years, which is older than the AHA/ACC definition of pre
mature menopause of age <40 years-old. We used age 45 years-old for 
our definition of premature menopause, because this was the minimum 
age eligible for entry to the MESA cohort and this definition is consistent 
with prior studies [2,8,28]. In addition, a large multi-country meta-
analysis demonstrated a prevalence of nonsurgical menopause of 9% 
among postmenopausal women who experienced menopause at <45 
years-old [28]. Our final cohort included 2,456 women, of whom 688 
were classified as experiencing EM (Supplementary Fig. 1 and Supple
mentary Fig. 2). 

2.3. Data collection 

At the baseline examination, participants’ medical histories, 
anthropometric measurements, blood pressures, and laboratory data 
were obtained using standardized protocols [29]. Ever smoking status 
was defined as having smoked ≥100 cigarettes in a lifetime. For this 
analysis, hypertension was defined according to 2017 ACC/AHA Blood 
Pressure Treatment guidelines as a systolic blood pressure (SBP) ≥130 
mm Hg, a diastolic blood pressure (DBP) of ≥80 mm Hg, or current use 
of an antihypertensive medication [30]. A serum panel that included 
total cholesterol, HDL cholesterol (HDL-C), and glucose was drawn after 
a 12 h fast. Type 2 diabetes mellitus was defined according to the 2003 
American Diabetes Association guidelines as an impaired fasting glucose 
of ≥126 mg/dL or current use of a hypoglycemic medication. Ten-year 
ASCVD risk was calculated using the 2013 ACC/AHA PCEs [31]. The 
data underlying this article were provided by MESA by permission and 
will be shared on reasonable request to the corresponding author with 
permission of MESA. 

2.4. ASCVD event ascertainment 

Follow-up telephone interviews were conducted at intervals of 9 to 
12 months. In addition, the study cohort also completed five in-person 
follow-up clinic examinations between September 2002 and June 
2018. A participant’s follow-up duration was defined as the period from 
the baseline examination until the first ASCVD event, loss to follow-up, 
death, or December 31, 2015 – whichever came first. ASCVD events 
were adjudicated by members of the MESA morbidity and mortality 
committee. A detailed description of follow-up methodology is available 
at http://www.mesa-nhlbi.org. 

In our analysis, an ASCVD event was the primary outcome and 
defined as a composite of fatal or non-fatal myocardial infarction (MI), 
fatal or non-fatal stroke, and other fatal or non-fatal ASCVD events (e.g., 
resuscitated cardiac arrest and angina with revascularization). A coro
nary heart disease (CHD) event was defined as a composite of fatal or 
non-fatal MI, resuscitated cardiac arrest, definite angina, probable 
angina with subsequent revascularization, and fatal CHD. Calculated 
ASCVD risk was categorized as low (<5.0%), borderline (≥5.0% and 
<7.5%), intermediate (≥7.5% and <20%), and high risk (≥20%) based 
on the 2013 ACC/AHA PCEs [31]. 

2.5. CAC measurement 

At baseline, CAC was measured with either electron-beam computed 
tomography (EBT) (Chicago, Los Angeles, and New York Field Centers) 
or multidetector computed tomography (MDCT) (Baltimore, Forsyth 
County, and St. Paul Field Centers). In previous studies, EBT and MDCT 
were shown to produce similar results [32]. Furthermore, intra-observer 
and inter-observer agreements were excellent (κ = 0.93 and 0.90, 
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respectively) [32,33]. CT images were independently read at a central
ized reading center (Los Angeles Biomedical Research Institute at 
UCLA-Harbor) where the phantom-adjusted mean value was reported. 
The calcium score was calculated using the Agatston method, which uses 
a sum of the area of calcium at each plaque multiplied by a density factor 
[34]. For this analysis, we categorized CAC scores into clinically rele
vant cut-points of 0, 1 to 99, and ≥100. 

