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ABSTRACT

Background: The risk of cardiovascular disease (CVD) in women accelerates after
midlife, suggesting a contribution of the menopause transition (MT). A piecewise-linear increase
in a CVD predictor close to the final menstrual period (FMP) would be indicative of a menopause
contribution.

Objectives: This dissertation included three papers with the following objectives: to
determine whether arterial stiffness (paper 1) and abdominal visceral adipose tissue (VAT, paper
2) show piecewise-linear increases close to the FMP, and whether menopause-related VAT
changes predict carotid artery intima-media thickness (cIMT, paper 2). In paper 3, we sought to
determine whether distinct trajectories of systolic (SBP) and diastolic (DBP) blood pressure over
the FMP can be identified, whether any SBP or DBP trajectory shows a piecewise-linear increase
close to the FMP, and whether menopause-related factors (age at menopause, vasomotor
symptoms, estradiol, and follicle-stimulating hormone [FSH]) predict blood pressure trajectories.

Methods: Participants from the Study of Women’s Health Across the Nation (SWAN;
n=3,302, age: 46.3+2.7) and SWAN Heart Ancillary Study (n=362, age: 51.1+2.8 years) who had
2 measures of arterial stiffness and VAT and 17 measures of blood pressure over the MT were
included. FMP-anchored piecewise-linear mixed effects models and group-based trajectory
modeling were used for the analyses. Models were adjusted for age at the FMP, and demographic,

lifestyle, and CVD risk factors.



Results: Over 2.3 years of follow-up, both arterial stiffness and VAT showed a piecewise-
linear trajectory with significant accelerated increases close to the FMP. Menopause-related VAT
increase predicted greater cIMT. Over 19.1 years of follow-up, women experienced three distinct
SBP trajectories with 36% of the SWAN cohort experiencing a piecewise-linear increase trajectory
with a significant accelerated increase close to the FMP. The other SBP trajectories and all DBP
trajectories did not show menopause-related increases. An older age at menopause and vasomotor
symptoms predicted a higher SBP trajectory and higher FSH levels predicted a lower SBP
overtime.

Conclusions: The MT is associated with increases in cardiometabolic and vascular
function measures beyond aging. It is prudent to timely detect increases in CVD risk factors during

the MT and emphasize lifestyle changes with the aim of combating such increases.
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1.0 Introduction

One in every three women dies of cardiovascular disease (CVD), that is more lives being
claimed due to CVD compared with cancer, chronic respiratory lung disease, and Alzheimer
disease combined.! Despite increases in awareness over the past decade, only 54% of women
recognize that CVD is their number one Killer.? Noticeably, the risk of CVD increases with
advancing age in both sexes, with apparent risk acceleration in postmenopausal years in women.!
This observation suggests that the menopause transition might augment the age-dependent increase
in CVD risk. In fact, the risk of CVD and CVD mortality is greater in women who experience
early-onset menopause, namely younger than 45 years.® The effect of early-onset menopause on
CVD risk seems to be more pronounced in women with surgical menopause (bilateral
oophorectomy before natural menopause) than in women with a natural menopause.* Despite these
findings, the menopause transition is not simply the cessation of monthly menstrual cycles and the
loss of ovarian estrogen reserve, rather it encompasses complex physiological and pathological
changes that could collectively predict future cardiovascular disease risk.®

Data from population-based longitudinal studies of changes in hypothalamic-pituitary and
ovarian function were desperately needed to critically evaluate the staging of the menopause
transition.® In 2011, capitalizing on accumulating studies of the menopause transition, the Stages
of Reproductive Aging Workshop (STRAW) + 10 reevaluated and proposed the new staging
system for ovarian aging, which is now considered the gold standard for characterizing
reproductive aging.® This system helped standardize the classification of the menopause stage,
which facilitated research that aimed at disentangling the relative contributions of ovarian from
chronologic aging to women’s health. Longitudinal studies that follow premenopausal women
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through postmenopause are geared toward this task and they indeed helped identify major risk
factors for health that were found to be modified by menopause.®

Accumulating evidence supports the clinical importance of the menopause transition as a
period of accelerated CVD risk in women when dynamic metabolic and physiologic changes begin
to accumulate independent of aging.” By midlife, >80% of women have one or more traditional
CVD risk factor.2 When modeled in relation to the number of years before and after the final
menstrual period (FMP), total cholesterol, low-density lipoprotein cholesterol (LDL-C), and
apolipoprotein B demonstrated substantial increases within the 1-year interval before and after the
FMP, consistent with menopause-induced changes.®9 Interestingly, greater increases in LDL-C
around the FMP were related to greater odds of carotid plaque scores later in life.1* Furthermore,
these lipid changes were accompanied by greater odds of developing the metabolic syndrome in
the perimenopausal compared with the postmenopausal period.212 With these adverse changes in
CVD risk factors during the years before and after the FMP, it is not surprising that subclinical
measures of atherosclerosis will also be concurrently modified. women are subjected to increases
in carotid’s intima-media thickness and adventitial diameter starting from the late
perimenopause.'*!> These structural vascular changes in the late peri- and post-menopause
develop in conjunction with declining function in brachial arteries as measured by flow-mediated
dilation.61” These previous findings suggest that midlife women undergo adverse vascular and
cardiometabolic changes as they traverse menopause, which may impact their future CVD risk.

An important aspect of vascular function and cardiovascular health is arterial stiffness.!8
Acrterial stiffness as a novel subclinical measure of CVD that predicts the development of future
CVD events and mortality in the general population,'® adds predictive value to established risk

markers,?® and changes predicted risk sufficiently to alter recommended therapy.?! Arterial



stiffness is thought to increase during midlife in women.?? Interestingly, racial difference has been
reported in arterial stiffness, with Black women having greater arterial stiffness comparted with
White women.?® However, studies that used time-oriented analysis to determine when critical
arterial stiffness changes occur in relation to the FMP are lacking. Additionally, no previous study
has characterized racial differences in arterial stiffness trajectories over the menopause transition.
Therefore, given its high predictive capacity, it is crucial to characterize the trajectory of arterial
stiffness over the menopause transition. Because modifying arterial stiffness will likely improve
CVD outcomes later in life,?4% such studies will shed light on an important preventive aspect of
cardiovascular health during a critical period of women’s life.

Weight gain is frequently reported at midlife and is a major concern for women and their
healthcare providers.?® Indeed, women transitioning through menopause experience fat
redistribution toward accumulating more central and perhaps more abdominal visceral fat
(VAT).?"2 From a cardiovascular health perspective, VAT increases and predicts risk of CVD,?%%
and improves CVD risk prediction when added to a multivariable model that includes traditional
CVD risk factors and BMI.3° Additionally, VAT is associated with worse diabetogenic/atherogenic
risk profile.3132 Lifestyle changes including increasing physical activity and calorie restriction
prove to be beneficial in reducing VAT content in women at midlife.333* However, these
interventions needs to be guided by studies that carefully characterize changes in VAT across the
menopause transition. Additionally, given the recognized atherosclerotic risks associated with
VAT,*>% it is crucial to investigate whether VAT changes at midlife are associated with greater

risk of subclinical markers of atherosclerosis known to be modified by the menopause transition.



Blood pressure is one of the most important modifiable risk factors contributing to the
excess coronary heart disease related deaths in men and women.3® A higher percentage of men
have hypertension compared with women before age 65 years; after that age, the percentage of
women with hypertension is higher compared to that of men,3” an observation suggesting that
blood pressure in midlife women has a complex pathophysiology. In addition, hypertension is less
controlled in women than in men who are treated for hypertension (14.6% versus 8.3%).% Black
and Mexican American women have greater prevalence of hypertension and obesity compared
with White women.3® With these racial/ethnic differences in hypertension and obesity,® it is
expected that not all women would have a common trajectory of blood pressure over the
menopause transition. Studying blood pressure trajectory over the menopause transition while
considering potential clustering of women based on intrinsic characteristics like race/ethnicity or
obesity may help identify a proportion of midlife women that would benefit the most from

preventive measures.



2.0 Specific aims

The Study of Women’s Health Across the Nation (SWAN) is a multi-ethnic longitudinal
cohort study that followed women overtime with detailed description of the menopause transition.
SWAN Heart is an ancillary study to SWAN at the Pittsburgh and Chicago sites that focused on
subclinical measures of CVD. SWAN and SWAN Heart offer great opportunity for conducting
extensive analyses because the women had repeated measures of central arterial stiffness, VAT,
and CVD risk factors. Therefore, using data from both SWAN and SWAN Heart, we are interested
in assessing the following specific aims corresponding to the three manuscripts for this

dissertation:

Specific Aims for Manuscript 1: Determine whether midlife women experience changes in
central arterial stiffness relative to the FMP and whether these changes differ between Black and

White women.

Hypothesis 1: Central arterial stiffness will increase close to the FMP.
Hypothesis 2: Black women will generally have greater adverse changes in central arterial

stiffness at midlife as compared with White women.

Specific Aims for Manuscript 2: Characterize VAT trajectory over time relative to the FMP,
independent of aging, and test whether menopause-related VAT accumulation is associated with

greater carotid artery atherosclerosis.



Hypothesis 1: VAT will follow a non-linear trajectory over time relative to the
FMP, with a larger change in VAT around the FMP, compared to prior to the FMP.
Hypothesis 2: menopause-related increases in VAT are associated with greater risk of

carotid atherosclerosis.

Specific Aims for Manuscript 3: Determine whether distinct trajectories of systolic and diastolic
blood pressure over time relative to the FMP can be identified and test whether age at menopause,
and time-varying estradiol, follicle-stimulating hormone, and vasomotor symptoms predict pattern

and/or level of systolic and diastolic blood pressure trajectories

Hypothesis 1: Distinct trajectories for systolic and diastolic blood pressure will be
identified over time relative to the FMP that are different in level and pattern.

Hypothesis 2: Older age at menopause, greater estradiol, lower follicle-stimulating
hormone, greater vasomotor symptoms will predict a higher overall systolic and diastolic

blood pressure trajectory pattern and a greater level overtime.



3.0 Background

3.1 Staging the menopause transition

The hallmark of the menopause transition is changes in menstrual cycle characteristics that
results from progressive dysregulation of the hypothalamic pituitary-ovarian axis. During the
menopause transition, women go through four different menopausal stages that are determined by
frequency and regularity of the menstrual bleeding (Figure 3-1).° Based on STRAW,
premenopausal or reproductive stage is when women report no or subtle changes in menstrual
cycle characteristics. The reproductive stage is followed by the menopause transition stage, which
includes early and late menopause transition stages. Early menopause transition (frequently
referred to as early peri-menopause) is marked by increased variability in menstrual cycle length.
Then, women transition to late menopause transition (frequently referred to as late peri-
menopause) that is marked by the occurrence of amenorrhea of 60 days or longer. Menstrual cycles
in the late menopause transition are characterized by increased variability in cycle length, extreme
fluctuations in hormonal levels, and increased prevalence of anovulation. Finally, women are
deemed to have completed the menopause transition and became postmenopausal after 12
consecutive months of amenorrhea (Figure 3-1). Thus, the date of the final menstrual period (FMP)
is retrospectively assigned.

Although not used as criteria for staging the menopause transition in STRAW, hormonal
biomarker criteria are considered supportive given the lack of international assay standardization,
cost, and invasiveness (Figure 3-2).% Across the menopause transition, serum follicle-stimulating

hormone (FSH) begins to increase 6 years before the FMP, accelerates 2 years before the FMP,



decelerates around the FMP, and attains a stable levels 2 years after the FMP.4% Serum estradiol
(E2) concentration begins to decrease 2 years before the FMP and then decelerates to achieve

stability 2 years after the FMP .40

FMP (0)

Stage -5 [-4 [-3b [-3a -2 [-1 +1a|+1b [ +1c [+2
Terminology REPRODUCTIVE MENOPAUSAL POSTMENOPAUSE
TRANSITION
Early [Peak [Late Early [Late Early Late
Perimenopause
Duration variable variable 1-3 years 2 years | 3-6 years | Remaining
(1+1) lifespan
PRINCIPAL CRITERIA
Menstrual Variable | Regular | Regular | Subtle Variable Interval of
Cycle to regular changes in | Length amenorrhea
Flow/ Persistent of >=60
Length 27- day days
difference in
length of
consecutive
cycles
SUPPORTIVE CRITERIA
Endocrine
FSH Low Variable* TVariabIe' T >25 lUL* T Variable | Stabilizes
AMH Low Low Low Low Low Very Low
Inhibin B Low Low Low Low Very Low
Antral Follicle Low Low Low Low Very Low Very Low
Count
DESCRIPTIVE CHARACTERISTICS
Symptoms Vasomotor | Vasomotor Increasing
symptoms symptoms symptoms of
Likely Most Likely urogenital atrophy

* Blood draw on cycle days 25 f = elevated
**Approximate expected level based on assays using current international pituitary standard®’

Figure 3-1: The stages of reproductive aging workshop (STRAW) + 10 staging system for reproductive aging

in women



Population mean of hormone*

—8 —6 -4 -2 0 2 4 6 8
#Years around final menstrual period (FMP)

Figure 3-2: Adjusted population means (95% CI) for segmented mean profiles of follicle-stimulating hormone

and estradiol across the final menstrual period

The Study of Women’s Health Across the Nation (N = 1,215).4°
* The y axis is unitless. The units of hormone are marked in the corresponding curves.

3.2 Disentangling the contribution of ovarian from chronologic aging

In observational studies, disentangling the effect of ovarian from chronological aging on
CVD risk factors is challenging because they occur simultaneously in time. Previous observational
studies have used several methods of defining the menopause transition in cross-sectional and
longitudinal settings (Table 3-1). In cross-sectional studies, one can recruit a group of midlife
women and collect data in a single point in time on factors like menopause stage, time past the
FMP, or age at menopause and test associations of these definitions of the menopause transition
with a CVD risk factor under question. However, this design will not help us determine if any

association we see is due to ovarian or chronologic aging because, for example, by definition,



premenopausal women are younger than their postmenopause counterparts and thus cannot be
directly compared.

In longitudinal studies, one can recruit a group of premenopausal women and follow them
over time with frequent data collection waves starting from premenopausal years through the
menopause transition and into the postmenopause. Data collected over time on endogenous sex
hormones and menstrual bleeding patterns can help accurately determine a change in menopause
stage,*! duration of each menopause stage,'* and document the time of data collection wave relative
to the FMP.® With appropriate control of chronologic aging, these three methods of defining the
menopause transition in longitudinal studies can help determine if there is an ovarian contribution
to the risk factor under study. The method of time relative to the FMP can be used to additionally
quantify the magnitude and timing of change in a given risk factor relative to the FMP. If the CVD
risk factor is indeed related to the menopause transition, this approach will result is a piecewise-
linear model with a significant inflection point close to the FMP, strongly supporting an ovarian
contribution to the risk factor under consideration independent of chronologic aging. Therefore,
key study design features that would help disentangle ovarian from chronologic aging include
longitudinal repeated measures design, precisely characterized ovarian aging, and maximizing the

number of observed FMPs.

Table 3-1: Definitions of the menopause transition*

Cross-sectional design Longitudinal

Endogenous sex hormones

Age at Menopause

Early vs late menopause

Surgical menopause

Change in menopausal stage since baseline

Duration of menopause stage

Time relative to the FMP

* Definitions in ltalic can be used to determine if there is an ovarian contribution beyond aging.

Menopausal stage
Endogenous sex hormones
Time past the FMP

Age at Menopause

Early vs late menopause
Surgical menopause

10



3.3 Central arterial stiffness

3.3.1 Pathophysiology of arterial stiffness, its determinants and relationship with cvd

outcomes

Avrterial stiffening is defined as the loss of elastic distensibility or compliance due to
changes in the geometry and microstructure of the vessel wall.#> The normally functioning aorta
regulates the pulsatile blood flow from the heart into steady flow of blood supply to peripheral
organs.®® This vascular function is maintained by the interaction between extracellular matrix
components including smooth muscle cells, collagen, and elastin. Smooth muscles regulate tone
and flow, and collagen contributes to the strength of the arterial wall, while elastin provides
compliance by storing energy during systole to maintain flow during diastole.** Several risk factors
predicts worsening arterial stiffness in women including aging,* increased systolic blood
pressure,*® hyperlipidemia,*’ insulin resistance,*® central adiposity,*® and the metabolic
syndrome.>%-52 These risk factors may be involved in the pathogenesis of arterial stiffness through
increasing vascular wall thickness, loss of vascular elasticity, and increased collagen deposition
and turnover 5354

Influence of the menopause transition on arterial stiffness is supported by studies that
identified estrogen receptors in the human aorta.>® Estradiol directly affects arterial wall
remodeling by increasing elastin production and decreasing collagen deposition.%® Additionally,
premenopausal women have greater production of the potent vasodilator, nitric oxide (NO),
compared with men.5” Estrogen also has vasodilatory effects that is thought to be mediated through
NO.%8 Injection of intracoronary estradiol resulted in improvements in endothelial function and
coronary flow in women with coronary artery disease but not in men.%® Finally, postmenopausal

11



women develop stiffer arteries as they age.>® This arterial stiffness may be ameliorated after the
administration of hormone therapy and made worse after withdrawal of the treatment.®%! These
results suggest that arterial stiffness in postmenopausal years may worsen due to progressive
estrogen deprivation.

Longstanding arterial stiffness has detrimental implications for cardiovascular, brain, and
renal functions. Namely, arterial stiffness can result in left ventricular dysfunction,®? low coronary
perfusion,%® stroke,® and impaired renal function.®® In the general population, central arterial
stiffness independently predicted stroke and coronary heart disease among healthy normotensive
population from the Rotterdam Study.%® These results were consistent with findings from the
Framingham Heart Study where arterial stiffness was found to independently predict first CVD
event and improve risk prediction when added to traditional CVD risk factors.?° These results
underscore the clinical importance of central arterial stiffness and offer critical information beyond

standard CVD risk factors in the prediction of future CVD events.

3.3.2 Measuring arterial stiffness

Arterial stiffness in this dissertation was measured using carotid-femoral pulse-wave
velocity (cfPWV), which measures aortic or central arterial stiffness (Figure 3-3). Methods of
measuring cfPWV are considered the gold standard for measurement of arterial stiffness.*3 cfPWV
measures the distance traveled by the pulse wave over time. Detailed description of the methods
used for cfPWV measurement in this dissertation were previously published.®” In brief, arterial
flow waves were simultaneously recorded at the right carotid and femoral arteries of supine
participants, using Doppler flow probes. Three runs were performed for each participant, and
average of waveforms was used in the analysis. Transit time of the pulse wave was calculated as

12



the delay between the averaged carotid and femoral waveforms. Distance traveled by the pulse
waveform was estimated by measurement over the participant’s torso. cfPWV was calculated as
distance/transit time (cm/seconds) with higher cfPWYV indicating a stiffer artery. Reproducibility
study of cfPWV measurement was done in the same laboratory that conducted cfPWV

measurements for SWAN participants, with an overall laboratory intraclass correlation of 0.77.%7

Common corofid artery

‘ Common femoral artery

H At

PWV =D /At
(cm/s)
Higher values indicate stiffer arteries

Figure 3-3: Carotid-femoral pulse-wave velocity measurement in SWAN

Numerous other methods and devices are being used to measure arterial stiffness in
research settings, selected devices and their features are summarized in Table 3-2.%8 These methods
are broadly categorized into four classes depending on the technique being employed.®® The
previously described method of c¢fPWV measurement falls under the “Ultrasonographic
approaches” category. Generally, each of these methods record time delay between the arrival of
the foot of the waveform and distance over the body surface between recording sites. Then, the
time delay and the distance measured are used to directly calculate arterial stiffness of a vessel
segment.%® The reproducibility of all these methods has been reported to be good.®®

Other indirect measures of arterial stiffness that are less frequently used include measures

of vascular compliance (the absolute change in vessel diameter or area for a given change in
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pressure) and distensibility (the relative change in vessel diameter or area for a given change in
pressure).”® Frequently, pulse pressure (PP) measured at the brachial artery is included in the
calculations of arterial compliance or distensibility of the aortic artery. However, given the known
PP amplification in peripheral arteries, these indirect measures of central arterial stiffness may not
be valid, especially in younger populations.’®”* Augmentation index (Alx) typically measures
arterial wave reflections by comparing the first and second systolic peaks in the central aortic
waveform. However, Alx is not typically used to measure central arterial stiffness as it is impacted
by several other indicators of arterial function including central PP, central systolic pressure, and

peripheral vascular resistance.58

3.3.3 Literature review on changes in central arterial stiffness during the menopause

transition

To disentangle the relative contributions of chronologic and reproductive aging to vascular
stiffness, longitudinal repeated-measure studies that follow a cohort of women during the
menopause transition are required.®> Cross-sectional design frequently fail to tackle such a question
because, for example, premenopausal women are younger than their postmenopausal counterparts.
Therefore, the comparison of arterial stiffness levels among women of different menopausal stages
is confounded by age. Additionally, there is minimal, or no age overlap between premenopausal
and postmenopausal women making adjusting for age in cross-sectional analyses statistically
problematic. Unfortunately, most of our knowledge about the contribution of the menopause
transition on arterial stiffness comes from cross-sectional studies. In general, these studies suggest
that postmenopausal women have greater arterial stiffness compared with premenopausal
women.”>76 However, adjusting for age seems to account for menopausal status differences in
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arterial stiffness.””-"® A few cross-sectional studies looked at the effect of time since the FMP and
found that more time elapsed after menopause is associated with greater arterial stiffness in women
with hyperlipidemia,® but not in healthy postmenopausal women.! In hyperlipidemic women,
younger age at menopause is associated with greater arterial stiffness.®® Nevertheless, these studies
should be interpreted in light of the aforesaid inherent limitations of the cross-sectional design as
the observed differences between menopausal stages may be due to age differences. Additionally,
most of these studies had a small sample size of less than 250 women and did not including women
at the menopause transition stage,”?">7°8! a period that is characterized by dynamic changes in
subclinical atherosclerosis.'4-

Limited number of longitudinal studies investigated the relationship between the
menopause transition and arterial stiffness.?282 Staessen et al. recruited 315 premenopausal and
postmenopausal women and followed them for 5 years and measured arterial stiffness once at the
study conclusion.®? The women in the study were categorized based on baseline and follow-up
menopausal status into three groups: remained premenopausal, transitioned to postmenopause, and
postmenopausal group. The authors found that postmenopausal women had greater arterial
stiffness compared with women who remained premenopausal.22 However, no difference in
arterial stiffness was found between postmenopausal women and women who transitioned to
postmenopause.®? Another study by Khan et al. measured arterial stiffness at baseline and after 2.3
years of follow-up found that women who transitioned through menopause during the study
follow-up period had greater increase in central arterial stiffness compared with women who
remained premenopausal or were postmenopausal at baseline.?? However, these studies were

limited by inadequate covariate adjustment.?282 Additionally, no study has evaluated the change
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in arterial stiffness by time since the FMP using a longitudinal repeated measure design while
controlling for key CVD risk factors.

