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LAY ABSTRACT

Females have been historically understudied in basic science and clinical research. This
dissertation set out to explore sex-specific prevalence of research participants in human
vascular exercise physiology studies and examined how sex hormones (through the
menstrual cycle and oral contraceptive pill use) impact the cardiovascular, respiratory,
and skeletal muscle metabolism systems. We found that there is an evident male-bias
in vascular exercise physiology research, due in part to the perceived complexity of how
sex hormones may impact the cardiovascular system. We also found that the menstrual
cycle and oral contraceptive pill cycle have minimal influence on the biological systems
examined. While there are evident sex-differences in cardiovascular outcomes, gender
expression does not appear to have an impact in young adults. This research is
foundational to further the inclusion of female participants in human physiology research
and encourage future considerations of how sex/gender may influence physiological

outcomes.
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ABSTRACT

Sex-differences in cardiometabolic physiology are evident; however, the inclusion of
female participants in research studies for the purposes of exploration of sex-specific
physiological responses is limited by the perceived complexity due to hormonal cycles.
This dissertation examined the prevalence of sex-specific inclusion in human vascular
exercise physiology research, investigate the influence of endogenous and exogenous
sex hormones on cardiovascular, respiratory, and skeletal muscle metabolism, and
consider sex- and gender-differences in peripheral vascular outcomes. The first study
confirmed a sex-specific bias towards male inclusion in vascular exercise physiology
research, with perceived hormonal complexity noted as one rationale for sex-specific
exclusion. To address this perception, we reviewed the literature and identified a small
effect of the menstrual cycle, and a more robust influence of oral contraceptive pills, on
macrovascular endothelial function, with no influence on smooth muscle function or
arterial stiffness. Our next set of studies objectively evaluated the influence of the
natural menstrual and two generations of oral contraceptive pills on a comprehensive
suite of cardiovascular, respiratory, and metabolic outcomes, and found largely no
influence on these outcomes or the underlying vascular cellular regulation, apart from a
small effect elevated endogenous and exogenous sex hormones on brachial artery
endothelial function. Another area identified in our initial sex-inclusion review was the
absence of gender-based research in vascular exercise physiology. Our final study
found that biological sex aligned with gender identity, but not gender expression and
influenced cardiovascular markers by including elevating systolic blood pressure,
central arterial stiffness and endothelial function in males and men compared to females
and women. Altogether, this dissertation provides substantial evidence for the lack of
hormonal cycle influence of endogenous and exogenous sex hormones on three organ

systems, which will open further incorporating females into research study design.
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CHAPTER 1: GENERAL INTRODUCTION
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1. Sex-Differences in Cardiovascular Disease

Cardiovascular diseases (CVD), including coronary heart disease and myocardial
infarction, heart failure, hypertension, and peripheral arterial diseases, exhibit age-
related increases in incidence, morbidity and mortality (1-3). Concerningly, despite
observing declines in rates of CVD-associated deaths and overall life expectancy in
previous years, there is a growing trend to seeing increasing rates in high-income,
developed countries (3-5). There also appears to be sex-differences in some CVDs,
where the sex-specific rate of most CVDs is lower in women compared to men until
menopause where the prevalence rates increase at a faster rate in women (1, 6). There
are also some cardiovascular diseases that have a greater age-related prevalence in
women, such as cerebrovascular disease, coronary artery dissection, and heart failure

with preserved ejection fraction (7, 8).

Despite the increased prevalence of CVDs in older women, early symptoms of a
myocardial infarction are missed in 78% of women (9). One reason could be linguistic
differences in the ways that men and women describe their symptoms. Men will often
describe typical symptomology of squeezing chest pain, back/shoulder and jaw pain,
shortness of breath, and nausea. However, women will often describe their symptoms
as less specific and use more words to describe their experience, including chest
pressure (not gripping pain), fainting and fatigue, indigestion, and mental confusion (10).
One rationale for differences in symptomology could be in the way in which CVD,
particularly myocardial infarctions, are diagnosed. One study observed that women
referred for diagnostic angiography had a higher prevalence of exhibiting normal
arteries and less prevalence of severe coronary artery occlusion compared to men,
despite experiencing persistent angina (11). The rationale provided by the authors is
that women present more often with dysfunction of the microvasculature in the heart,

rather than large coronary artery ischemia (6).

Adding to this narrative, women’s heart health has been long under-researched (9, 12).
A 2018 report by the Heart and Stroke Foundation of Canada called “Ms. Understood:

Women'’s hearts are victims of a system that is ill-equipped to diagnose, treat and

20
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support them” reported that 2/3 of heart disease research focuses on men (9). Further
evidence from this report highlighted specific ethnic groups at highest risk of CVD:
South Asian and Indigenous populations. While there are many reasons for the
exclusion of women from basic science and clinical health research, one reason has
been the perceived added methodological complexity of periods of hormonal change or
reproductive influence specific to women — such as menstrual cycles, hormonal
contraceptive use, pregnancy, and menopause (13). In stark contrast, while variability
exists in physiological outcomes, evidence suggests that inclusion of females in animal
and human research does not increase variability (13). Recently, there are growing calls
from researchers, government agencies, advocacy bodies, and journals to include both
men and women in research (9, 14-21), with guidance for methodologies to consider to

overcome perceived hormonal complexity (22-24).

