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Original article

Arterial stiffness is the resistance offered by the vessel wall 
to deformation1 and is associated with age and cardiovas-
cular disease (CVD) risk factors.2,3 Age-related arterial stiff-
ening is an important cause of hypertension in older adults 
and implicated in the development of heart failure with 
preserved ejection fraction (HFpEF).4 HFpEF accounts for 
approximately half of all heart failure cases, with a greater 
burden among older women.4,5 Greater arterial stiffness is 

seen in HFpEF patients when compared to patients without 
HFpEF with a similar risk factor profile.6

After adjusting for contributing factors like mean arterial 
pressure, smoking, and body size, arterial stiffness is higher in 
postmenopausal women compared to similarly-aged men.6–9 
Greater arterial stiffness in females, compared to males, has 
been observed even prepuberty, with a dramatic increase 
postmenopause, suggesting sex-specific differences in the 
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BACKGROUND
Women experience a steeper decline in aortic elasticity related to aging 
compared to men. We examined whether sex hormone levels were 
associated with ascending aortic distensibility (AAD) in the Multi-Ethnic 
Study of Atherosclerosis.

METHODS
We studied 1,345 postmenopausal women and 1,532 men aged 
45–84 years, who had serum sex hormone levels, AAD measured by 
phase-contrast cardiac magnetic resonance imaging, and ejection 
fraction>50% at baseline. Among these participants, 457 women 
and 548 men returned for follow-up magnetic resonance imaging 
10-years later. Stratified by sex, and using mixed effects linear 
regression methods, we examined associations of sex hormones (as 
tertiles) with baseline and annual change in log-transformed AAD 
(mm Hg−110−3), adjusting for demographics, body size, lifestyle 
factors, mean arterial pressure, heart rate, hypertensive medica-
tion use (and in women, for hormone therapy use and years since 
menopause).

RESULTS
The mean (SD) age was 65 (9) for women and 62 (10) years for men. AAD 
was lower in women than men (P < 0.001). In adjusted cross-sectional 
analysis, the highest tertile of free testosterone (compared to lowest) 
in women was significantly associated with lower AAD [−0.10 (−0.19, 
−0.01)] and the highest tertile of estradiol in men was associated with 
greater AAD [0.12 (0.04, 0.20)]. There were no associations of sex hor-
mones with change in AAD over 10 years, albeit in a smaller sample size.

CONCLUSIONS
Lower free testosterone in women and higher estradiol in men were 
associated with greater aortic distensibility at baseline, but not lon-
gitudinally. Sex hormone levels may account for differences in AAD 
between women and men.
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biomechanical properties of the arterial wall throughout the 
lifespan.10,11 In this regard, the Anglo-Cardiff Collaborative 
Trial found that augmentation pressure and augmentation 
index were higher in women compared to men within each 
decade of life, a sex-difference that persisted after adjust-
ment for height.12 However, there were no observed sex dif-
ferences in aortic and brachial pulsed wave velocity (PWV) 
in that same study.12 Moreover, the Framingham Offspring 
Study also found that women had larger reflected waves that 
was not fully explained by shorter average height of women 
compared to men,13 a finding also seen in a cohort of older 
hypertensive adults.14 However, the direct contribution of 
sex hormone levels to this process has not been extensively 
studied.

A previous analysis in the Multi-Ethnic Study of 
Atherosclerosis (MESA)15 examining the association of sex 
hormones and carotid stiffness found a more androgenic 
hormone profile was associated with less distensible arteries 
and arterial remodeling in women but not men. In contrast, 
the Baltimore Longitudinal Study of Aging (BLSA) found 
that in men, higher levels of testosterone were associated 
with a decrease in arterial stiffness over a 12-year follow-
up.16 These studies suggest that the effect that sex hormones 
have on arterial stiffness differs by sex. Both the MESA15 and 
BLSA16 analyses examined carotid stiffness; however, stiff-
ness of the proximal aorta, may better correlate with risk for 
CVD and mortality.17

There is a need to further understand the relation of sex 
hormone levels with aortic stiffness and changes in stiffness 
over time, particularly among women. Therefore, in a well-
characterized cohort of men and postmenopausal women, 
we examined the associations between sex hormones [estra-
diol, testosterone, dehydroepiandrosterone (DHEA), and sex 
hormone binding globulin (SHBG)] and measures of aortic 
stiffness assessed by magnetic resonance imaging (MRI), 
both cross-sectionally and longitudinally. We hypothesized 
that a more androgenic profile (i.e., lower estradiol and 

higher free testosterone) would be associated with decreased 
aortic distensibility among women but not men.

METHODS

Study population

MESA is an ongoing prospective cohort study. It consists 
of 6,814 men and women, aged between 45 and 84  years 
and free of CVD at baseline, from 4 race/ethnicities (White, 
African American, Hispanic/Latino, Chinese) and recruited 
from 6 US centers (Baltimore City/County, Maryland; 
Chicago, Illinois; Forsyth County, North Carolina; Los 
Angeles County, California; New York, New York; and 
St. Paul, Minnesota).18 The baseline exam was conducted 
between 2000 and 2002. Participants attended up to 4 fol-
low-up exams: Exam 2 (2002–2004), Exam 3 (2004–2005), 
Exam 4 (2005–2007), and Exam 5 (2010–2012). MRI was 
performed only at Exams 1 and 5.

Our study population (Figure  1) consisted of cross-
sectional and longitudinal components. The cross-sectional 
component (N  =  2,877) included participants with both 
available aortic MRI and sex hormone data from baseline 
exam. We included only participants with a preserved left 
ventricular ejection fraction (≥50%) given our interest in 
mechanisms that might explain sex differences in HFpEF 
risk. We restricted our female sample to postmenopausal 
women, as sex hormone levels differ drastically in premeno-
pausal vs. postmenopausal states. Among those eligible 
for cross-sectional analyses, the longitudinal component 
(N = 1,005) consisted of participants who also had interpret-
able aortic MRI data at Exam 5.

The MESA protocols were approved by the institutional 
review boards of all collaborating institutions and the 
National Heart, Lung, and Blood Institute. Participation was 
voluntary and written informed consent was obtained at 
each study visit.