Few studies that examined the relationship between menopause and arterial stiffness
included premenopausal or perimenopausal women and most studies were based largely on
postmenopausal women.”77.788081 - Therefore, the current literature does not support
generalizability of the findings to the complete spectrum of the menopause transition. To carry out
this, repeated measures study needs to include balanced combinations of women at different
menopausal stages, who remained in their menopausal status and those who traversed menopause
during the study observation period. Another limitation to the generalizability of the previous
findings is that only a few studies were conducted in the United States.?” The remaining studies
were on populations from Asia, Australia, the Middle East, Europe, and the Caribbean.

Arterial stiffness is generally greater in Black than in White women.®® This racial
difference is also evident around the menopause transition, with Black women having greater
progression compared with White women.?3 Actually, Black women typically develop CVD risk
factors at a younger age compared with White women,8 which may partially explain why racial
difference exist in arterial stiffness. Additionally, 20% of the variance in arterial stiffness is
estimated to be heritable;2® these racial differences may be due in part to Black, but not White,
having chromosomal loci that are linked to greater arterial stiffness.?6 However, genome-wide
association studies have not yet distinctly identified genetic variants for the racial differences in
arterial stiffness.®” Collectively, these studies suggest that racial differences in arterial stiffness
exist but whether Black and White women share different trajectories of arterial stiffness over the

menopause transition has not been explored before.
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Taken together, the existing literature lacks studies that characterize changes in arterial
stiffness across the menopause transition. Proxy definitions for the menopause transition that were
used in previous studies include menopausal stage, age at menopause, or change in menopausal
status. Although these are valid methods of defining menopause that may answer questions related
to menopausal status or age at menopause as risk factors for disease, they do not inform questions
related to changes in a risk factor under consideration. Therefore, there is a clear gap in the
literature regarding arterial stiffness changes in women transitioning through menopause, with the

related potential racial difference remaining unexplored.
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Table 3-2: Methods used to measure arterial stiffness in research settings

Device Devices using a probe or a tonometer to Devic_es using cuffs placed around Ultrasonographic MRI-based
e measure PWV the limbs or t_he neck_ that rec_ord approaches approaches
pulse-wave arrival oscillometrically
Example SphygmoCor Complior® Omron Mobil-O- * *
Device Graph®
Tonometry-based to | Mechanotransducer- Oscillometry- Cuff-based Doppler Phase-contrast
. record pressure based to record based device ultrasonography to MRI
Technique
waveform pressure waveform record flow
waveform
Uses a piezoelectric Similar to Uses 4 Records Similar to PWV Allows
tonometer placed at | SphygmoCor but have | oscillometric cuffs brachial based on pressure | measurement of
any 2 pulse simultaneous placed on both waveforms to waveforms. Uses the
detectable sites. measurement between | arms and ankles to estimate either sequential or | spatiotemporal
Requires 2 sequential | sites with distention measure baPWV. cfPWV. simultaneous flow along the
readings asonly 1 | sensors. The Complior The subject’s Several readings with ECG length of the
tonometer can attach | software has an online | demographics are | parameters from gating. artery to
Procedure to the unit. .Th.e reco_rding and . entered into the pulse-yvave compute PWV,
average transit time | automatic calculation | software, and the analysis and
is derived with the R of PWV. distance is wave separation
wave of the ECG calculated analysis are
used as a reference statistically based then used to
point, and PWV is on Japanese estimate aortic
calculated from the population. PWV
manual distance
measured.
Example The Anglo-Cardiff Used extensively in Used in Diabetics,®? healthy
cohorts Collaborative Study | epidemiologic studies prospective elderly,®® and the
where of arterial stiffness.* in Europe observational general
device was The Chronic Renal studies, mainly in population.®*
used Asia.
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Device Devices using a probe or a tonometer to Devic_es using cuffs placed around Ultrasonographic MRI-based
Ty measure PWV the limbs or the neck. that rec.ord approaches approaches
pulse-wave arrival oscillometrically
Example SphygmoCor Complior® Omron Mobil-O- * *
Device Graph®
Insufficiency Cohort
study.*!
Other cfPWV cfPWV ankle-brachial Brachial BP and Local PWV and Local PWV and
measurable baPWV baPWV index central aortic distensibility distensibility
vascular Wave reflections pressure
indices
Provided much of the Only newer Uses a Have independent Can assess
data relating PWV to models can proprietary predictive value for almost any
CvD measure cfPWV. algorithm CVD and death. vessel and
Used for incorporating provide accurate
independently age, systolic distance and area
Comments predicting loss pressure, and estimates.
of kidney aortic However,
function, CVD, characteristic needs long time,
and all-cause impedance. has low
mortality. resolution
and high cost

Abbreviations: baPWV: brachial-ankle pulse-wave velocity, cfPWV: carotid-femoral pulse-wave velocity, ECG: electrocardiogram.
* No example provided since ultrasonography and MRI for PWV measurement use technology common to other imaging purposes
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3.4 Abdominal visceral adiposity

3.4.1 Pathophysiology of abdominal visceral adipose tissue and relationship with

cardiometabolic outcomes

VAT is the fat compartment located in the abdominal cavity and includes intraperitoneal
(omental and mesenteric) and retroperitoneal adipose tissues. The intraperitoneal depot drains into
the portal circulation while the retroperitoneal depot drains into the systemic circulation.®® VAT is
a metabolically active fat depot that is associated with overflow of portal free fatty acids and
increased cytokines secretion.®® These factors increase insulin resistance, inflammation, and are
associated with prothrombotic and hypertensive states.®” In fact, women accumulating more VAT
are at greater risk of developing CVD.?% Additionally, improvement in CVD risk prediction was
observed when VAT was added to a multivariable model that included BM1.%

Several risk factors are associated with individual differences in VAT among women
including age, genetic factors, sex hormones, smoking, level of physical activity, and nutritional
factors.%-10 Abdominal subcutaneous adipose tissue (SAT) acts as a protective metabolic sink that
adapts to positive energy balance with expanding by hyperplasia.®® In cases of adipose tissue
hypoxia that results in inability of SAT to expand and store the surplus energy, excess triglyceride
molecules accumulate at undesired places including VAT and other ectopic locations (liver,
pancreas, skeletal muscle, and heart).X% Therefore, it has been suggested that excess VAT and
ectopic fat deposition is a marker of dysfunctional SAT. This view of VAT/SAT relationship has

been supported by studies showing women to have lower postprandial lipemia compared with men
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given that women have much larger SAT reservoir than men.1%2 Additionally, patients with
lipodystrophies that results in dysfunctional SAT have greater volumes of VAT and ectopic
fat.293194 Experimentally, dietary intervention or endurance exercise that create negative energy
balance are shown to induce rapid reductions in VAT and ectopic fat depots.'?® Taken together,
the inability of SAT to act as an energy buffer will produce a lipid overflow leading to
accumulation of fat at undesired sites, including VAT, that ultimately increase risk of the
abovementioned cardiometabolic complications.®’

As women transition through menopause, they experience fluctuations in E2, relative
domination of testosterone (T), and increases in FSH.*%10¢ These hormonal changes at midlife
create a hormonal milieu favoring greater deposition of body fat and greater central adiposity by
influencing appetite, energy expenditure, whole-body thermogenesis, and lipoprotein lipase (LPL)
activity.?”107.108 These findings elucidate pathophysiologic mechanisms by which menopause

transition may place midlife women at great risk of accumulating harmful amounts of VAT.

3.4.2 VAT measurement

Waist circumference is a simple and inexpensive method of measuring central adiposity
that is found to significantly predicts CVD and mortality.1%® Although waist circumference
correlates well with VAT, it cannot distinguish VAT from SAT. Similarly, dual-energy X-ray
absorptiometry (DEXA) can be used to measure overall abdominal fat, however, it cannot separate
VAT from SAT.!*! Therefore, CT and MRI are used to separately quantify SAT and VAT.
Estimation of adipose tissue by CT and MRI are comparable.'*? CT scans can generate sliced
images of the body that can be used to quantify areas or volumes of tissues under investigation.
CT slices are formed of pixels that take an attenuation value, called Hounsfield units (HU), that
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ranges from -1000 HU (air) to +2000 HU (bone) depending on tissue density. Adipose tissues
typically have attenuation values between -190 to -30 HU. The reliability of measuring body
tissues using CT is excellent with only an error of <1% between paired scans.''® CT scanning
methods frequently quantify abdominal adiposity using a single slice image taken at L4-L5
intervertebral space to limit radiation exposure and decrease cost.'** Adipose tissue area calculated
from a single slice CT image at L4-L5 has a 0.99 correlation coefficient with total abdominal
adipose tissue volume.'*

MRI generates sliced or whole-body images by creating interactions between the protons
within biological tissues and magnetic fields generated by the MRI machine. Protons from
different tissues return to their equilibrium state at different rates after being exposed to various
magnetic fields, a phenomenon that helps construct MRI images. MRI is more appropriate
compared with CT in quantification of adiposity over several measurements in the same individual
given the absence of radiation exposure with MRI. However, MRI is limited by its high cost and
sophisticated equipment and data processing needs.!'® Both CT and MRI machines cannot
accommodate severely obese individuals.

A less-frequently used method to exclusively quantify VAT in epidemiologic studies when
there is no access to CT or MRI machines is ultrasound.'*"1'8 The procedure involves measuring
the distances between the posterior edge of the abdominal muscles and the lumbar spine using
electronic calipers. This is accomplished using a transducer that is placed on a straight line between
the left and right midpoint of lower rib and iliac crest, distances are measured from five different
angles that include medial, left and right lateral, and half-way in between these positions.
Measurements are taken at the end of a quiet expiration while applying minimal pressure without

displacement of the intraabdominal contents as observed by the ultrasound image 1118 Contrary
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to CT and MRI that can yield areas and volumes of VAT, ultrasound measures distance of VAT
in the abdominal cavity. Nevertheless, the correlation between VAT distance measured using
ultrasound and VAT area measured using CT and MRI are 0.81 and 0.80, respectively.*"118 The
coefficient of variation is 5.4% which indicates a good reproducibility of the ultrasound measured
VAT.1Y

In this dissertation, VAT was quantified using electron beam CT scan that was obtained
between L4 and L5 (Figure 3-4).11° Attenuation was set to -190 to -30 Hounsfield units to define

fat. Intra-observer reliability of this measure was 0.94.

B VAT

Figure 3-4: Measurement of VAT area using CT in SWAN

3.4.3 Literature review on vat changes during the menopause transition

Among the changes that are argued as being menopause-related is body weight because
women frequently report weight gain at midlife.?6 Whether weight gain in women at midlife is due
to chronological aging or the menopause transition has been debated. In a survey of around 14,000

midlife women, body-mass index (BMI) increased significantly with older age groups.t?° In the
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same cohort of women, however, and after adjusting for chronological age, postmenopausal
women did not have greater BMI compared with premenopausal women. These data suggest that
weight increases with aging, but it may not be influenced by the menopause transition.

Increases in fat mass and central adiposity at midlife is suggested to be largely menopause-
related phenomena.?”? Actually, epidemiologic studies show that waist circumference increase
during midlife is primarily related to the menopause transition beyond aging.?8111.121-123 However,
waist circumference is a function of SAT and VAT. Studies that measured SAT and VAT found
that although both fat depots are associated with deteriorations in cardiometabolic risk factors,
when matched for SAT level, individuals with more VAT showed worse diabetogenic/atherogenic
risk profile.31:32

Few cross-sectional studies explored the association between menopause and VAT by
comparing VAT measures between postmenopausal and premenopausal women.'?4-126 Results
from these cross-sectional studies were not consistent, with some studies showing postmenopausal
women having greater VAT compared with premenopausal women,'?* while others showing the
reverse or showing no association between VAT and menopausal status.'?>126 The studies showing
postmenopausal women to have greater VAT compared with premenopausal women were
conducted on healthy women from the general population, while the rest included women with
CVD and those on hormone replacement therapy, which may explain the observed inconsistency.
As discussed earlier, drawing conclusions about the menopause transition from such observation
is problematic because the aging effect cannot be excluded as there is no considerable age overlap
between premenopausal and postmenopausal women using a cross-sectional design.

Longitudinal studies that followed midlife women for more than 7 years showed no

association between baseline menopausal status and VAT at follow-up.1?"128 However, these
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studies offer limited answers to questions about the menopause transition because VAT was
compared among women groups that were formed by baseline menopausal status, not change in
menopausal status. Additionally, these studies did not adjust for the variations in follow-up
periods. Another longitudinal study analyzed within-women change in VAT and found that VAT
significantly increases in premenopausal women after 8 years of follow-up, when all women
became postmenopausal.t?® This study is limited by the small sample size (n=8) and the absence
of a comparison group. Using a similar design with 3 years of follow-up for initially
premenopausal women, Abdulnour et al. found that women who became perimenopausal or
postmenopausal at follow-up had a significant increase in VAT since baseline.**° However, the
authors did not compare the change in VAT among the groups that were formed by the change in
menopausal status since baseline (remained premenopausal, became perimenopausal, and became
postmenopausal). Finally, only one study modelled VAT over years before and after the FMP and
found that VAT increase started before the FMP and plateaued afterwards.*3! This analysis was
limited by the lack of covariate adjustment and the small sample size (n=51) with sparse data at
years 3 before and after the FMP. Using larger sample size while adjusting for predictors of
adiposity will enable us to better describe VAT trajectory over time since the FMP while
controlling the effect of potential confounding bias. Taken together, previous studies on the
relationship between the menopause transition and VAT are inconsistent and limited, which
highlight the importance of a well-designed repeated measures cohort study that will help

characterize VAT change over time since the FMP.
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3.5 Blood pressure

3.5.1 Gender and racial/ethnic heterogeneity in hypertension

Definitions of blood pressure (BP) categories are presented in Table 3-3 which are based
on the 2017 report from the American College of Cardiology/American Heart Association (AHA)
Task Force on Clinical Practice Guidelines.'® The AHA has identified normal BP category for
adults older than 20 years as 1 of the 7 components of ideal cardiovascular health, with 45.4% of
the US adults meeting these criteria.'3 The age-adjusted prevalence of hypertension among adult
US women in 2016 was 42.8%.%” Before age 64, women have a lower prevalence of hypertension
compared with men; however, this flips starting from age 65 when women shows greater
prevalence of hypertension compared with men.®” Differences in hypertension prevalence also
exists among race/ethnic groups. Based on data from NHANES 2016, the prevalence of
hypertension in women is the highest in Black, followed by Mexican American, and White have

the lowest prevalence.?’

Table 3-3: Categories of BP in adults

BP Category* SBP DBP
Normal <120 mm Hg and <80 mm Hg
Elevated 120-129 mm Hg and <80 mm Hg

Hypertension
Stage 1 130-139 mm Hg or 80-89 mm Hg
Stage 2 >140 mm Hg or >90 mm Hg

* Individuals with SBP and DBP in 2 categories should be designated to the higher BP category.
Abbreviations: BP indicates blood pressure (based on an average of >2 careful readings obtained
on >2 occasions); DBP, diastolic blood pressure; and SBP, systolic blood pressure.
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3.5.2 Blood pressure measurement

The direct measurement of BP requires an intra-arterial assessment. However, this is not
practical as BP can be estimated noninvasively. Traditionally, BP determination relied mostly on
measurements taken on the arm that involves auscultation of the brachial artery while watching a
sphygmomanometer. However, semiautomated and automated devices that use the oscillometry
method that detects the amplitude of the BP oscillations on the arterial wall, have become the norm
over the past 2 decades.®* In this dissertation, systolic and diastolic blood pressure were measured
using a standard protocol. Blood pressure measurements were averaged from 2 sequential

measures in the right arm with the participant seated.

3.5.3 Pathophysiology, risk factors, and consequences of hypertension

Normal blood pressure is maintained through balance between cardiac output and
peripheral vascular resistance. Most patients with primary hypertension, which constitutes about
95% of hypertension cases, have a normal cardiac output but raised peripheral vascular resistance.
Peripheral vascular resistance is controlled by the smooth muscles in the walls of small arterioles.
These smooth muscle cells contract in response to changes in intracellular calcium levels. With
chronic contraction of small arterioles, structural changes and thickening of the arteriolar wall
ensue, which leads to irreversible rise in peripheral vascular resistance. Other hypotheses of the
pathogenesis of hypertension also exist. For example, it is thought that the sympathetic nervous
system over activity causes raise in cardiac output. Subsequently, as a protective mechanism for
cellular homeostasis, peripheral arteriolar resistance develops.'* Body systems that are involved

in the regulation and pathogenesis of essential hypertension include the renin-angiotensin-
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aldosterone system, the autonomic nervous system, plasma volume (largely mediated by the

kidneys), and endothelial function (Figure 3-5).135136

Cardiac
CNS il A Renal
Genetic @« Gastrointestinal
\ \ Cardlac / C .
Sympatthetlc output Sodium Endocrine
: ; ctivati d
EnvironmentalAngwtgaj{mgen' activation retention Obesity,
AME, micronutrients, :
Q Liddle syndrome = alcohol \
/ / —— = D Insulin,

a|dosterone

Stress

Smooth muscle cells
Se: _) ndothelln ‘\ NN
X nitric oxlde R <_ Age
Arteriole ~
Endothellum

Figure 3-5: Pathophysiologic mechanisms of hypertension

Abbreviations: AME; apparent mineralocorticoid excess, CNS; central nervous system, GRA,;
glucocorticoid-remediable aldosteronism.

Although the pathogenesis of primary hypertension is multifactorial and complex, several
modifiable and non-modifiable risk factors have been identified that are strongly and
independently associated with its development. Advancing age is associated with higher systolic
blood pressure and increased incidence of hypertension.3” Overweight is also a major risk factors
for hypertension.**813% Various environmental exposures such as nutritional factors and physical
activity impact BP. Excess sodium and alcohol consumption are linked with greater hypertension
risk.140141 Physical inactivity also increases the risk of hypertension.'3® Genetic factors were found
to account for 30% of the variability in blood pressure, and subjects who have one or two parents

with hypertension have double the risk of developing the disease.’*?!4 In the aftermath,
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hypertension is one the most important and established traditional risk factors for developing CVD.
In a meta-analysis that included 95,772 US women, each 10-mm Hg higher systolic blood pressure
was associated with 25% (95% CI, 18%-32%) greater risk for CVD.* Additionally, among
65,806 females in this meta-analysis, the risk for CVD mortality associated with 10-mm Hg higher

systolic blood pressure was 16% (95% ClI, 10%-23%).144

3.5.4 Literature review on changes in blood pressure during the menopause transition

The effect of menopause stage on systolic and diastolic blood pressure or hypertension has
been studied extensively in large samples of diverse healthy midlife women using mainly a cross-
sectional study design.1%145-1% Many of these cross-sectional studies had large sample sizes that
allowed age to overlap between premenopausal and postmenopausal women,10:145.149.155,156 Thjg
statistical luxury gained with larger sample sizes made statistically controlling for the confounding
effect of age while testing the association between menopause stage and blood pressure
appropriate. Even after controlling for the effect of age, previous cross-sectional studies on the
association between menopause and blood pressure were inconclusive and findings were
inconsistent. Some studies showed that postmenopausal women have greater odds of having
hypertension and higher systolic blood pressure compared with premenopausal women after
adjusting for age.145146.149.150 However, other cross-sectional studies did not support a contribution
of menopause on blood pressure or prevalence of hypertension, 51152155156

Conflicting findings of the association between menopause stage and blood pressure in
cross-sectional studies may have resulted from differences in race or obesity status among the
studied populations. For example, in White women of normal weight, postmenopausal women had
a higher blood pressure compared with their premenopausal counterparts.'46148 However, a similar
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association was not observed in overweight women of the same racial group.1®!% Contrary to
White women, studies on overweight Asian populations tend to show an association between the
menopause status and blood pressure,>°157 while blood pressure was similar across menopausal
stages in studies of normal weight Asian women.4":1% Qverall, previous cross-sectional studies
suggest the presence of a link between menopause and higher blood pressure or risk of
hypertension only in a group of women with certain combinations of racial/ethnic and obesity
phenotypes.