Building on these calls, the Lancet commissioned a call-to-action review of current
disparities in CVD research and healthcare in women, with a focus on better
understanding the sex-specific pathophysiology and risk factors underlying CVD
development (25). Given the high prevalence of women experiencing CVD, and the
underrepresentation of women in clinical research studies, investigations into risk
factors associated with CVD in women is necessary for early prevention (26). Some
population health studies have been conducted to explore sex-differences in traditional
and novel risk factors for CVD. For example, the INTERHEART study examined sex-
differences in modifiable risk factors associated with myocardial infarction from 52
countries worldwide. This study found that there were nine modifiable risk factors
associated with 90% of the risk associated with a myocardial infarction, five of which
had a greater association based on sex (27). In women, having hypertension or
diabetes, low physical activity, and low alcohol consumption were more highly
associated with having a myocardial infarction compared to men (27). In men, former
smoking had a greater association with having a myocardial infarction compared to
women (27). This study also reported a 9-year difference between men’s earlier
incidence of their first myocardial infarction compared to women; however, 80% of this

9-year gap was explained by earlier prevalence of risk factors in men compared to

21



PhD Thesis — J. Williams; McMaster University - Kinesiology

women (27). Beyond traditional risk factors, there has been a growing interest in the
identification and assessment of early risk factors for CVD that can help with predicting
future risk such as early dysfunction of arterial function and structure, as detailed in the

following section.

2. Assessments of Early Risk Factors for Cardiovascular Disease

The cardiovascular system is a loop of blood vessels connected to a single, valved
heart, which pumps oxygen- and nutrient-rich blood unidirectionally to the body and
collects oxygen-deprived blood and waste to be pumped to the lungs and other organs
(28). Blood moves away from the heart in major conduit arteries that connect to smaller
microvascular arterioles before branching at target organs, like skeletal muscle, through
single-celled capillaries (28). Macrovascular arteries and microvascular arterioles both
contain three primary layers of cells: the tunica intima, tunica media, and adventitia
(Figure 1A) (28). The tunica intima contains a single layer of endothelial cells which are
responsible for sensing changes in blood flow and associated shear stress and
producing vasodilators and vasoconstrictors to regulate vascular tone (28). The tunica
media contains layers of smooth muscle cells, which respond to vasoactive substance
release from endothelial cells to vasodilate or vasoconstrict (28). Finally, the adventitia
layer contains collagen and elastin which provide necessary structure to the inner two
layers (28). Macrovascular arteries are more elastic and respond to higher blood
pressures coming from left ventricular ejection (systole), while microvascular arteries
are more muscular and assist in distributing blood flow to tissues (28). While macro-
and microvascular arteries are interrelated in their function and structure, they also
demonstrate heterogeneous responses to stimuli related to the relative contribution of
vasodilator pathways (29-31). Damage or dysfunction in arterial layers is an early step
in the development of atherosclerosis, which is a precursor to the development of CVD
(32-34). As a result, investigation of the function and structure of these arterial layers,
and mechanisms to improve function, may ward off CVD development. The following
section will detail three relevant functional assessments and their association with
clinical outcomes: endothelial function, smooth muscle function, and arterial stiffness

and structure. While there are other functional and structural measures, including
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cerebrovascular function tests, and blood biomarker assessments, this section will focus

primarily on outcomes discussed in later chapters of this dissertation.

2.1 Endothelial Function

Endothelial function tests examine the function of endothelial cells in the macro- and
microvasculature, in response to stimuli that are known for vasodilation or
vasoconstriction, often via blood flow associated changes in shear stress (35, 36).
Shear stress is the frictional force of blood flow moving past the endothelial cell layer on
the inside of the artery, which starts a cascade of cellular responses, including the
generation of nitric oxide from endothelial nitric oxide synthase, through calcium-
dependent or -independent mechanisms (37, 38). Animal and limited human trials that
have observed no dilation or vasoconstriction when endothelial cells are removed from
the artery lumen (39-42). These findings indicate that endothelial cells, and the nitric
oxide they produce, are obligatory in shear-associated vasodilation and remodeling
(43). One common non-invasive macrovascular assessment of endothelial function is
the flow-mediated dilation (FMD) test, often performed in the brachial artery or
superficial femoral artery (Figure 1B) (44). FMD occurs when a transient ischemia, often
in response to blood flow occlusion in the distal forearm (or thigh) for 5 minutes, and
subsequent reperfusion (release of occlusion) naturally increases blood flow associated
shear stress (44, 45). This response is termed reactive hyperemia and is the primary
stimulus for subsequent vasodilation of the artery, in comparison to baseline or pre-
ischemia measurement. Guidelines for FMD have been well established and refined
over the last three decades, and often use an ultrasound machine to capture continuous
artery images and blood flow for post-testing analysis (45, 46); further, adherence to

guidelines improves reproducibility of FMD (47).

Population-levels studies have observed that decreases in brachial artery FMD are
associated with increases in cardiovascular events where a 1% decrease in relative
FMD is associated with a 13% increased risk of experiencing a cardiovascular event
(33, 34). Further, a recent analysis of studies using guideline methodology for the

assessment of FMD have found sex-differences in both baseline arterial diameter and
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%FMD, with higher arterial diameter but lower %FMD in males compared to females
(48). In addition to macrovascular measures, there are also non-invasive methods for
examination of microvascular endothelial function. Microvascular endothelial function is
commonly quantified as a change in skin blood flow in response to a vascular reactivity
assessment and either uses ultrasound imaging, laser Doppler flowmetry, or devices
that sense distension in arterioles in the arms or hands (49-51). Stimuli for inducing
changes in skin blood flow can range from reactive hyperemia (often performed in
concert with the FMD test), local heating or cooling, or pharmacological interventions

like acetylcholine infusion or topical application (49-51).

2.2 Smooth Muscle Function

Smooth muscle function tests examine the function of the smooth muscle cells that
surround endothelial cells in the macro- and microvasculature (43). These tests are
often necessary to help contextualize any changes in endothelial function and to
dissociate the endothelial cell mechanisms from any dysfunction of the resulting
vasodilation/constriction of the surrounding smooth muscle (45). The most common
macrovascular smooth muscle function test is a nitroglycerine mediated dilation (NMD)
test, which uses a sublingual dose of nitroglycerine (~0.25-0.4 mg) to induce maximal
vasodilation of the smooth muscle in the arteries (45, 52, 53). Ultrasound is used to
capture arterial diameters, often in the brachial artery (Figure 1B), prior to and for 10
minutes following administration of the sublingual nitroglycerine dose (45, 52). In the
microvasculature, a common method used to assess smooth muscle function is using
iontophoresis in response to sodium nitroprusside, another potent vasodilator of the
arterioles (49, 51, 54).

