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Introduction

Whether the menopause-related reduction in estradiol (E2) levels1 contributes to the higher 

risk of cardiovascular disease (CVD) in women after menopause 2,3 has been a matter of 

prolonged debate. Observational studies have reported that hormone therapy (HT) is 

associated with a reduction in coronary heart disease (CHD) risk and total mortality,4-8 

which supports a cardio-protective role for E2. On the other hand, clinical trials of HT 

demonstrated no such protective effect among postmenopausal women.9,10

Previous studies evaluating the role of endogenous E2 or HT on CVD risk have assumed that 

the pattern of endogenous E2 decline over the menopause transition is identical for all 

women.4-8,11-18 However, recent studies suggest that the pattern of E2 decline around the 

final menstrual period (FMP) varies among women, and women can be classified into 

distinct groups based upon these patterns.19,20 Findings from the Study of Women's Health 

Across the Nation (SWAN) demonstrated that not all women experience a linear decline in 

E2 around their FMP. 20 E2 may rise 4-to-5 years before the FMP and then decline either 

immediately before or later after the FMP. Similarly, E2 levels post-FMP may not be the 

same among all postmenopausal women, and may increase slightly in some but decrease in 
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others. In SWAN, 29% of postmenopausal women have circulating E2 levels that are 

consistently 10-15 pg/mL higher than other postmenopausal women.20

Similar to the E2 decline, an increase in follicle stimulating hormone (FSH) accompanies 

the menopause transition1 and may also contribute to the higher risk of CVD after 

menopause.11,12,17 The magnitude of FSH increase over the transition may not be the same 

in all postmenopausal women.20 In SWAN, almost 41% women have a postmenopausal FSH 

level that is 30-80 mIU/mL higher than that of other women.20

The primary purpose of this paper is to evaluate whether different patterns of E2 and FSH 

around the time of the FMP are related to levels of subclinical measures of 

atherosclerosis 21-23 after menopause, independent of CVD risk factors. Given the known 

higher risk of CVD after menopause, 2,3 a time period of significant decline in E2 and rise in 

FSH, 1 we hypothesize that women with higher E2 levels before FMP but lower thereafter as 

well as those with a lower rise of FSH over the menopause transition will have the most 

favorable profile for subclinical measures of atherosclerosis.

Methods

Study population

SWAN is a large longitudinal multi-ethnic cohort study of women transitioning through the 

menopause. SWAN was conducted at seven sites and recruited White women and one 

additional racial/ethnic group at each site (Black in Pittsburgh, Boston, the Detroit area, and 

Chicago; Japanese in Los Angeles; Hispanic in New Jersey; Chinese in the Oakland area of 

California).24 Baseline (1996–1997) eligibility criteria included: aged 42-52 years, having a 

uterus and ≥ one ovary, not using oral-contraceptives or HT, and having ≥ one menstrual 

cycle in the last 3 months before baseline. Study protocols were approved by the 

institutional review board at each site and participants provided written informed consent.

Of the 3302 women enrolled in SWAN, 1552 completed the carotid ultrasound assessments 

(all sites except Los Angeles). Women were excluded from the trajectory analyses due to 

missing FMP (due to surgery or HT use) or having less than 3 visits with hormone data 

(n=633). For the analyses linking hormone trajectories with subclinical atherosclerosis, 

women with a history of stroke or myocardial infarction were excluded (n=63). The final 

analyses included 856 women. Women excluded were more likely to be Black or White 

(p<0.001) and to have a worse CVD risk profile, but similar subclinical measures of 

atherosclerosis.

Subclinical measures of atherosclerosis

Carotid images were obtained at study sites using a Terason t3000 Ultrasound System 

(Teratech Corp., Burlington, MA) equipped with 5-12 MHz linear array transducer, and 

were read centrally using the semi-automated AMS reading software at the Ultrasound 

Research Laboratory (University of Pittsburgh). 25 IMT measures were obtained by tracing 

electronically the lumen–intima interface and the media–adventitia interface across a 1-cm 

segment of the near and far walls of the right and left distal common carotid arteries 

(CCAs), 1 cm proximal to the carotid bulb. One measurement was generated for each pixel 
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over the area, for a total of approximately 140 measures for each segment. The average and 

maximal values for these measures were recorded for all 4 segments, with the mean of the 

average and maximal readings of all 4 segments used in analyses.