Compared with cross-sectional studies, fewer longitudinal studies investigated the
potential contribution of the menopause transition to the developmental trajectory of blood
pressure.®158-162 Most of these longitudinal studies documented menopause stage and measured
blood pressure at two time points and then compared blood pressure changes across three groups
of women: women who were premenopausal at baseline and remained premenopausal at follow-
up, women who were already postmenopausal at baseline, and women who transitioned to
postmenopause during follow-up. These studies mainly found similar blood pressure change
estimates among the three groups defined by menopause transitioning status.1°-169.162 However,
one study found that women who became postmenopausal or were postmenopausal at baseline had
a marginally significant greater change in systolic blood pressure (4 mmHg vs no change)
compared with women who stayed premenopausal after a median of 5.2 years of follow-up.'6?
However, this later study did not adjust for age in their analysis which limits our ability to draw
conclusions. In a study conducted on 1,054 women from SWAN, Matthews et al. found that
systolic blood pressure increased on average 0.26 mm Hg annually before and after the FMP, while
diastolic blood pressure did not change across time. Adjusting for age at FMP and other CVD risk

factors, the trajectories of systolic and diastolic blood pressure were found to be linear over time
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relative to the FMP without a clear inflection point.® Taken together, based on data from
longitudinal studies, the general interpretation is that developmental trajectory of blood pressure
at midlife is mainly due to chronological aging.

The previous longitudinal studies of blood pressure trajectory in women transitioning to
menopause have analyzed the overall sample with the assumption that women share a common
blood pressure trajectory. Given the known racial/ethnic differences in hypertension and obesity
patterns,® it is expected that blood pressure in women may have distinct trajectories over the
menopause transition depending on baseline differences among women in terms of premenopausal
blood pressure, race, or obesity status. Additionally, the previous conflicting findings in cross-
sectional studies suggest that blood pressure is possibly vulnerable to menopause or menopause-
related factors only in a group of women with certain combinations of racial/ethnic and obesity
phenotypes.

Group-based trajectory modeling (GBTM) can be used to detect distinct trajectories of an
outcome of interest over measurement occasions.63164 GBTM uses finite mixture modeling to
identify distinct groups that share common developmental trajectories. GBTM has been embraced
by researchers to study over time development of a wide range of disorders and associated
symptoms.1®* Analysis of a set of data using GBTM implies that one size-fits-all growth model
may not always be the best approach for characterizing outcomes progression. Rather, GBTM
provides an experimental method of identifying clusters of individuals following both typical and
atypical courses of development. By dividing the data into trajectory groups for an outcome of
interest, GBTM can be used to characterize the distinct trajectories of the outcome separately, test
predictive associations of risk factors with the trajectory group membership, and determine

predictors of the outcome level over time. Whether blood pressure over the menopause transition
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show distinct trajectories that are influenced differently by the menopause transition remains to be
explored. Such a hypothesis, if proved to be true, could explain some of the inconsistencies in this

topic.
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4.0 Manuscript 1: arterial stiffness accelerates within one year of the final menstrual

period: the swan heart study

4.1 Chapter summary

Objective: Menopause may augment age-dependent increases in arterial stiffness, with
Black women having greater progression in midlife compared with White women. We sought to
determine whether and when women experience changes in arterial stiffness relative to the final
menstrual period (FMP), and whether these changes differ between Black and White midlife
women.

Approach and Results: We evaluated 339 participants from the SWAN Heart Ancillary
study. Women had up to two carotid-femoral pulse-wave velocity (cfPWV) exams over a
mean+SD of 2.3+0.5 years of follow-up. Annual % changes in cfPWV were estimated in three
time segments relative to FMP and compared using piecewise linear mixed-effects models. At
baseline, women were 51.1+2.8 years and 36% Black. Annual % change (95% CI) in cfPWV
varied by time segments: 0.9% (-0.6%, 2.3%) for >1 year before FMP, 7.5% (4.1%, 11.1%) within
one year of FMP, and -1.0% (-2.8%, 0.8%) for >1 year after FMP. Annual % change in cfPWV
within one year of FMP was significantly greater than the other two time segments, p<0.05 for
both comparisons. Adjusting for concurrent CVD risk factors explained part of the change
estimates, but did not eliminate the difference. Black women had greater increase in cfPWV

compared with White women in the first segment, p for interaction=0.04.
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Conclusions: The interval within one year of FMP is a critical period for women when
vascular functional alterations occur. These findings underscore the importance of more intensive

lifestyle modifications in women transitioning through menopause.

4.2 Introduction

The risk of cardiovascular disease (CVD) increases with age in both sexes, with noticed
risk acceleration in postmenopausal years in women.'®> This observation suggests that the
menopause transition might augment the age-dependent increase in CVD risk. In fact, women are
subjected to increases in carotid intima-media thickness and adventitial diameter starting from late
perimenopause,*!° a stage that typically starts 1-3 years before the final menstrual period (FMP),
and extending to 12 months after FMP.® These structural vascular changes in the late peri- and
post-menopause are accompanied by declining endothelial function as measured by brachial artery
flow-mediated dilation.!” The Study of Women’s Health across the Nation (SWAN) recently
showed that women who transitioned through menopause had a significantly greater increase in
central arterial stiffness compared with women who remained premenopausal or were
postmenopausal at baseline.** These findings suggest that women undergo structural and
functional vascular changes as they traverse menopause, which may impact their risk of CVD later
in life.

The menopause transition, specifically, the few years before and after FMP constitute a
critical period in women’s lives when dynamic metabolic and physiologic changes begin to
accumulate.” This period is characterized by adverse structural changes in the carotids,***® and

increases in lipids,® waist circumference,?® and metabolic syndrome.'? Additionally, dynamic
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hormonal changes in estradiol and follicle-stimulating hormone (FSH) occur within one year of
FMP.%0 Whether concurrent changes in central arterial stiffness, a measure of vascular aging and
an independent predictor of CVD risk in the general population,*® occur in this period remains to
be determined.

Racial differences have been reported in arterial stiffness progression in women at midlife,
with Black women having greater progression compared with White women.?® SWAN is a multi-
ethnic longitudinal cohort study that concurrently measured central arterial stiffness, CVD risk
factors, and endogenous sex hormones as women traversed menopause. This study provides a
unique opportunity to characterize vascular functional changes in the years around the FMP while
adjusting for other risk factors that are modified during the menopause transition. Therefore, the
aims of this study were to determine whether women experience changes in central arterial
stiffness, as measured by carotid-femoral pulse-wave velocity (cfPWV), relative to the FMP and

whether the magnitude of these changes differ between Black and White women.

4.3 Material and methods

Study participants. SWAN is an ongoing multi-ethnic, multi-site longitudinal study of
the physical, biological, and psychosocial changes of the menopause transition. Detailed methods
are presented elsewhere.'% In brief, 3,302 women were recruited between 1996 and 1997 from
seven research sites within the US (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 old at enrollment, have an intact uterus and at least one ovary with menstrual bleeding

within the past three months, not be pregnant or breast-feeding, and not have used hormones
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therapy within the past three months. Women self-identified as a member of 1 of 5 ethnic groups
depending on the research site: White (all sites), Black (Boston, Chicago, Detroit, Pittsburgh),
Chinese/Chinese American (Oakland), Hispanic (Newark) or Japanese/Japanese American (Los
Angeles). The institutional review board at each participating site approved the study protocol, and
all participants signed informed consent prior to participation.

Central arterial stiffness was measured as part of the SWAN Heart study, an ancillary study
to SWAN designed to evaluate subclinical atherosclerosis measures in women at mid-life.
Between 2001 and 2003, women from the SWAN Pittsburgh and Chicago sites were recruited to
SWAN Heart (N=608) if they had no self-reported clinical CVD. By design, Pittsburgh and
Chicago sites recruited only White and Black women. After ameanSD of 2.3+0.5 years of SWAN
Heart baseline visit, women were invited for a follow-up visit.

For the current analysis, we excluded women who reported CVD during the SWAN Heart
follow-up period (n=11) or did not have arterial stiffness measurements (n=56). We additionally
excluded 202 women for whom FMP date was not observed, see below. The final analytic sample
included 339 women who contributed 537 observations with each woman having one or two
measurment time points. Compared with the excluded participants, women in analytic sample were
less likely to be hormone users (3% vs 24%) at baseline; otherwise, they shared similar baseline
clinical characteristics.

Study outcome: central arterial stiffness. Central arterial stiffness was assessed by
cfPWV at both SWAN Heart baseline and follow-up visits using a protocol previously described.®’
In brief, arterial flow waves were simultaneously and non-invasively recorded at the right carotid
and femoral arteries of supine participants, using unidirectional transcutaneous Doppler flow

probes (model 810-a, 10 MHz, Parks Medical Electronics, Aloha, OR). Data were scored using
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software developed by the Laboratory of Cardiovascular Science, Gerontology Research Center,
National Institute on Aging, which averages 20 seconds worth of waveforms and determines time
from the R-wave on the electrocardiogram to the foot of the averaged waveforms. Transit time of
the pulse wave was calculated as the delay between the averaged carotid and femoral waveforms.
Three runs were performed for each participant, and the average was used in the analysis. Distance
traveled by the pulse waveform was estimated by measurement over the participant’s torso.
Distance from the carotid to aortic site (at the suprasternal notch) was subtracted from the sum of
the aortic to umbilicus and umbilicus to femoral sites to adjust for opposite direction of blood flow
in that arterial branch. cfPWV was calculated as distance/transit time (cm/seconds) with higher
cfPWV indicating a stiffer artery. Reproducibility study of cfPWV measurement was done in the
same laboratory that conducted cfPWV measurements for SWAN participants, with an overall
laboratory intraclass correlation of 0.77.57

Main independent variable: time since FMP. As part of each SWAN annual visit, date
of the most recent menstrual period was determined, and FMP was assigned retrospectively as the
date of the participant’s last menstrual period before 12 consecutive months of amenorrhea. As a
sensitivity analysis, we added 128 women to our analytic sample for whom the FMP date could
not be observed due to hormone therapy or hysterectomy and/or bilateral oophorectomy and
therefore, were multiply imputed as described in the Online Supplement. For observations in our
analytic sample, time in years since FMP for cfPWV exam was calculated as the date on which
cfPWV exam was performed minus FMP date.

Blood assays. A fasting blood sample was obtained and analyzed with standardized
protocols at both the baseline and follow-up visits of the SWAN Heart ancillary study. Lipids,

glucose, and insulin were measured at the Medical Research Laboratories (Lexington, KY).
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Homeostasis model assessment (HOMA), an index of insulin resistance derived from glucose and
insulin  measures, was calculated as (fasting insulin (mU/Liter)*fasting glucose
(mmoles/Liter))/22.5.167 Endogenous sex hormones were measured at the University of Michigan
Endocrine Laboratory. Since estradiol and FSH show dynamic changes throughout the menstrual
cycle, cycle-day of blood draw (within 2-5 days of the menstrual cycle or not) was considered
when adjusting for these hormones. A detailed description of blood assays measurement is
presented in the Online Supplement.168

Study covariates. At visits that coincide with the cfPWV exam dates, participants
completed self and interviewer-administered questionnaires that included assessment of
sociodemographic and life-style factors and medical history. Age, race, whether woman had
financial strain, current smoking status, and ever used hormone therapy were self-reported.
Physical activity was assessed via Modified Baecke Scores of Habitual Physical Activity, with
higher scores indicating more physical activity.%® Menopause status was determined based on
reported frequency and regularity of menstrual bleeding as follows: (1) premenopause: monthly
bleeding with no perceived change in cycle interval, (2) early perimenopause: monthly bleeding
with a perceived change in cycle interval, but at least one menstrual period within the past 3
months, (3) late perimenopause: 3 consecutive months of amenorrhea, and natural menopause: 12
consecutive months of amenorrhea [(4) early natural menopause: less than two years since became
menopause, (5) late natural menopause: two or more years past menopause]. Medications
including cholesterol, blood pressure, and diabetes medications were self-reported and
interviewer-verified from medication container label. If a woman reported taking any of these
medications, she was labeled as “current medication user”. Participants had their physical

measurements obtained at each study visit using standardized protocols.
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Age at FMP, race, and study site were time-independent variables. For financial strain, we
used values that coincided with the first cfPWV scan date. Time-varying physical activity scores
that coincided or were closest in time with each participant’s cfPWYV scan date were used. For all
other covariates, we used time-varying values that coincided in time with each participant’s
cfPWYV scan date.

Statistical analysis. Clinical characteristics at baseline were compared between women
with observed and imputed FMP. cfPWV was log-transformed due to skewed distribution. A
nonparametric LOESS smoothing curve was used to fit cfPWV as a function of time since FMP.170
From this curve, inflection points associated with increase/decrease in cfPWV were determined."
Since the observed inflection points were one year before and one year after the FMP, the cfPWV
trajectory was divided into three time segments: segment 1: > one year before FMP, segment 2:
within one year before and after FMP, and segment 3: > one year after FMP. Piecewise linear
mixed-effects models were used to estimate and compare annual changes of cfPWV among time
segments. Annual percent change of cfPWV in each time segment was calculated as: annual %
change of cfPW\V= (gestimated annual change in log-cfPWV _1)*100,172 A random intercept for each woman
was included to account for baseline heterogeneity. To visualize the cfPWV trajectory, we
calculated annual means of cfPWV over time since FMP as well as cfPWV estimates from the
piecewise linear model. This figure was truncated at 5 years before and after FMP due to small
sample size.

Study covariates were chosen based on a priori knowledge of risk factors of arterial
stiffness, and by univariate analysis. The first model adjusted for age at FMP and
sociodemographic factors including race, study site, and financial strain. The second model further

adjusted for hormone therapy and lifestyle factors including current smoking and physical activity.
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The third model additionally adjusted for CVD risk factors including systolic blood pressure
(SBP), waist circumference, LDL-C, and HOMA to determine if they explain any observed
changes in cfPWV around FMP. Finally, we built a parsimonious model (final model) by removing
variables from the third model using backward stepwise selection methods with a p-value threshold
of >0.2; financial strain, physical activity, and HOMA were removed and their removal did not
change the effect estimates (beta) in time segments by more than 10%.

To test whether annual changes in arterial stiffness vary between Black and White women,
we included an interaction term of race with each of the three time-segments separately to avoid
collinearity. Race-specific annual percent changes in cfPWV were calculated separately for each
time segment using the corresponding final model.

In subsequent analyses, we tested separately whether estradiol or FSH can attenuate
changes in arterial stiffness relative to time since FMP in the final model controlling for cycle-day
of blood draw. Additionally, we reran the final model adjusting separately for CRP, heart rate, and
medications to test whether they can explain changes in arterial stiffness relative to time since
FMP. As sensitivity analyses, we reran the final model combining women with imputed and

observed FMP and on women for whom cfPWYV was measured at hoth SWAN Heart visits.

4.4 Results

Study population. On average, the baseline cfPWV was measured, (mean£SD) 1.0+3.2
years before the FMP and the follow-up cfPWV was 1.1+3.1 years after the FMP. Of the 339

women in our study, 198 (58%) had cfPWV measured at baseline and follow-up visits, 115 (34%)
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at baseline visit only, and 26 (8%) at follow-up visit only. Number of women/observations within
time segments 1, 2, and 3 were 149 (44%) /189 (35%), 86 (25%) /144 (27%), and 104 (31%) /204
(38%), respectively. Characteristics of all women at baseline are shown in Table 4-1. The largest
difference between women with observed and imputed FMP was ever use of hormone therapy
(Appendix Table 4-1). The unadjusted association between each study covariate and cfPWV is
presented in Appendix Table 4-2.

Changes in cfPWV around menopause, Table 4-2 and Figure 4-1. In segment 2, cfPWV
increased 6.5% per year and that estimated increase was significantly different from 0% (i.e. “no
change”) adjusting for study covariates. There was no significant change in cfPWYV in segments 1
and 3. The increase in cfPWV in segment 2 was significantly greater than the changes in segments
1 and 3. However, adjusting for midlife CVD risk factors including SBP, waist circumference, and
LDL-C explained part of the estimated annual change in segment 2 (from 7.5% in model 2 t0 5.9%
in model 3). Based on model fit statistics, SBP and waist circumference, but not LDL-C, explained
most of the variability. The estimated annual changes in cfPWV in segments 1 and 3 were not
statistically different from one another.

Race interaction. Race modified the rate of change in cfPWV only in segment 1 (Figure
4-2); Black and White women showed 2.0% and 0.6% annual increase in cfPWV (p-value for
racial difference is 0.04), respectively. Interestingly, only Black women had a statistically
significant increase in cfPWV within segment 1.

Additional analyses (data not shown). Adjusting for estradiol, FSH, medications, or heart
rate did not attenuate changes in cfPWV relative to the FMP. Adjusting for CRP among women

with available CRP measurement (n=259) did not influence the overall conclusions.
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Sensitivity analyses. Rerunning the final model to women with imputed and observed
FMP and to women who had two cfPWV measurements resulted in similar findings, (Appendix

Table 4-3).

4.5 Discussion

The present study characterized functional vascular changes, specifically, central arterial
stiffness, in relation to FMP and showed racial differences using a well-characterized cohort of
women while adjusting for mid-life covariates. We demonstrated significant increases in central
arterial stiffness in the one year period surrounding the FMP in women transitioning through
menopause. This increase was independent of aging, mid-life CVD risk factors, estradiol, and
FSH. Additionally, we showed that Black women may experience greater adverse changes in
arterial stiffness starting early in the transition than White women.

Previous cross-sectional analyses suggest that postmenopausal women have faster PWV
measures compared with premenopausal women.”® However, controlling for age in such analyses
is critical as aging may greatly confound these associations.”” To disentangle the relative
contributions of chronologic and reproductive aging to vascular stiffness, longitudinal repeated-
measure studies that follow a cohort of women through the menopause transition are required.®
Using such design, previous results from SWAN have shown that women who transitioned through
menopause during the study follow-up period had greater increase in central arterial stiffness

compared with women who remained premenopausal or were postmenopausal at baseline.* In the
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current analysis, we used time-oriented analysis to describe when critical vascular changes occur
in relation to the FMP.

A similar, and slightly smaller, estimate of change in central arterial stiffness within one
year of the FMP was observed after adding women with imputed FMP to women with observed
FMP. However, women with imputed FMP were healthier as they were less likely to smoke and
had lower blood pressure compared with women with observed FMP, suggesting that analyses
including women with imputed FMP may better reflect the population represented by SWAN
Heart.

The aorta regulates the pulsatile blood flow from the heart into steady flow of blood supply
to peripheral organs.** Aging and other CVD risk factors including hypertension, hyperlipidemia,
and central adiposity can increase arterial stiffness through loss of vascular elasticity and increased
collagen deposition.**52 Consequently, arterial stiffness can result in left ventricular dysfunction,5?
low coronary perfusion,%® and/or end-organ damage.®4> Interestingly, the increase in arterial
stiffness within 1 year of FMP remained significantly greater than the increase before 1 year before
FMP, however this difference was attenuated after adjusting for CVD risk factors. Although the
annual percent increase in cfPWV within 1 year of FMP itself remained significantly different
from 0% after adjusting for mid-life CVD risk factors, our results suggest that mid-life CVD risk
factors may explain part of the difference in arterial stiffness progression across the menopause
transition.