2.3 Arterial Stiffness & Structure

Broadly, arterial stiffness assessments can be split into the examination of local artery
stiffness in the carotid artery (major conduit artery to the brain) or into regional
peripheral artery stiffness across the central body or individual limbs (55, 56). Using
ultrasound and applanation tonometry to capture simultaneous carotid artery (Figure

1B) diameter and pulse waveforms with consecutive heart beats, carotid artery stiffness
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can be quantified as measures of carotid artery compliance, distensibility, and -
stiffness (56, 57). These measures are reflective of a combination of endothelial
functional changes in vascular tone to regulate blood pressure in addition to structural
components of the adventitia layer (i.e., elastin, collagen fibers). In addition to functional
arterial stiffness measures, the thickness of the intima-media layer can be quantified as
it is also an indication of early atherosclerosis development and a predictor of future
CVD risk (58-61).

Peripheral artery stiffness is commonly assessed by pulse wave velocity (PWV), which
uses applanation tonometry to detect the velocity at which arterial pressure waveforms
travel from one segment of the cardiovascular tree to another (57, 62).
Methodologically, simultaneous applanation tonometers are applied to two arteries in
the body, and the distance between the two points is divided by the pulse transit time
(i.e., the time it takes for the pulse to travel from one artery to another) (62, 63). Central
PWYV — also known as aortic PWV - is the gold standard measurement, assessed
between the carotid artery and femoral arteries (Figure 1B), and represents the stiffness
of the central arterial segments (62). Central PWV has been associated with CVD, such
that a 1 m/s increase in central PWV is associated with a 15% increased risk of CVD
(32). In addition to measures of central PWV, peripheral arterial segments can also be
assessed for region-specific arterial stiffness (63). For example, the leg arterial stiffness
can be examined using assessments at the femoral and dorsalis pedis (foot) arteries
(Figure 1B). Similarly, arm arterial stiffness can be examined using assessments at the
carotid and radial arteries (Figure 1B). While these latter stiffness measures have not
bee prognostically linked to CVD, they do provide mechanistic insight into alterations in
these regions of the vascular tree linked to disease (64) and adaptations to vasoactive
stimuli (i.e., exercise) (65).
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Figure 1. (A) Cross-section of an artery and (B) key arteries of interest in the
human body. Figure 1A details three artery layers: tunica adventitia, tunica media, and
tunica intima, along with the connection between common vascular assessments of
arterial stiffness, smooth muscle cell function, and endothelial cell function and the
layers they are associated with in the artery. Figure 1B details the primary arteries
examined through the vascular assessments, detailed in-text. Figure created in
Biorender.com.

3. Factors Influencing the Cardiovascular System: Biological Sex & Gender
Biological sex and gender have known influences on the cardiovascular system and the
progression of CVD (12, 66, 67). Biological sex is most referred to as the sex assigned
at birth; however, some scholars argue that sex can be defined using a multi-layer
approach from chromosomal sex, gonadal (internal or external) sex, and considering
secondary sexual characteristics and development (68). Often in human physiology
trials, biological sex is asked in a two-step question with the first question being “What is
your sex assigned at birth?” with options of male, female, and intersex (69, 70). With

regards to the cardiovascular system, there are several physiological differences
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between males and females with the most evident being body composition and stature,

as early as adolescence (71, 72). For example, females tend to be shorter and have a

greater distribution of body fat associated with secondary sexual characteristics (72),

potentially due to the role of sex hormones (73). These differences drive some of the

differences in cardiovascular anatomy, including larger artery size and greater blood

pressure in males compared to females (71, 74, 75). While these sex-differences are

well characterized, often forgotten is that these sex-differences are based on averages

and there is substantial variability in physiological factors (76) — for example, a female

may be taller than average and cross over into the average heights of males. The same

is true for sex-differences in other factors, ranging from sex hormone concentrations to

enzyme protein content (76). Some commonly explored sex-related factors include

differences in body anthropometrics (height, weight, fat distribution), X-chromosome

linked genetic traits, and, commonly, sex hormones; further discussion of the role of sex

hormones in females is included in the next section.

Gender is a sociological construct and can be broadly separated into four categories:

gender identity, gender expression, gender roles/relations, and institutionalized gender
(66, 67, 77):

Gender identity is how an individual identifies their gender. In a two-step question
on biological sex (detailed above) and gender identity, options for gender identity
could include man, woman, non-binary (ascribing to no binary gender category),
gender-diverse (overarching term to describe individuals whose gender does not
align with traditional binary genders), transgender (an individual whose gender
identity does not align with their biological sex assigned at birth), among many
others.

Gender expression is the outward expression of an individuals’ gender and could
include the presentation of gendered traits (detailed in Chapter 7) or gender-
specific appearance.

Gender roles and relations are the socially ascribed roles and relationships that
gendered individuals take on, including caregiving, household tasks, and work

relationships, among others.
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e Individualized gender is policy-driven regulations for how individuals of different
genders can interact with social institutions, including spaces like hospitals and

healthcare centers, schools and workplaces.

While gender has not been extensively studied in cardiovascular physiology research,
there is some evidence that having a feminine gender, or taking on gender roles
traditionally ascribed to women, such as caregiving and household tasks, lower
educational opportunities, lower socioeconomic status, and higher social stress
increases CVD risk (12, 78-80). Further, there is evidence that members of gender
diverse communities who do not fall into gender binary categories of men/women (e.g.,
non-binary, gender diverse, transgender) are at an increased risk of CVD (67, 81, 82).
This may be due to gender minority stress, referring to social stress gender diverse

individuals face including oppression, discrimination, and stigma (81, 83-85).

