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Abstract

Objectives: To characterize abdominal visceral adipose tissue (VAT) trajectory relative to the 

final menstrual period (FMP), and to test whether menopause-related VAT accumulation is 

associated with greater average (cIMT), common (CCA-IMT), and/or internal (ICA-IMT) carotid 

artery intima-media thickness.

Methods: Participants were 362 women (at baseline: age was (mean±SD) 51.1±2.8 years; 61% 

White, 39% Black) with no cardiovascular disease (CVD) from the SWAN Heart study. Women 

had up to two measurements of VAT and cIMT overtime. Splines revealed a non-linear trajectory 

of VAT with two inflection points demarcating 3 time segments: segment 1: >2 years before FMP, 

segment 2: 2 years before FMP to FMP, and segment 3: after FMP. Piecewise-linear random-

effects models estimated changes in VAT. Random-effects models tested associations of 

menopause-related VAT with each cIMT measure separately. Estimates were adjusted for age at 

FMP, body mass index, and sociodemographic, lifestyle, and CVD risk factors.

Results: VAT increased significantly by 8.2% (95% CI: 4.1% to 12.5%) and 5.8% (3.7% to 

7.9%) per year in segments 2 and 3, respectively, with no significant change in VAT within 

segment 1. VAT predicted greater ICA-IMT in segment 2, such that a 20% greater VAT was 

associated with a 2.0% (0.8% to 3.1%) greater ICA-IMT. VAT was not an independent predictor of 

ICA-IMT in the other segments or of the other cIMT measures after adjusting for covariates.
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Conclusions: Women experience accelerated increase in VAT starting 2 years before 

menopause. This menopause-related increase in VAT is associated with greater risk of subclinical 

atherosclerosis in the internal carotid artery.
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INTRODUCTION

Waist circumference predicts excess risk of cardiovascular disease (CVD) mortality after 

menopause irrespective of having normal body weight.1 With more than 70% of 

postmenopausal women having central obesity,2 namely waist circumference ≥88 cm, 

previous analyses have sought to determine whether the menopause transition (MT), 

independent of chronological aging, puts women at greater risk of accumulating more 

abdominal fat.3,4

Analyses of regional body fat have suggested that increases in waist circumference during 

midlife might be related to the MT.3,4 Waist circumference is an overall measure of 

abdominal subcutaneous (SAT) and visceral (VAT) adipose tissues. When matching for SAT 

level, greater VAT is associated with greater risk of carotid artery atherosclerosis.5,6 VAT-

secreted adipocytokines are hypothesized to be the culprit of the heightened atherosclerotic 

risk.7 Studies that examined whether the MT is related to midlife VAT accumulation showed 

inconsistent results and were limited by cross-sectional design,8,9 small sample size,10,11 or 

insufficient covariate adjustment.11 Moreover, none of these studies assessed whether 

increases in VAT during the MT contributed to greater risk of subclinical markers of 

atherosclerosis known to be influenced by the MT.12,13

Midlife women experience increases in average carotid artery intima-media thickness 

(cIMT) during the late perimenopause stage,12 which typically starts 1–3 years before the 

final menstrual period (FMP) and extends to 1 year after the FMP.14 Averaged cIMT across 

all carotid artery segments is a strong predictor of CVD events.15 However, the internal 

carotid artery (ICA-IMT) has a greater predictive power for CVD risk compared with the 

common carotid artery (CCA-IMT).16 Since patterns of carotid artery remodeling are 

segment-specific,17 and in young adults greater waist circumference predicts greater 

progression in ICA-IMT but not the other segments,18 it is expected that VAT may have 

distinctive pathological effects on different carotid artery segments. Whether potential 

menopause-related increases in VAT are associated with measures of subclinical carotid 

atherosclerosis is unknown.