Estradiol and FSH dynamically change during the menopause transition.*® Furthermore,
estrogen receptor o and B are detected on vessel walls in human vasculature, and estradiol is
thought to preserve arterial stiffness through vasodilation and vascular-matrix formation.'”3

Therefore, one would expect that estradiol or FSH may explain functional changes in central
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arteries observed during the menopause transition. In the current study, these hormones did not
explain changes or differences in arterial stiffness as women transitioned through menopause.
Apart from traditional CVD risk factors, it seems that other mechanisms including inflammation
and adipocytokine secretion may contribute to the changes in central arteries during the menopause
transition. Several studies suggest that systemic inflammation is involved in the pathogenesis of
arterial stiffness,'’# and that the menopause transition is associated with a rise in chronic low-grade
inflammation,'’> which may result in accelerating arterial stiffness.1’® However, adjustment for
CRP among women with available CRP measurement did not explain our findings. Additionally,
women transitioning through menopause experience increased waist circumference and visceral
adiposity.?®13! These ectopic fat depots are thought to alter serum levels of adipocytokines with
increase in leptin and decrease in adiponectin, which may have deleterious health effects on mid-
life women.'’” Consequently, greater levels of leptin and lower levels of adiponectin in women
transitioning through menopause may contribute to worsening arterial stiffness.'’® However,
adipocytokine data were not available for most SWAN Heart participants.

Results from the current analysis are in line with previous studies, highlighting the time
around menopause as a period when critical changes in the vasculature and CVD risk factors
accumulate.®12141528.131 These changes may increase the likelihood of CVD later in life.!* Our
findings emphasize that women should be made aware that their cardiovascular health is expected
to be adversely affected during the menopause transition. Therefore, frequent monitoring of CVD
risk factors early in the menopause transition may be prudent as women can be counseled to stress
lifestyle changes.'’ Interestingly, healthy lifestyle during the midlife is prospectively associated

with less carotid atherosclerosis.'® Future research should examine whether modifying arterial
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stiffness in women transitioning through menopause is associated with favorable cardiovascular
outcomes later in life.

Racial differences in arterial stiffness. Arterial stiffness is generally greater in Black than
in White women.®® This racial difference is also evident in midlife women, with Black women
showing greater progression of arterial stiffness compared with their White counterparts.?® In the
current study, Black and White women did not have uniform trajectories of arterial stiffness around
the FMP, such that arterial stiffness increased in Black women starting in the years preceding the
one year before the FMP, while a similar increase earlier in the transition was not evident in White
women. The reported effect modification of race are supported by previous studies showing racial
differences among midlife women in subclinical vascular measures.?®181182 Given that Blacks
have greater prevalence and earlier onset of CVD risk factors and higher CVD mortality compared
with Whites, these results underscore the importance of aggressive and frequent monitoring of risk
factors early in the menopause transition among Black women,84183

Study limitations. About 42% of women in this study had a single measurement of arterial
stiffness. However, the statistical analysis method we used is appropriate for handling unbalanced
data with 1-2 time points of data per subject and yielding unbiased estimates of change.'8* To
further support this approach, similar estimates of change and overall conclusions were found from
analysis of women with two time points of data. Another limitation is that the follow up was
relatively short (mean of 2.3 years). Nevertheless, about 40% of study participants had traversed
menopause between the baseline and follow-up visits.

Conclusions. The one year before and after FMP is a critical period in women’s lives when
vascular functional alterations occur. In our study, arterial stiffness significantly increased within

one year of the FMP independent of aging, CVD risk factors, estradiol, and FSH. Our results are
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consistent with previous findings showing significant vascular structural changes and CVD risk
factors worsening around the time of FMP. Collectively, our findings underscore the importance
of frequent and timely monitoring of CVD risk factors and stressing more intensive lifestyle

modifications in women transitioning through menopause.
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4.6 Tables and figures (manuscript 1)

Table 4-1: Characteristics of study participant at baseline

Variables* Values

Age (years) 51.10 + 2.80
Race, N (%)

White 216 (64)

Black 123 (36)
Financial strain, N (%)

Hard to pay for basics 107 (34)

No financial strain 222 (66)
Current Smoker, N (%) 64 (19)
Physical activity score 7.94+1.78
BMI (kg/m?) 29.40 + 6.59
Waist circumference (cm) 89.55 + 14.85
Systolic blood pressure (mmHg) 119.94 + 16.63
Diastolic blood pressure (mmHg) 76.01 £ 9.58
Heart rate (beats per minute) 71.40 £8.93
Total Cholesterol (mg/dl) 201.75 + 38.75
High-density lipoprotein cholesterol (mg/dl) 57.40 + 14.22
Low-density lipoprotein cholesterol (mg/dl) 121.62 + 34.04

Triglycerides (mg/dl), median (Q1, Q3)
Glucose (mg/dL), median (Q1, Q3)
Insulin (IU/mL), median (Q1, Q3)
HOMA, median (Q1, Q3)

Current medication user ¥, N (%)
Menopausal Status, N (%)
Premenopause

Early perimenopause

Late perimenopause

Early natural menopause

Late natural menopause

Age at FMP (years)

Estradiol (pg/mL), median (Q1, Q3)
FSH (mIU/mL), median (Q1, Q3)
Ever used hormone therapy, N (%)
cfPWV (cm/second), median (Q1, Q3)

97.0 (75.0, 135.0)
88.0 (83.0, 96.0)
9.1 (6.9, 13.5)
2.0 (1.4, 3.1)

66 (20)

28 (9)

161 (52)

36 (11)

25 (8)

53 (17)

52.02 + 2.84

28.4 (15.5, 83.6)
36.8 (16.6, 83.9)

48 (14)

774.7 (677.8, 905.2)
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* Mean = standard deviation is presented unless specified.

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

I Taking medications for cholesterol, blood pressure, or diabetes.

BMI = body mass index; cfPWV = carotid-femoral pulse-wave velocity; CVD = cardiovascular
disease; FMP = final menstrual period; FSH = Follicle stimulating hormone; HOMA =
homeostasis model assessment.
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Table 4-2: Annual percent change in carotid-femoral pulse wave velocity in time segments relative to FMP

P-Value for Pairwise

Annual % Change T in cfPWV (95% CI) Difference in Annual Change

*

Model Segment 1 Segment 2 Segment 3 Segment Segment Segment
>1 Year Before FMP Within 1 Year of FMP  >1 Year After FMP 1lvs. 2 1vs.3 2vs. 3

Unadjusted -0.20 (-1.54, 1.16) 6.51 (3.10, 10.04) * -1.31 (-3.11, 0.52) 0.002 0.313 0.001

Model 1 0.95 (-0.47, 2.39) 7.72 (4.30, 11.24) * -0.64 (-2.43,1.18) 0.002 0.146 0.001

Model 2 0.87 (-0.55, 2.30) 7.54 (4.13,11.07) ¢ -1.03 (-2.81, 0.79) 0.002 0.082 0.0003

Model 3 0.90 (-0.53, 2.34) 5.94 (2.38,9.62) * -1.01 (-2.98, 1.00) 0.024 0.102 0.006

Final model 0.88 (-0.50, 2.29) 5.74 (2.37,9.21) * -0.81 (-2.66, 1.08) 0.023 0.127 0.006

* Model 1: age at FMP, race, study site and financial strain.

Model 2: model 1 + hormone therapy, smoking status, and physical activity.

Model 3: model 2 + systolic blood pressure, waist circumference, low-density lipoprotein cholesterol, and homeostatic model
assessment.

Final model: model 3 but without financial strain, physical activity, and homeostatic model assessment.

1 Annual % change was calculated as: e®stimated annual change in log-cfPWV' _1)*10Q,

1 P-value < 0.05.

cfPWV = carotid-femoral pulse-wave velocity; FMP = final menstrual period.

49



1000

(o]

[Sa)

o
1

900 -

850 A

800 A

750 A

700 { 1 &= Annual means (95% Cl)

650 - —a— Piecewise linear model

Carotid-femoral Pulse-wave Velocity (cm/s)

600 T T T T T T T T T
-5 -4 -3 -2 -1 0 1 2 3 4 5)

Years Before/After FMP

Figure 4-1: Means of cfPWV in years around FMP

Figure showing annual mean values compared with estimated values from piecewise linear model
of cfPWYV over time since FMP for women from the Study of Women’s Health Across the Nation
(SWAN) Heart. Model adjusted for age at FMP, race, study site, hormone therapy, smoking status,
systolic blood pressure, waist circumference, and low-density lipoprotein cholesterol (final
model). Error bars represent 95% CI.

FMP = final menstrual period.
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Figure 4-2: Effect modification of race on annual percent change in cfPWV by time segments relative to FMP

Interaction between race with each time segment was tested separately and annual percent change
for each segment was estimated from corresponding model. Models adjusted for the other 2 time
segments, age at FMP, study site, hormone therapy, smoking status, systolic blood pressure, waist
circumference, and low-density lipoprotein cholesterol (final model). Error bars represent 95% CI.
cfPWV = carotid-femoral pulse-wave velocity; FMP = final menstrual period.
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4.7 Online supplement (manuscript 1)

Blood assays. A fasting blood sample was obtained with standardized protocols at both the
baseline and follow-up visits of the SWAN Heart ancillary study. To allow for a standardized
hormonal milieu, the blood sample was drawn during early follicular phase of the menstrual cycle
(day 2-5) if women were still menstruating. If a timed sample could not be obtained, because
menstrual cycles became less regular over time or due to menopause, a random fasting sample was
taken within the 90-day period of the corresponding visit. All samples were maintained at 4°C
until separated and then were frozen at -80°C and shipped in dry ice to a central certified laboratory
(Medical Research Laboratories, Highland Heights, Kentucky).

Lipids, glucose, and insulin were measured at the Medical Research Laboratories
(Lexington, KY). Total cholesterol and triglyceride levels were analyzed using enzymatic methods
on a Hitachi 747 analyzer (Boehringer Mannheim Diagnostics, Indianapolis, IN), and high-density
lipoprotein cholesterol was isolated using heparin-manganese. Low-density lipoprotein cholesterol
(LDL-C) was calculated using the Friedewald equation.'®® Serum insulin was measured by a
radioimmunoassay (DPC Coat-a-count) and glucose was measured with a hexokinase-coupled
reaction (Boehringer Mannheim Diagnostics). C-reactive protein (CRP) was measured using
ultrasensitive rate immunonephelometry (Dade Behring, Marburg, Germany). The sensitivity of
the assay was 0.03 mg/dl, and the interassay coefficient of variations (CVs) at CRP concentrations
of 0.05 and 2.2 mg/dl were 10% to 12% and 5% to 7%, respectively.

Endogenous sex hormones were measured at the University of Michigan Endocrine
Laboratory using the Automated Chemilumisence System —180 automated analyzer (Bayer
Diagnostics Corp., Norwood, MA). Estradiol was measured using a modified, off-line Automated

Chemilumisence System: 180 (E2-6). The lower limit of detection (LLD) was between 1 and 7
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pg/mL. The inter- and intra-assay coefficients of variation averaged were 10.6% and 6.4%,
respectively. Follicle-stimulating hormone (FSH) was measured by a modification of a manual
assay kit (Bayer Diagnostics) utilizing two monoclonal antibodies directed to different regions on
the beta subunit. The LLD was between 0.4-1.0 mlU/mL. The inter-and intra-assay coefficients
of variation were 11.4% and 3.8%, respectively. Since estradiol and FSH show dynamic changes
throughout the menstrual cycle, cycle-day of blood draw (within 2-5 days of the menstrual cycle
or not) was considered when adjusting for these hormones.

Study covariates. Participants had their physical measurements obtained at each study
visit. Body mass index (BMI) was calculated as weight/height?>. Waist circumference was
measured at the level of the natural waist, defined as the narrowest part of the torso as seen from
the anterior aspect. Blood pressure was averaged from 2 sequential measures in the right arm with
the participant seated after at least 5 minutes of rest using appropriate cuff size that was determined
based on arm circumference. Heart rate was created by multiplying beats count per 30 seconds by

2.

53



Appendix Table 4-1: Sensitivity analysis comparing women with observed vs imputed FMP at baseline

Variables* Observed Imputed P-value
N=339 N=128
Age (years) 51.1+2.8 52.1+2.8 0.74
Race, N (%) 0.48
White 216 (64) 86 (67)
Black 123 (36) 42 (33)
Reported financial strain, N (%) 107 (33) 38 (30) 0.82
Current Smoker, N (%) 64 (19) 9(7) 0.002
Physical activity score * 7.9+1.8 8.1+1.7 0.32
BMI (kg/m2) 29.4+6.6 28.845.8 0.34
Waist circumference (cm) 89.6+14.9 87.5+£13.7 0.17
Systolic blood pressure (mmHg) 119.9+16.6 115.8+16.4 0.02
Diastolic blood pressure (mmHg) 76.0+9.6 73.9+9.9 0.04
Heart rate (beats per minute) 71.4+8.9 70.5£10.3 0.39
Total Cholesterol (mg/dl) 201.7+38.8 206.1+34.5 0.27
High-density lipoprotein cholesterol 57.4+14.2 59.2+15.1 0.22
(mg/dl)
Low-density lipoprotein cholesterol 121.6+34.0 120.0+£31.8 0.64
(mg/dl)
Triglycerides (mg/dl), median (Q1, Q3)  97.0(75.0, 135.0)  106.5 (79, 150.5)  0.03
HOMA index, Median (Q1, Q3) 2.0(1.4,3.1) 1.9(1.4,3.1) 0.99
Current medication user ¥, N (%) 66 (19) 26 (20) 0.84
Ever used hormone therapy, N (%) 48 (14) 78 (61) <0.0001
cfPWV (cm/second), median (Q1, Q3) 774.7 (677.8, 761.1 (682.4, 0.99
905.2) 895.1)

* Mean = standard deviation is presented unless specified.

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

I Taking medications for cholesterol, blood pressure, or diabetes.

BMI = body mass index; cfPWV = carotid-femoral pulse-wave velocity; HOMA = homeostasis
model assessment.
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Appendix Table 4-2: Beta estimates from simple linear regression of univariate associations between baseline

study variables and baseline log-transformed carotid-femoral pulse-wave velocity

Variables Beta (SE) P-value
Age (years) 0.013 (0.004) 0.0003
Race

Black 0.09 (0.02) <.0001
White Reference

Financial strain

Hard to pay for basics 0.03 (0.02) 0.15
No financial strain Reference

Current smoking

Yes 0.03 (0.03) 0.27
No Reference

Physical Activity Score -0.02 (0.01) 0.001
BMI (kg/m?) 0.01 (0.001) <.0001
Waist circumference (cm) 0.004 (0.001) <.0001
Systolic blood pressure (mmHg) 0.004 (0.001) <.0001
Diastolic blood pressure (mmHg) 0.005 (0.001) <.0001
Heart rate (beats per minute) 0.002 (0.001) 0.06
Total cholesterol (mg/dl) 0.001 (0.0001) 0.02
High-density lipoprotein cholesterol (mg/dl) -0.002 (0.001) 0.02
Low-density lipoprotein cholesterol (mg/dl) 0.001 (0.0001) 0.005
Triglycerides* (mg/dl) 0.06 (0.02) 0.008
Glucose* (mg/dl) 0.17 (0.07) 0.01
Insulin® (ulU/mL) 0.08 (0.02) <.0001
Homeostatic model assessment™ 0.07 (0.02) <.0001
Current medication user *

Yes 0.11 (0.02) <.0001
No Reference

Age at FMP (years) 0.01 (0.003) 0.02
Estradiol* (pg/mL) -0.01 (0.01) 0.58
FSH* (mIU/mL) -0.01 (0.01) 0.22
Ever used hormone therapy

Yes 0.11 (0.03) <.0001
No Reference

* Log transformed.
1 Taking medications for cholesterol, blood pressure, or diabetes.
I Unknown due to hormone therapy or hysterectomy.

55



BMI = body mass index; CVD = cardiovascular disease; FMP = final menstrual period; FSH =
follicle stimulating hormone.
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Appendix Table 4-3: Sensitivity analyses of annual percent change in carotid-femoral pulse wave velocity in time segments relative to FMP

P-Value for Pairwise Difference

Annual % Change * in cfPWV (95% CI) in Annual Change

Final Model*
inal Mode Segment 1 Segment 2 iigmineta? After Segment Segment Segment

>1 Year Before FMP  Within 1 Year of FMP EMP 1vs.2 1vs.3 2Vs. 3

Analytic Sample

(Women with ;

observed FMP), 0.88 (-0.50, 2.29) 5.74 (2.37,9.21) 0.81 (-2.66,1.08)  0.023 0.127 0.006

n=339

Women with imputed

and observed FMP, 1.13(-0.11, 2.39) 4.75 (1.55, 8.05) * 0.18 (-1.49, 1.88) 0.076 0.321 0.043

n=467

cfPWV' measured at - o1 (.0.76, 2.40) 6.16 (2.21, 10.26) * -1.64(-3.78,054) 0031 0053  0.005

both visits, n=198

* Final Model is adjusted for age at FMP, race, study site, hormone therapy, smoking status systolic blood pressure, waist circumference,
and low-density lipoprotein cholesterol.

T Annual % change was calculated as: e®stimated annual change in log-cfPWV' _1)*10Q,

I P-value < 0.05.

cfPWV = carotid-femoral pulse-wave velocity; FMP = final menstrual period.
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5.0 Manuscript 2: abdominal visceral adipose tissue over the menopause transition and

carotid atherosclerosis: the swan heart study

5.1 Chapter summary

Background/Objectives: The extents to which the menopause transition, beyond
chronological aging, is associated with abdominal visceral adipose tissue (VAT) accumulation and
how this accumulation might relate to carotid atherosclerosis are unknown. The objectives were
to characterize VAT trajectory relative to the final menstrual period (FMP) independent of aging,
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.

Subjects/Methods: Participants were 362 women (at baseline: age was (mean+SD)
51.1+2.8 years; 61% White, 39% Black) with no CVD from the SWAN Heart study. Women had
up to two measurements of VAT and cIMT overtime. Splines determined potential inflection
points of VAT trajectory relative to the FMP. Piecewise-linear random-effects models estimated
changes in VAT trajectory. Random-effects models tested associations of menopause-related VAT
with each cIMT measure, separately. Estimates were adjusted for age at the FMP, body mass index,
and sociodemographic, lifestyle, and CVD risk factors.

Results: The splines revealed a non-linear trajectory of VAT with two inflection points
demarcating 3 time segments: segment 1: >2 years before the FMP, segment 2: 2 years before the
FMP to the FMP, and segment 3: after the FMP. VAT increased significantly by 8.2% (95% CI:
4.1%, 12.5%) and 5.8% (3.7%, 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
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that a 20% greater VAT was associated with a 2.0% (0.8%, 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.

Conclusions: Women experience accelerated increase in VAT starting 2 years before
menopause. This menopause-related increase in VAT is associated with greater atherosclerosis in

the internal carotid artery.

5.2 Introduction

Waist circumference predicts excess risk of cardiovascular disease (CVD) mortality after
menopause irrespective of having normal body weight.*8 With more than 70% of postmenopausal
women having central obesity,'® namely waist circumference >88 cm, it is critical to determine
whether the menopause transition (MT), independent of chronological aging, puts women at
greater risk of accumulating more abdominal fat.

Analyses of regional body fat have suggested that increases in waist circumference during
midlife might be related to the MT.2811! Waist circumference is an overall measure of abdominal
subcutaneous (SAT) and visceral (VAT) adipose tissues. When matching for SAT level, greater
VAT s associated with greater risk of carotid artery atherosclerosis.®>® VAT-secreted
adipocytokines are hypothesized to be the culprit of the heightened atherosclerotic risk.'8” Studies
that examined whether the MT is related to midlife VAT accumulation showed inconsistent results
and were limited by cross-sectional design,'?412> small sample size,*3%3! or insufficient covariate

adjustment.*3! Moreover, none of these studies assessed whether increases in VAT during the MT
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contributed to greater risk of subclinical markers of atherosclerosis known to be influenced by the
MT.14’188

Midlife women experience increases in average carotid artery intima-media thickness
(cIMT) during the late perimenopause stage,'* which typically starts 1-3 years before the final
menstrual period (FMP) and extends to 1 year after the FMP.® Averaged cIMT across all carotid
artery segments is a strong predictor of CVD events.'® However, the internal carotid artery (ICA-
IMT) has a greater predictive power for CVD risk compared with the common carotid artery
(CCA-IMT).2° Since patterns of carotid artery remodeling are segment-specific,'! and in young
adults greater waist circumference predicts greater progression in ICA-IMT but not the other
segments,*®? 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 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 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 carotid measures of atherosclerosis (average cIMT, 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 carotid atherosclerosis.
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5.3 Materials and methods

Study Participants

SWAN is an ongoing multi-ethnic longitudinal study of the MT. Detailed methods are
presented elsewhere.’®® 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. For the current analysis, we excluded women who reported CVD during the follow-up
period (n=11), did not have VAT measurements (n=20), or did not have an observed FMP date
(n=215) as described below. The final analytic sample included 362 women who contributed 595
observations with each woman having one or two measurements over time. 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.
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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,** 133 (62%) of these women 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 (the imputation is described in the Online Supplement).

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 (Acculmage
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. Interobserver reliability was determined by repeat reads on 10 VAT scans, with an

intraclass correlation coefficient of 0.94.19

Carotid Artery Intima-Media Thickness
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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.
Interobserver reliability was determined by repeat reads on 20 cIMT scans, with an intraclass

correlation coefficient of 0.98.1%

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

Online Supplement. Age at FMP, race, study site, and financial strain were time-fixed variables.