4. Factors Influencing the Cardiovascular System: Sex Hormones

As detailed previously, in comparison to age-matched men, premenopausal women
appear to be protected against aging-related increases in the development and
prevalence of CVD until the menopause transition where there is a steady increase in
CVD risk and occurrence in women (12, 86-88). From a sex-based perspective, many
researchers point to the dramatic decline in sex hormones — namely 173-estradiol
(primary estrogen) and progesterone — associated with the loss of the menstrual cycle
at menopause to explain this increased CVD risk (89, 90). As a result, investigations
into how sex hormones influence cardiovascular risk factors (i.e., endothelial function,
arterial stiffness) has been a focus of female-specific research (53, 90-94).
Mechanistically, 17B-estradiol may have cardioprotective effects, including acting as an
oxidative stress scavenger and antioxidant, along with inducing upregulation of
vasodilator pathways like the endothelial nitric oxide synthase (eNOS) — nitric oxide
(NO) pathway in endothelial cells via estrogen receptors (ERs), such as ER alpha (ERa)
and ER beta (ERB) (88, 93, 95, 96). In contrast, there is some evidence that
progesterone, or various synthetic variants of progestins found in oral contraceptive pills

(OCPs), may act antagonistically to 17(3-estradiol (97-99).
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The natural menstrual (NAT) cycle is characterized by the fluctuations in endogenous
17B-estradiol and progesterone, along with other sex hormones, cyclically across a
monthly cycle beginning in most females at age of puberty (i.e., ~10-13 years old) and
lasting until menopause with the cessation of cycles (22, 28). Characterized by the
onset of menses as the first day of the cycle, the cycle is broadly split into two phases:
the follicular phase and the luteal phase (100, 101). The early portion of the follicular
phase begins with the onset of menses and is characterized by lower levels of
endogenous sex hormones (101). The latter half of the follicular phase begins with an
increase in 17B-estradiol to its peak, which occurs at the time of ovulation (101). The
first half of the luteal phase is characterized by an initial decrease in 173-estradiol,
followed by a rise in both endogenous sex hormones to peak at mid-luteal, followed by
a progressive drop to the end of the cycle (101). The cycle then begins anew back in
the early follicular phase. These changes in sex hormone levels are represented in
Figure 2.

OCPs are used by 150 million women worldwide (102) and are one of the most
prescribed drugs to premenopausal women in Canada (103). OCPs contain the
synthetic estrogen ethinyl estradiol and one of several progestins, in varying
concentrations. Over the course of the last 60 years, four generations of progestins
have been developed which differ mainly in the androgenicity of the progestin and its
associated side effect profile (104-106). For example, levonorgestrel is one of the most
common 2" generation progestins and is highly androgenic, while 3 generation
progestins like desogestrel are less androgenic. OCPs include one phase called the
placebo/non-active pill phase, also known as the hormone withdrawal phase, and the
active pill phase (103-105). During this phase, the user either takes placebo/non-active
sugar pills or does not take pills to induce a period of exogenous hormone withdrawal.
For some users, this will correspond with the onset of menses. This period lasts for 4-7
days, depending on the formulation of OCP (107, 108). During the active pill phase, the
user takes 21-24 days of active pills, once per day at the same time of day (107, 108).

Depending on the formulation, OCPs can be monophasic, biphasic, or triphasic (106).
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Monophasic refers to the same active pill dose taken throughout the entire active pill
phase; biphasic includes two levels of increasing progestin dosages in the active pill
phase; triphasic refers to three increasing levels (~1 level/week) of progestin dosages
through the active pill phase (106). There is some evidence that NAT and OCP cycles
may influence early CVD risk outcomes, such as endothelial function, smooth muscle
function, and arterial stiffness; this evidence is presented in-depth in later chapters of
this dissertation (Chapters 2-4).

Natural Menstrual Cycle

*Ovulation

17B-Estradiol

Progesterone
— — — — = .
Follicular Phase Luteal Phase
Oral Contraceptive Pill Cycle
(Monophasic)
A
N Ethinylestradiol
Progestins

Placebo/Hormone Active Phase
Withdrawal Phase

Figure 2. Natural Menstrual and Oral Contraceptive Pill Cycle. The top frame
depicts the natural menstrual cycle, separated into the follicular and luteal phases with
17B-estradiol levels represented as a thick line and progesterone levels as a dotted line.
The bottom frame depicts a monophasic oral contraceptive pill cycle, with the
placebo/hormone withdrawal phase and active phase. Ethinyl estradiol levels are
represented by the thick line while progestins (different ones depending on generation
of OCP) are represented in the dotted line. Figure created in Biorender.com.
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5. Study Research Questions & Hypotheses

The focus of this dissertation was on interrogating questions related to female-specific
physiology, using a cell-to-society framework (Figure 3). This framework was inspired
by the ecological framework of health (from public health and health promotion literature
(109, 110)) and by teachings of Dr. Stacey Ritz (111, 112). While human physiology is
commonly examined at an organ/body-level, with questions related to underlying
mechanisms at cell and gene levels, the connection from body to surrounding personal
environment, community, and society all play a role in shaping human health. This
framework permits examinations of the connections between cellular and genetic
mechanisms, organ/body-level physiology, personal environment, community, and

society/culture (and policy), and their influence on health outcomes.