Figure 1. Flowchart of study sample. Abbreviation: MESA, Multi-Ethnic Study of Atherosclerosis.
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Sex hormones

Fasting blood samples drawn in the morning at the 
baseline exam were used to measure serum sex hormone 
concentrations. Hormone assays were carried out at the 
University of Massachusetts Medical Center in Worcester, 
MA. Estradiol was measured using an ultrasensitive radio-
immunoassay kit (Diagnostic System Laboratories, Webster, 
TX). Total testosterone and DHEA were measured dir-
ectly with radioimmunoassay kits, and SHBG was meas-
ured by chemiluminescence enzyme immunometric assay 
using Immulite kits (Diagnostic Products Corporation, 
Los Angeles, CA).19 Free testosterone (reported as percent 
of total testosterone) was calculated using the Sodergard 
method.20 The intra-assay coefficients of variation for total 
testosterone, SHBG, DHEA, and estradiol were 12.3%, 9.0%, 
11.2%, and 10.5%, respectively.

Aortic stiffness measures

Aortic MRI studies were performed using 1.5T MR 
Systems (MAGNETOM Avanto, Siemens Healthcare, 
Erlangen, Germany; and Signa, General Electric, Waukesha, 
WI) with a body-matrix coil and a spine-matrix coil, using 
12 coil elements for both baseline and follow-up. As pre-
viously described,3 this was done using the gradient echo 
phase-contrast cine MRI to evaluate aortic flow and aortic 
area. Ascending aortic strain (AAS) and ascending aorta dis-
tensibility (AAD) were determined from the maximum and 
minimum cross-sectional area of the aorta,3 as measured by 
automated software (ARTFUN, INSERM, LIM).21 Aortic 
arch PWV was calculated using transit time and distance 
between the ascending and descending aorta as described 
previously.3,22 Distensibility was calculated using AAS and 
pulse pressure (PP) measurements made during the MRI 
scan. The formulas for the aortic stiffness parameters are 
presented in Supplementary Table 1. Reproducibility of aor-
tic measurements by MRI has been previously described.23 
Intraobserver and interobserver intraclass correlation were: 
AAD (0.85, 0.70), AAS (0.87, 0.56), and PWV (0.96, 0.90).3,23 
Our primary outcome measure was AAD. Secondary out-
comes included AAS (which was used to calculate AAD) 
and PWV.

Other covariates

Self-reported variables such as race/ethnicity, education 
level, smoking status, physical activity (intentional exercise 
in METS * min/week), and age at menopause were assessed 
using standardized questionnaires. Medication use, includ-
ing current use of hormone therapy (HT), was determined 
by a medication inventory. Height and weight were meas-
ured per standardized procedures.24 Resting blood pres-
sure was measured 3 times in the seated position using a 
Dinamap automated sphygmomanometer, and the average 
of the 2nd and 3rd readings was used. Menopausal status was 
determined from an algorithm using self-report, age, age 
at menopause/hysterectomy/ovariectomy, and use of HT.25 
Only postmenopausal women were included in this analysis.

Statistical methods

Baseline characteristics of the study population by sex 
were evaluated using t-tests and χ2 tests, respectively. Sex 
hormones levels were positively skewed and were there-
fore modeled as sex-specific tertiles with the lowest tertile 
as reference. Measures of aortic stiffness were also right 
skewed and log-transformed. In sex-stratified analyses, we 
examined the cross-sectional and longitudinal associations 
of each sex hormone separately with aortic stiffness param-
eters using multivariable-adjusted linear mixed effects 
models. The coefficients of the sex hormones address the 
cross-sectional difference of aortic stiffness at baseline by 
different sex hormones levels. The coefficient for the inter-
actions between sex hormones and time address the differ-
ence in the annual rate of change of aortic stiffness measures 
associated with the sex hormones. We also used adjusted 
restricted cubic splines to visually depict nonlinear associa-
tions between sex hormone levels and aortic parameters at 
baseline. Our adjusted models included age, race/ethnicity, 
site, education, physical activity, smoking, height, weight, 
heart rate, mean arterial pressure, and use of antihyperten-
sive medications. In women, we additionally adjusted for 
current HT use and years since menopause. Longitudinal 
models also adjusted for change in these covariates. We 
performed a supplemental model additionally adjusting for 
other CVD risk factors of total and HDL cholesterol, use of 
lipid lowering medications, diabetes, and estimated glom-
erular filtration rate. We performed a sensitivity analysis 
excluding women on current HT. Two-sided P values <0.05 
were considered to be statistically significant. All analyses 
were performed on Stata version 14.

RESULTS

Participant characteristics

The baseline characteristics of the cross-sectional sam-
ple (N = 2,877), stratified by sex, are depicted in Table 1. 
On average, women were older than men, had lower lev-
els of physical activity, were less likely to be smokers, 
had higher body mass index, heart rate, systolic blood 
pressure, and were more likely to be on antihypertensive 
medications, but had lower mean arterial pressure. One-
third of the women were on current HT. As expected, sex 
hormone levels were significantly different between men 
and women, with men having higher levels of androgens 
and estradiol and lower levels of SHBG. Women also had 
lower average AAD than men (P < 0.001) but not PWV 
or AAS.

The baseline characteristics of the cross-sectional sam-
ple were further stratified by those who had a follow-
up MRI (N  =  1,005) vs. those with a baseline MRI only 
(N  =  1,872) and presented in Supplementary Table  2. 
The participant characteristics at Exam 5 are shown 
in Supplementary Table  3. After a 10-year follow-up, 
there were no changes in the differences in risk factors 
by sex but an increase in those taking antihypertensive 
medications.