63



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 of VAT across
the identified time segments. Segment-specific annual percentage change of VAT was calculated
as (eestimated annual change in log-VAT_1)x1()0. 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.

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 x log(1.2)—1)x100. Multivariable analysis adjusted for factors affecting

atherosclerosis.
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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.

5.4 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 5-1. 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

(Appendix Table 5-1).

VAT Trajectory over the FMP
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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,
respectively, and these estimates remained significant after adjusting for study covariates (Table
5-2; Figure 5-1). 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).

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 5-3). Only the estimate in ICA-IMT of segment 2 remained significant after
adjusting for study covariates (Figure 5-2). 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
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at lower levels of estradiol such that a 20% increase in VAT was associated with a 2.5% (95% ClI:

0.50%, 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 (Appendix Table 5-2, Appendix Table 5-3,

Appendix Table 5-4, Appendix Table 5-5).

5.5 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 carotid atherosclerosis
in women during the MT.

Previous studies showed that premenopausal women gained a significant amount of VAT
as they transitioned to postmenopause,*3° while others showed no gain mainly after adjusting for
age.'?” Analysis 3! 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
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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.

As women traverse menopause, they experience fluctuations in estradiol, a relative
domination of testosterone, and increases in follicle-stimulating hormone.*® 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.'%” 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.

As VAT accumulates, it acts as a metabolic organ that delivers excess free fatty acids into
the portal circulation and secretes proinflammatory adipocytokines.®® These VAT-derived
metabolites are thought to influence atherosclerosis through increasing insulin resistance,
inflammation, and blood pressure and viscosity.®” Epidemiologic studies of the link between VAT
and atherosclerosis measures report mixed results, with some showing an independent relationship
between VAT and measures of carotid atherosclerosis,®>*% while others showing the relationship
to weaken after adjusting for traditional CVD risk factors.!®” 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.1% A
lower cerebral vascular resistance is associated with faster blood flow,*® and estrogen may
contribute to decreasing this resistance via its vasodilatory effects.?? 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.?%! Thus, it is possible that estrogen
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decline around FMP 4 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.

By midlife, >80% of women have one or more traditional CVD risk factor.®2 Moreover,
adverse changes in CVD risk factors and vasculature begin to accumulate during the MT
independent of aging.”1417292 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.?®® Results from meta-analyses showed that lifestyle intervention programs
including aerobic exercise with or without hypocaloric diets reduced CT scan-measured VAT by
30 cm?.204-206 |mportantly, healthy lifestyle during midlife is prospectively associated with less
carotid atherosclerosis.*® Future research should assess whether lifestyle factors targeting central

adiposity in midlife women is associated with favorable cardiovascular outcomes later in life.

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.
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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 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.
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5.6 Tables and figures (manuscript 2)

Table 5-1: Characteristics of study participant at baseline (n=362)

Variables* 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 7.85+1.77
Total daily calorie intake (kcal) 1731.9 (1355.5, 2204.7)
BMI (kg/m?) 29.66 + 6.63
Waist circumference (cm) 89.97 £ 14.79
Systolic blood pressure (mmHgQ) 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)

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 (cm?) 113.0 (78.1, 166.4)
Mean of average carotid IMT (mm) 0.66 (0.60, 0.73)
Mean of common carotid IMT (mm) 0.66 (0.62, 0.73)
Mean of internal carotid IMT (mm) 0.57 (0.50, 0.65)

* Mean * standard deviation is presented unless specified.

T 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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Table 5-2: Annual percentage change in VAT in time segments relative to FMP

Annual Percentage Change in VAT (95% CI) P-Value for Pairwise Difference
t2
Model* Segment 1 5 Yearielg;?s:e EMP to Segment 3 Segment Segment Segment
>2 Years Before FMP EMP After FMP lvs.2 1vs.3 2vs. 3
Unadjusted 0.82 (-2.10, 3.82) 8.20 (4.10, 12.46) 5.77 (3.69, 7.89) 0.01 0.01 0.35
Model 1 3.43 (0.29, 6.68) 8.94 (4.84, 13.19) 6.52 (4.42, 8.65) 0.07 0.11 0.35
Model 2 3.28 (0.16, 6.49) 10.55 (6.37, 14.90) 5.74 (3.62, 7.90) 0.02 0.20 0.07
Model 3 2.25(-0.22,4.77) 7.77 (4.24,11.42) 4.47 (2.72, 6.25) 0.03 0.15 0.14

* Model 1: age at FMP, race, study site, and hormone therapy. Model 2: model 1 + physical activity, alcohol consumption, and daily
calorie intake. Model 3: model 2 + body-mass index.

Bolded estimates indicate P-value < 0.05.
VAT = visceral adipose tissue; FMP = final menstrual period.
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Table 5-3: Percentage change in carotid IMT measures per 20% greater VAT by time segments

Carotid-IMT Measure Estimate (95% CI) P-Value for Pairwise Difference

Model* Segment Segment Segment

Segment 1 Segment 2 Segment 3 1vs. 2 1vs. 3 2 vs. 3

Average Carotid Artery 1 0.59 (-0.04, 1.23) 0.88(0.20, 1.56) 0.94 (0.39, 1.49) 0.49 0.40 0.88
IMT 2 0.52 (-0.07,1.12) 0.86(0.21,1.51) 0.72(0.19, 1.26) 0.39 0.60 0.72

3 0.09 (-0.61, 0.80) 0.38 (-0.39,1.16) 0.27 (-0.41, 0.97) 0.49 0.66 0.78
Common Carotid Artery 1 0.98 (0.32,1.64) 0.79(0.08,1.51) 0.79(0.24, 1.35) 0.67 0.66 1.00
IMT 2 0.85(0.22,1.48) 0.69(0.01,1.38) 0.54(0.01, 1.08) 0.71 0.44 0.70

3 0.23(-0.49,0.95) 0.10(-0.70,0.91) -0.15(-0.83, 0.55) 0.77 0.37 0.56
Internal Carotid Artery 1 0.54 (-0.47,1.55) 1.95(0.83,3.07) 1.08(0.22, 1.95) 0.04 0.41 0.18
IMT 2 0.52 (-0.44,1.50) 2.06(0.98,3.16) 1.01(0.17,1.85) 0.02 0.44 0.10

3 -0.01 (-1.13,1.11) 1.60(0.34,2.87) 0.60(-0.48, 1.69) 0.02 0.34 0.13

* Model 1: main effects of VAT and time segment indicator and their interaction. Model 2: model 1 + age, race, and study site. Model
3: model 2 + smoking, systolic blood pressure, low-density lipoprotein cholesterol, and body-mass index.

Bolded estimates indicate P-value < 0.05.

IMT = intima-media thickness; VAT = visceral adipose tissue.
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Figure 5-1: 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, and body-mass index (model 3)

Error bars represent 95% CI.
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Figure 5-2: 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, and body-mass index.

Bands represent 95 % CI of the prediction.

FMP = final menstrual period; IMT = intima-media thickness.
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5.7 Online supplement (manuscript 2)

Supplemental methods
Covariates

A fasting blood sample was obtained with standardized protocols at both the baseline and
follow-up visits of the SWAN Heart ancillary study. To allow for a standardized hormonal milieu,
the blood sample was drawn during early follicular phase of the menstrual cycle (day 2-5) if
women were still menstruating. If a timed sample could not be obtained, because menstrual cycles
became less regular over time or due to menopause, a random fasting sample was taken within the
90-day period of the corresponding visit. All samples were maintained at 4°C until separated and
then were frozen at -80°C and shipped in dry ice to a central certified laboratory (Medical Research
Laboratories, Highland Heights, Kentucky).

Fasting serum lipids were measured at the Medical Research Laboratories (Lexington,
KY). Total cholesterol and triglyceride levels were analyzed using enzymatic methods on a Hitachi
747 analyzer (Boehringer Mannheim Diagnostics, Indianapolis, IN), and high-density lipoprotein
cholesterol (HDL-C) was isolated using heparin-manganese. Low-density lipoprotein cholesterol
(LDL-C) was calculated using Friedewald equation.'® Estradiol was measured at the University
of Michigan Endocrine Laboratory using the Automated Chemilumisence System —180 automated
analyzer (Bayer Diagnostics Corp., Norwood, MA). Estradiol was measured using a modified, off-
line Automated Chemilumisence System: 180 (E2-6). The lower limit of detection was between 1
and 7 pg/mL. The inter- and intra-assay coefficients of variation averaged were 10.6% and 6.4%,

respectively. Menstrual cycle day of blood draw (within 2-5 days of the menstrual cycle or not)
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was considered when adjusting for estradiol because of its dynamic changes throughout the
menstrual cycle.

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. Women self-reported age, race, calorie intake, smoking
status, alcohol consumption, and whether they had financial strain or ever used hormone therapy.
Physical activity was assessed via Modified Baecke scores of habitual physical activity.1%°
Participants had their physical and blood pressure measurements obtained at each SWAN visit

using standardized protocols.
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Appendix Table 5-1: Comparing Women with Observed vs Imputed FMP at Baseline

Variables* Observed Imputed P-value
N=362 N=133
Age (years) 51.1+2.8 51.3+2.9 0.63
Race, N (%) 0.50
White 222 (61) 86 (65)
Black 140 (39) 47 (35)
Financial strain, N (%) 117 (33) 38 (29) 0.31
Alcohol (drinks/month), N (%) 0.89
1 or less 152 (42) 54 (41)
Between 2 and 4 125 (35) 45 (34)
5 or more 85 (23) 34 (25)
Current Smoker, N (%) 70 (19) 9(7) 0.001
Physical activity score * 7.8+1.8 8.1+£1.7 0.10
: . 1731.9 (1355.5, 1685.4 (1288.7, 0.78
Total daily calorie intake (kcal) 2204.7) 2174.0)
BMI (kg/m?) 29.7+6.6 28.9+5.8 0.22
Waist circumference (cm) 90.0£14.8 87.9£13.8 0.16
Systolic blood pressure (mmHg) 120.9£16.9 116.3£16.6 0.01
Diastolic blood pressure (mmHQ) 76.8+10.1 74.1+10.2 0.01
Total Cholesterol (mg/dl) 201.9+38.7 205.8+34.4 0.30
High-density lipoprotein cholesterol 57.4+14.5 59.3+14.9 0.21
(mg/dl)
Low-density lipoprotein cholesterol 121.6+33.8 120.1+31.7 0.67
(mg/dl)
Triglycerides (mg/dl), median (Q1, 98.5 (75.0, 135.0) 106.0 (79.0, 146.0)  0.07
Q3)
Ever used hormone therapy, N (%) 49 (14) 80 (60) <0.001
Estradiol (pg/mL), median (Q1-Q3) 27.2 (15.0, 76.7) 36.2 (16.3, 63.4) 0.65
Abdominal VAT area (cm?) 113.0 (78.1, 166.4) 103.5(65.1, 158.6) 0.18
Mean of average carotid IMT (mm) 0.66 (0.60, 0.73) 0.65 (0.61, 0.70) 0.39
Mean of common carotid IMT (mm) 0.66 (0.62, 0.73) 0.66 (0.61, 0.71) 0.18
Mean of internal carotid IMT (mm) 0.57 (0.50, 0.65) 0.56 (0.51, 0.66) 0.82

* Mean + standard deviation is presented unless specified.
1 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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Appendix Table 5-2: Annual Percentage Change in VAT in Time Segments Relative to FMP (women with observed and imputed FMP combined,

n=495)

P-Value for Pairwise

Annual Percentage Change® in VAT (95% CI) Difference in Annual Change

Model Segment 1 5 Yearielgg?s:: IEMP to Segment 3 Segment Segment Segment
>2 Years Before FMP EMP After FMP 1vs. 2 1vs. 3 2Vs. 3
Unadjusted 0.84 (-2.01, 3.76) 7.36 (2.90, 12.00) 4.72 (2.70, 6.78) 0.05 0.03 0.35
Model 1 3.31(0.23, 6.48) 8.28 (3.83, 12.92) 5.78 (3.76, 7.83) 0.13 0.19 0.36
Model 2 2.63 (-0.38, 5.74) 9.64 (5.05, 14.44) 5.13 (3.07, 7.23) 0.04 0.18 0.12
Model 3 1.09 (-1.41, 3.65) 6.81 (2.81, 10.97) 3.83 (2.05, 5.65) 0.05 0.08 0.24

* Model 1: age at FMP, race, study site, and hormone therapy. Model 2: model 1 + physical activity, alcohol consumption, and daily
calorie intake. Model 3: model 2 + body-mass index.

1 Annual percentage change was calculated as: (eestimated annual change in log-VAT-1) x 100.

Bolded estimates indicate P-value < 0.05.

VAT = visceral adipose tissue; FMP = final menstrual period.
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Appendix Table 5-3: Annual Percentage Change in VAT in Time Segments Relative to FMP (women who had 2 VAT measurements, n=233)

P-Value for Pairwise

Annual Percentage Change® in VAT (95% CI) Difference in Annual Change

*
Model Segment 1 5 Yearzelgerz?c?:; IEMP to Segment 3 Segment Segment Segment
>2 Years Before FMP EMP After FMP lvs. 2 1vs. 3 2Vvs. 3
Unadjusted 2.02 (-1.20, 5.35) 8.04 (3.83, 12.41) 6.47 (4.28, 8.71) 0.05 0.03 0.56
Model 1 4.59 (1.14, 8.16) 8.94 (4.73, 13.33) 7.36 (5.15, 9.62) 0.17 0.19 0.55
Model 2 4.14 (0.69, 7.71) 10.44 (6.11, 14.96) 6.55 (4.29, 8.85) 0.05 0.25 0.16
Model 3 3.33(0.54, 6.20) 8.35 (4.63, 12.20) 4.94 (3.06, 6.85) 0.06 0.35 0.15

* Model 1: age at FMP, race, study site, and hormone therapy. Model 2: model 1 + physical activity, alcohol consumption, and daily
calorie intake. Model 3: model 2 + body-mass index.

+ Annual percentage change was calculated as: (e®stimated annual change in log-VAT_1) » 1)),

Bolded estimates indicate P-value < 0.05.

VAT = visceral adipose tissue; FMP = final menstrual period.
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Appendix Table 5-4: Percentage Change in Carotid IMT Measures Per 20% Greater VAT by Time Segments (women with observed and imputed FMP

combined, n=495)

Carotid- Model Estimate’ (95% CI) P-Value for Pairwise Difference
IMT * Segment 1 Segment 2 Segment 3 Segment Segment Segment
Measure lvs. 2 1vs. 3 2vs. 3
Average 1 0.64 (0.12, 1.16) 0.87 (0.30, 1.44) 0.99 (0.53, 1.45) 0.51 0.31 0.73
Carotid 2 0.59 (0.09, 1.09) 0.88 (0.33, 1.42) 0.86 (0.41, 1.31) 0.39 0.41 0.96
Artery

IMT 3 0.19 (-0.38,0.76)  0.38 (-0.25,1.01) 0.43(-0.12, 0.98) 0.60 0.48 0.88
Common 1 1.00 (0.46, 1.53) 0.75(0.14, 1.37) 0.73 (0.27,1.19) 0.53 0.45 0.95
Carotid 2 0.89 (0.37, 1.41) 0.66 (0.07, 1.26) 0.53 (0.08, 0.98) 0.54 0.29 0.71
Artery 3

IMT 0.38 (-0.20,0.96) 0.16 (-0.51,0.83) -0.02 (-0.56, 0.53) 0.57 0.25 0.64
Internal 1 0.55 (-0.32, 1.43) 1.88 (0.85, 2.92) 1.26 (0.49, 2.03) 0.03 0.23 0.32
Carotid 2 0.58 (-0.26, 1.42)  2.04 (1.04, 3.05) 1.28 (0.54, 2.04) 0.02 0.21 0.22
Artery 3

IMT 0.06 (-0.89, 1.02) 1.59 (0.48,2.72)  0.89 (-0.04, 1.82) 0.01 0.15 0.25

* Model 1: main effects of VAT and time segment indicator and their interaction. Model 2: model 1 + age, race, and study site. Model
3: model 2 + smoking, systolic blood pressure, low-density lipoprotein cholesterol, and body-mass index.

1 Percentage change per 20% higher VAT was calculated as: (eresective log-VAT beta estimate x log(1.2)—1) x 1()(),

Bolded estimates indicate P-value < 0.05.

IMT = intima-media thickness; VAT = visceral adipose tissue.
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Appendix Table 5-5: Percentage Change in Carotid IMT Measures Per 20% Greater VAT by Time Segments (women who had 2 VAT measurements,

n=233)
Carotid- Model Estimate’ (95% CI) P-Value for Pairwise Difference
IMT * Segment 1 Segment 2 Segment 3 Segment Segment Segment
Measure lvs. 2 1vs. 3 2vs. 3
Average 1 0.64 (-0.04,1.32)  0.98 (0.26, 1.71) 0.92 (0.33, 1.50) 0.41 0.51 0.87
Carotid 2 0.53(-0.11,1.18)  0.88(0.18, 1.58) 0.65 (0.08, 1.23) 0.40 0.77 0.57
Artery
IMT 3 0.02 (-0.73,0.78)  0.28 (-0.57,1.13)  0.08 (-0.67, 0.83) 0.57 0.90 0.64
Common 1 0.99 (0.27, 1.72) 0.78 (0.00, 1.56) 0.73(0.13, 1.34) 0.65 0.58 0.92
Carotid 2 0.87 (0.18,1.57)  0.59 (-0.16,1.35)  0.38 (-0.22, 0.98) 0.54 0.27 0.63
Artery 3
IMT 0.32(-0.48,1.12) 0.01(-0.89,0.91) -0.29 (-1.06, 0.49) 0.53 0.19 0.51
Internal 1 0.85(-0.25,1.97)  2.35(1.14, 3.58) 1.15 (0.22, 2.09) 0.04 0.68 0.08
Carotid 2 0.77 (-0.29,1.84)  2.37 (1.19, 3.56) 1.08 (0.17, 2.00) 0.03 0.64 0.06
Artery 3
IMT 0.17 (-1.04, 1.39) 1.77 (0.38,3.19)  0.56 (-0.63, 1.76) 0.03 0.58 0.08

* Model 1: main effects of VAT and time segment indicator and their interaction. Model 2: model 1 + age, race, and study site. Model
3: model 2 + smoking, systolic blood pressure, low-density lipoprotein cholesterol, and body-mass index.

1 Percentage change per 20% higher VAT was calculated as: (eresective log-VAT beta estimate x log(1.2)—1) x 1()().

Bolded estimates indicate P-value < 0.05.

IMT = intima-media thickness; VAT = visceral adipose tissue.
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6.0 Manuscript 3: trajectories of systolic and diastolic blood pressure in women during

midlife: is the pattern menopause- or aging-related?

6.1 Chapter summary

Background: Whether blood pressure trajectory over women’s midlife is more driven by
chronological aging or the menopause transition (MT) has been debated. Previous studies have
assumed a common blood pressure trajectory over the MT. However, this assumption may have
masked a menopause contribution.

Objectives: To determine whether distinct trajectories of systolic (SBP) or diastolic (DBP)
blood pressure over the MT can be identified, and to test whether menopause-related factors (age
at menopause and time-varying estradiol, follicle-stimulating hormone [FSH], and vasomotor
symptoms) predict the pattern and/or level of blood pressure trajectories.

Methods: Participants were from the Study of Women’s Health Across the Nation
(SWAN). Group-based trajectory modeling (GBTM) was used to identify distinct blood pressure
trajectories over time relative to the final menstrual period (FMP). Linear (suggestive of an aging
effect) or piecewise-linear (suggestive of a menopause contribution) random coefficient models
were then utilized to estimate blood pressure trajectory-specific change relative to the FMP.
Associations of menopause-related factors with pattern and/or level of blood pressure trajectories
were assessed using GBTM.

Results: The analysis included 3,302 women over 17 visits (baseline age[SD]: 46.3[2.7];
47% White, 28% Black, 8% Chinese, 9% Hispanic, and 8% Japanese) with a median follow up of

19.1 years. Women experienced 3 distinct SBP trajectories: A “low-accelerated rise trajectory” (in
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36% of the cohort) with a significant accelerated increase 1 year after the FMP (suggestive of a
menopause contribution); a “medium-linear rise trajectory” (47%) with a monotonic increase over
the MT (suggestive of an aging-related effect); and a “high-slow decline trajectory” (17%) with
an increase up until the FMP followed by a plateau thereafter. An older age at menopause predicted
a higher SBP trajectory. A higher FSH level predicted a lower SBP overtime in the low-accelerated
and medium-linear rise, while presence of vasomotor symptoms predicted a higher SBP overtime
in all SBP trajectories (all P<0.05). Estradiol did not predict SBP trajectory or level. Women
experienced 3 distinct DBP trajectories but none of these trajectories showed a piecewise-linear
increase.

Conclusions: Distinct patterns of SBP trajectories over the MT exist that revealed a group
of women whose SBP trajectory is consistent with a menopause contribution. Our findings support

frequent monitoring of blood pressure during the MT.