Adventitial Diameter (AD) was measured directly as the distance from the adventitial–

medial interface on the near wall to the medial–adventitial interface on the far wall at end-

diastole across the same CCA segments used for IMT measurement. Reproducibility of IMT 

and AD was excellent with an intraclass correlation coefficient between sonographers ≥ 

0.77, and between readers ≥ 0.89.

The presence of any carotid plaque (cPlaque) was evaluated in the left and right carotid 

artery in each of 5 segments (distal and proximal CCA, carotid bulb, and proximal internal 

and external carotid arteries). 26 cPlaque was defined as a distinct area protruding into the 

vessel lumen that was at least 50% thicker than the adjacent IMT (intraclass correlation 

coefficient ≥ 0.86). 27

E2 and FSH Trajectories

Circulating hormones were measured at baseline and at 12 follow-up visits. Women 

provided fasting blood samples during the early follicular phase (days 2-5 of the menstrual 

cycle). Fasting samples were obtained within 90 days of the recruitment anniversary date if a 

timed sample could not be obtained. Accordingly, cycle day of blood draw was reported as 

either days 2-5 or outside that period. E2 and FSH assays were measured by a central 

laboratory duplicate and singlicate, respectively. E2 levels were measured with a modified, 

off-line ACS-180 (E2-6) chemiluminometric immunoassay (Bayer Diagnostics Corporation, 

Norwood, MA).28 The lower limit of detection (LLD) was between 1 and 7 pg/mL. The 

inter- and intra-assay coefficients of variation averaged were 10.6% and 6.4%, respectively. 

FSH levels were measured with a two-site chemiluminometric immunoassay. The LLD was 

between 0.4 and 1.0 mIU/mL. The inter- and intra-assay coefficients of variation were 

11.4% and 3.8%, respectively. The previously described trajectories of E2 and FSH over 8.3 

years before/after FMP 20 were re-identified among the current SWAN subsample over 9.6 

years before/after FMP (see data analyses section).

FMP determination

FMP date was determined from bleeding data that were collected every annual follow-up 

visit. At each clinical visit, participants were asked about months of amenorrhea and date of 

the last menstrual period. FMP date indicated 12 months of amenorrhea since the last 

menstrual period for no other cause (e.g., hysterectomy, bilateral oophorectomy).

CVD risk factors and other potential covariates

Concurrent with subclinical measures of atherosclerosis, CVD risk factors were drawn from 

the 12th clinic visit and included height and weight to calculate BMI (kg/m2), systolic blood 

pressure, and self-reported physical activity level assessed via a modified Baecke scores of 

habitual physical activity. 29 Fasting lipids, glucose, and insulin assays were measured on a 

Siemens ADVIA 2400 automated chemistry analyzer utilizing Siemens ADVIA chemistry 

system reagents at the University of Michigan Pathology Laboratory. Lipids were 
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determined from EDTA-treated plasma,30,31 except for low density lipoprotein cholesterol 

(LDL-C), which was calculated using Friedewald equation.32 Serum insulin was measured 

using radioimmunoassay. Glucose was measured using a two-step enzymatic reaction that 

utilizes hexokinase and glucose-6 phosphate dehydrogenase enzymes. The HOMA index 

was calculated as (fasting insulin (mU/L) * fasting glucose (mmol/L) / 22.5).33 Women were 

classified as diabetic by visit 12 based on longitudinal fasting glucose data and use of insulin 

or anti-diabetic agents. Ever smoking was defined as yes if participants self-reported 

smoking at any study visit.

Education level was assessed at baseline. Ever use of medications (Yes: antihypertensive, 

antidiabetics, lipid-lowering, or anticoagulants) and of HT over the study period were 

considered as two separate covariates.

Data Analyses

Trajectories of hormones were first created, and then linked to subclinical measures of 

atherosclerosis available at the 12th annual SWAN visit. Group based growth trajectory 

modeling 34 was utilized to re-identify the previously described trajectories of E2 and 

FSH, 20 among the current subset of SWAN participants, Figure 1. Visits at which women 

were on HT were dropped (less than 1% of the eligible visits for trajectory analyses) from 

trajectory analyses. Similar to our previous publication,20 the time scale was anchored to the 

FMP, however this analysis includes a longer maximum time before and after the FMP of 

9.6 years. Hormone values were log transformed before estimating the trajectories since 

their distributions were not normal. Each participant was assigned to one of the identified E2 

or FSH trajectories based on highest posterior (predicted) probability.

Associations between E2 and FSH trajectory groups and each subclinical measure of 

atherosclerosis were estimated in linear or logistic regression models as appropriate. Models 

were first adjusted for age, race/ethnicity, education, and site, with additional adjustment for 

covariates associated with subclinical measures of atherosclerosis at p<0.05. Analyses were 

performed with SAS v9.2 (SAS Institute, Cary, NC).