2.6. Statistical analyses 

We compared demographics and baseline data of women with and 
without EM. Univariable comparisons of groups were performed using 
two-sample Student t-tests for continuous variables and Pearson’s Chi- 
Square for categorical variables. We calculated age-adjusted event 
rates per 1,000 person-years follow-up and further stratified this 
calculation by CAC. In women with EM, we calculated the difference in 
CAC scores for those with and without HT use. We also performed 
Kaplan-Meier survival analysis and log-rank testing to determine 10- 
year and 15-year cumulative ASCVD-free survival rates in women 
with and without EM to examine differences over time. We examined the 
10-year cumulative ASCVD rate in addition to the maximal follow-up 
time of 15 years, because 10 years is the timeframe for which ASCVD 
risk prediction is most commonly performed [31]. We also performed 
multivariable Cox proportional hazards modeling using women without 
EM as the reference group in order to examine whether there were 
differences in the associations between CAC and incident ASCVD by EM 
status. Three progressively adjusted models were constructed: Model 1 
was adjusted for demographics, including age and race/ethnicity. Model 
2 additionally adjusted for traditional CVD risk factors including SBP, 
DBP, total cholesterol, HDL-C, diabetes, smoking status, lipid-lowering 
medication use, anti-hypertensive medication use, family history of 
MI, income, and education level. Model 3 additionally adjusted for 
baseline HT use. We also performed Cox proportional hazards regression 
with these adjusted models to determine the risk of CHD and ASCVD 
with graded increases in CAC scores in both women with and without 
EM using CAC = 0 as the reference group. We also calculated an inter
action term between EM and CAC. Nine (3 EM, 6 non-EM) patients were 
excluded from ASCVD survival analysis due to an absence of follow-up 
after the initial baseline visit. To evaluate the association between 
traditional risk factors and CAC burden, we compared the prevalence of 
CAC ≥ 1 between women with and without EM within each PCEs 
10-year risk category. 

Complementary log-log plots and Schoenfeld residual statistics were 
used to validate the assumption of proportionality of hazards in each 
model. Multicollinearity was checked using variance inflation factors. 
The statistical significance of association between early menopause and 
ASCVD or CHD was evaluated using the Wald test of the beta co
efficients. A two-tailed p-value of <0.05 was considered statistically 
significant for all analyses. Statistical analyses were performed using 
Stata Version 15.1 (StataCorp, College Station, TX). 

3. Results 

Our study included 2,456 postmenopausal women with reliable 
menopausal data (mean age 64.1 ± 9.1 years, 28.0% with history of EM, 
39.4% White). There were 291 ASCVD events over a median follow-up 
of 13.9 years (IQR: 11.1, 14.6). At baseline, there were no differences 
in age, blood pressure, cholesterol levels, number of live births, or 
number of pregnancies between groups (Table 1). However, women 
with EM had a higher prevalence of diabetes and current smoking along 
with a higher body mass index, although the absolute differences were 
small. Menopause occurred 10.5 years earlier for women with EM 
compared to those without EM. Women with EM were more likely to 
have undergone surgical rather than natural menopause (41.8% versus 
14.3%, p < 0.01) and to have used HT (53.3% versus 47.2%, p < 0.01). 
Women with EM also had a slightly lower prevalence of CAC =0 at 

55.1% compared to women without EM at 59.7% (p = 0.04). Among 
women with EM, 38.9% of those who reported HT use had CAC ≥ 1 with 
a median CAC score of 0.0 (IQR: 0.0, 27.0) compared with 50.0% of 
women without HT use with a median CAC score of 0.4 (IQR: 0.0, 72.0). 
The relative distribution of CAC was similar between groups (Pearson’s 
χ2 = 0.11) (Fig. 1). 

The overall age-adjusted ASCVD event rate was greater for women 
with EM at 13.6 per 1,000 person-years compared to women without EM 
at 9.0 per 1,000 person-years (p < 0.01) (Table 2). In both women with 
and without EM, the ASCVD event rates increased with CAC and the 
Kaplan-Meier trends were similar across both groups (log-rank p < 0.01 
for all comparisons with CAC = 0 as reference group) (Fig. 2). 

Among women with CAC = 0 at baseline, the age-adjusted ASCVD 
event rate was nearly double for women with EM at 7.8 per 1,000 
person-years compared to women without EM at 4.2 per 1,000 person- 
years. Additionally, among women with CAC = 0 at baseline, the age- 
adjusted non-CHD (ASCVD minus CHD) event rate was higher for 
women with EM compared to women without EM (4.3 vs. 1.8 per 1,000 
person-years). In Kaplan-Meier survival analysis of women with CAC =
0, the cumulative incidence of ASCVD was low-to-borderline over 10- 
year follow-up at 5.4% for women with EM and 3.2% for women 

Table 1 
Baseline characteristics of postmenopausal women in MESA with vs. without EM 
(N = 2,456).   