6.2 Introduction

Hypertension is an important modifiable risk factor for premature cardiovascular disease,
yet 43% of adult women have hypertension.3%207 Systolic blood pressure (SBP) increases with age
in both sexes, but women’s SBP surpasses that of men after midlife.?°® This phenomenon has
generated interest in investigating the role the menopause transition (MT) may play in blood
pressure trajectory over midlife.?® The MT occurs contemporaneously as women age, and to
investigate whether the MT is associated with blood pressure, longitudinal studies following

women as they traverse menopause are needed.
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After controlling for chronological aging, previous cross-sectional studies on the
association between the MT and blood pressure were inconclusive and findings were
inconsistent.?®® Conflicting findings may have resulted from heterogeneity among the studied
populations.?%® In fact, in White women of normal weight, postmenopausal women had a higher
blood pressure compared with their premenopausal counterparts.l4614¢ However, a similar
association was not observed in overweight White women.%%3 |n contrast, studies on overweight
Asian populations tend to show an association between the MT and blood pressure, 0157 while
blood pressure was similar across MT stages in studies of normal weight Asian women,147:156
Longitudinal studies of multi-ethnic populations mainly found a linear trajectory of blood pressure
over the MT mostly consistent with an aging effect.®%162 However, the literature thus far have
analyzed the overall sample assuming that women share a common blood pressure trajectory. With
existing racial/ethnic differences in hypertension and obesity patterns,® it is expected that blood
pressure in women may have distinct trajectories over the MT. The previous conflicting findings
suggest that blood pressure is possibly vulnerable to menopause or menopause-related factors only
in a group of women with certain intrinsic characteristics.

Declines in estradiol, increases in follicle-stimulating hormone (FSH), and the occurrence
of vasomotor symptoms are the hallmarks of the MT.21%21 |t has been hypothesized that these
menopause-related factors and age at menopause may influence blood pressure.'57212-214 However,
association between these menopause-related factors and blood pressure trajectories over the MT
have not been evaluated thoroughly before. The Study of Women’s Health across the Nation
(SWAN) is a cohort study with prospective and comprehensive assessment of the MT and
concurrent measurements of the associated physical and hormonal changes. Using data from

SWAN, we sought to determine whether distinct trajectories of SBP and diastolic blood pressure
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(DBP) over time relative to the final menstrual period (FMP) can be identified; any trajectory with
age-independent piecewise-linear increase is suggestive of a menopause contribution. We
additionally sought to determine whether age at menopause, and time-varying estradiol, FSH, and

vasomotor symptoms predicted the pattern and/or level of blood pressure trajectories.

6.3 Methods

Study population

SWAN is an ongoing multi-ethnic, multi-site longitudinal study designed to examine
physical, biological, and psychosocial changes in women during midlife. Detailed design and
methods were presented elsewhere.® In brief, 3,302 women were recruited between 1996 and
1997 from seven sites (Detroit, MI; Boston, MA; Chicago, IL; Oakland, CA; Los Angeles, CA;
Newark, NJ; and Pittsburgh, PA). To enroll in SWAN, women had to be aged 42-52 years, have
an intact uterus and at least one ovary with menstrual bleeding within the past three months, not
be pregnant or breast-feeding, and not have used hormone therapy in the past three months.
Women were self-identified as a member of one of five racial/ethnic groups: White (all sites),
Black (Boston, Chicago, Detroit, Pittsburgh), Chinese/Chinese American (Oakland), Hispanic
(Newark) or Japanese/Japanese American (Los Angeles). The institutional review board at each
site approved the study protocol, and all participants signed informed consent before participation.
Women in the current study were followed for up to 17 visits. Data from all SWAN women were

included (n=3,302) in this analysis.

Time anchored to FMP
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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 1498 (45%)
women due to hormone therapy, hysterectomy, or bilateral oophorectomy. Because SWAN is a
study of the menopause transition, having FMP dates for all participants is essential to characterize
menopause-related changes and be able to generalize results to women represented by SWAN.
Therefore, SWAN has dedicated careful attention to multiply imputing the unobserved FMP dates
using a wealth of demographic and longitudinal characteristics known in the literature to influence
age at the FMP. Our method of imputation accounts for the uncertainty in the imputation by
incorporating within and between imputation variability in the estimates.'®* Not to mention the
increase in sample size and precision, the advantages of reducing bias by including both women
with observed and imputed FMP dates outweigh errors due to imputing the data.*** A fuller

description of the imputation process is in the Online Supplement.

Blood pressure measurement

Blood pressure was measured at all visits except the 14" follow-up visit. Women had not
smoked or consumed any caffeinated beverage within 30 minutes of blood pressure measurement.
Blood pressure measurements were taken after at least 5 minutes of rest using appropriate cuff size
that was determined based on arm circumference. Blood pressure measurements were averaged
from 2 sequential measures in the right arm with the participant seated with feet flat on the floor
(legs uncrossed) and refraining from talking during the measurements. To account for the effect

of blood pressure medications, we imputed untreated values by adding 10 and 5 mmHg to the
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observed SBP and DBP values while using medications, respectively.?%¢21> SBP and DBP were

treated as time-varying variables in analyses.

Blood assays

To allow for a standardized hormonal milieu, a fasting blood sample was drawn during
early follicular phase of the menstrual cycle (day 2-5) if women were still menstruating. If a timed
sample could not be obtained, because menstrual cycles became less regular over time or due to
menopause, a random fasting sample was taken within 90-days of the corresponding visit. All
samples were maintained at 4°C until separated and then were frozen at -80°C and shipped in dry
ice to a central certified laboratory (Medical Research Laboratories, Highland Heights, Kentucky).

Endogenous sex hormones were measured at the University of Michigan Endocrine
Laboratory using the Automated Chemilumisence System —180 automated analyzer (Bayer
Diagnostics Corp., Norwood, MA). Estradiol was measured at all SWAN visits except the 111" and
141-16" follow-up visits. Estradiol was measured using a modified, off-line Automated
Chemilumisence System: 180 (E2-6). The lower limit of detection (LLD) was between 1 and 7
pg/mL. The inter- and intra-assay coefficients of variation were 10.6% and 6.4%, respectively.?6
FSH was measured at all SWAN visits except the 11, 14™, and 16" follow-up visits. FSH was
measured by a modification of a manual assay kit (Bayer Diagnostics) utilizing two monoclonal
antibodies directed to different regions on the beta subunit. The LLD was between 0.4-1.0
mIU/mL. The inter-and intra-assay coefficients of variation were 11.4% and 3.8%, respectively.?
Since estradiol and FSH show dynamic changes throughout the menstrual cycle, cycle-day of
blood draw (within 2-5 days of the menstrual cycle or not) was considered when analyzing these

hormones. Estradiol and FSH were treated as time varying variables in analyses.
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Study covariates

At each visit, participants completed self and interviewer-administered questionnaires that
included assessment of sociodemographic and life-style factors and medical history. Age,
race/ethnicity, education, income, financial strain, smoking status, alcohol consumption, presence
of hot flashes or night sweats, and hormone therapy were self-reported. Blood pressure
medications were self-reported and interviewer-verified from medication container labels. Body
mass index (BMI) was calculated as weight/height?. Hot flashes and night sweats were measured
at all visits except the 16™ follow-up visit. Women reporting either hot flashes or night sweats were
considered as having vasomotor symptoms. VVasomotor symptoms were treated as a time-varying

variable. Unless specified, other study covariates were obtained from the baseline visit.

Statistical analysis

To disentangle the menopause contribution on blood pressure from chronological aging,
time in years was anchored to the FMP.° Data points 13 years before and 15 years after the FMP
were dropped from the analysis due to small number of participants. We used group-based
trajectory modeling (GBTM) to detect distinct trajectories of blood pressure over the MT. GBTM
uses finite mixture modeling to identify distinct groups that share common developmental
trajectory while accounting for classification uncertainty.*6® To allow for flexibility in estimating
the shapes of blood pressure trajectories, we tested linear, quadratic, cubic, and quartic terms of
time and retained the highest significant term with the corresponding lower terms.163 We

determined the number of groups based upon Bayesian Information Criterion and reasonable
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scientific plausibility. For women with imputed FMP dates, we used the mean of the multiply
imputed FMP dates for the GBTM.

Within each SBP and DBP trajectory group identified via GBTM, a pattern with inflection
points around the FMP was suggestive of a menopause contribution. Potential inflection points
around the FMP were identified via plotting repeated measures of SBP and DBP in each trajectory
group using locally weighted scatterplot smoothing (LOWESS). Piecewise-linear random
coefficients models were then used to test the year of inflection initially identified via LOWESS.
To fine tune the identified inflection year, we additionally tested £6 months. The multivariable
analysis adjusted for age at menopause, race/ethnicity, study site, and baseline BMI. Established
techniques of analyzing multiply imputed data were used in the random coefficients models.1%*

We explored predictive associations of menopause-related factors with blood pressure
trajectories that showed piecewise-linear increases. Multinomial logistic and multiple linear
regression within GBTM were used to estimate the odds ratio of trajectory group membership for
baseline variables and beta coefficient of blood pressure level for time-varying covariates,
respectively. This model adjusted for race/ethnicity, study site, and baseline BMI. Menopause-
related factors hypothesized to predict membership in a blood pressure trajectory group were age
at menopause (categorized into: before 51 years, between 51 and 53 years, and after 53 years) and
baseline estradiol, FSH, and vasomotor symptoms. Menopause-related factors hypothesized to
predict blood pressure level within each trajectory group were time-varying estradiol, FSH, and
vasomotor symptoms.

We compared baseline characteristics between women with observed and imputed FMP
dates and conducted additional sensitivity analyses restricted to women with an observed FMP.

An additional sensitivity analysis adjusted further for time-varying hormone therapy. We also ran
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models without imputing untreated blood pressure values. All analyses were performed with SAS

9.4 (SAS Institute, Cary NC) with a significance level set at 0.05.

6.4 Results

Distinct blood pressure trajectories

Using 32,967 observations of data spanning 28 years across the MT with a median follow-
up of 19.1 years, three trajectories of SBP were identified (figure 1): Low-accelerated rise (36%)
with an accelerated increase 1 year after the FMP; medium-Ilinear rise (47%) with a monotonic
increase over the MT; and high-slow decline (17%) with an accelerated increase up until the FMP
followed by a plateau thereafter. White, Chinese, and Japanese women were more likely to follow
the low-accelerated rise trajectory. Hispanic women were more likely to follow the medium-linear
rise trajectory. Black women were more likely to follow the high-slow decline SBP trajectory. A
greater BMI was associated with a higher SBP trajectory. Table 1 shows other baseline
characteristics by SBP trajectory group. About 77% of women showed a low and a medium-linear
increase in DBP, while 23% showed a high-accelerated decline (figure 2). Online table 1 shows

baseline characteristics by DBP trajectory group.

Blood pressure group-specific rate of change: linear vs piecewise-linear
The SBP low-accelerated rise group showed a piecewise-linear increase with a significant
inflection point at 1 year after the FMP consistent with a menopause-related increase (table 2).

However, the SBP medium-linear rise group showed a linear increase consistent with an aging
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effect. The SBP high-slow decline showed a significant inflection point at the FMP. None of the

DBP trajectories showed a piecewise-linear increase (table 2).

Menopause-related predictors of SBP trajectories

Relative to the SBP medium-linear rise group and women with age at menopause between
51 and 53 years, women with a younger age at menopause were more likely to follow the low-
accelerated rise, while women with an older age at menopause were more likely to follow the high-
slow decline SBP trajectory (table 3). FSH predicted a lower SBP overtime in the low-accelerated
and medium-linear rise, while vasomotor symptoms predicted a higher SBP overtime in all the

trajectories. Baseline or time-varying estradiol did not predict SBP pattern or level, respectively.

Sensitivity analyses

Women with imputed and observed FMP showed small differences in baseline
demographic variables, smoking and blood pressure variables (online table 2). Analyses restricted
to women with observed FMP resulted in similar conclusions (online figure 1 and online tables
3-5). Adjusting for time-varying hormone therapy did not affect results (data not shown). As
expected, analyses using observed blood pressure values in women using antihypertensive
medications instead of imputed untreated values resulted in lower blood pressure level and change

estimates, but the overall conclusions were not affected (data not shown).
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6.5 Discussion

Using data from SWAN, one of the largest and longest study-to-date of the menopause
transition in the US, we identified three distinct trajectories of SBP: Low-accelerated rise, medium-
linear rise, and high-slow decline. We identified a group of women, the low-accelerated rise SBP
group, whose SBP showed a piecewise-linear trajectory with an inflection point at 1 year after the
FMP consistent with a menopause-related increase. For the majority of women in our study who
followed the medium-linear rise, however, SBP followed a linear trajectory that is consistent with
a chronological aging effect. In the high-slow decline SBP group, SBP increased up until the FMP
followed by a menopause-related plateau thereafter. White, Chinese, and Japanese women were
more likely to follow the low-accelerated rise trajectory; Hispanic women were more likely to
follow the medium-linear rise trajectory; while Black women were more likely to follow the high-
slow decline SBP trajectory. Although we identified three distinct trajectories of DBP, none of
these trajectories showed a piecewise linear increase suggesting that increases in DBP were not
menopause-related. Contrary to previous studies that found an average linear SBP trajectory over
the MT consistent with aging effect, the current findings suggest that women cluster in different
SBP trajectories that differ in level, pattern, and relationship with menopause and its related
factors. Our findings highlight the period of the MT when SBP is likely to show an accelerated
increase. Therefore, frequent and timely monitoring of CVD risk factors in women transitioning
through menopause represents a window for counselling and stressing lifestyle changes.?%

Although the SBP low-accelerated rise trajectory is consistent with a menopause
contribution, that does not directly indicate that women following this trajectory are at high risk
of elevated blood pressure complications. However, previous studies have shown a graded log-

linear association between SBP and CVD death down to a SBP of 115 mmHg without a clear
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threshold.?!” Among healthy midlife men and women without previous histories of hypertension
or other traditional CVD risk factors, the presence of coronary artery calcium and the risk of
incident CVD showed a stepwise increase with increasing SBP starting with SBP as low as 90
mmHg.?8 The increased CVD risk associated with SBP increase also holds across a broad age
spectrum, starting as young as 30 years.?*® Whether the acceleration in SBP one year after the
FMP in women following the low-accelerated rise trajectory predicts future clinical complications
remains to be explored.

Women following the SBP high-slow decline and the DBP high-accelerated decline
trajectories showed interesting phenomena of plateau and decrease at the FMP, respectively. A
previous NHANES analysis noticed a similar SBP plateauing in Black and Mexican American
women and a similar DBP decrease in White, Black, and Mexican American women around age
60.22° Our study extends these observations into a longitudinal context by showing that Black
women with high SBP, who tended to follow the high-slow decline trajectory, may experience a
plateau in SBP after menopause. Although requiring further investigation, this plateau in the high-
slow decline SBP trajectory appears to be a different phenomenon from the late-life SBP decrease
which greatly steeps around age 80.2%

In other work, greater serum levels of endogenous estradiol during the menstrual cycle or
pregnancy are inversely related to SBP.??2 Additionally, surgically induced menopause increases
SBP within a few weeks.??? Evidence suggests vasodilatory effect of endogenous estradiol with
subsequent decreases in SBP, thus it was hypothesized that estradiol depletion during the MT
would be associated with a higher SBP. However, our results did not support this hypothesis. In
fact, previous studies found no link between endogenous estradiol and SBP level or risk of incident

hypertension.??#225 |t is hypothesized that the vasodilatory and cardio-protective actions of
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endogenous estradiol are mediated in part through its metabolites.??® 2-methoxyestradiol is an
estradiol metabolite that has an estrogen receptor-independent growth inhibitory effects on smooth
muscle and endothelial cells.??® Interestingly, estradiol metabolites, but not estradiol, were
associated with a lower SBP in postmenopausal women.??’ These results highlight the complexity
of the MT and future studies should compare estradiol metabolite levels and its potential vascular
functions across the stages of the MT.

Age at menopause showed no,*® or even inverse,'>’ associations with blood pressure level
in previous cross-sectional studies. In a longitudinal study, rate of change in SBP over the MT did
not differ among women with different ages at menopause.??® However, our results did not align
with previous studies as we uniquely showed that age at menopause has a direct association with
SBP trajectory groups, such that an older age at menopause predicted a higher SBP trajectory. This
disagreement across the studies may have resulted from the potential recall bias of age at
menopause in cross-sectional studies or from our different analytic approach that assumed the
presence of distinct SBP trajectories over the MT.

Women transitioning through menopause frequently report vasomotor symptoms.??® A
previous analysis in SWAN showed that premenopausal vasomotor symptoms predicted a higher
risk of incident hypertension.?*? Although the exact mechanism linking vasomotor symptoms with
SBP is not completely understood, evidence of greater sympathetic nervous system activation in
women reporting vasomotor symptoms may be one plausible mechanism.?% Our findings extend
the previous SWAN analysis by showing vasomotor symptoms predicting a higher SBP overtime
regardless of the SBP trajectory.

In women, FSH is known for its gonadal functions of follicular growth initiation and

maturation. The presence of extragonadal functions of FSH was hypothesized after finding FSH
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receptors expressed on blood vessels,?*! adipose tissues,?®? and the liver.2*3 In fact, greater FSH
predicted a lower SBP in a cross-sectional analysis among Chinese women.?3 We showed a
similar inverse association overtime between FSH and SBP in the low-accelerated and the
medium-linear rise trajectories, but not the high-slow decline trajectory. It is hypothesized that
FSH has an angiogenesis property that is mediated through increasing vascular endothelial growth
factor (VEGF).?3* In turn, VEGF showed an inverted U-shaped association with CVD events with
the lowest risk experienced at the lower and upper end of the distribution.?®> However, it is not
understood how FSH may reduce SBP; the underlying pathological mechanisms remain to be
elucidated in future studies.

Major strengths of our study include the careful prospective characterization of the timing
of the FMP, concurrent measurements of endogenous sex hormones and menopause-related
factors, the multiethnic composition of SWAN, and the analytic technique that allowed linking
menopause related factors with distinct SBP trajectories. This work includes some limitations. We
did not observe the FMP in 45% of women. Additionally, for women without observed FMP,
GBTM does not offer the option of including uncertainty of the imputation in determining
trajectories of blood pressure. However, sensitivity analysis excluding women without observed
FMP did not alter our conclusions. By follow-up visit 14, >99% of SWAN women have reached
FMP and thus we defined attrition as women lost to follow-up before visit 14. We had 28% attrition
rate and blood pressure trajectory groups directly predicted attrition. However, relaxing the
assumption that attrition is independent of the trajectories by building the missing data mechanism
into the GBTM resulted in a similar group sizes and shapes. As suggested by Haviland et al.?3,
when trajectory groups are well separated, as in our case, attrition will effectively be at random

and building the missing data structure into the model is not needed.
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Conclusions

Distinct patterns of SBP trajectories over the MT exist that revealed a group of women
following the low-accelerated rise trajectory consistent with a menopause contribution. Our
findings support frequent monitoring of blood pressure during the MT. Additionally, menopause-
related factors including age at menopause, vasomotor symptoms, and FSH predicted SBP pattern
and level overtime. Future work should investigate potential mechanisms by which the MT may

accelerate SBP increase.
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Figure 6-1: Trajectories of systolic blood pressure over the menopause transition (n=3302)
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Panel A: Systolic blood pressure represents the predicted mean at each time point within each trajectory group from group-based

trajectory modelling. No factors were included in the model.
Panel B: LOWESS curves of systolic blood pressure values over the menopause transition by trajectory groups. Black lines correspond

to smoothing level=0.70, while transparent black lines correspond to smoothing level=0.30.
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Figure 6-2: Trajectories of diastolic blood pressure over the menopause transition (n=3302)

Panel A: Diastolic blood pressure represents the predicted mean at each time point within each trajectory group from group-based
trajectory modelling. No factors were included in the model.