All authors, external and internal, had full access to all of the data (including statistical 

reports and tables) in the study and can take responsibility for the integrity of the data and 

the accuracy of the data analysis.

Results

At visit 12, women were, on average, 59 years old and approximately 8 years post-FMP. 

Participants were 46.7% White, 30.7% Black, 16.5% Chinese and 6.1% Hispanic.

The four distinct trajectories of E2 in this analytic sample were: 1) low E2 before and after 

FMP (Low E2: 23.9%); 2) medium E2 before FMP but stable and high E2 after FMP 

(Medium E2: 31.2%); 3) high rise of E2 before FMP followed by early decline at FMP 

(High E2- early decline: 38.8%); 4) high rise of E2 before FMP followed by late decline 

after FMP (High E2-late decline: 6.1%), Figure 1. The three distinct trajectories of FSH rise 
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were: 1) low rise before/after FMP (Low FSH: 7.2%), medium rise before/after FMP 

(Medium FSH: 50.7%); 3) high rise before/after FMP (High FSH: 42.1%), Figure 1.

CVD risk factors and subclinical atherosclerosis measures by hormone trajectory groups 
(Tables 1 and 2)

CVD risk factors at visit 12 (Table 1) or at baseline (Supplemental-Table 1) in women 

experiencing either the High E2-early decline or the Low E2 trajectory were similar, except 

for triglycerides, which were higher in the Low E2 group. The CVD risk profiles in the High 

E2-early decline and the Low E2 groups were more favorable than in the Medium E2 or the 

High E2-late decline groups. Women with the High E2- early decline pattern had the lowest 

prevalence of cPlaque, while women with the Medium E2 and High E2- late decline patterns 

had the thickest IMT measures, Table 1. The Low FSH group had a worse CVD risk factor 

profile at both visit 12 (Table 2) and baseline (Supplementary-Table 2), however their IMT 

measures and prevalence of cPlaque were more favorable than those in the Medium or High 

FSH groups, Table 2.

Multivariable analyses of subclinical atherosclerosis measures and hormone trajectory 
groups (Table 3 & 4)

Independent of socio-demographics, and visit 12, or baseline CVD risk factors, the High E2-

early decline group was less likely to have cPlaque than the Low E2 group. On the other 

hand, the Medium E2 group had significantly greater IMT than the Low E2 group in models 

adjusted for visit 12 CVD risk factors. Adjusting for baseline CVD risk factors attenuated 

the association between the Medium E2 group and IMT, Table 3. For FSH groups, adjusting 

for socio-demographics, and visit 12, or baseline CVD risk factors, both the Medium and 

High FSH trajectory groups had significantly thicker IMT, Table 4.

Additional adjustment for ever-use of HT and time since FMP did not change the above 

findings. Interactions with ethnicity were not significant.

Discussion

This study is the first to examine variations in the patterns of E2 decline and FSH rise 

around FMP in relation to postmenopausal subclinical atherosclerosis. We found for the first 

time, that E2 and FSH trajectories over the FMP are associated with subclinical 

atherosclerosis differently. Findings for E2 trajectories suggest that compared to women 

with low E2 before and after their FMP, women with higher E2 before their FMP but lower 

E2 thereafter (High E2-early decline group) may be more protected from developing 

atherosclerosis after menopause. For FSH, women experiencing a lower FSH rise after 

menopause (Low group) may be at lower risk of atherosclerosis development than those who 

experienced either a medium or a high rise FSH over the transition. These findings were not 

explained by differences in demographics and/or CVD risk factors between the trajectory 

groups, which suggest an independent role of the time course of hormone trajectories on risk 

of atherosclerosis development after menopause.

We found that women with higher E2 levels before their FMP but lower E2 thereafter (High 

E2-early decline) were ∼43% less likely to have cPlaque than women with low E2 before 
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and after FMP (Low E2). Ovarian E2 production in a woman's fertile years' results in 

circulating E2 that is up to two log-orders higher than that of a postmenopausal woman. 

Consistently higher E2 production during these premenopausal years may explain the lower 

prevalence of cPlaque in the High E2-early decline group after menopause.35 Premenopausal 

women without CHD have normal mean plasma concentrations of E2, approximately 80 

pg/ml.36 In the current study, E2 levels prior to the FMP among women in the High E2-early 

decline ranged from 60 to 89 pg/ml.