The Study of Women’s Health Across the Nation (SWAN) is a unique cohort study of 

midlife women followed longitudinally with careful measures of the MT and concurrent 

assessment of VAT and subclinical carotid atherosclerosis overtime enabling assessing the 

following objectives: 1) to characterize VAT trajectory over time relative to the FMP, 

independent of chronological aging, and 2) to test whether menopause-related increase in 

VAT was associated with subclinical carotid measures of atherosclerosis (average cIMT, 
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CCA-IMT, and ICA-IMT). We hypothesized a non-linear trajectory of VAT over time 

relative to the FMP, with a larger change in VAT around the FMP, compared to prior to the 

FMP. We further hypothesized that menopause-related increases in VAT are associated with 

greater risk of subclinical carotid atherosclerosis.

MATERIALS AND METHODS

Study Participants

SWAN is an ongoing multi-ethnic longitudinal study of the MT. Detailed methods are 

presented elsewhere.19 In brief, 3 302 women were recruited between 1996–1997 from: 

Detroit, MI; Boston, MA; Chicago, IL; Oakland, CA; Los Angeles, CA; Newark, NJ; and 

Pittsburgh, PA. To be eligible for SWAN, women had to be 42–52 years of age at 

enrollment, had an intact uterus and at least one ovary with menstrual bleeding within the 

past three months, not be pregnant or breast-feeding, and not had used hormones therapy 

within the past three months. The institutional review board at each participating site 

approved the study protocol, and all participants signed informed consent before 

participation.

SWAN Heart was an ancillary study to SWAN designed to evaluate women’s midlife 

changes in subclinical atherosclerosis. Between 2001–2003, SWAN Pittsburgh and Chicago 

women enrolled to SWAN Heart Ancillary study (N=608) if they had no self-reported 

clinical CVD. By design, Pittsburgh and Chicago sites recruited only White or Black 

women. After a mean±SD of 2.3±0.5 years following the SWAN Heart baseline visit, 

women came for a follow-up visit. Because carotid atherosclerosis is a predictor of CVD 

events, we excluded women who reported CVD during the follow-up period (n=11). We 

additionally excluded women who did not have VAT measurements (n=20) or did not have 

an observed FMP date (n=215) as described below. The main analytic sample included 362 

women who contributed 595 observations with each woman having one or two 

measurements over time (Figure 1). Women in the analytic sample were older, more likely to 

be smokers, had higher systolic blood pressure, had larger waist circumference, and were 

less likely to have ever used hormone therapy at baseline compared with the excluded 

participants; otherwise, they shared similar baseline clinical characteristics including cIMT 

measures and VAT.

Time anchored to FMP

At each visit, women provided the date of their most recent menstrual period which enabled 

retrospectively assigning the FMP date as the date of the participant’s last menstrual period 

before 12 consecutive months of amenorrhea. However, we did not observe the FMP in 215 

SWAN Heart women due to hormone therapy, hysterectomy, or bilateral oophorectomy. 

Applying established methods,20 133 (62%) of women without an observed FMP had 

sufficient data available to allow multiple imputation of their FMP date and were combined 

with the women who have an observed FMP in a sensitivity analysis (Figure 1). The 

imputation is described in the Supplemental Digital Content.
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Visceral Adipose Tissue

VAT area was assessed using electron beam computed tomographic scans. A 6-mm 

transverse image was obtained between L4 and L5 during breath hold with a C-150 Ultrafast 

CT Scanner (GE Imatron, San Francisco, CA). The scans were read by a single trained 

reader at the University of Pittsburgh. The area of adipose tissue was defined using image 

analysis (AccuImage Diagnostics, South San Francisco, CA) with fat structure determined 

using a pixel range of −30 to −190 Hounsfield units. A region-of-interest line was drawn at 

the interior of abdominal musculature along the fascial plane. Adipose tissue within the 

drawn area was considered to be VAT area. VAT readers were blinded to cIMT reads. 