The overarching purposes of this dissertation were to:

(a) Examine the sex-specific inclusion of research participants in human vascular
exercise physiology literature, including commonly cited barriers to female
inclusion;

(b) Comprehensively summarize prior literature examining menstrual cycle and
hormonal contraceptive use, including cycle phase differences, on peripheral
vascular function and structure;

(c) Examine factors that may underscore differences in CVD risk in young adults,
including the influence of the natural menstrual and OCP cycles, biological sex,
and gender identity and expression; and

(d) Holistically examine the influence of the natural menstrual and OCP cycles on

the cardiovascular, respiratory, and skeletal muscle metabolism systems.

The following section illustrates the brief rationale and significance, research question(s)

and hypothesis for each study included in this dissertation.

Chapter 2: “Examination of sex-specific participant inclusion in vascular exercise
physiology research: a systematic review.” (Published in Frontiers in Sports and Active

living, Physical Activity in the Prevention and Management of Disease).
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This chapter provides a foundation for the dissertation in presenting a systematic review
of vascular exercise physiology research. While government bodies, advocacy groups,
and groups of researchers have called for increasing female engagement in basic
biomedical and clinical research, the quantification of historical sex-specific inclusion
has not been documented in the field of vascular exercise physiology. This review
examined sex-specific inclusion of participants in vascular endothelial function exercise
physiology research, including reporting in published study designs and results. This
review also considered the rationales researchers provided for the inclusion/exclusion of
participants on the basis of sex. This study provides a foundation in this dissertation for
addressing the lack of female inclusion in vascular exercise physiology research and

cites several barriers to inclusion including the perceived complexity of hormonal cycles.

Research Question(s) (a) What is the historical sex-specific prevalence of research
participants and rationale(s) for sex-specific inclusion/exclusion of participants in human
vascular exercise physiology research? (b) Have there been any changes in sex-
specific prevalence over the 25 years of endothelial function (measured by flow
mediated dilation) research?

Hypotheses: We hypothesized that there would be a sex-bias in exercise physiology
research, specifically that males would have a higher proportion of participation in
studies and that the rationales for exclusion would be related to the complexity of
female hormonal cycles. We also hypothesized that there would be significant
improvements in sex-inclusion in more recent years, given changes to policies and

pressures from governmental and other advocacy and funding bodies.
Chapter 3: “Impact of the menstrual cycle on peripheral vascular function in

premenopausal women: systematic review & meta-analysis.” (Published in American

Journal of Physiology — Heart & Circulatory Physiology).
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This chapter provides additional foundation to the dissertation through systematically
examining the influence of the menstrual cycle on peripheral vascular function — namely
endothelial function and smooth muscle function in the macro- and microvasculature.
Since 1995, numerous studies have been published examining the role of the menstrual
cycle, and fluctuations in endogenous 173-estradiol and progesterone on these early
CVD risk factors. While some studies have observed improvements in cardiovascular
outcomes, many have observed only a subtle (small) effect or no effect of the menstrual
cycle. As a result, this study set out to consolidate literature available examining the
influence of the menstrual cycle on peripheral vascular outcomes and provide guidance

to researchers on “controls” for the menstrual cycle in research study design.

Research Question(s): What is the effect of menstrual cycle phases on peripheral
macro- and microvascular endothelial function and smooth muscle function in

premenopausal females?

Hypotheses: We hypothesized that the menstrual cycle would have a subtle (small)
effect on macro- and microvascular endothelial function, but no influence on smooth

muscle function, based previous evidence.

Chapter 4: “Influence of hormonal contraceptives on peripheral vascular function and
structure in premenopausal females: a review.” (Published in American Journal of

Physiology — Heart & Circulatory Physiology).

This chapter completes the foundational review chapters, providing context to the state
of the literature on hormonal contraceptive use and peripheral vascular function and
structure in premenopausal females. While hormonal contraceptives are one of the
most widely prescribed drugs used by premenopausal females, their effects on early
risk factors for CVD are minimally studied. This review aims to summarize current
literature on contraceptive use and vascular function and structure, both across types

and generations of contraceptives compared to non-users and examining cycle phase
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differences. This review also provided future directions and considerations for

researchers investigating contraceptive use and cardiovascular outcomes.

Research Question(s): (a) What is the effect of different generations of OCPs and non-
oral contraceptives, compared to non-users (naturally cycling) on peripheral vascular
function and structure in females? (b) Are there any OCP phase differences in

peripheral vascular outcomes?

Hypotheses: We hypothesized that there would be an effect of both OCP and non-oral
contraceptive use, along with phase differences in OCPs, on vascular function and

structure, dependent in part on route of administration and progestin type and dosage.

Chapter 5: “Menstrual cycle and oral contraceptive pill phase largely do not influence
vascular function, arterial stiffness, and associated cellular regulation in young, healthy
premenopausal females.” (Submitted to Arteriosclerosis, Thrombosis, and Vascular

Biology).

As identified in Chapter 2, historical exclusion of female participants in vascular exercise
physiology research has been in part based on the perceived complexity of the natural
menstrual and OCP cycles. However, findings from Chapter 3 noted only a subtle
influence of the natural menstrual cycle on peripheral vascular endothelial function and
no influence on smooth muscle function. Further, Chapter 4 identified variable effects of
OCPs, dependent on generation type and progestin dose, on peripheral artery
endothelial function. Chapter 4 also found no influence on smooth muscle function and
arterial stiffness, with mixed effects on carotid artery structure, but an overall paucity of
literature on these outcomes. These chapters also highlighted the lack of research on
lower limb peripheral vascular function and no investigation into underlying cellular
mechanisms governing endothelial function responses. These studies provided the

foundation for this study designed to address these gaps in the literature.
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Research Question(s): (a) What is the phase influence of 2"? and 3 generation OCPs
and the natural menstrual cycle on endothelial and smooth muscle function in the upper
and lower limbs, and arterial stiffness?; (b) What is the chronic impact of 2" and 3
generation OCP use compared to naturally cycling participants on peripheral vascular
outcomes?; and (3) Are in vitro cellular mechanisms linked to in vivo endothelial

function measures with OCP and natural menstrual cycles?