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
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Table 1. Characteristics of study participants (N = 2,877) at the MESA baseline exam (2000–2002)

Characteristic Women (N = 1,345) Men (N = 1,532) P value

Demographic factors

 Age (years) 65.1 (8.9) 62.0 (10.2) <0.001

 Race/ethnicity

  White, Caucasian 35.7 35.7 0.9

  Chinese American 16.3 16.6

  Black, African American 27.4 26.3

  Hispanic 20.6 21.4

 Education

  <High school 22.1 16.7 <0.001

  High school 20.5 15.2

  <College 29.1 24.8

  ≥College 28.3 43.3

Lifestyle factors

 Physical activity (METS*min/wk) 3450 (1665, 6075) 4348 (2078, 8160) <0.001

 Smoking status

  Never 60.6 42.0 <0.001

  Former 29.5 43.6

  Current 9.9 14.4

Cardiovascular risk factors

 Heart rate (beats/min) 63.8 (9.0) 61.3 (9.6) <0.001

 Body mass index (kg/m2) 27.7 (5.4) 27.1 (4.0) <0.01

 Systolic blood pressure (mm Hg) 129.0 (23.7) 125.8 (19.7) <0.001

 Diastolic blood pressure (mm Hg) 69.1 (10.5) 74.8 (9.5) <0.001

 Mean arterial pressure (mm Hg) 89.0 (13.5) 91.8 (11.8) <0.001

 Antihypertensive medication 43.4 35.3 <0.001

 Total cholesterol (mg/dl) 200.7 (33.9) 188.2 (33.5) <0.001

 HDL cholesterol (mg/dl) 57.2 (15.4) 45.5 (11.7) <0.001

 Cholesterol lowering meds 21.1 14.7 <0.001

 Diabetes mellitus

  Normal 75.8 71.3 <0.01

  Impaired fasting glucose 11.8 16.5

  Diabetes mellitus 12.4 12.2

 Glomerular filtration rate 75.8 (15.6) 78.6 (15.8) <0.001

 Creatinine 0.8 (0.7, 0.9) 1.0 (0.9, 1.2) <0.001

 Current hormone therapy 33.3

Sex hormones

 Total T (nmol/l) 0.87 (0.56, 1.28) 14.37 (11.66, 17.87) <0.001

 Free T (%) 1.29 (0.88, 1.68) 1.99 (1.65, 2.33) <0.001

 Estradiol (nmol/l) 0.07 (0.04, 0.15) 0.11 (0.09, 0.14) 0.002

 DHEA (nmol/l) 10.06 (7.04, 14.44) 12.79 (9.23, 17.32) <0.001

 SHBG (nmol/l) 59.5 (41.2, 95) 40.8 (31.4, 53.0) <0.001

Aortic parameters

 Ascending aortic distensibility (mm Hg−1 10−3) 1.13 (0.73, 1.82) 1.27 (0.79, 2.16) <0.001

 Pulse wave velocity (m/s) 7.77 (5.93, 10.48) 7.44 (5.93, 10.48) 0.89

 Ascending aortic strain 6.87 (4.55, 10.37) 6.77 (4.44, 10.62) 0.84

Data are mean (SD), for normally distributed variables, median (25th, 75th percentiles) for skewed variables, or (%) of subjects for categorical 
variables. P values were obtained using t-test or chi-square test. Abbreviations: DHEA, dehydroepiandrosterone; MESA, Multi-Ethnic Study of 
Atherosclerosis; HDL, high density lipoprotein; T, testosterone; SHBG, sex hormone binding globulin.
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Cross-sectional analysis

The continuous associations of free testosterone and 
SHBG levels with average adjusted difference in AAD are 
shown in Figure 2 and 3, respectively. These generally show 
that, in women, higher free testosterone was associated with 
lower AAD and higher SHBG was associated with greater 
AAD, with the opposite trend in men.

Among women (N  =  1,345), the highest tertile (com-
pared to the lowest) of free testosterone was significantly 
associated with lower log-transformed AAD [−0.10 (−0.19, 
−0.01)] (Table  2, adjusted) and lower AAS [−0.10 (−0.19, 
−0.01)] (Supplementary Table 4, adjusted). The highest ter-
tile of SHBG was associated with borderline greater AAD 
[0.09 (−0.00, 0.19), P = 0.05] and greater AAS [0.09 (0.00, 
0.18)]. The association of higher free testosterone with lower 
AAS remained significant in sensitivity analyses excluding 
women on HT [−0.12 (−0.23, -0.01), N = 923). Among men 
(N  =  1,532), the highest tertile estradiol was significantly 
associated with greater AAD [0.12 (0.04, 0.20)], Table 2] and 
AAS [0.10 (0.03, 0.18), Supplementary Table 4].

In unadjusted analyses, higher free testosterone was 
inversely, and higher SHBG was positively, associated with 
higher aortic arch PWV (i.e., stiffness) in both men and 
women, while in men, higher estradiol and DHEA were also 
inversely associated with higher PWV (Table 3). However, 
there were no significant associations between sex hormones 
and baseline aortic arch PWV in either women or men after 
adjustment for age and other risk factors.

Associations of sex hormones for AAD and PWV were gen-
erally similar after further adjustment for lipids, diabetes, and 
estimated glomerular filtration rate (Supplementary Table 5).

Longitudinal analysis

After an average follow-up time of 10 years, 1,005 partici-
pants (457 women and 548 men) underwent a repeat MRI 
of the thoracic aorta. There were no significant associations 

of sex hormones with adjusted longitudinal change in AAD 
(Table 2) or AAS (Supplementary Table 4) in either sex. In 
men, the middle tertile of total testosterone, but not the high-
est tertile, was borderline associated with change in PWV 
(Table 3). The borderline association of the 2nd tertile of total 
testosterone with PWV in men persisted after adjusted for 
additional CVD risk factors (Supplementary Table 5).

DISCUSSION

In this well-characterized community-based cohort of 
individuals free of clinical CVD at baseline, we found sig-
nificant associations between sex hormone levels and preva-
lent measures of aortic distensibility, which differed by sex. 
Specifically, a less androgenic pattern of sex hormones (i.e., 
lower free testosterone and higher SHBG) in women, and 
higher estradiol in men, were cross-sectionally associated 
with greater AAD and AAS. We did not find any cross-
sectional associations of sex hormones with aortic arch 
PWV after adjustment. In longitudinal analyses, we did not 
find any associations of sex hormones with change in AAD 
after a 10-year follow-up, albeit in a smaller sample size of 
women and men. There was no longitudinal association of 
sex hormones with change in PWV either, except a border-
line association for the middle tertile of total testosterone in 
men, which may be spurious.