Interobserver reliability was determined by repeat reads on 10 VAT scans, with an intraclass 

correlation coefficient of 0.94.21

Carotid Artery Intima-Media Thickness

cIMT was assessed using a Toshiba SSA-270A scanner (Toshiba American Medical 

Systems, Tustin, CA) and a Hewlett-Packard 5500 scanner (Hewlett-Packard, Andover, 

MA). B-mode images were obtained from the following 4 locations in the left and right 

carotid arteries: the near and far walls of the distal common carotid artery (1 cm proximal to 

the carotid bulb); the far wall of the carotid bulb (from the point where the near and far walls 

of the common carotid artery are no longer parallel and extending to the flow divider); and 

the far wall of the internal carotid artery (distal 1 cm from the flow divider). The lumen-

intima interface and the media-adventitia interface across a 1-cm segment of each of these 

locations were electronically traced. A computer-assisted measurement of each pixel over 

the traced area was generated for a total of 140 data points in each location. Average of the 

readings in each location was calculated, and then readings were averaged across all 

locations to obtain the average cIMT value. The readings of the common and internal carotid 

artery were averaged to obtain the CCA-IMT and ICA-IMT values, respectively. cIMT 

readers were blinded to VAT reads. Interobserver reliability was determined by repeat reads 

on 20 cIMT scans, with an intraclass correlation coefficient of 0.98.21

Covariates

At SWAN visits concurrent with VAT assessment date, participants completed self- and 

interviewer-administered questionnaires that included assessment of sociodemographic and 

lifestyle factors and medical history. Participants had their physical and blood pressure 

measurements and a fasting blood sample obtained at each SWAN visit using standardized 

protocols. A detailed description of covariates and blood assays measurement is presented in 

the Supplemental Digital Content. Age at FMP, race, study site, and financial strain were 

time-fixed variables. For all other covariates, time-varying values that coincided or where 

the closest in time with each participant’s VAT assessment date were used.

Statistical Analysis

VAT and cIMT were log transformed due to skewed distributions. Repeated measures of 

VAT as a function of time relative to the FMP were plotted using locally weighted scatter-

plot smoothing (LOWESS). The plot suggested a non-linear trajectory of VAT and thus 

piecewise linear random-effect models were used to estimate and compare annual changes 
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of VAT across the identified time segments. Segment-specific annual percentage change of 

VAT was calculated as (eestimated annual change in log-VAT−1)×100. Multivariable analysis 

adjusted for factors affecting VAT including body mass index (BMI). To visualize VAT 

trajectory, we plotted annual means of VAT over time relative to the FMP, as well as VAT 

estimates from the piecewise linear random-effects model. We tested effect modification of 

race on VAT trajectory by including an interaction term of race with each of the three time-

segments separately to avoid collinearity.

To assess whether menopause-related increases in VAT are associated with cIMT measures, 

we created an indicator variable of the time segments identified via LOWESS. Because VAT 

accelerated significantly 2 years before the FMP, we defined a menopause-related VAT 

increase as the VAT value between 2 years before the FMP to the FMP (segment 2, see 

results). We separately modeled the repeated measures of averaged cIMT, CCA-IMT, and 

ICA-IMT as a function of the repeated measures of VAT, the indicator variable of the time 

segments, and their interaction (model 1), with segment 1 as the reference level. For more 

meaningful estimates, we calculated percentage change in each cIMT measure per 20% 

greater VAT by time segments using (erespective log-VAT beta estimate × log(1.2)−1)×100. 

Multivariable analysis adjusted for factors affecting atherosclerosis.

As sensitivity analyses, we reran the previous analyses after combining women with imputed 

and observed FMP and on women for whom VAT was measured at both SWAN Heart visits. 

As additional analyses, we adjusted for estradiol in model 3 of the VAT trajectory analysis to 

explore whether it explains the significant inflection point in VAT trajectory at 2 years before 

the FMP. Additionally, because we observed a significant association between VAT and 

ICA-IMT in segment 2, we hypothesized that this association maybe modified by estradiol. 