Hypotheses: Based on previous literature in Chapters 3 and 4, we hypothesized that
there would be subtle and acute phasic improvements in endothelial function in the high
hormone phases in 3™ generation OCP users and naturally cycling participants, but not
in 2" generation OCP users in both the upper and lower limbs. We also hypothesized
that there would be no effect of OCP or natural menstrual cycles on smooth muscle
function in the upper and lower limbs or arterial stiffness. We also hypothesized that at a
group-level, 3" generation OCP users would have improved endothelial function
compared to 2" generation OCP users, but with no difference in smooth muscle
function in the upper and lower limbs, and no difference in arterial stiffness. Finally, we
hypothesized that cellular mechanisms governing alterations in endothelial function
would be associated with the ERa-eNOS-NO pathways.

Chapter 6: “The impact of natural menstrual cycle and oral contraceptive pill phase on
substrate oxidation during rest and acute submaximal aerobic exercise.” (Published in

the Journal of Applied Physiology).

Based on examination of sex-differences in skeletal muscle and metabolic outcomes,
females are reported to have elevated lipid oxidation and lower carbohydrate and
protein oxidation compared to males at rest and during submaximal aerobic exercise.
One hypothesis provided for known sex-differences in substrate oxidation is the
potential influence of sex hormones. However, the acute influence of the natural
menstrual and OCP cycles on substrate oxidation and other cardiorespiratory outcomes
has been minimally investigated, leaving this hypotheses untested. Note that the

participants in this study chapter also completed the study in Chapter 5, so there is
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overlap in describing the participant characteristics and ethics associated with the

overall study.

Research Question(s): What is the influence of the natural menstrual cycle and 2" and
3'd generation OCP use on substrate oxidation during rest and submaximal aerobic

exercise?

Hypotheses: We hypothesized, based on previous evidence, that at rest and during
40% and 65% VO:zpeak exercise, there would be an increase in lipid oxidation in the
high hormone phase of both natural menstrual and OCP cycles when
endogenous/exogenous estrogen and progesterone/progestins are elevated. We also
hypothesized that these sex hormones would have similar phase influences on

substrate oxidation, and there would be no differences in response between groups.

Chapter 7: “Differences in cardiovascular risk factors associated with biological sex, but
not gender expression, in young, healthy adults.” (Submitted to Biology of Sex

Differences).

A central focus of this dissertation has been on female-specific physiology, however, the
rationale to pursuing investigations with female-specific research questions is often
based on understanding sex-differences in physiological outcomes. As noted in Chapter
2, very few (<1%) of studies examining vascular exercise physiology examined gender.
While sex-differences in early risk factors for CVD, including elevated blood pressure
and arterial stiffness and lower endothelial function in males compared to females, have
been extensively studied, gender has recently emerged as an additional factor to
explore. Specifically, feminine gender expression and gender roles traditionally ascribed
to women may be associated with increased risk of CVD. However, no study to date
had examined the associations of biological sex, gender identity, and gender expression

on risk factors for CVD, in a cohort of young, healthy adults.
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Research Question(s): (a) What is the impact of biological sex, gender identity, and
gender expression on early risk factors for CVD — including blood pressure, arterial
stiffness, and endothelial function. (b) Are there associations between gender
expression, cardiorespiratory fitness, central arterial stiffness, and endothelial function

that help explain the sex- and gender-differences previously observed in CVD?

Hypotheses: We hypothesized that arterial stiffness and blood pressure would be
elevated in males and men, but that males and men would also have elevated
endothelial function (when differences in baseline diameter are accounted for). We also
hypothesized that feminine gender expression would be associated with a blunted
cardiovascular profile, namely lower endothelial function and higher arterial stiffness.
We hypothesized that increasing cardiorespiratory fithess would be associated with
improvements in endothelial function and arterial stiffness, but that increasing feminine
gender expression scores would be associated with impaired CV outcomes (decreased

endothelial function and increased central arterial stiffness).
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Figure 3. Dissertation Central Figure. Human physiology does not exist in a vacuum;
singular organ physiology is connected to cells and gene regulation, other organ-to-
organ connections, influences of the personal environment and immediate community
(i.e., friends, family, roles within community networks), and societal and policy impacts.
While not an extensive listing of all factors influencing human physiology, this
dissertation explores factors listed in bold, including sex and the ER-eNOS-NO pathway
at the cells/genetic level; endocrine (sex hormones) influence on three interrelated
organ systems: cardiovascular, respiratory, muscle metabolism; exercise (fitness) and
gender identity and expression, and considerations around policy and societal factors
related to sex-inclusion in research study design. Figure created in Biorender.com.
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Background: To combat historical underrepresentation of female participants in
research, guidelines have been established to motivate equal participation by both
sexes. However, the pervasiveness of female exclusion has not been examined in
vascular exercise physiology research. The purpose of this study was to systematically
guantify the sex-specific prevalence of human participants and identify the rationales for
sex-specific inclusion/exclusion in research examining the impact of exercise on vascular
endothelial function.

Methods: A systematic search was conducted examining exercise/physical activity
and vascular endothelial function, assessed via flow mediated dilation. Studies were
categorized by sex: male-only, female-only, or mixed sex, including examination of the
sample size of males and females. Analysis was performed examining sex-inclusion
criteria in study design and reporting and rationale for inclusion/exclusion of participants
on the basis of sex. Changes in proportion of female participants included in studies were
examined over time in 5 year cohorts.