Early Menopause 
(n ¼ 688) 

No Early Menopause 
(n ¼ 1,768) 

p- 
value 

Age 64.0 ± 10.4 64.1 ± 9.0 0.87 
Age at menopause 40.7 ± 5.0 51.2 ± 3.3 <0.01 
Race/Ethnicity    
White 34.6% 41.3% <0.01 
Black 30.8% 23.0% <0.01 
Hispanic 26.5% 20.5% <0.01 
Chinese 8.1% 15.2% <0.01 
Systolic Blood 

Pressure (mmHg) 
129.1 ± 24.9 128.2 ± 22.9 0.39 

Diastolic Blood 
Pressure (mmHg) 

69.2 ± 10.5 69.0 ± 10.0 0.67 

Total Cholesterol 
(mg/dL) 

202.8 ± 36.6 201.5 ± 35.8 0.43 

HDL Cholesterol (mg/ 
dL) 

56.3 ± 15.4 56.8 ± 15.2 0.44 

Diabetes 14.2% 10.9% 0.02 
Hypertension 60.9% 59.6% 0.54 
Smoking Status    
Never 54.4% 61.0% <0.01 
Former 30.2% 29.2% 0.63 
Current 14.8% 9.4% <0.01 
Body Mass Index (kg/ 

m2) 
28.9 ± 6.4 28.2 ± 6.0 0.02 

Reproductive history    
Median # Live births a. 3.0 (2.0, 4.0) 3.0 (2.0, 4.0) 0.24 
Median # of 

Pregnancies a. 
3.0 (2.0, 5.0) 3.0 (2.0, 5.0) 0.35 

Natural Menopause 58.2% 85.7% <0.01 
Ever Use Hormone 

Therapy 
53.3% 47.2% <0.01 

10-year ASCVD risk    
Low (<5.0%) 35.0% 38.9% 0.08 
Borderline (≥5.0 and 
<7.5%) 

9.9% 13.0% 0.04 

Intermediate (≥7.5 and 
<20%) 

29.9% 30.3% 0.86 

High (≥20%) 25.1% 17.9% <0.01 
CAC =0 55.1% 59.7% 0.04 
Median CAC a. 0 (0, 56.1) 0 (0, 38.3) 0.03 
Income < $40,000 37.5% 46.0% <0.01 
High School 

Education 
77.9% 79.4% 0.44 

Values are denoted as mean ± SD, unless otherwise stated. 
ASCVD = atherosclerotic cardiovascular disease, CAC = coronary artery cal
cium, EM = early menopause, MESA = Multi-Ethnic Study of Atherosclerosis. 

a median and interquartile range. 
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without EM (p = 0.06). However, the curves began to noticeably sepa
rate at approximately 7-8 years follow-up. Over maximal 15-year follow- 
up, women with EM had a significantly greater cumulative incidence of 
ASCVD compared to women without EM (11.4% vs. 6.4%, p < 0.01) 
(Central Illustration). 

The prevalence of CAC ≥ 1 increased with PCEs risk score. 

Approximately 20 percent of low-risk women as defined by PCEs < 5.0% 
had CAC ≥ 1 (Fig. 3). Conversely, nearly 70% of high-risk women as 
defined by PCEs ≥ 20% had CAC ≥ 1. Within each 10-year ASCVD risk 
category, there were no differences in the prevalence of CAC ≥ 1 be
tween women with and without EM (all p > 0.05). 