Panel B: LOWESS curves of diastolic blood pressure values over the menopause transition by trajectory groups. Black lines correspond
to smoothing level=0.70, while transparent black lines correspond to smoothing level=0.30.
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Table 6-1: Baseline characteristics of study participants by SBP trajectory group

Low-accelerated  Medium-linear High-slow p

Variable* Total, n=3302 rise rise decline

1185 (36%) 1559 (47%) sss(17%)  Alue

Age (years) 46.34 £ 2.69 46.04 £ 2.59 46.39 £ 2.68 46.83+2.84 <.0001

Race/ethnicity, N (%) <.0001
White 1551 (47.0) 716 (60.4) 703 (45.1) 132 (23.7)

Black 934 (28.3) 154 (13.0) 445 (28.5) 335 (60.0)
Chinese 250 (7.6) 135 (11.4) 95 (6.1) 20 (3.6)
Hispanic 286 (8.7) 25 (2.1) 208 (13.3) 53 (9.5)
Japanese 281 (8.5) 155 (13.1) 108 (6.9) 18 (3.2)

Education, N (%) <.0001
Less than high school 238 (7.3) 36 (3.0) 149 (9.7) 53 (9.6)

Some College 1632 (49.9) 500 (42.3) 799 (51.9) 333 (60.4)
College Degree or higher 1401 (42.8) 645 (54.6) 591 (38.4) 165 (29.9)

Income, N (%) <.0001
<$35,000 1004 (31.3) 241 (20.9) 519 (34.2) 244 (45.1)
$35,000-$75,000 1308 (40.7) 498 (43.2) 605 (39.9) 205 (37.9)
>$75,000 900 (28.0) 414 (35.9) 394 (26.0) 92 (17.0)

Financial Strain, N (%) 1312 (40.0) 359 (30.4) 663 (42.9) 290 (52.2) <.0001

Smoking Status, N (%) <.0001
Never 1890 (57.3) 710 (60.0) 895 (57.4) 285 (51.1)

Past 830 (25.2) 311 (26.3) 390 (25.0) 129 (23.1)
Current 580 (17.6) 162 (13.7) 274 (17.6) 144 (25.8)

Alcohol drinks per week, N (%) 0.001

None 1553 (49.6) 532 (47.3) 719 (48.4) 302 (57.9)
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Low-accelerated  Medium-linear High-slow

Variable* Total, n=3302 rise rise decline P
1185 (36%) 1559 (47%) ssg(17%)  Alue

<1 326 (10.4) 108 (9.6) 170 (11.4) 48 (9.2)

1-7 813 (25.9) 306 (27.2) 396 (26.6) 111 (21.3)

>7 441 (14.1) 179 (15.9) 201 (13.5) 61 (11.7)
Systolic blood pressure (mmHg) 117.85+17.03 104.80 + 8.49 119.41+£10.96 141.19+17.73 <.0001
Diastolic blood pressure (mmHg) 75.48 +10.52 68.91 + 7.65 76.91+8.77 85.37£11.00 <.0001
Blood pressure medication, N (%) 471 (14.3) 28 (2.4) 182 (11.7) 261 (46.8) <.0001
BMI 28.26 £7.21 24.69 =+ 4.98 29.20 £ 6.88 33.34+£8.24 <.0001
Age at FMP (years) 52.07 £ 2.85 51.72 £ 2.67 52.30 £ 2.95 5226 +293  0.001
Vasomotor symptoms, N (%) 1287 (39.2) 384 (32.7) 622 (40.1) 281 (50.6) <.0001
Estradiol (pg/mL), Median (Q1, Q3) 55.2(33.0,88.7) 58.0(34.3,89.7) 55.1(32.8,88.7) 50'55(;;['8’ 0.13
Follicle-stimulating hormone (mIU/mL), 16.1 (10.9,
Median (Q1. Q3) & 15.9(10.8,26.4) 16.1(11.0,27.1) 15.8(10.6,26.2) 25.4) 0.29

Hormone therapy, N (%) 6 (0.2) 1(0.1) 4 (0.3) 1(0.2) 0.58

* Mean = SD is presented unless otherwise specified
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Table 6-2: Annual change in blood pressure (mmHg) in time segments, by trajectory groups, (n=3302)*

Blood Trajectory Group 0 Inflection point Change in SBP (95% CI) P-Value for

pressure Before inflection After inflection Difference
High-slow decline 558 FMP 0.47 (0.22, 0.73) -0.13 (-0.33, 0.07) 0.001

Systolic Medium-linear rise 1559 N/A 0.67 (0.62, 0.71) N/A
Low-accelerated rise 1185 1year after FMP  0.24 (0.17, 0.30) 0.78 (0.72, 0.85) <0.0001
High-accelerated decline 763 FMP 0.08 (-0.04,0.19)  -0.36 (-0.43, -0.28) <0.0001

Diastolic ~ Medium-linear rise 1609 N/A 0.13(0.10, 0.16) N/A
Low-linear rise 930 N/A 0.13 (0.10, 0.16) N/A

* Models adjusted for age at the FMP, site, race/ethnicity, and SWAN baseline body-mass index
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Table 6-3: Predictors of SBP trajectory group membership and level across the menopause transition, (n=3302) *

SBP trajectory group, n (%)

Variables * Low-accelerated rise Medium-linear rise High-slow decline
1158 (36%) 1559 (47%) 558 (17%)

Predictors of SBP trajectory group membership, OR (95% CI) 2
Race/ethnicity

White 1 [ref] [ref] 1 [ref]
Black 0.32 (0.23,0.43) [ref] 3.35(2.49, 4.52)
Hispanic 0.36 (0.12, 1.11) [ref] 2.30 (0.97, 5.45)
Japanese 0.46 (0.29, 0.73) [ref] 1.53 (0.61, 3.81)
Chinese 0.39 (0.24, 0.63) [ref] 3.26 (1.21, 8.81)
Baseline BMI (per 1-unit increase) 0.86 (0.84, 0.88) [ref] 1.07 (1.05, 1.09)
Age at menopause
Before 51 years 1.79 (1.37, 2.34) [ref] 1.18 (0.87, 1.62)
Between 51 and 53 years 1 [ref] [ref] 1 [ref]
After 53 years 0.74 (0.58, 0.94) [ref] 1.47 (1.10, 1.96)
Baseline estradiol T (per 1-SD increase)  0.99 (0.88, 1.11) [ref] 1.06 (0.92, 1.22)
Baseline FSH T (per 1-SD increase) 0.96 (0.85, 1.09) [ref] 1.06 (0.93, 1.22)
Baseline vasomotor symptoms 0.83 (0.67, 1.03) [ref] 1.37 (1.08, 1.74)
Predictors of SBP level overtime within each trajectory group, beta (SE) 2
Estradiol T (per 1-SD increase) -0.05 (0.12) -0.12 (0.12) 0.03 (0.20)
FSH 7 (per 1-SD increase) -0.45 (0.11) -0.39 (0.11) -0.19 (0.18)
Vasomotor symptoms 1.10 (0.26) 1.19 (0.26) 1.46 (0.44)

* Bold indicates P-value <0.05

1 Model further adjusted for site and cycle-day of blood draw

1 Log-transformed

2 Estimates of SBP trajectory group membership and level are from the same GBTM.
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Appendix Table 6-1: Baseline characteristics of study participants by DBP trajectory group

Low-linear Medium-linear High-accelerated
Variable* rise rise decline P
930 (28%) 1609 (49%) 763 (23%) value

Age (years) 46.13 £ 2.63 46.28 £ 2.67 46.72 £ 2.76 <.0001

Race/ethnicity, N (%) <.0001
White 543 (58.4) 774 (48.1) 234 (30.7)

Black 165 (17.7) 424 (26.4) 345 (45.2)
Chinese 119 (12.8) 91 (5.7) 40 (5.2)
Hispanic 4 (0.4) 189 (11.7) 93 (12.2)
Japanese 99 (10.6) 131 (8.1) 51 (6.7)

Education, N (%) <.0001
Less than high school 38 (4.1) 133 (8.4) 67 (8.8)

Some College 434 (47.0) 780 (49.1) 418 (55.1)
College Degree or higher 452 (48.9) 676 (42.5) 273 (36.0)

Income, N (%) <.0001
<$35,000 216 (23.9) 503 (32.1) 285 (38.4)
$35,000-$75,000 397 (44.0) 625 (39.9) 286 (38.5)
>$75,000 289 (32.0) 439 (28.0) 172 (23.1)

Financial Strain, N (%) 290 (31.3) 658 (41.3) 364 (48.0) <.0001

Smoking Status, N (%) 0.14
Never 559 (60.2) 897 (55.8) 434 (56.9)

Past 228 (24.5) 418 (26.0) 184 (24.1)
Current 142 (15.3) 293 (18.2) 145 (19.0)

Alcohol drinks per week, N (%) 0.62

None 447 (50.7) 739 (48.4) 367 (50.7)
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Low-linear

Medium-linear

High-accelerated

Variable* rise rise decline P
930 (28%) 1609 (49%) 763 (23%) value

<1 98 (11.1) 157 (10.3) 71 (9.8)

1-7 216 (24.5) 403 (26.4) 194 (26.8)

>7 121 (13.7) 228 (14.9) 92 (12.7)
Systolic blood pressure (mmHg) 105.56 +10.71 117.27 £13.03 134.09 £ 17.56 <.0001
Diastolic blood pressure (mmHg) 66.03 £ 7.03 75.63 +7.10 86.67 + 8.84 <.0001
Blood pressure medication, N (%) 43 (4.6) 158 (9.8) 270 (35.4) <.0001
BMI 25.53 +6.01 28.50 + 7.10 31.14 +7.57 <.0001
Age at FMP (years) 51.88 £ 2.76 52.11 +2.90 52.24 + 2.87 0.16
Vasomotor symptoms, N (%) 324 (35.1) 620 (38.8) 343 (45.1) 0.0001
Estradiol (pg/mL), Median (Q1, Q3) 56.;37(.3;1.1, 55.4 (33.5, 88.4) 53.2 (31.5,91.4) 0.67
Follicle-stimulating hormone (mIU/mL), Median (Q1, 15.9 (11.0, 16.0 (10.8, 26.9) 15.7 (10.6, 25.5) 0.78
Q3) 26.3)
Hormone therapy, N (%) 0 (0) 4 (0.2) 2(0.3) 0.31

* Mean + SD is presented unless otherwise specified.
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Appendix Table 6-2: Comparing women with observed vs imputed fmp at baseline

Observed FMP, Imputed FMP

Variable® n=1804 (55%) n= I1)498 @5%,) | value

Age (years) 46.36 + 2.66 46.31 +2.72 0.58

Race/ethnicity, N (%) <.0001
White 820 (45.5) 731 (48.8)

Black 507 (28.1) 427 (28.5)
Chinese 174 (9.6) 76 (5.1)
Hispanic 98 (5.4) 188 (12.6)
Japanese 205 (11.4) 76 (5.1)

Education, N (%) 0.01
Less than high school 119 (6.6) 119 (8.0)

Some College 862 (48.1) 770 (52.1)
College Degree or higher 811 (45.3) 590 (39.9)

Income, N (%) 0.04
<$35,000 519 (29.6) 485 (33.2)
$35,000-$75,000 745 (42.5) 563 (38.6)
>$75,000 489 (27.9) 411 (28.2)

Financial Strain, N (%) 681 (37.9) 631 (42.5) 0.01

Smoking Status, N (%) 0.001
Never 1075 (59.6) 815 (54.4)

Past 447 (24.8) 383 (25.6)
Current 281 (15.6) 299 (20.0)

Alcohol drinks per week, N (%) 0.12
None 881 (51.3) 672 (47.5)
<1 172 (10.0) 154 (10.9)

1-7 441 (25.7) 372 (26.3)
>7 224 (13.0) 217 (15.3)

Systolic blood pressure (mmHg) 117.22 £ 17.36 118.62 £ 16.59 0.02

Diastolic blood pressure (mmHg) 74.96 +10.53 76.09 +10.49 0.002

Blood pressure medication, N (%) 238 (13.2) 233 (15.6) 0.053

BMI 28.05+7.33 28.53 £ 7.05 0.06

Age at FMP (years) 52.09 +2.85 51.81+20901 0.33

Vasomotor symptoms, N (%) 652 (36.3) 635 (42.7) 0.0002

Estradiol (pg/mL), Median (Q1, Q3) 55.2 (32.8, 87.5) 55.2 (33.2, 91.6) 0.64
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Variable* Observed FMP, Imputed FMP P value
ariable n=1804 (55%) n= 1498 (45%)
Follicle-stimulating hormone (mIU/mL),
15.7 (11.0, 25. 15.9 (10.5, 27.4 0.97
Median (Q1, Q3) 5.7 (11.0,25.6) 59 (105, )
4 (0.3) 0.29

Hormone therapy, N (%) 2(0.1)

* Mean + SD is presented unless otherwise specified
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Appendix Figure 6-1: Trajectories of systolic blood pressure over the menopause transition (n=1804), observed FMP only

Panel A: Systolic blood pressure represents the predicted mean at each time point within each trajectory group from group-based
trajectory modelling. No factors were included in the model.

Panel B: LOWESS curves of systolic blood pressure values over the menopause transition by trajectory groups. Black lines
correspond to smoothing level=0.70, while transparent black lines correspond to smoothing level=0.30.
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Appendix Table 6-3: Baseline characteristics of study participants by trajectory group (observed FMP only)

Low-accelerated Medium-linear High-slow p

Variable* Total, n=1804 rise rise decline

711 (40%) 799 (44%) 294 (16%)  YAlue

Age (years) 46.36 +£2.66 46.05 +2.58 46.41 £ 2.66 4698 £2.74  <.0001

Race/ethnicity, N (%) <.0001
White 820 (45.5) 411 (57.8) 349 (43.7) 60 (20.4)

Black 507 (28.1) 74 (10.4) 243 (30.4) 190 (64.6)
Chinese 174 (9.6) 103 (14.5) 60 (7.5) 11 (3.7)
Hispanic 98 (5.4) 10 (1.4) 67 (8.4) 21 (7.1)
Japanese 205 (11.4) 113 (15.9) 80 (10.0) 12 (4.1)

Education, N (%) <.0001
Less than high school 119 (6.6) 24 (3.4) 68 (8.6) 27 (9.3)

Some College 862 (48.1) 289 (40.8) 386 (48.7) 187 (64.3)
College Degree or higher 811 (45.3) 395 (55.8) 339 (42.7) 77 (26.5)

Income, N (%) <.0001
<$35,000 519 (29.6) 145 (21.0) 241 (30.9) 133 (47.0)
$35,000-$75,000 745 (42.5) 296 (42.8) 340 (43.6) 109 (38.5)
>$75,000 489 (27.9) 250 (36.2) 198 (25.4) 41 (14.5)

Financial Strain, N (%) 681 (37.9) 204 (28.8) 318 (40.1) 159 (54.1) <.0001

Smoking Status, N (%) <.0001
Never 1075 (59.6) 447 (63.0) 474 (59.3) 154 (52.4)

Past 447 (24.8) 181 (25.5) 196 (24.5) 70 (23.8)
Current 281 (15.6) 82 (11.5) 129 (16.1) 70 (23.8)

Alcohol drinks per week, N (%) 0.01

None 881 (51.3) 330 (48.4) 387 (50.7) 164 (60.3)
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Low-accelerated

Medium-linear High-slow

Variable* Total, n=1804 rise rise decline P
711 (40%) 799 (44%) 294 (16%)  YAlue

<l 172 (10.0) 61 (8.9) 91 (11.9) 20 (7.4)

1-7 441 (25.7) 187 (27.4) 192 (25.1) 62 (22.8)

>7 224 (13.0) 104 (15.2) 94 (12.3) 26 (9.6)
Systolic blood pressure (mmHg) 117.22 £17.36 105.02 + 8.60 11930+ 11.84 141.02+18.73 <.0001
Diastolic blood pressure (mmHg) 74.96 = 10.53 69.09 + 7.67 76.52 +£9.14 8491 £11.04 <.0001
Blood pressure medication, N (%) 238 (13.2) 15(2.1) 96 (12.0) 127 (43.2) <.0001
BMI 28.05 +7.33 24.31 £4.89 29.38 £7.09 33.55+8.19  <.0001
Age at FMP (years) 52.09 +2.85 51.72 +£2.68 52.33+2.091 52.32+297  0.0004
Vasomotor symptoms, N (%) 652 (36.3) 212 (30.0) 295 (37.0) 145 (49.7) <.0001
Estradiol (pg/mL), Median (Q1, Q3) 55.2(32.8,87.5) 57.6(34.2,88.4) 55.8(32.5,86.1) 49.8(32.0,85.2) 0.40
Follicle-stimulating hormone (mIU/mL), 15.7(11.0,25.6) 16.1(11.0,27.5) 15.2(10.9,23.7) 16.6(11.3,25.5) 0.07

Median (Q1, Q3)

* Mean + SD is presented unless otherwise specified
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Appendix Table 6-4: Annual change in SBP (mmHg) in time segments, by trajectory groups* (observed FMP only)

Change in SBP (95% CI)

Trajectory Grou n Inflection point
. y P P Before inflection  After inflection

P-Value for Difference

High-slow decline 294 FMP 0.72 (0.35,1.09) -0.20 (-0.45, 0.05) 0.0003
Medium-linear rise 799 N/A 0.72 (0.66, 0.79) N/A
Low-accelerated rise 711 1 year after FMP 0.20 (0.12,0.27) 0.77 (0.69, 0.85) <0.0001

* Models adjusted for age at the FMP, site, race/ethnicity, and SWAN baseline body-mass index
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Appendix Table 6-5: Predictors of SBP trajectory group membership and level across the menopause transition, (n=1804) *

(observed FMP only)

SBP trajectory group, n (%)
Low-accelerated rise Medium-linear rise High-slow decline

Variables #

711 (40%) 799 (44%) 294 (16%)
Predictors of SBP trajectory group membership, OR (95% CI) 2

Race/ethnicity

White 1 [ref] [ref] 1 [ref]

Black 0.30 (0.20, 0.44) [ref] 3.58 (2.36, 5.42)

Hispanic 0.62 (0.16, 2.34) [ref] 2.02 (0.66, 6.12)

Japanese 0.26 (0.14, 0.49) [ref] 0.99 (0.30, 3.24)

Chinese 0.44 (0.24, 0.80) [ref] 3.34(0.81, 13.79)
Baseline BMI (per 1-unit increase) 0.86 (0.83, 0.88) [ref] 1.06 (1.04, 1.09)
Age at menopause

Before 51 years 1.72 (1.23, 2.41) [ref] 1.17 (0.77, 1.77)

Between 51 and 53 years 1 [ref] [ref] 1 [ref]

After 53 years 0.72 (0.53, 0.99) [ref] 1.20 (0.81, 1.78)
Baseline estradiol T (per 1-SD increase)  1.00 (0.86, 1.15) [ref] 1.15(0.97, 1.37)
Baseline FSH T (per 1-SD increase) 1.06 (0.91, 1.23) [ref] 1.17 (0.98, 1.39)
Baseline vasomotor symptoms 0.77 (0.58, 1.01) [ref] 1.27 (0.92, 1.75)

Predictors of SBP level overtime within each trajectory group, beta (SE) @

Estradiol T (per 1-SD increase) 0.24 (0.13) 0.02 (0.12) -0.01 (0.25)
FSH T (per 1-SD increase) -0.27 (0.10) -0.18 (0.10) -0.25 (0.20)
Vasomotor symptoms 1.17 (0.31) 1.19 (0.33) 1.45 (0.59)

* Bold indicates P-value <0.05

1 Model further adjusted for site and cycle-day of blood draw

1 Log-transformed

2 Estimates of SBP trajectory group membership and level are from the same GBTM.
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7.0 Discussion

7.1 Summary of the findings

This dissertation contains three manuscripts evaluating the contribution of the menopause
transition on central arterial stiffness, abdominal visceral adipose tissue, and blood pressure in
samples of midlife women transitioning through menopause. The first manuscript characterized
changes of central arterial stiffness relative to the FMP independent of aging and other CVD risk
factors and determined differences between White and Black women in central arterial stiffness
trajectories.?%? The second manuscript characterized VAT trajectory over time relative to the FMP
independent of aging and lifestyle factors and examined the association between menopause-
related VAT accumulation and carotid artery atherosclerosis. The third manuscript described
distinct trajectories of systolic and diastolic blood pressure over time relative to the FMP and
investigated predictive associations of age at menopause, and time-varying estradiol, FSH, and
vasomotor symptoms with pattern and/or level of blood pressure trajectories.

In the first manuscript, we showed that central arterial stiffness in midlife women
accelerated significantly at 1 year before the FMP and then plateaued at 1 year after the FIMP.20?
The accelerated increase in central arterial stiffness within one year of the FMP period was
independent of traditional CVD risk factors and differed significantly from the changes before and
after that period. Interestingly, adjusting for modifiable CVD risk factors explained part of the
change estimates in central arterial stiffness at 1 year before the FMP highlighting the potential

mediating effects of these risk factors. Additionally, we showed significant racial differences in
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arterial stiffness progression early in the transition, such that Black women had a greater increase
in arterial stiffness compared with White women in the period 1 year before the FMP.

In the second manuscript, we showed a non-linear trajectory of VAT such that VAT
increased significantly starting 2 years before the FMP independent of aging, lifestyle factors and
BMI. We showed that this accelerated increase in VAT at 2 years before the FMP was attenuated
after adjusting for serum estradiol, further lending support to the contribution of the menopause
transition on VAT trajectory in midlife women. Importantly, the increase in VAT between 2 years
before the FMP up to the FMP predicted greater atherosclerosis in the internal carotid artery of
midlife women.