Results: A total of 514 studies were identified, spanning 26 years (1996-2021). Of the
total participants, 64% were male and 36% were female, and a male bias was identified
(32% male-only vs. 12% female-only studies). Proportions of female participants in
studies remained relatively constant in the last 20 years. Male-only studies were less
likely to report sex in the title compared to female-only studies (27 vs. 78%, p <
0.001), report sex in the abstract (72 vs. 98%, p < 0.001) and justify exclusion on
the basis of sex (15 vs. 55%, p < 0.001). Further, male-only studies were more likely
to be conducted in healthy populations compared to female-only studies (p = 0.002).
Qualitative analysis of justifications identified four themes: sex-specific rationale or gap
in the literature, exclusion of females based on the hormonal cycle or sex-differences,
maintaining congruence with the male norm, and challenges with recruitment, retention
and resources.

Conclusions: This systematic review provides the first analysis of sex-based
inclusion/exclusion and rationale for sex-based decisions in human vascular exercise
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physiclogy research. These findings contribute to identifying the impact of research
guidelines regarding inclusion of males and females and the perceived barriers
to designing studies with equal sex participation, in an effort to increase female
representation in vascular exercise physiclogy research.
Systematic Review Registration: CRD42022300388.

Keywords: vascular function, endothelial function, sex-inclusion, sex-bias, exercise, flow-mediated dilation

INTRODUCTION

Sex-specific inclusion/exclusion in physiology research has been
a long-standing issue, with male human, animal, and cell models
often prefcrenlially selected, as observed in basic science (Coiro
and Pollak, 2019; Kim et al., 2021), pre-clinical human (Feldman
et al., 2019), and clinical research trials (Heart and Swroke,
2018; Feldman et al, 2019). For example, a recent study by
Cowley et al. examined sex-bias in sport and exercise science
research, finding that during 2014-2020 in 6 major sports science
journals, two-thirds of participants overall across studies were
male and 31% of studies exclusively assessed males (compared
to only 6% of studies exclusively assessing females) (Cowley et al.,
2021). Further, these authors consistently observed sex-bias in the
number of participants and number of sex-specific studies over
the years of study (Cowley et al., 2021), which agreed with earlier
findings by Costello et al., of studies published between the years
of 2011 and 2013 {Costello et al., 2014). However, information is
lacking on the rationale(s) for inclusion/exclusion on the basis of
sex, or additional elements of sex-bias in the presentation of the
articles examined, such as how information on sex is reported in
the abstract and methodology of the manuscripts (Wilson et al,
2020).

“Sex” refers to the biological attributes, such as chromosomes,
anatomy, and hormones, which determine male and female
sex, while “gender” refers to socially constructed identity, roles,
and behaviors that govern men and women (Tannenbaum
et al, 2016); however, a nuanced approach to sex/gender
identifies these constructs as more complex than a binary
categorization (Fausto-Sterling, 2012; Bhargava et al., 2021).
Responding to the concerns regarding sex/gender representation
in human research, expert guidelines, government policies, grant
guidelines, and recent journal publication requirements have
been established. For example, the Sex and Gender Equity in
Research (SAGER) guidelines, established in 2012, detail how to
consider sex/gender in research design and reporting (Heidari
et al, 2016). Expanding to examine government policies, in
Canada, three federally-funded research councils, established the
“Tri-Council Policy Statement: Ethical Conduet for Research
Involving Humans” (TCPS 2) first established in 2010, and
updated in 2018 (Tri-Council Policy Statement, 2018). Article
4.2 of this statement identifies that “women shall not be
inappropriately excluded from research solely on the basis of
gender or sex,” recognizing the historical and discriminatory
exclusion of women in human research (Tri-Council Policy
Statement, 2018). Similarly, in the United States, originally
dating back to 1994 but recently updated in 2017, all NIH-
funded clinical research must consider sex/gender, alongside

other participant characteristics such as race and/or ethnicity
in study design “...to ensure that research findings can be
generalizable to the entire population™ (National Institute for
Health Research, 2017). Likewise, in the United Kingdom
in 2017, the NIHR-INCLUDE Framework and Guidance was
established to provide a “roadmap” for improving inclusion and
representation in health and care research, including examining
under-served groups including groups based on sex (National
Institute for Health Research, 2020; Witham et al., 2020). These
recent guidelines from health research bodies have identified
clear direction for sex-specific inclusive practices in research.

Further, recent changes in grant guidelines require researchers
to consider sex and/or gender in establishing research studies
for federal funding These changes were recently quantified
in a 10-year longitudinal study, evaluating integration of sex
and/or gender in grant submissions to the Canadian Institutes
of Health Research (CIHR) (Haverfield and Tannenbaum,
2021). This study found that integration of sex in grant
submissions rose from 22% in 2011 to 83% in 2021; while
integration of gender increased from 12 to 33% (Haverfield and
Tannenbaum, 2021). Moreover, applications with high scores in
the integration of sex/gender have a higher likelihood of being
funded (sex: 92% higher, gender: 153% higher) (Haverfield and
Tannenbaum, 2021). Finally, some journals have endeavored to
create guidelines or requirements for justification of sex/gender
inclusion in study designs. For example, the American Journal of
Physiology — Heart and Circulatory Physiology recently released
new requirements that as of January 2023, all studies must include
both sexes/genders, unless there is “strong scientific justification”
for studying a single sex (e.g., studying hormonal contraceptive
use in females, studying prostate cancer in males) (Lindsey et al,
2021).

Despite the burgeoning body of literature and policy changes
aimed at integrating sex/gender considerations in human
research, females continue to be excluded. For example, a recent
case study of Ontario’s NSERC-funded programs on the inclusion
of female participants in cardiovascular physiology research
found that females were underrepresented in or excluded from
63% of studies, with no temporal changes since the establishment
of the TCPS 2 policy in 2010 (Wilson et al., 2020). Further, the
study interviewed a limited number of Principal Investigators
with NSERC Discovery Grant funding and identified notions
of a “male norm” contributing to the preferential selection of
male research participants as males are seen as the “standard”
research subject and the female body is seen as more complex
with considerations regarding the menstrual cycle, technical
difficulties in acquiring measures, and/or disease prevalence
(Wilson et al., 2020). An example of this can be seen in a recent
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paper by Naylor et al., which examined comparisons in brachial
and femoral artery function in male athletes and excluded females
due to the potential influence of sex hormones on flow-mediated
dilation (FMD) and the need for male-specific data (Naylor et al.,
2021).