There was a graded increase in hazard of ASCVD with higher CAC 
values for women with and without early menopause (Table 3). For 
women with EM, the fully adjusted hazard ratio (HR) was 1.19 (95% CI: 
0.69-2.05) for CAC 1-99 and 1.85 (95% CI: 1.08-3.20) for CAC ≥ 100 
compared to women with CAC = 0. For women without EM, the fully 
adjusted HRs were 2.09 (95% CI: 1.14-3.09) for CAC 1-99 and 3.08 (95% 
CI: 2.05-4.65) for CAC ≥ 100 compared to women with CAC = 0. The 
risk of CHD increased in a similar manner with a fully adjusted HR of 
2.01 (95% CI 0.99-4.11) for CAC 1-99 and 2.85 (95% CI 1.37-5.96) for 
CAC ≥ 100 in women with EM. In women without EM, the fully adjusted 
HRs were 1.81 (95% CI: 1.08-3.05) for CAC 1-99 and 3.98 (95% CI: 2.40- 
6.59) for CAC ≥ 100. There was attenuation of the hazard ratios with 
adjustment for cardiovascular risk factors, but additional adjustment for 
HT use did not significantly change the observed hazard ratios. The 
interaction term between EM status and CAC was not statistically sig
nificant with a p-value of 0.09. In multivariable Cox proportional haz
ards models comparing the risk of ASCVD between women with and 
without EM, women with early EM and CAC = 0 had a long-term risk of 
ASCVD that was nearly twice as high compared to women without EM 
with a fully adjusted HR of 1.96 (95% CI: 1.26–3.04) (Table 4). Among 
women with CAC = 0, there was no statistically significant difference in 
risk for CHD for women with EM compared to women without EM with a 
HR of 1.48 (95% CI: 0.08-2.75). The hazard of ASCVD and CHD for 
women with EM compared to women without EM were not significantly 
different when CAC ≥ 1. In these Cox models, the hazard ratios showed 
minimal change with progressive adjustment for traditional cardiovas
cular risk factors including the model with HT use. 

4. Discussion 

Consistent with prior studies, we found that women who experienced 
EM had an increased risk for ASCVD [2–8]. However, our study dem
onstrates that the overall distribution of CAC and the association of CAC 
≥ 1 with ASCVD were similar between middle-aged women with and 
without EM. We found the prevalence of CAC = 0 was similar between 
women with and without EM and that both groups had a very low 
10-year rate of ASCVD, although over the maximal 15-year follow-up, 
women with EM had a significantly higher risk for ASCVD compared 
to women without EM. 

The average age of onset of menopause among women without EM in 
MESA is consistent with findings from the Study of Women’s Health 
Across the Nation (SWAN) which estimated onset of natural menopause 
at a median age of 51.4 years [35]. In our study, women with EM re
ported onset about 10 years earlier than their counterparts. Although the 
relative distributions of CAC scores were similar between women with 
and without EM, women without EM had a slightly higher prevalence of 
CAC = 0. However, the absolute difference was small (5.0%) and may 

Fig. 1. Distribution of CAC scores by EM status. CAC scores when classified 
into cut-points of 0, 1 to 99, and ≥ 100 were distributed similarly between 
women with and without EM (Pearson χ2 = 0.11). CAC = coronary artery 
calcium, EM = early menopause. 

Table 2 
Crude and age-adjusted ASCVD and CHD event rates per 1,000 person-years follow-up, stratified by baseline CAC score.    

Early Menopause No Early Menopause  

CAC Score Events/Participants Crude Event Rate Age Adjusted Event Rate Events/ Participants Crude Event Rate Age Adjusted Event Rate 

ASCVD Overall 103/688 12.9 13.6 188/1,768 8.7 9.0 
0 32/376 7.5 7.8 55/1,052 4.0 4.2 
1-99 54/255 15.5 15.7 94/603 11.8 11.9 
≥100 17/57 28.0 28.7 39/113 23.1 23.4 

CHD Overall 62/688 7.7 8.0 117/1,768 5.3 5.5 
0 16/376 3.4 3.5 32/1,052 2.4 2.4 
1-99 36/255 10.6 11.0 57/603 6.0 6.0 
≥100 10/57 17.5 17.8 28/113 16.3 16.5 

ASCVD = atherosclerotic cardiovascular disease, CAC = coronary artery calcium, CHD = coronary heart disease. 
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reflect the higher baseline prevalence of diabetes and smoking among 
women with EM. Our estimate of CAC = 0 prevalence among women in 
MESA is consistent with results from the Framingham cohort, which 
found CAC = 0 in 56% of asymptomatic women between the ages 55 to 

64 [36]. Although this study examined a contemporary cohort of 
women, this group was homogenous and predominantly White. A sec
ondary analysis of SWAN reported similar results with 48% of post
menopausal or late peri-menopausal women with CAC = 0 [37]. Overall, 

Fig. 2. Kaplan-Meier ASCVD-free survival curves for women with and without early menopause stratified by baseline CAC score. The difference in survival was 
statistically significant (log-rank p < 0.01 for all comparisons). A calculated interaction term between EM and CAC was not statistically significant with p = 0.09. 