The discrepant results between our cross-sectional and 
longitudinal results may possibly be attributed to several rea-
sons. First, the baseline mean age (years) was 65 in women 
and 62 in men; thus, it is possible that at the time of the 
cross-sectional study the maximal effect of the hormones on 
aortic stiffness may have already been exerted resulting in sig-
nificant associations at baseline with little to no progression 
at follow-up. Cross-sectional measures may be more robust 
because they are representative of the cumulative exposure 
over time to that point in time and the methods are more 
standardized, while longitudinal measures may vary because 
personnel and equipment have changed over 10-years’ time. 

Figure 2. Adjusted differences of baseline ascending aortic distensibility in women (a) and men (b) associated with free testosterone levels (%) at 
baseline (MESA 2000–2002). Adjusted for age, race/ethnicity, study site, education, physical activity, smoking, height, weight, heart rate, mean arterial 
pressure, use of antihypertensive medications (women: additionally, adjusted for current hormone therapy, and years since menopause). Curves repre-
sent adjusted average difference (solid lines) and their 95% confidence intervals (dashed lines) of ascending aortic distensibility at baseline based on 
restricted cubic splines for free testosterone with knots at the 5th, 35th, 65th and 95th percentiles of their sample distributions. The reference values 
(diamond dots) were set at 10th percentile (women: 0.57%, men: 1.39% for free testosterone). Abbreviations: MESA, Multi-Ethnic Study of Atherosclerosis; 
T, testosterone.

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpy024/-/DC1
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Additionally, the longitudinal sample (participants with a 
follow-up aortic MRI 10 years later) was half the size of the 
cross-sectional sample and may be underpowered, although 
coefficients were largely null. Nonetheless, our findings of 
the cross-sectional associations of sex hormone levels with 
prevalent measures of aortic distensibility in women and 
men may offer insight into mechanisms behind sex differ-
ences for HFpEF risk.

Sex hormones may play a role in aortic stiffness regulat-
ing the mechanical and elastic properties of arteries.26 Sex 
hormone levels have been associated with traditional CVD 
risk factors such as blood pressure27; however, we found 
associations of lower free testosterone in women and higher 
estradiol in men to be cross-sectionally associated with 
aortic distensibility even after adjustment for mean arter-
ial pressure, a potential mediating variable. Sex hormones 
may also influence aortic stiffness through their effects on 
the extracellular matrix components. Testosterone can pro-
mote the degradation of elastin and hence predisposes to 
stiffer arteries by increasing the amount of matrix metal-
loproteinase-3.28 Estrogen may alter vascular endothelial 
cells to become spherical with a consequent increase in 
elasticity.29

Among men, prior work from the BLSA found that tes-
tosterone, free testosterone index, and DHEA were inversely 
associated, and SHBG positively associated, with stiffness 
of the large arteries, with total testosterone alone being 
significant after adjusting for age.16 Similarly, among men 
in our study, we also found free testosterone and DHEA 
were inversely associated, and SHBG positively associ-
ated, with PWV in unadjusted data, but this did not per-
sist after adjustment for age and other risk factors. Another 
study found these inverse associations were stronger among 
younger men with hypertension.30 This may be due to 
microvascular dysfunction with worsening arterial stiffness 
in the presence of low testosterone.31 However, a novel find-
ing in our study was that higher estradiol levels in men were 
independently associated with greater AAD at baseline. 
Differences between these studies may be due to population 

characteristics or age-dependent effects of sex hormones on 
the aortic wall.30

Studies of postmenopausal women have found increased 
circulating levels of androgens are associated with increased 
measures of carotid arterial stiffness and carotid-femoral 
PWV.15,32,33 Our study similarly found higher androgens 
(free testosterone) were also associated with lower baseline 
aortic distensibility assessed by aortic MRI in postmeno-
pausal women, suggesting this may be a mechanism con-
tributing to the increased risk of HFpEF in older women. 
Consistent with this, we previously found in this same 
cohort that a more androgenic sex hormone profile was 
associated with increased left ventricular mass in post-
menopausal women.19 We did not find an association of 
estradiol with aortic stiffness in women, but endogenous 
estradiol levels are low in women not on HT following the 
menopausal transition. Exogenous estrogen administration 
in the form of HT may have favorable effects on arterial 
stiffness.34,35 The relation of sex hormones with CVD risk 
may differ among HT users and nonusers,36 although we 
adjusted for HT use in our main models and excluded HT 
users in a sensitivity analysis.

Strengths of our study include conducting both cross-
sectional and longitudinal analyses in a well-characterized 
cohort of women and men free of CVD at baseline, adjusted 
for important demographic, socioeconomic, and cardiovas-
cular factors. We used MRI-derived aortic stiffness param-
eters. MRI is thought to reflect changes in the aorta more 
accurately, and the aorta contributes up to 50% of the total 
arterial compliance, which may not be captured by the meas-
ures of carotid arterial stiffness that has been done in the 
past.3,37

However, limitations include: (i) Sex hormones were 
measured only once at baseline, and therefore we could not 
assess for change in sex hormone levels. (ii) The coefficients 
of variation for the sex hormone assays are not negligible and 
could have led to misclassification. (iii) In the calculations of 
aortic distensibility, we used brachial PP as a surrogate for 
central PP. Per, the “amplification phenomenon” brachial PP 

Figure 3. Adjusted differences of baseline ascending aortic distensibility in women (a) and men (b) associated with SHBG levels (nmol/l) at baseline 
(MESA 2000–2002). Adjusted age, race/ethnicity, study site, education, physical activity, smoking, height, weight, heart rate, mean arterial pressure, use 
of antihypertensive medications (women: additionally, adjusted for current hormone therapy and years since menopause). Curves represent adjusted 
average difference (solid lines) and their 95% confidence intervals (dashed lines) of ascending aortic distensibility at baseline based on restricted cubic 
splines for SHBG with knots at the 5th, 35th, 65th and 95th percentiles of their sample distributions. The reference values (diamond dots) were set at 10th 
percentile (women: 29.7 nmol/l, men: 24.2 nmol/l). Abbreviations: MESA, Multi-Ethnic Study of Atherosclerosis; SHBG, sex hormone binding globulin.
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may overestimate central PP in a younger population, but in 
an older population (as in MESA), it is more comparable.38 
(iv) Cross-sectional results are subject to temporal and se-
lection bias while longitudinal results are subject to selection 
and survival bias. (v) Associations are modest (presented 
in ∆logAAD units) but similar in magnitude with several 
traditional risk factors.3 (vi) We performed multiple testing 

giving rise to the possibility that findings were obtained by 
chance, although results were generally consistent with the 
prior literature and with our a priori hypotheses. Our study 
was meant to be exploratory and could guide further test-
ing in this area. (vii) Our cohort consisted of postmenopau-
sal women, as HFpEF predominantly affects this age group; 
however, additional insight on the role of sex hormones at 