The pathways by which premenopausal-estrogen reduces the development of atherosclerosis 

are thought to be related in part to the well-established roles of endogenous estrogen in 

improving the lipid/lipoprotein profile, endothelial function, and arterial vasodilation.35 In 

the current study, the High E2-early decline group had a better CVD risk profile at both 

baseline and visit 12. Adjusting for baseline risk factors rather than those from visit 12 did 

not change our findings, suggesting that atherosclerosis present after menopause could 

potentially be influenced by the premenopausal-estrogen exposure independent of CVD risk 

factors.

Our findings of thicker IMT in the Medium E2 group (medium levels of E2 before FMP, but 

stable and high postmenopausal-E2 levels) compared with the Low E2 group in models 

adjusted for concurrent CVD risk factors may be surprising given that the premenopausal E2 

level was moderately higher than that among the Low E2 group. The potential reason for 

that is not fully understood. It is possible that at this medium level of premenopausal-E2 

(35-50 pg/mL) women may not be as protected as when premenopausal-E2 is higher as 

found among the High E2-Early decline group (60-89 pg/mL). As described above, 

premenopausal women without CHD have normal mean concentration of E2 of 

approximately 80 pg/ml, 36 a level that is higher than the premenopausal-E2 level found 

among the Medium E2 group.

Another potential explanation of the thicker IMT among the Medium E2 group compared 

with the Low E2 group could be due to the stable and high postmenopusal-E2 level found in 

the Medium E2 group, but not among the Low E2 group. Higher postmenopausal-estrogen 

levels have been found to be associated with greater insulin resistance, 37 inflammatory 

marker levels, 38 and a more pro-atherogenic lipid profile.39, 40 In agreement with this 

notion, women who experienced the Medium E2 trajectory also had a worse CVD risk 

profile than the Low E2 group. Alternatively, the high postmenopausal-E2 levels in women 

who had thicker mean and maximal IMT after menopause could represent an endogenous 

response to the process of inflammation/atherosclerosis, rather than a causative factor in the 

development of atherosclerosis.13,41 Estrogens can be synthesized locally in the artery 

wall.42 Women who experienced the Medium E2 trajectory in the current study had an 

adverse cardiovascular risk profile at baseline and visit 12 compared to the Low E2 

trajectory group. This supports the possibility that the high-postmenopausal E2 level found 

to be associated with thicker IMT measures could be an endogenous response to an already 

worse risk profile. In agreement with this finding, when adjusting for baseline levels of CVD 

risk factors rather than levels at visit12, the associations between the Medium E2 group and 

thicker IMT measures were attenuated. Further studies should investigate the potential 

impact of levels of E2 before and after menopause on CVD risk.
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Although women in the Medium and High FSH groups were more likely to be White or 

Chinese and to have a better CVD risk profile at both baseline and visit 12 compared to the 

Low FSH group, their IMT measures were significantly less favorable, independent of 

demographics and CVD risk factors measured at either baseline or visit 12. These findings 

suggest a potential independent role of lifetime exposure to high or increasing FSH, a 

cardinal marker of menopause,1 on the vasculature. Our findings are consistent with the few 

studies that have evaluated associations between FSH and subclinical atherosclerosis. 11,12,17 

The mechanisms by which lifetime exposure to FSH might impact IMT after menopause are 

not known.

The present results should be interpreted in the context of several limitations. The analyses 

linking the trajectory groups and subclinical measures of atherosclerosis were cross-

sectional since subclinical measures of atherosclerosis were only available at visit 12. 

Irrespective of that, the hormone trajectory groups were created based on extensive 

longitudinal data over 9.6 years across FMP. Women without an observed FMP were 

excluded, and therefore our results cannot be generalized to all women. The current analyses 

were limited by the small numbers of Hispanics. Additionally, due to limited sample sizes in 

certain trajectory groups (High E2-late decline and Low FSH), analysis in these groups 

could be under powered to detect significant associations with subclinical measures of 

atherosclerosis. Many dietary habits such as fat and phytoestrogens intake could have an 

effect on plasma level of estrogen. We did not have this information across FMP and 

therefore we were not able to account for this in the current analyses. Finally, the use of 

group based trajectory analyses to classify women to certain trajectory group using the 

posterior probabilities may introduce misclassification bias that may weaken the observed 

associations between the true hormone trajectories and subclinical atherosclerosis.