Fig. 3. Prevalence of CAC ≥ 1 by estimated 10-year ASCVD risk. Within each 10-year ASCVD risk category, the prevalence of CAC ≥ 1 at baseline exam was 
similar between women with vs. without EM (all p > 0.05). ASCVD = atherosclerotic cardiovascular disease, CAC = coronary artery calcium, PCEs = Pooled 
Cohort Equations. 
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the estimates from these three different cohorts suggest that roughly half 
of postmenopausal women in the US from ages 55 to 64 may have CAC =
0. Our study adds to this data by demonstrating a similar prevalence of 
CAC = 0 for women with and without EM in MESA. 

The similarity in the distribution of CAC scores between women with 
and without EM in MESA is noteworthy as women with EM had accrued 

greater time since menopause and had a worse cardiovascular profile 
than their peers at the time of the CAC scan. However, our finding is 
concordant with the CARDIA study, which found that early menopause 
was not associated with higher odds of CAC ≥ 1 in women of a similar 
age group [38]. One possible explanation is that CAC = 0 under-captures 
the extent of coronary atherosclerosis in women with EM because it does 
not quantify noncalcified plaque burden, which itself serves as a pre
cursor for CAD and an independent predictor of cardiovascular events. 
Furthermore, CAC may not capture microvascular coronary disease or 
atherosclerotic disease in other vascular beds, which are more prevalent 
in women than men and similarly increases the risk of ASCVD [39,40]. 
In addition, we found that compared to women without EM, women 
with EM had a higher prevalence of diabetes and ASCVD risk ≥20%, 
both of which are associated with a shorter time for conversion from 
CAC = 0 to CAC ≥ 1 [41]. 

Among women in MESA with CAC = 0, the ASCVD event rate was 
low-to-borderline at 10-year follow-up and the difference between those 
with and without EM had marginal statistical significance. Although 10- 
year ASCVD risk was not statistically significant between the two groups 
of women, the survival curves began to diverge at approximately 7-8 
years of follow-up with a significantly higher ASCVD event rate for 
women with EM at 15-year follow-up. This divergence may be partially 
explained by the higher baseline prevalence of some traditional CVD risk 
factors among women with EM. In addition, non-CHD outcomes such as 
stroke and heart failure (which are less strongly associated with CAC) 
likely contribute to differences in long-term ASCVD risk among women 
with CAC = 0 [24,42–44]. In our study, the non-CHD event rate among 
women with CAC = 0 was significantly higher for women with EM, 
while the CHD event rates were similar. Despite the difference in 
ASCVD-free survival, the total incidence of ASCVD remained low in both 
groups of women with CAC = 0 at 15-years follow-up, at which time the 
mean age in this analysis was 79 years. 

The precise mechanisms through which EM increases ASCVD risk 
remains unclear but has been largely attributed to the association be
tween the loss of estrogen and atherosclerosis [45]. Estrogen is thought 
to protect against atherosclerosis by preventing endothelial deposition 
of LDL-C, proliferation of smooth muscle cells, aggregation of platelets, 
and oxidative damage [46–48]. In addition, estrogen has vasodilatory 
properties that may oppose thrombotic ischemia [46,49,50]. The loss of 
these protective mechanisms during menopause may contribute to the 
increased risk for ASCVD in EM. However, the WHI randomized trial 
conversely showed that the use of HT actually increased the incidence of 
ASCVD, which suggests a potential difference in the vascular impact 
between natural and exogenous hormones [11]. Additionally, recent 
studies have also demonstrated that the age of initiation, timing in 
relation to menopause, and duration of HT can affect ASCVD outcomes 
with results favoring the use of HT in younger postmenopausal women 
and initiation closer to the onset of menopause [51,52]. Our results did 
not show any substantial difference after adjustment for the use of HT, 
although MESA did not collect data on age of initiation, timing in 
relation to menopause, or duration of hormone therapy. Therefore, 
while earlier initiation of exogenous HT appears likely to be safe based 
on prior evidence, further research is needed to investigate these 
nuanced questions with regards to EM, CAC, and ASCVD. 