Table 2. Sex hormone levels with baseline and annual change in log-transformed ascending aortic distensibility over 10 years

Sex hormonesa

Ascending aortic distensibility (∆logAAD, units)

Cross sectional Longitudinal

Unadjusted Adjustedb Unadjusted Adjusted

Women Total T_2 −0.08 (−0.17, 0.00) −0.08 (−0.16, 0.00) 0.01 (−0.01, 0.03) 0.01 (−0.00, 0.03)

Total T_3 −0.03 (−0.11, 0.06) 0.00 (−0.08, 0.08) 0.01 (−0.01, 0.02) 0.01 (−0.01, 0.02)

E2_2 0.08 (−0.00, 0.17) 0.08 (−0.00, 0.16) −0.00 (−0.02, 0.02) −0.01 (−0.02, 0.01)

E2_3 0.10 (0.01, 0.18) 0.03 (−0.08, 0.14) −0.00 (−0.02, 0.01) 0.00 (−0.02, 0.02)

DHEA_2 −0.02 (−0.11, 0.07) −0.05 (−0.14, 0.03) 0.02 (−0.00, 0.03) 0.01 (−0.01, 0.03)

DHEA_3 0.08 (−0.01, 0.17) 0.00 (−0.08, 0.09) 0.00 (−0.01, 0.02) 0.00 (−0.01, 0.02)

Free T_2 −0.04 (−0.13, 0.05) −0.03 (−0.12, 0.06) 0.00 (−0.02, 0.02) 0.00 (−0.01, 0.02)

Free T_3 −0.07 (−0.15, 0.02) −0.10 (−0.19, −0.01) 0.00 (−0.01, 0.02) 0.00 (−0.02, 0.02)

SHBG_2 0.04 (−0.05, 0.13) 0.08 (−0.00, 0.16) −0.00 (−0.02, 0.01) −0.00 (−0.02, 0.02)

SHBG_3 0.06 (−0.03, 0.15) 0.09 (−0.00, 0.19) −0.00 (−0.02, 0.01) −0.00 (−0.02, 0.02)

(N) 1,345 1,345 457 457

Men Total T_2 0.04 (−0.05, 0.13) 0.01 (−0.07, 0.09) 0.01 (−0.01, 0.02) 0.01 (−0.01, 0.02)

Total T_3 −0.00 (−0.09, 0.09) −0.04 (−0.12, 0.05) −0.00 (−0.02, 0.01) −0.00 (−0.02, 0.01)

E2_2 0.08 (−0.01, 0.17) 0.04 (−0.04, 0.11) −0.00 (−0.02, 0.01) −0.00 (−0.02, 0.01)

E2_3 0.17 (0.08, 0.26) 0.12 (0.04, 0.20) −0.01 (−0.02, 0.01) −0.01 (−0.02, 0.01)

DHEA_2 0.07 (−0.02, 0.16) −0.04 (−0.13, 0.04) 0.01 (−0.01, 0.02) 0.01 (−0.01, 0.02)

DHEA_3 0.23 (0.14, 0.31) 0.02 (−0.07, 0.11) −0.01 (−0.02, 0.01) −0.01 (−0.02, 0.01)

Free T_2 0.08 (−0.00, 0.17) −0.03 (−0.11, 0.05) −0.01 (−0.03, 0.01) −0.01 (−0.03, 0.00)

Free T_3 0.25 (0.16, 0.34) 0.03 (−0.06, 0.11) −0.01 (−0.02, 0.01) −0.01 (−0.03, 0.00)

SHBG_2 −0.16 (−0.25, −0.07) −0.07 (−0.15, 0.01) 0.00 (−0.01, 0.02) 0.00 (−0.01, 0.02)

SHBG_3 −0.23 (−0.32, −0.14) −0.02 (−0.11, 0.06) 0.01 (−0.01, 0.02) 0.01 (−0.00, 0.03)

(N) 1532 1,532 548 548

Results reflect the associations [in β coefficients (95% CI)] of difference in baseline sex hormone levels (per tertile) with baseline (Exam 1, 
2000–2002) and difference in annual change in log-transformed Ascending Aortic Distensibility (mm Hg−1 10−3) over a 10-year period (Exam 
5, 2010–2012) among men and women in MESA. Tertile 1 of sex hormone serves as reference value. Statistically significant (P < 0.05) results 
are in bold. Abbreviations: AAD, ascending aorta distensibility; CI, confidence interval; DHEA, dehydroepiandrosterone; E2, estradiol; MESA, 
Multi-Ethnic Study of Atherosclerosis; T, testosterone; SHBG, sex hormone binding globulin.

aRange of sex hormone tertiles:•
Total T (nmol/l): (for men: tertile 1 ≤ 12.49, tertile 2 = 12.56–16.38, tertile 3 ≥ 16.41; for women: tertile 1 ≤ 0.66, tertile 2 = 0.69–1.11, tertile 

3 ≥ 1.15).•
E2 (nmol/l): (for men: tertile 1 ≤ 0.095, tertile 2 = 0.099–0.128, tertile 3 ≥ 0.13; for women: tertile 1 ≤ 0.05, tertile 2 = 0.06–0.11, tertile 3 ≥ 

0.11).•
DHEA (nmol/l): (for men: tertile 1 ≤ 10.27; tertile 2 = 10.31–15.75, tertile 3 ≥ 15.82; for women: tertile 1 ≤ 8.19, tertile 2 = 8.22–12.91, tertile 

3 ≥ 12.94).•
Free T %: (for men: tertile 1 ≤ 1.80%, tertile 2 = 1.80–2.24%, tertile 3 ≥ 2.25%; for women: tertile 1 ≤ 1.03%, tertile 2 = 1.04–1.53 %, tertile 

3 ≥ 1.54%).•
SHBG (nmol/l) (for men: tertile 1 ≤ 33.9, tertile 2 = 34.1–47.0, tertile 3 ≥ 47.1; for women: tertile 1 ≤ 47.2, tertile 2 = 47.6–79.6, tertile 3 ≥ 79.9).
bModel adjusts for age, race/ethnicity, site, education, baseline (cross sectional) and change (longitudinal) in physical activity, smoking, 

height, weight, heart rate, mean arterial pressure, use of antihypertensive medication (women: additionally, adjusted for current hormone ther-
apy use, years since menopause).
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the menopausal transition could be obtained in future work 
by studying a perimenopausal age group.