For simplicity, we explored this effect modification using linear regression while limiting the 

analysis to women in segment 2 who do not have repeated measures. All analyses were 

conducted using SAS 9.4 with a significance level set at 0.05.

RESULTS

Study population

The baseline VAT was measured 0.8±3.2 years before the FMP, and the follow-up VAT 

1.3±3.1 years after the FMP. Of the 362 women in our study, 233 (64%) had VAT and cIMT 

measured at baseline and follow-up visits, 114 (32%) at baseline visit only, and 15 (4%) at 

follow-up visit only. Characteristics of the study sample are shown in Table 1. Compared 

with women who had imputed FMP dates, women with an observed FMP were more likely 

to be smokers, had higher systolic blood pressure, and were less likely to have ever used 

hormone therapy at baseline (Supplemental Table I).

VAT Trajectory over the FMP

LOWESS suggested a non-linear trajectory of VAT with inflection points at 2 years before 

the FMP and at the FMP, which divided the VAT trajectory into 3 time segments: segment 1: 

before 2 years before the FMP, segment 2: between 2 years before the FMP to the FMP, and 

segment 3: after the FMP. In segments 2 and 3, VAT increased 8.2% and 5.8% per year, 
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respectively, and these estimates remained significant after adjusting for study covariates 

(Table 2; Figure 2). There was no significant change in VAT within segment 1. VAT increase 

in segment 2, but not segment 3, was significantly greater than VAT change in segment 1 

adjusting for study covariates (model 3). The annual increase in VAT in segments 2 and 3 

were not statistically different from each other. Further adjustment for estradiol attenuated 

the difference between segments 1 and 2, P=0.09 (data not shown). VAT trajectory over the 

FMP did not differ between White and Black women (P of interaction terms >0.74).

Menopause-related VAT Increase and cIMT

Menopause-related increases in VAT were associated with increases in ICA-IMT but with 

modest increases in averaged and CCA-IMT. Each 20% increase in VAT in segment 2 was 

associated with 2.0% increase in ICA-IMT, 0.9% increase in averaged cIMT, and 0.8% 

increase in CCA-IMT (Table 3). Only the estimate in ICA-IMT of segment 2 remained 

significant after adjusting for study covariates (Table 3, Figure 3). Associations between 

VAT and cIMT in segments 1 and 3 were not significant after adjusting for study covariates. 

Segment-specific difference between segments 1 and 2 in the ICA-IMT analysis was 

significant. No other segment-specific comparisons were statistically significant.

Limiting the analysis to segment 2 (n=115), although the interaction term was not 

significant, the reported increase in ICA-IMT with greater VAT was found to be more 

pronounced at lower levels of estradiol such that a 20% increase in VAT was associated with 

a 2.5% (95% CI: 0.50% to 4.5%) increase in ICA-IMT for each one unit decrease in log-

estradiol (data not shown).

Sensitivity Analyses

Analyses including women with imputed and observed FMP and women who had 2 VAT 

measurements resulted in the same conclusions (Supplemental Tables II–V).

DISCUSSION

Using precise data on the timing of the MT, we showed a non-linear increase in VAT as 

women traverse menopause that accelerated remarkably starting 2 years before the FMP. 

VAT acceleration was independent of aging, lifestyle factors and overall adiposity. 

Importantly, menopause-related increases in VAT within 2 years before and up to the FMP 

was associated with a significant increase in ICA-IMT independent of traditional CVD risk 

factors and overall adiposity. Results of the current study suggest that the VAT increase 

during midlife is indeed a menopause-related phenomenon that could contribute to increased 

risk of subclinical carotid atherosclerosis in women during the MT.