The 2018 AHA/ACC Cholesterol Treatment Guidelines identify pre
mature menopause (defined as occurring <40 years of age) as a risk- 
enhancing factor that favors statin therapy for women with uncertain 
risk based on their calculated 10-year PCEs score [19]. In our study, we 
have defined EM as occurring before the age of 45 in accordance with 
several contemporary studies [2,8,28]. The significance of this 5-year 
difference in classification of menopause on ASCVD outcomes is un
certain due to mixed findings from prior studies. However, a recent large 
pooled meta-analysis demonstrated increasing hazard of ASCVD with 
earlier onset of menopause [28]. Accordingly, while there is likely a 
continuous relationship between younger age of menopause and in
crease in risk for ASCVD, the age cutoff of <45 years that we use in this 

Table 3 
Progressively adjusted hazard ratios of ASCVD and CHD by CAC scores in 
women with and without EM.    

Coronary Artery Calcium Score   

0 1-99 ≥100 

ASCVD Early menopause    
Model 1a Ref 1.37 (0.81–2.31) 2.20 (1.32–3.66) 
Model 2b Ref 1.19 (0.69–2.34) 1.91 (1.12–3.25) 
Model 3c Ref 1.19 (0.69–2.05) 1.85 (1.08–3.20) 
No early menopause    
Model 1 Ref 2.49 (1.70–3.64) 4.22 (2.87–6.19) 
Model 2 Ref 2.10 (1.42–3.10) 3.13 (2.08–4.70) 
Model 3 Ref 2.09 (1.41–3.09) 3.08 (2.05–4.65) 

CHD Early menopause    
Model 1 Ref 2.36 (1.18–4.74) 3.56 (1.77–7.16) 
Model 2 Ref 2.02 (0.99–4.12) 2.99 (1.46–6.11) 
Model 3 Ref 2.01 (0.99–4.11) 2.85 (1.37–5.96) 
No early menopause    
Model 1 Ref 2.23 (1.34–3.70) 5.61 (3.48–9.01) 
Model 2 Ref 1.82 (1.08–3.07) 4.08 (2.47–6.71) 
Model 3 Ref 1.81 (1.08–3.05) 3.98 (2.40–6.59) 

ASCVD = atherosclerotic cardiovascular disease, CHD = coronary heart disease. 
a Model 1: Adjusted for age, race/ethnicity. 
b Model 2: Model 1 plus smoking, diabetes, family history of heart disease, 

systolic blood pressure, diastolic blood pressure, total cholesterol, HDL-C, lipid- 
lowering medication, anti-hypertensive medication, income, and education 
level. 

c Model 3: Model 2 plus use of hormone therapy. 

Table 4 
Adjusted hazard ratios of ASCVD and CHD for women with vs. without EM by 
CAC score.    

Coronary Artery Calcium Score   

0 1-99 ≥100 

ASCVD No Early 
Menopause 

Ref Ref Ref 

Early 
Menopause    
Model 1a. 2.03 

(1.33–3.12) 
1.18 
(0.75–1.85) 

1.20 
(0.81–1.79) 

Model 2b. 1.94 
(1.25–3.01) 

1.12 
(0.71–1.77) 

1.22 
(0.80–1.85) 

Model 3c. 1.96 
(1.26–3.04) 

1.10 
(0.69–1.76) 

1.17 
(0.76–1.81)      

CHD No Early 
Menopause 

Ref Ref Ref 

Early 
Menopause    
Model 1 1.54 

(0.84–2.81) 
1.67 
(0.95–2.96) 

1.07 
(0.66–1.75) 

Model 2 1.45 
(0.78–2.68) 

1.71 
(0.95–3.09) 

1.15 
(0.70–1.90) 

Model 3 1.48 
(0.80–2.75) 

1.69 
(0.93–03.10) 

1.10 
(0.65–1.88) 

ASCVD = atherosclerotic cardiovascular disease, CAC = coronary artery cal
cium, CHD = coronary heart disease. 

a Model 1: Adjusted for age, race/ethnicity. 
b Model 2: Model 1 plus smoking, diabetes, family history of heart disease, 

systolic blood pressure, diastolic blood pressure, total cholesterol, HDL-C, lipid- 
lowering medication, anti-hypertensive medication, income, and education 
level. 