CONCLUSIONS

In summary, our study was focused on gaining a better 
understanding of the potential contribution of sex hormone 
levels to arterial stiffness and HFpEF risk and the female pre-
ponderance for both. We found associations of sex hormone 
levels with prevalent measures of aortic stiffness, which dif-
fered by sex. As such, sex hormone levels may identify indi-
viduals at higher vascular risk that might benefit from other 
risk reducing strategies. Further experimental studies are 
needed to elucidate whether changes in sex hormone levels 
influence aortic stiffness over time.

SUPPLEMENTARY DATA

Supplementary materials are available at American Journal 
of Hypertension online.
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Table 3. Sex hormone levels with baseline and annual change in log-transformed pulse wave velocity over 10 years

Sex hormonesa

Pulse wave velocity (∆logPWV, units)

Cross sectional Longitudinal

Unadjusted Adjustedb Unadjusted Adjustedb

Women Total T_2 0.03 (−0.03, 0.08) 0.02 (−0.03, 0.07) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

Total T_3 0.03 (−0.03, 0.08) 0.01 (−0.04, 0.07) −0.01 (−0.02, 0.01) −0.00 (−0.01, 0.01)

E2_2 −0.04 (−0.09, 0.02) −0.01 (−0.06, 0.04) −0.01 (−0.02, 0.00) −0.01 (−0.02, 0.00)

E2_3 −0.03 (−0.08, 0.03) 0.03 (−0.04, 0.10) −0.01 (−0.02, 0.00) −0.01 (−0.02, 0.00)

DHEA_2 −0.01 (−0.06, 0.05) 0.01 (−0.04, 0.07) 0.01 (−0.00, 0.02) 0.01 (−0.00, 0.02)

DHEA_3 0.00 (−0.06, 0.06) 0.05 (−0.01, 0.10) −0.00 (−0.01, 0.01) −0.01 (−0.02, 0.01)

Free T_2 −0.01 (−0.07, 0.04) −0.03 (−0.08, 0.03) 0.01 (−0.00, 0.02) 0.01 (−0.00, 0.02)

Free T_3 −0.06 (−0.12, −0.01) −0.04 (−0.10, 0.02) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

SHBG_2 0.05 (−0.01, 0.10) 0.01 (−0.04, 0.07) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

SHBG_3 0.07 (0.01, 0.12) 0.04 (−0.02, 0.11) −0.01 (−0.02, 0.01) −0.00 (−0.01, 0.01)

(N) 1,345 1,345 457 457

Men Total T_2 −0.05 (−0.11, 0.00) −0.04 (−0.09, 0.01) 0.01 (0.00, 0.02) 0.01 (0.00, 0.02)

Total T_3 −0.00 (−0.06, 0.05) −0.00 (−0.05, 0.05) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

E2_2 −0.07 (−0.13, −0.02) −0.03 (−0.08, 0.02) 0.01 (−0.00, 0.01) 0.00 (−0.01, 0.01)

E2_3 −0.10 (−0.16, −0.05) −0.03 (−0.08, 0.02) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

DHEA_2 −0.11 (−0.17, −0.06) −0.02 (−0.07, 0.03) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

DHEA_3 −0.16 (−0.22, −0.11) 0.01 (−0.05, 0.07) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

Free T_2 −0.13 (−0.18, −0.07) −0.03 (−0.08, 0.02) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

Free T_3 −0.19 (−0.25, −0.14) −0.00 (−0.06, 0.05) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01)

SHBG_2 0.08 (0.02, 0.13) −0.01 (−0.06, 0.05) −0.00 (−0.01, 0.01) −0.00 (−0.01, 0.01)

SHBG_3 0.20 (0.14, 0.25) 0.02 (−0.03, 0.08) −0.00 (−0.01, 0.01) −0.00 (−0.01, 0.01)

(N) 1,532 1,532 548 548

Results reflect the associations [in β coefficients (95% CI)] of difference in baseline sex hormone levels (per tertile) with baseline (Exam 1, 
2000–2002) and difference in annual change in log-transformed Pulse Wave Velocity over a 10-year period (Exam 5, 2010–2012) among men 
and women in MESA. Tertile 1 of sex hormones serves as reference value. Statistically significant (P < 0.05) results are in bold. Abbreviations: 
CI, confidence interval; DHEA, dehydroepiandrosterone; E2, estradiol; MESA, Multi-Ethnic Study of Atherosclerosis; T, testosterone; SHBG, 
sex hormone binding globulin; PWV, pulse wave velocity.

aFor range of sex hormone tertiles, please see footnote to Table 2.
bModel adjusts for adjusts for age, race/ethnicity, site, education, baseline (cross sectional) and change (longitudinal) in physical activity, 

smoking, height, weight, heart rate, mean arterial pressure, use of antihypertensive medication (women: additionally, adjusted for current hor-
mone therapy use, years since menopause).

http://www.mesa-nhlbi.org


782 American Journal of Hypertension 31(7) July 2018

Subramanya et al.

Research Network contract AHA 16SFRN27870000. Drs. 
Michos and Zhao were supported by the Blumenthal Scholars 
Fund for Preventive Cardiology Research. Dr Shah is supported 
by National Institutes of Health (NIH) National Heart, Lung, 
and Blood Institute grants R01 HL107577 and R01 HL127028, 
and by AHA grant #16SFRN28780016. The MESA study was 
supported by contracts N01-HC-95159, N01-HC-95160, 
N01-HC-95161, N01-HC-95162, N01-HC-95163, 
N01-HC-95164, N01-HC-95165, N01-HC-95166, 
N01-HC-95167, N01-HC-95168, and N01-HC-95169 from 
the NIH National Heart, Lung, and Blood Institute, and by R01 
HL074406 and R01 HL074338.