In this well-characterized cohort of midlife -women followed over the menopause transition, 

the current study highlights the importance of evaluating the time course of sex hormones 

when assessing their associations with subclinical atherosclerosis. It shows for the first time 

that E2 and FSH trajectories over the menopause transition are significantly associated with 

atherosclerosis risk after menopause. Our results suggest that relative to low levels of E2, 

higher E2 levels before menopause may contribute to lower atherosclerotic risk after 

menopause, while higher E2 levels after menopause may be associated with higher risk. The 

detected associations were independent of socio-demographics and CVD risk factors. These 

findings may reflect an endogenous hormone response to atherosclerosis developing over 

time, or direct detrimental actions of elevated E2 after menopause. Further studies are 

needed to determine the potential role of higher postmenopausal-E2 levels on atherosclerosis 

development. The current study suggests that women with low FSH rise over their 

menopause transition may be at lower risk of atherosclerosis than women with medium or 

high FSH rises. These findings were not driven by CVD risk factors.

The menopause transition is a critical time period of women's life. During this transition, 

women are subjected to hormonal alterations that could potentially increase their risk to 

develop CVD after menopause. To minimize the risk of developing CVD after menopause, 

CVD prevention strategies should be initiated early in the transition. These strategies should 
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be focused on women experiencing low E2 levels accompanied by a deleterious CVD risk 

profile before their FMP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Trajectories of E2 and FSH over the menopausal transition*
*Trajectories were adjusted for study site, time-varying age and time-varying cycle date of 

blood draw
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Table 2
Characteristics of study population at visit 12 by FSH groups

Characteristics Low FSH N=53 Medium FSH N=431 High FSH N=372 P value

Age, years, Mean(SD) 58.66 (2.50) 59.17 (2.54) 59.97 (2.76) <0.001

Race, n (%) <0.001

 Black 27 (50.94) 144 (33.41) 92 (24.73)

 White 16 (30.19) 201 (46.64) 183 (49.19)

 Chinese 1 (1.89) 62 (14.39) 78 (20.97)

 Hispanic 9 (16.98) 24 (5.57) 19 (5.11)

Education, n (%) 0.09

 ≤ High school/some college 32 (61.54) 242 (56.54) 183 (49.86)

 College degree/post college 20 (38.46) 186 (43.46) 184 (50.14)

BMI, kg/m2, Mean (SD), 37.63 (9.07) 30.75 (7.34) 27.30 (6.11) <0.001

SBP, mmHg, Mean (SD) 129.77 (14.91) 122.27 (17.95) 119.75 (17.42) 0.0003

DBP, mmHg, Mean (SD) 76.61 (10.33) 74.41 (9.99) 73.09 (10.53) 0.03

HDL-C, mg/dL, Mean (SD) 52.98 (12.06) 60.60 (15.50) 65.51 (16.22) <0.001

LDL-C, mg/dL, Mean (SD) 106.94 (28.32) 120.06 (32.64) 122.84 (30.54) 0.003

Triglycerides, mg/dL, Median (Q1, Q3) 110.00 (89.00, 146.00) 98.00 (74.00, 140.00) 88.00 (68.00, 124.00) 0.001

HOMA index, Median (Q1, Q3) 3.94 (2.22, 7.08) 2.44 (1.33, 3.99) 1.61 (1.06, 3.03) <0.001

Physical activity score,* Mean (SD) 7.06 (1.78) 7.56 (1.85) 7.67 (1.88) 0.08

Diabetes, n (%) 13 (24.53) 57 (13.23) 23 (6.18) <0.001

Ever Smoker, n (%) 17 (50.00) 167 (47.99) 128 (42.67) 0.35

Ever use of medications,† n (%) 39 (79.59) 249 (64.18) 177 (55.49) 0.002

Mean-IMT, mm, Mean (SD) 0.79 (0.09) 0.81 (0.13) 0.77 (0.11) 0.001

Maximal-IMT, mm, Mean (SD) 0.92 (0.09) 0.94 (0.15) 0.90 (0.13) 0.0001

AD, mm, Mean (SD) 7.32 (0.71) 7.21 (0.67) 7.11 (0.62) 0.02

Presence of plaque, n (%) 17 (32.08) 197 (45.81) 163 (43.82) 0.16

Time since FMP, year, Mean (SD) 7.92 (3.89) 7.41 (3.21) 8.59 (3.06) <0.001

Ever use hormone therapy, n (%) 1 (1.89) 20 (4.64) 22 (5.91) 0.40

*
Higher scores indicating more physical activity

†
Antihypertensive, antidiabetic, lipid lowering, or anticoagulants medications
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