c Model 3: Model 2 plus use of hormone therapy. 
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study still appears to define a group of women at increased risk for 
ASCVD. As in MESA, this heterogenous study population included 
women with natural and surgical EM. Although our present study did 
not stratify women with EM by type of menopause, it is noteworthy that 
there were nearly three times as many cases of surgical menopause 
among women with EM. Several studies have shown that both surgical 
and natural premature menopause are associated with an increased risk 
for ASCVD, but that women with premature surgical menopause have a 
higher ASCVD risk than women with premature natural menopause 
[53–55]. This observation is incompletely understood but may be 
related to the acuity and degree of estrogen loss in surgical EM compared 
to natural EM. Collectively, this data underscores the importance of 
preventive care – including lipid-lowering therapy and HT – especially 
in women who experience surgical menopause at an early age. 

In this study, we also found that the prevalence of CAC ≥ 1 was 
similar between middle-aged women with and without EM in various 
strata of PCEs scores. Fewer than 20 percent of the women in our study 
with PCE < 5.0% had CAC ≥ 1. In a meta-analysis examining five large 
population-based cohorts including MESA, Kavousi et al. estimated CAC 
≥ 1 in only 36.1% of low-risk women [56]. Therefore, EM alone may not 
necessarily warrant CAC screening among middle-aged women with low 
predicted ASCVD risk as the net population benefit is indeterminate and 
between 50-60% of women with borderline or intermediate ASCVD risk 
had baseline CAC = 0 in our study. Silverman et al. previously demon
strated that CAC = 0 was associated with low 10-year ASCVD event 
rates, even among individuals with unfavorable cardiometabolic pro
files [57]. Therefore, a substantial number of women with EM who are 
classified as borderline- or intermediate-risk by PCEs may benefit from 
additional CAC screening as CAC = 0 can help to identify those in whom 
it may be reasonable to defer statin therapy based on a shared 
patient-clinician decision making process. 

One limitation of our study is that HT confounds the association 
between menopause and ASCVD depending on the time of its initiation 
relative to menopause. Prescriptions for HT declined after 2002 
following the enrollment period due to findings of increased ASCVD risk 
from the WHI trial [11]. As a result, changes in clinical practice would 
modify ASCVD outcomes among women who had initiated HT prior to 
enrollment. Additionally, survival bias may be present, because MESA 
excluded participants with prior CVD and women who experienced early 
CVD events would not be included in this cohort. However, a large 
meta-analysis of women with EM found that only 4% had a CVD event 
prior to the age of 60 years (mean age of MESA participants in this study 
was 64 years-old) and we found that among women <65 years of age, 
the distribution of CAC was very similar (Supplementary Fig. 3) [28]. 
Our study uses self-reported menopausal status, but we note that this 
method was validated and shown to be reliable in the Nurses’ Health 
Study where 99% of women accurately reported their menopausal age 
within one year [5]. We also excluded a small proportion of participants, 
because they either reported uncertainty about their menopause status 
or discrepant information regarding menopausal status and history. 
Finally, to establish a cohort of postmenopausal women for our study, 
we applied an algorithm to infer postmenopausal status, although this 
algorithm has been used in prior publications [27]. 

Strengths of this study include a robust baseline exam and consistent 
longitudinal follow-up for ASCVD events over 15 years. In addition, the 
data was collected from a large, well-studied cohort of women with 
diverse ethnic representation. 

5. Conclusions 

In this multi-ethnic cohort of middle-aged women, there was a 
slightly lower prevalence of CAC = 0 in women with EM, but >50% had 
CAC = 0. The absence of CAC was associated with a low-to-borderline 
10-year cumulative incidence of ASCVD regardless of EM status, 
although there was a divergence in cumulative ASCVD incidence be
tween women with and without EM before 10-year follow-up. At 15- 

year follow-up, women with EM had a significantly higher incidence 
of ASCVD compared to women without EM. When CAC ≥ 1, the inci
dence of ASCVD was similar for women with and without EM. These 
findings support the use of CAC to help improve ASCVD risk stratifica
tion in women with EM. Further research is needed to better understand 
the differences in long-term ASCVD risk between women with and 
without EM who have CAC = 0. 
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