DISCLOSURE

Unrelated to this work, Dr Michos has received an hon-
orarium from Siemens Healthcare Diagnostics for being a 
blinded medical events adjudicator for a clinical trial (in 
2016). Dr Ouyang has research grant support from Cordex 
Systems. Other authors declared no conflict of interest.

REFERENCES

 1. Cavalcante JL, Lima JA, Redheuil A, Al-Mallah MH. Aortic stiffness: 
current understanding and future directions. J Am Coll Cardiol 2011; 
57:1511–1522.

 2. Malayeri AA, Natori S, Bahrami H, Bertoni AG, Kronmal R, Lima JA, 
Bluemke DA. Relation of aortic wall thickness and distensibility to car-
diovascular risk factors (from the Multi-Ethnic Study of Atherosclerosis 
[MESA]). Am J Cardiol 2008; 102:491–496.

 3. Ohyama Y, Teixido-Tura G, Ambale-Venkatesh B, Noda C, Chugh 
AR, Liu CY, Redheuil A, Stacey RB, Dietz H, Gomes AS, Prince 
MR, Evangelista A, Wu CO, Hundley WG, Bluemke DA, Lima JA. 
Ten-year longitudinal change in aortic stiffness assessed by cardiac 
MRI in the second half of the human lifespan: the Multi-Ethnic 
Study of Atherosclerosis. Eur Heart J Cardiovasc Imaging 2016; 
17:1044–1053.

 4. Sharma K, Kass DA. Heart failure with preserved ejection fraction: 
mechanisms, clinical features, and therapies. Circ Res 2014; 115:79–96.

 5. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman 
M, Das SR, de Ferranti S, Despres JP, Fullerton HJ, Howard VJ, 
Huffman MD, Isasi CR, Jimenez MC, Judd SE, Kissela BM, Lichtman 
JH, Lisabeth LD, Liu S, Mackey RH, Magid DJ, McGuire DK, Mohler 
ER, 3rd, Moy CS, Muntner P, Mussolino ME, Nasir K, Neumar RW, 
Nichol G, Palaniappan L, Pandey DK, Reeves MJ, Rodriguez CJ, 
Rosamond W, Sorlie PD, Stein J, Towfighi A, Turan TN, Virani SS, 
Woo D, Yeh RW, Turner MB. Heart Disease and stroke statistics-2016 
update: a report from the American Heart Association. Circulation. 
2016; 133:e38–360.

 6. Desai AS, Mitchell GF, Fang JC, Creager MA. Central aortic stiffness is 
increased in patients with heart failure and preserved ejection fraction. 
J Card Fail 2009; 15:658–664.

 7. Coutinho T, Borlaug BA, Pellikka PA, Turner ST, Kullo IJ. Sex differ-
ences in arterial stiffness and ventricular-arterial interactions. J Am Coll 
Cardiol 2013; 61:96–103.

 8. Russo C, Jin Z, Palmieri V, Homma S, Rundek T, Elkind MS, Sacco RL, 
Di Tullio MR. Arterial stiffness and wave reflection: sex differences and 
relationship with left ventricular diastolic function. Hypertension 2012; 
60:362–368.

 9. Redfield MM, Jacobsen SJ, Borlaug BA, Rodeheffer RJ, Kass DA. Age- 
and gender-related ventricular-vascular stiffening: a community-based 
study. Circulation 2005; 112:2254–2262.

 10. Waddell TK, Dart AM, Gatzka CD, Cameron JD, Kingwell BA. Women 
exhibit a greater age-related increase in proximal aortic stiffness than 
men. J Hypertens 2001; 19:2205–2212.

 11. Rossi P, Francès Y, Kingwell BA, Ahimastos AA. Gender differences in 
artery wall biomechanical properties throughout life. J Hypertens 2011; 
29:1023–1033.

 12. McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft 
JR; ACCT Investigators. Normal vascular aging: differential effects 
on wave reflection and aortic pulse wave velocity: the Anglo-Cardiff 
Collaborative Trial (ACCT). J Am Coll Cardiol 2005; 46:1753–1760.

 13. Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, 
Vasan RS, Levy D. Changes in arterial stiffness and wave reflection 
with advancing age in healthy men and women: the Framingham Heart 
Study. Hypertension 2004; 43:1239–1245.

 14. Gatzka CD, Kingwell BA, Cameron JD, Berry KL, Liang YL, Dewar EM, 
Reid CM, Jennings GL, Dart AM; ANBO2 investigators. Australian 
Comparative Outcome Trial of Angiotensin-Converting Enzyme 
Inhibitor- and Diuretic-Based Treatment of Hypertension in the 
Elderly. Gender differences in the timing of arterial wave reflection 
beyond differences in body height. J Hypertens 2001; 19:2197–2203.

 15. Vaidya D, Golden SH, Haq N, Heckbert SR, Liu K, Ouyang P. 
Association of sex hormones with carotid artery distensibility in men 
and postmenopausal women: Multi-Ethnic Study of Atherosclerosis. 
Hypertension 2015; 65:1020–1025.

 16. Hougaku H, Fleg JL, Najjar SS, Lakatta EG, Harman SM, Blackman 
MR, Metter EJ. Relationship between androgenic hormones and arter-
ial stiffness, based on longitudinal hormone measurements. Am J 
Physiol Endocrinol Metab 2006; 290:E234–E242.

 17. Redheuil A, Wu CO, Kachenoura N, Ohyama Y, Yan RT, Bertoni AG, 
Hundley GW, Duprez DA, Jacobs DR Jr, Daniels LB, Darwin C, Sibley 
C, Bluemke DA, Lima JAC. Proximal aortic distensibility is an inde-
pendent predictor of all-cause mortality and incident CV events: the 
MESA study. J Am Coll Cardiol 2014; 64:2619–2629.

 18. Bild DE. Multi-Ethnic Study of Atherosclerosis: objectives and design. 
American Journal of Epidemiology. 2002;156:871–881.