In the third manuscript, we shed light on the inconsistencies in the literature regarding the
contribution of the menopause transition on blood pressure trajectories by showing that women do
not share a common trajectory of blood pressure as they transition through menopause. In fact,
GBTM revealed 3 distinct trajectories of SBP in midlife women that differed in level and extent
to which menopause may influence the pattern: the “Low-accelerated rise trajectory” (36% of the
cohort) with a significant accelerated increase 1 year after the FMP consistent with a menopause-
related increase; the “medium-linear rise trajectory” (47%) with a monotonic increase over the
menopause transition consistent with chronological aging effect; and the “high-slow decline
trajectory” (17%) with an accelerated increase up until the FMP followed by a menopause-related
plateau thereafter. White, Chinese, and Japanese women were more likely to follow the low-
accelerated rise trajectory. Hispanic women were more likely to follow the medium-linear rise
trajectory. Black women were more likely to follow the high-slow decline SBP trajectory. DBP
trajectories did not demonstrate menopause-related increases. We also showed that an older age at

menopause predicted a higher SBP trajectory pattern, FSH predicted a lower SBP overtime in the
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low-accelerated and medium-linear rise, while vasomotor symptoms predicted a higher SBP

overtime in all SBP trajectories. Estradiol did not predict SBP trajectory pattern or level.

7.2 Arterial stiffness, abdominal visceral adiposity, and blood pressure changes

accompanying the menopause transition are interrelated

This dissertation focused on risk factors of CVD during the menopause transition when
changes in one may influence the other. For example, VAT and SBP are pathologically
interrelated. Increased VAT volume represents a state of dysfunctional adipose tissue metabolism
in the forms of adipocyte hypertrophy, impaired adipocyte hyperplasia, and reduced lipid storage
capacity.®” Larger volumes of VAT are associated with overflow of portal free fatty acids and
increased cytokines secretion.®® These factors predispose to increased insulin resistance,
inflammation, and endothelial dysfunction and ultimately arterial hypertension.®” Additionally,
VAT seems un upstream factor in the pathogenesis of CVD. A previous meta-analysis of 221,934
people revealed that the HR of CVD was 1.27 (95% CI: 1.20-1.33) for a 1-SD increase in waist
circumference, a surrogate marker of VAT and central adiposity.?3® However, in the same study
and after adjusting for SBP, history of diabetes, and total and HDL cholesterol, the HR of CVD
was attenuated to 1.10 (1.05-1.14) suggesting that the bulk of CVD risk resulting from high central
adiposity is largely mediated through the intermediate effect of SBP, insulin resistance, and
hyperlipidemia.

We showed that central arterial stiffness and SBP change significantly during the
menopause transition. Although the extent to which changes in one of these vascular health

measures during the menopause transition affects the other has not been explored here, there has
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been a debate in the literature of whether hypertension is a manifestation of arterial stiffness, or
vice versa.*?®® Several longitudinal studies including the Framingham Offspring study, the
Atherosclerosis Risk in Communities Study (ARIC), and the Baltimore Longitudinal Study of
Aging showed that arterial stiffness measures assessed at baseline predicts progression and
incidence of hypertension at follow-up, but not vice versa.#¢23%240 These results lend strong
evidence supporting the hypothesis that arterial stiffness is a cause for hypertension.
Pathophysiologically, stiffened vasculature is thought to alter blood pressure through its
association with impaired baroreceptor sensitivity and inability to buffer short-term alterations in
flow.241242 In this dissertation, we showed that central arterial stiffness showed accelerated
increase one year before the FMP, which may possibly have triggered the acceleration in SBP one
year after the FMP that was observed in the low-accelerated rise SBP trajectory group. Notably,
coexisting arterial stiffness and systolic hypertension is a risk factor for treatment-resistance.?*
We showed that the menopause transition is a period of accelerated risk of arterial stiffness and
hypertension which may predispose women to develop both conditions, an observation that may
explain why more women than men taking antihypertensive medications have blood pressure

levels above treatment goals (52% vs 55%).244

7.3 Public health significance

In the US, CVD is the number one cause of death where one person dies every 36 seconds
from CVD.* The major risk factor for CVD in both sexes is aging, but there is a noticeable 10-
year lag between men and women.?# This lag in CVD risk between men and women narrows after

midlife suggesting that the menopause transition may play a role. To understand the contribution
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of the menopause transition on CVD risk independent of aging in women, we needed studies that
determine whether and when the known predictors of CVD are altered during the transition. This
dissertation presented time-oriented epidemiologic evidence of the contribution of the menopause
transition to CVD risk factors. We not only showed that the menopause transition is a period of
accelerated CVD risk, but we also identified windows of time during the menopause transition
when central arterial stiffness, VAT, and SBP accelerate. Intervention research may seek guidance
from our findings on the best timing during the menopause transition for implementation of
lifestyle or pharmacologic interventions targeting CVD risk factors known to be changed by
menopause. Our findings encourage timely screening and recognizing and intervening on CVD
risk factors early in the menopause transition before women reach menopause when primary
prevention maybe most effective.

This dissertation work serves an important purpose of raising awareness among midlife
women and health care providers that CVD is also a disease of women and that key CVD risk
factors including arterial stiffness, VAT, and blood pressure are likely to be adversely modified
during the menopause transition. By the 21 century, there have been relative increases in
awareness of the importance of CVD in women through educational campaigns and as a result,
preventive measures taken to reduce CVD risk in women like physical activity and weight loss
have grown.?*¢ Nevertheless, in 2009 and among women older than 25 years, only 65% know that
CVD is their number one killer.?*” Alarmingly, the awareness that CVD is the number one killer
of women fell to 44% in 2019.?*" The decline in awareness between 2009 to 2019 was greatest
among Hispanic and Black women and in women younger than 65 years.?*’ These results advocate
for an urgent redoubling of efforts by organizations interested in women’s health to reverse these

trends and raise awareness of risk and symptoms of CVVD in women.
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Black women have greater prevalence and earlier onset of CVD risk factors and a higher
CVD mortality compared with Whites.8+18 This dissertation has shown that this disparity may
have its roots during the menopause transition because Black women had an earlier acceleration
of arterial stiffness and were more likely to be in the high-slow decline SBP trajectory compared
with their White counterparts. Given the known strong associations of central arterial stiffness and
SBP with CVD risk and mortality, it is expected that the racial differences in these risk factors
during the menopause transition we showed in this dissertation may contribute to the racial
disparity in CVD risk and mortality reported at an older age. Our results also emphasize the
importance of raising awareness of this disparity with aggressive and frequent monitoring of risk

factors early in the menopause transition among Black women.

7.4 Clinical implications of the findings

The three studied risk factors in this dissertation are strong predictors of CVD risk. In a
meta-analysis conducted on 15,877 subjects who were followed for a mean of 7.7 years, a 100-
cm/s increase in cfPWV corresponded to a risk-factors adjusted increase of 14% in CVD events.?
In 1,387 women from the Health, Aging and Body Composition (Health ABC) Study, a 1-SD (66
cm?) increase in VAT area corresponded to a 67% increase (95% Cl: 28%, 117%) in myocardial
infarction events independent of traditional CVD risk factors.?® Additionally, a 1-SD increase in
VAT volume was associated with an OR of 2.1 (1.6, 2.6) for diabetes and 4.7 (3.9, 5.7) for
metabolic syndrome in women from the Framingham Heart Study.3? In a meta-analysis comprising
95,772 midlife women, a 10-mmHg higher systolic blood pressure corresponded to an increase of

25% in CVD events.!** This effect size in SBP-CVD relationship held in a graded log-linear
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fashion starting from a SBP of 115 mmHg without a clear threshold.?*” Additionally, among
healthy midlife men and women without previous histories of hypertension or other traditional
CVD risk factors, the presence of coronary artery calcium and the risk of incident CVD showed a
stepwise increase with increasing SBP starting with SBP as low as 90 mmHg.%'8 Taken together,
the effect sizes in risk of cardiometabolic outcomes per unit increases in cfPWV, VAT, and SBP
are large and clinically significant.

In comparison with unit increases in cfPWV, VAT, and SBP from the literature and their
associated increases in cardiometabolic outcomes, we showed that women can experience an ~80-
cm/s increase in cfPWV during the period of one year before and after the FMP.2°2 We also showed
that women may gain ~24 cm? of VAT area during the period starting from 2 years before the FMP
to the FMP. In the low-accelerated rise SBP trajectory group in this dissertation work, for example,
women started gaining a 0.78-mmHg in SBP per year beginning one year after the FMP. Therefore,
the amount of changes in cfPWV, VAT, and SBP in women transitioning to menopause in this
dissertation are not negligible and may place women at risk of developing CVD later in life.
Therefore, early modification of these risk factors either through lifestyle changes or
pharmacologic interventions will likely result in cardiometabolic and vascular benefits after
midlife. In fact, a previous SWAN analysis showed that healthy lifestyle during midlife is
prospectively associated with less carotid atherosclerosis.®

Because we showed clinically significant changes in modifiable CVD risk factors during
the menopause transition, it is prudent to frequently monitor these risk factors in clinic setting.
Challenges surrounding monitoring of CVD risk factors in clinic settings are related to awareness

and preparedness among doctors and to economic feasibility. Regardless of the challenges, health
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care seeking behaviors in midlife women can be wisely leveraged to increase CVD risk factor
monitoring frequency.

Only 40% of women reported having their heart health checked in routine health care
visits.?*8 This was perhaps because only 39% of primary care physicians (PCPs) would rank CVD
a top priority and only 22% of PCPs and 42% of cardiologists felt well prepared to assess CVD
risk in women.?*® One approach that may enhance timely and frequent monitoring of CVD risk
factors early in the menopause transition is the collaboration with obstetricians and
gynecologists.2® Multifaceted approach that utilizes collaboration between PCPs, obstetricians
and gynecologists, and cardiologists may enhance frequent and timely screening of CVD risk
factors with counselling for midlife women to stress lifestyle changes. Although guidelines for the
prevention of CVD specifically for women were previously published, research into practical
application and maintenance of adherence to those guidelines are lacking.?4°

Because VAT is a driving factor for the development of other cardiometabolic risk factors
and the metabolic syndrome,?*° particular attention should be given to central adiposity in women
transitioning to menopause. Since frequent VAT measurement in clinic settings is economically
not feasible, an alternate easily measured surrogate marker of VAT should be used. Waist
circumference is a measure of central adiposity that caries joint information about SAT and VAT
volumes. Several studies have suggested adding blood level of triglyceride to waistline
measurement to distinguishing VAT from SAT.?! A large waistline in the presence of high serum
triglyceride, a condition called “hypertriglyceridemic waist”, is a simple and useful marker of
excess VAT.?! Importantly, prospective studies showed that the presence of hypertriglyceridemic
waist was associated with adverse cardiometabolic risk profile predictive of an increased CVD

risk.2%2
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Women frequently seek medical attention as they transitioning to menopause because of
vasomotor symptoms.>3 We showed that vasomotor symptoms is associated with increases in SBP
during the menopause transition regardless of the SBP trajectory a woman follows. These findings
can be used in the clinic as an easy screening tool to stratify women’s risk of SBP acceleration
during the menopause transition. Midlife women also seek medical attention for other symptoms
like sleeping difficulties, fatigue, weight gain, depression, and vaginal dryness.?®* These frequent
encounters between midlife women and healthcare professionals should be leveraged to identify

women at risk of CVD and to maximize benefit from preventive measures.

7.5 Strengths and limitations

Major strengths of this dissertation work stem from the design and data collection of
SWAN. SWAN is unique because it recruited a multi-ethnic sample of premenopausal and early
perimenopausal women and followed them until they became postmenopausal, capturing the
complete spectrum of the menopause transition. Data collection in SWAN has been prospective
and annually, helping with the exact timing of the FMP and concurrent measurements of CVD risk
factors and menopause-related covariates. Gold standard methods of measuring central arterial
stiffness and VAT were used in this work. Additional strengths of this work arise from the analytic
techniques that separated ovarian from chronologic aging effects while adjusting for essential
covariates. Capitalizing on SWAN’s data and our analytic techniques, we were able to fill
important gaps in the literature regarding the contribution of the menopause transition to midlife

changes in central arterial stiffness, VAT, and blood pressure.

123



However, this work has limitations. The FMP date was not observed in all women included
in this work. Reasons for missing the FMP date were hormone therapy use, hysterectomy, or
bilateral oophorectomy; these health-related events are expected in longitudinal studies of midlife
women. Women with observed FMP showed small differences in baseline demographic variables
compared with women without observed FMP. As part of SWAN, the FMP dates were imputed
for women for whom the FMP was not observed using multiple imputation while including in the
imputation model covariates known in the literature to affect timing of the FMP. To analyze
multiply imputed data, one needs to account for the uncertainty in the imputation by incorporating
within and between imputation variability in the estimates. Unfortunately, GBTM does not offer
the option of including uncertainty of the imputation in determining trajectories of SBP. In an
effort to overcome the FMP missingness limitation, we presented all of our results on women with
observed FMP only and after combining women with observed and imputed FMPs. Interestingly,
our results were similar in both analyses and therefore, our conclusions persisted.

Central arterial stiffness and VAT analyses were based on data from SWAN Heart which
by design included two time points of data. Not all SWAN Heart women had two measurements
of arterial stiffness and VAT. However, the mixed effects model we used was appropriate for
handling unbalanced data with one to two time points of data per subject and should yield unbiased
estimates of change.'® Additionally, similar estimates of change and overall conclusions were
found from analyses of women with two time points of data.

Results from this dissertation should only be generalized to women represented by SWAN

and SWAN Heart women.
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7.6 Future directions

This dissertation work has laid out several areas for future research. These areas include
research related to practice guidelines for the prevention of CVD in women, translational research
focusing on modifying vascular function and central adiposity during midlife, and research into
the underlying mechanisms of our findings.

Almost 60% of midlife women seek medical attention for menopause-related symptoms or
other health conditions.?> These encounters should be leveraged in future research to examine the
practical application and maintenance of adherence to previously published guidelines for the
prevention of CVD in women among public health professionals.?*® The guidelines on the
prevention of CVD in women were last updated in 2011 and in these guidelines, the menopause
transition was not considered as a risk factor of CVD or as a period of accelerated CVD risk.?*
However, there has been advances in our understanding of the contribution of the menopause
transition on cardiovascular health over the past decade necessitating the need to revise those
guidelines.2%

Future research should also determine whether early modification of vascular function
during the menopause transition are associated with reduction in future CVD risk. We showed that
adjusting for modifiable CVD risk factors explained part of the change estimate in central arterial
stiffness at one year before the FMP suggesting that vascular stiffness may be reversed with
improved risk factor profile, a hypothesis that requires further testing.

In the second paper of this dissertation, we adjusted for lifestyle factors including physical
activity, alcohol consumption, and daily calorie intake but they did not explain the accelerated
increases in VAT two years before the FMP. Future research should rigorously assess the role of

lifestyle interventions on women’s VAT accumulation during midlife. Additionally, future
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research should assess whether lifestyle interventions targeting central adiposity in midlife women
is associated with favorable cardiovascular outcomes later in life.

A hallmark of the menopause transition is the dynamic decline in serum estradiol. It was
therefore hypothesized that this decline in estradiol during the transition maybe responsible, at
least in part, for the deterioration in cardiometabolic health seen in older women.?*® Guided by
data from the literature, we did adjust for estradiol in the arterial stiffness and SBP analyses in this
dissertation. However, estradiol did not explain the inflection points in these vascular health
measures during the menopause transition. It is hypothesized that the vasodilatory and cardio-
protective actions of endogenous estradiol are mediated in part through its metabolites.??® 2-
methoxyestradiol is an estradiol metabolite that has an estrogen receptor-independent growth
inhibitory effects on smooth muscle and endothelial cells.??® Additionally, 2-methoxyestradiol
inhibits the synthesis of extracellular matrix proteins including collagen and improves endothelial
function.??® Interestingly, estradiol metabolites, but not estradiol, were associated with a lower
SBP in postmenopausal women.??” These results highlight the complexity of the MT and future
studies should compare estradiol metabolite levels and its potential effects on vascular function
across the stages of the menopause transition.

The presence of extragonadal functions of FSH was hypothesized after previous studies
found FSH receptors expressed on blood vessels,?3! adipose tissues,?*? and the liver.23® We showed
that FSH was inversely related to SBP level in women following the low-accelerated and medium-
linear rise SBP trajectories. Other studies have showed a similar inverse association between FSH
and diabetes,?’ obesity,?®® and LDL cholesterol.?*3> However, other studies showed a positive
relationship between FSH and subclinical measures of atherosclerosis including aortic plaque,

adventitial diameter, and CCA-IMT.%%261 |t is not understood why FSH may improve
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cardiometabolic risk factors and yet, shows unfavorable effects on subclinical measures of
atherosclerosis. Therefore, the underlying pathological mechanisms between FSH and CVD risk

factors and subclinical measures of atherosclerosis need to be elucidated in future studies.

7.7 Conclusions

CVD is the number one cause of death in women and the risk of CVD accelerates after the
menopause transition. We showed that the menopause transition is associated with accelerated
increases in central arterial stiffness, abdominal visceral adiposity, and systolic blood pressure
independent of chronological aging. The findings from this dissertation are in line with previous
studies that showed other CVD risk factors to be modified during the menopause transition
including lipids, the metabolic syndrome, and subclinical measures of CVD. Because the
menopause transition is a period of accelerated CVD risk, it is prudent to increase frequency of
CVD risk factors monitoring early in the transition when prevention strategies may be most

effective.
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Appendix A: Brief description of the FMP dates imputation process used in SWAN

FMP dates imputation for women missing their FMP dates was done within the full SWAN
cohort (n=3302). For women who had 12 consecutive months of amenorrhea without taking
hormone therapy (HT), FMP date was reliably assigned as the date of the last menstrual period
(n=1804). For the rest of SWAN cohort (n=1498), FMP date was not assigned because women
missed several visits, dropped out, had hysterectomy, had bilateral salpingo-oophorectomy, or
received HT.

Analyses of complete data (excluding those with missing FMP date) may produce biased
estimates and the results may not be applicable to the community sample represented by the
SWAN cohort. Therefore, not to mention the increase in sample size, the advantages of reducing
bias by including both women with observed and imputed FMP dates outweigh errors due to
imputing data (Little and Rubin, 2019).

The software used for FMP dates imputation was IVEware (https://www.src.isr.umich.edu

/wp-content/uploads/iveware-manual-Version-0.3.pdf), a free add-on set of routines for SAS from

the University of Michigan. The software uses multivariate sequential regression, also known as
Chained Equations; see the above link for additional information. The assumption was that the
FMP data are "missing at random™ conditional on the observed characteristics. The software
imputed 10 FMP sets for women missing the FMP. To account for the uncertainty in the imputation
process, our final estimates incorporated within and between imputation variability as

recommended by (Little and Rubin, 2019). The utilized approach essentially taking a sample of
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size 10 from a woman estimated distribution of FMP date, and incorporating that distribution's
variability (imputation uncertainty) in analyses accordingly.

To improve the accuracy of FMP date imputation, the software bases the fill-in values on
a participant's own available partial data of menstrual calendar by assigning woman-specific right
and left endpoints for the FMP date imputation. Covariates included in imputation model were
based on the literature, including papers from SWAN. The following table lists covariates utilized

in the imputation:

Demographics/SES Reproductive factors Lifestyle and other factors
Race/ethnicity Day of menstrual cycle Prevalent cardiovascular
corresponding to blood draw disease diagnosis

Prevalent osteoporosis

Site Estradiol
diagnosis
Age FSH Baseline smoking
Educational level History of oral contraceptive use Alcohol consumption
Total non-work physical
Financial strain History of exogenous hormone use
activity
Married/partnered
Number of live births Body mass index
status
Employment status Vasomotor symptom frequency Self-reported health
Bleeding patterns Prevalent diabetes
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Appendix B: SWAN acknowledgements and sources of funding

Acknowledgements:

Clinical Centers: University of Michigan, Ann Arbor — Sioban Harlow, PI 2011 — present,
MaryFran Sowers, P1 1994-2011; Massachusetts General Hospital, Boston, MA — Joel Finkelstein,
P1 1999 — present; Robert Neer, PI 1994 — 1999; Rush University, Rush University Medical Center,
Chicago, IL — Howard Kravitz, PI 2009 — present; Lynda Powell, P1 1994 — 2009; University of
California, Davis/Kaiser — Ellen Gold, PI; University of California, Los Angeles — Gail Greendale,
PI; Albert Einstein College of Medicine, Bronx, NY — Carol Derby, Pl 2011 — present, Rachel
Wildman, P1 2010 — 2011; Nanette Santoro, PI 2004 — 2010; University of Medicine and Dentistry
— New Jersey Medical School, Newark — Gerson Weiss, Pl 1994 — 2004; and the University of
Pittsburgh, Pittsburgh, PA — Karen Matthews, PI.

NIH Program Office: National Institute on Aging, Bethesda, MD — Winifred Rossi 2012
- present; Sherry Sherman 1994 — 2012; Marcia Ory 1994 — 2001; National Institute of Nursing
Research, Bethesda, MD — Program Officers.

Central Laboratory: University of Michigan, Ann Arbor — Daniel McConnell (Central
Ligand Assay Satellite Services).
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2012 - present; Kim Sutton-Tyrrell, P1 2001 — 2012; New England Research Institutes, Watertown,
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