Previous studies showed that premenopausal women gained a significant amount of VAT as 

they transitioned to postmenopause,10 while others showed no gain mainly after adjusting 

for age.22 Analysis 11 grouped VAT measurements to the nearest year relative to the FMP 

and showed that only mean VAT at years 4 and 3 before the FMP differed from mean VAT at 

the FMP. However, this analytic approach has limited ability to estimate rate of change in 

VAT relative to FMP timing as we have done in our study. We provided adjusted estimates of 

change and tested differences in VAT trajectory over time relative to the FMP.
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As women traverse menopause, they experience fluctuations in estradiol, a relative 

domination of testosterone, and increases in follicle-stimulating hormone.23 These hormonal 

changes favor greater deposition of body fat and greater central adiposity by influencing 

appetite, energy expenditure, whole-body thermogenesis, and lipoprotein lipase activity.24 

Consistent with this, adjusting for estradiol in our analysis attenuated the inflection point of 

VAT trajectory at 2 years before the FMP suggesting that estradiol may mediate VAT 

acceleration. However, future studies should formally examine whether changes in estradiol 

would mediate VAT acceleration during the menopause transition.

As VAT accumulates, it acts as a metabolic organ that delivers excess free fatty acids into the 

portal circulation and secretes proinflammatory adipocytokines.25 These VAT-derived 

metabolites are thought to influence atherosclerosis through increasing insulin resistance, 

inflammation, and blood pressure and viscosity.26 Epidemiologic studies of the link between 

VAT and atherosclerosis measures report mixed results, with some showing an independent 

relationship between VAT and measures of subclinical carotid atherosclerosis,5,27 while 

others showing the relationship to weaken after adjusting for traditional CVD risk factors.28 

However, none of these studies focused on ICA-IMT.

It is not obvious why menopause-related VAT increase predicted increased cIMT mainly in 

the internal, but not the common carotid artery. cIMT seems to be impacted by blood flow 

velocity, with a faster flow through the carotid artery being associated with a thinner cIMT.
29 A lower cerebral vascular resistance is associated with faster blood flow,30 and estrogen 

may contribute to decreasing this resistance via its vasodilatory effects.31 Interestingly, 

increase in circulating estrogen level in women receiving hormone therapy was associated 

with faster blood flow within the internal, but not the common carotid artery.32 Thus, it is 

possible that estrogen decline around FMP 23 may reduce flow velocity through the internal 

carotid artery creating a milieu where excess VAT can synergistically exert its atherosclerotic 

effects with a higher affinity predominantly on the internal carotid artery. Our exploratory 

analysis showed that VAT had a larger effect on ICA-IMT at lower levels of estradiol. 

However, this hypothesis needs to be rigorously tested in future studies. Additionally, using 

a larger sample size, future research should determine whether increases in central adiposity 

during the menopause transition predicts future atherosclerotic cerebrovascular disease.

By midlife, >80% of women have one or more traditional CVD risk factor.33 Moreover, 

adverse changes in CVD risk factors and vasculature begin to accumulate during the MT 

independent of aging.12,34–36 These results and our current findings highlight the importance 

of frequent monitoring of CVD risk factors early in the MT as women can be counseled to 

stress lifestyle changes.37 Results from meta-analyses showed that lifestyle intervention 

programs including aerobic exercise with or without hypocaloric diets reduced CT scan-

measured VAT by 30 cm2.38–40 Importantly, healthy lifestyle during midlife is prospectively 

associated with less carotid atherosclerosis.41 Future research should assess whether lifestyle 

factors targeting central adiposity in midlife women is associated with favorable 

cardiovascular outcomes later in life.
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Study Limitations

The excluded women were healthier compared with the women in the current analysis. It is 

therefore expected that our results may have been overestimated. However, sensitivity 

analyses run after adding back 62% of the excluded women through multiply imputing their 

FMP dates resulted in similar conclusions. Although we used repeated measures data in 

VAT-cIMT associations, the analysis was cross-sectional since VAT and cIMT were 

measured on the same occasions. Therefore, temporality in VAT-cIMT associations cannot 

be established. Moreover, our results may only be generalizable to populations similar to 

SWAN Heart women.