 19. Subramanya V, Zhao D, Ouyang P, Lima JA, Vaidya D, Ndumele CE, 
Bluemke DA, Shah SJ, Guallar E, Nwabuo CC, Allison MA, Heckbert 
SR, Post WS, Michos ED. Sex hormone levels and change in left ven-
tricular structure among men and post-menopausal women: the Multi-
Ethnic Study of Atherosclerosis (MESA). Maturitas. 2018;108:37–44.

 20. Södergård R, Bäckström T, Shanbhag V, Carstensen H. Calculation 
of free and bound fractions of testosterone and estradiol-17 beta to 
human plasma proteins at body temperature. J Steroid Biochem 1982; 
16:801–810.

 21. Herment A, Kachenoura N, Lefort M, Bensalah M, Dogui A, Frouin F, 
Mousseaux E, De Cesare A. Automated segmentation of the aorta from 
phase contrast MR images: validation against expert tracing in healthy 
volunteers and in patients with a dilated aorta. J Magn Reson Imaging 
2010; 31:881–888.

 22. Ohyama Y, Ambale-Venkatesh B, Noda C, Kim JY, Tanami Y, Teixido-
Tura G, Chugh AR, Redheuil A, Liu CY, Wu CO, Hundley WG, 
Bluemke DA, Guallar E, Lima JAC. Aortic arch pulse wave velocity 
assessed by magnetic resonance imaging as a predictor of incident car-
diovascular events: the MESA (Multi-Ethnic Study of Atherosclerosis). 
Hypertension 2017; 70:524–530.

 23. Noda C, Ambale Venkatesh B, Ohyama Y, Liu CY, Chamera E, Redheuil 
A, Teixido-Tura G, Chugh AR, Wu CO, Hundley GW, Bluemke DA, 
Lima JA. Reproducibility of functional aortic analysis using magnetic 
resonance imaging: the MESA. Eur Heart J Cardiovasc Imaging 2016; 
17:909–917.

 24. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, 
Greenland P, Jacob DR Jr, Kronmal R, Liu K, Nelson JC, O’Leary D, Saad 
MF, Shea S, Szklo M, Tracy RP. Multi-Ethnic Study of Atherosclerosis: 
objectives and design. Am J Epidemiol 2002; 156:871–881.

 25. Wellons M, Ouyang P, Schreiner PJ, Herrington DM, Vaidya D. Early 
menopause predicts future coronary heart disease and stroke: the 
Multi-Ethnic Study of Atherosclerosis. Menopause 2012; 19:1081–1087.

 26. Spaczyński RZ, Mitkowska A, Florczak M, Banaszewska B, Krauze T, 
Wykrętowicz A, Guzik P, Pawelczyk L. Decreased large-artery stiffness 
in midluteal phase of the menstrual cycle in healthy women of repro-
ductive age. Ginekol Pol 2014; 85:771–777.

 27. Patel SM, Ratcliffe SJ, Reilly MP, Weinstein R, Bhasin S, Blackman MR, 
Cauley JA, Sutton-Tyrrell K, Robbins J, Fried LP, Cappola AR. Higher 
serum testosterone concentration in older women is associated with 
insulin resistance, metabolic syndrome, and cardiovascular disease. J 
Clin Endocrinol Metab 2009; 94:4776–4784.



American Journal of Hypertension 31(7) July 2018 783

Sex Hormones and Aortic Stiffness

 28. Natoli AK, Medley TL, Ahimastos AA, Drew BG, Thearle DJ, Dilley RJ, 
Kingwell BA. Sex steroids modulate human aortic smooth muscle cell 
matrix protein deposition and matrix metalloproteinase expression. 
Hypertension 2005; 46:1129–1134.

 29. Hillebrand U, Hausberg M, Lang D, Stock C, Riethmüller C, Callies C, 
Büssemaker E. How steroid hormones act on the endothelium–insights 
by atomic force microscopy. Pflugers Arch 2008; 456:51–60.

 30. Vlachopoulos C, Ioakeimidis N, Miner M, Aggelis A, Pietri P, Terentes-
Printzios D, Tsekoura D, Stefanadis C. Testosterone deficiency: a deter-
minant of aortic stiffness in men. Atherosclerosis 2014; 233:278–283.

 31. Corrigan FE 3rd, Al Mheid I, Eapen DJ, Hayek SS, Sher S, Martin GS, 
Quyyumi AA. Low testosterone in men predicts impaired arterial elas-
ticity and microvascular function. Int J Cardiol 2015; 194:94–99.

 32. Creatsa M, Armeni E, Stamatelopoulos K, Rizos D, Georgiopoulos G, 
Kazani M, Alexandrou A, Dendrinos S, Augoulea A, Papamichael C, 
Lambrinoudaki I. Circulating androgen levels are associated with sub-
clinical atherosclerosis and arterial stiffness in healthy recently meno-
pausal women. Metabolism 2012; 61:193–201.

 33. Lambrinoudaki I, Georgiopoulos GA, Athanasouli F, Armeni E, 
Rizos D, Augoulea A, Chatzidou S, Koutli E, Makris N, Kanakakis I, 
Stamatelopoulos K. Free androgen index as a determinant of arter-
ial stiffness in menopause: a mediation analysis. Menopause 2017; 
24:635–644.

 34. Nagai Y, Earley CJ, Kemper MK, Bacal CS, Metter EJ. Influence of age 
and postmenopausal estrogen replacement therapy on carotid arterial 
stiffness in women. Cardiovasc Res 1999; 41:307–311.

 35. Bui MN, Arai AE, Hathaway L, Waclawiw MA, Csako G, Cannon RO 
3rd. Effect of hormone replacement therapy on carotid arterial compli-
ance in healthy postmenopausal women. Am J Cardiol 2002; 90:82–85.

 36. Rexrode KM, Manson JE, Lee IM, Ridker PM, Sluss PM, Cook NR, 
Buring JE. Sex hormone levels and risk of cardiovascular events in post-
menopausal women. Circulation 2003; 108:1688–1693.

 37. Mitchell GF. Arterial stiffness and wave reflection: biomarkers of car-
diovascular risk. Artery Res 2009; 3:56–64.

 38. Izzo JL Jr. Brachial vs. central systolic pressure and pulse wave transmis-
sion indicators: a critical analysis. Am J Hypertens 2014; 27:1433–1442.