Conclusions

Using a well-characterized woman traversing menopause, we showed that women 

experience an accelerated increase in VAT starting 2 years before the FMP. Additionally, the 

increase in VAT between 2 years before the FMP up to the FMP may predispose women to 

subclinical carotid atherosclerosis. The results underscore the importance of frequent and 

timely monitoring of CVD risk factors including central adiposity and stressing intensive 

lifestyle modifications in women traversing menopause.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flowchart of study participants (the SWAN Heart study).
CVD = cardiovascular disease; FMP = final menstrual period; VAT = abdominal visceral 

adipose tissue.
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Figure 2. Means of Abdominal Visceral Adipose Tissue (VAT) in years around the final 
menstrual period (FMP).
Figure showing annual mean values compared with estimated values from piecewise linear 

model of VAT over time since FMP for women from the SWAN Heart Study. Model 

adjusted for age at FMP, race, study site, hormone therapy, physical activity, alcohol 

consumption, daily calorie intake, diabetes, and body-mass index (model 3)

Error bars represent 95% CI.
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Figure 3. Association Between Abdominal Visceral Adipose Tissue and Internal Carotid Artery 
IMT by Time Segments.
Figure showing association between abdominal visceral adipose tissue area and internal 

carotid artery intima-media thickness (both log-transformed) by time segments relative to 

the FMP for women from the SWAN Heart Study. Model 3: adjusted for age, race, study 

site, smoking, systolic blood pressure, low-density lipoprotein cholesterol, diabetes, and 

body-mass index.

Bands represent 95 % CI of the prediction.

FMP = final menstrual period; IMT = intima-media thickness.
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Table 1.

Characteristics of Study Participant at Baseline (n=362)

Variables 
a Values

Age (years) 51.13 ± 2.77

Race, N (%)

 White 222 (61)

 Black 140 (39)

Financial strain, N (%) 117 (36)

Alcohol (drinks/month), N (%)

 1 or less 152 (42)

 Between 2 and 4 125 (34)

 5 or more 85 (24)

Current Smoker, N (%) 70 (19)

Physical activity score 
b 7.85 ± 1.77

Total daily calorie intake (kcal), median (Q1, Q3) 1731.9 (1355.5, 2204.7)

BMI (kg/m2) 29.66 ± 6.63

Waist circumference (cm) 89.97 ± 14.79

Systolic blood pressure (mmHg) 120.92 ± 16.89

Diastolic blood pressure (mmHg) 118.41 ± 17.00

Total Cholesterol (mg/dl) 201.86 ± 38.67

High-density lipoprotein cholesterol (mg/dl) 57.39 ± 14.50

Low-density lipoprotein cholesterol (mg/dl) 121.57 ± 33.83

Triglycerides (mg/dl), median (Q1, Q3) 98.5 (75.0, 135.0)

Diabetes, N (%) 13 (4)

Age at FMP (years) 51.97 ± 2.87

Ever used hormone therapy, N (%) 49 (14)

Estradiol (pg/mL), median (Q1, Q3) 27.2 (15.0, 76.7)

Abdominal VAT area (cm2), median (Q1, Q3) 113.0 (78.1, 166.4)

Mean of average carotid IMT (mm), median (Q1, Q3) 0.66 (0.60, 0.73)

Mean of common carotid IMT (mm), median (Q1, Q3) 0.66 (0.62, 0.73)

Mean of internal carotid IMT (mm), median (Q1, Q3) 0.57 (0.50, 0.65)

a
Mean ± standard deviation is presented unless specified.

b
Modified Baecke Scores of Habitual Physical Activity, with higher scores indicating more physical activity.

BMI = body mass index; FMP = final menstrual period; IMT = intima-media thickness; VAT = visceral adipose tissue.
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