Macrovascular endothelial function is commonly assessed
using a standard FMD test via vascular ultrasound technology,
which examines the artery response to occlusion-induced
hyperemia (Thijssen et al, 2019). The FMD response of the
brachial artery is directly correlated with endothelial function
of the coronary arteries (Raitakari and Celermajer, 2000), and
endothelial function is of clinical relevance as its dysfunction
is a precursor in the development of atherosclerosis, stroke,
and hypertension (Yeboah et al, 2009). Current guidelines
(updated in 2019) for the assessment of vascular endothelial
function, and specifically FMD, detail that “premenopausal
women should be examined in a standardized phase of the
menstrual cycle, since hormonal changes can affect FMD”
(Thijssen et al, 2019). However, recent studies from our lab
groups have repeatedly identified lack of changes in FMD
across the menstrual and oral contraceptive cycle (D'Urzo et al,,
2018; Shenouda et al, 2018 Williams et al, 2019; Liu et al,,
2021). In agreement, a recent meta-analysis found that the
menstrual cycle has only a small effect on FMD, which was
largely accounted for by methodological differences in FMD
acquisition (Williams et al., 2020). Therefore, the topic of how
to consider “controlling” for the hormonal cycle has been long
debated, with a Point-Counterpoint discussion published in 2020
(Stanhewicz and Wong, 2020; Wenner and Stachenfeld, 2020a)
and recent methodological guidance papers (Sims and Heather,
2018; Elliott-Sale et al., 2021). Ongoing discourse on the topic of
hormonal cycling controls indicates that testing females during
a standardized phase of the hormonal cycle (e.g., early follicular
phase or placebo phase) is recommended (Thijssen et al,, 2019);
however, the need for control may depend on the study design
and population of interest (Stanhewicz and Wong, 2020).

Despite the ongoing discourse surrounding the need to have
more inclusion of female participants in exercise physiology
research, quantification of the historical sex-specific inclusion
in wvascular exercise physiology studies and identification of
rationale(s) for inclusion/exclusion has vet to be published.
Therefore, the purpose of this study was to systematically
quantify the sex-specific prevalence of participants and
identify the rationale(s) for sex-specific inclusion/exclusion
of participants in human research examining the impact of
exercise on vascular endothelial function. FMD was selected
as the primary outcome of interest for its clinical relevance
and prevalence as a macrovascular assessment method.
Aligned with previous studies identifying sex-bias in exercise
physiology research (Costello et al., 2014; Cowley et al., 2021),
we hypothesized observing a male sex-bias in vascular exercise
research, with rationales for exclusion related to the perceived
complexity of female bodies. However, we also anticipated
that there would be significant improvements in sex parity in
vascular exercise physiology research in recent years, in concert
with the implementation of guidelines and policy addressing
the issue.

METHODS

This systematic review was conducted following the Preferred
Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) statement. This review was also registered
with the International Prospective Register of Systematic
Reviews (PROSPERO).

Search Strategy

A systematic search was conducted to investigate the current and
past prevalence of sex-specific participant inclusion in vascular
exercise physiology research. Studies were selected for inclusion
through a systematic search of three online databases EMBASE,
MEDLINE, and SPORTDiscus, from inception to October 2021,
The search strategy (Appendix A) was aimed to select articles
evaluating macrovascular endothelial function in response to
acute or chronic exercise or physical activity interventions,
or cross-sectional studies examining athlete/active vs. non-
athlete/sedentary populations. The search consisted of the
following combination of keywords: “exercise” OR “training” OR
“physical activity” or “athlete” OR “cycling” OR “running” AND
“vascular function” OR “endothelial function” OR “endothelium-
dependent dilation” OR “flow-mediated dilation” OR “flow
mediated dilation.”

Eligibility Criteria

Only peer-reviewed, original studies, written in English were
eligible for inclusion in this review. Studies were excluded
if they were not available in English, or were reviews (e.g.,
narrative, literature, systematic, meta-analyses), case studies,
commentaries, letters to the editor, conference abstracts, or
non-peer reviewed (e.g., thesis manuscripts). Studies must have
included human participants (cell and animal models were
excluded) of any age and clinical status (Population). Studies
must have incorporated any type of exercise, training or
physical activity intervention or a cross-sectional comparison
(Intervention). Finally, studies were required to include flow-
mediated dilation (FMD) methodology assessed via ultrasound
technology as an outcome variable (Outconte).

Study Selection

Eligibility of studies was assessed by two reviewers. Initial
title and abstract screening for all studies was conducted
independently by two reviewers (LAL and ]JSW). Any
discrepancies about eligibility were settled through consensus
following a discussion with the two reviewers (LAL and JSW).
Next, a full-text screening was conducted independently by two
reviewers (LAL and JSW). Similarly, any discrepancies about
eligibility or the reason for exclusion were settled by consensus
fol]owing a discussion with the two reviewers (LAL and JSW).

Data Extraction

Data was extracted from each study by one of four reviewers
(LAL, JSW, JCS or ACWA), following the piloting of the
data extraction sheet (Appendix B). Information regarding
participant and study characteristics, sex of participants, results,
and discussion of sex/gender throughout the article were
extracted from all included studies. Data extracted about
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participant and study characteristics included: age, hormonal
status, clinical status, type of study, and exercise/physical activity
intervention length and type. Data extracted about sex of
participants included: sex of participants, total sample size,
sample size of males and females, and questions regarding the
reporting of sex throughout the manuseript (Appendix B). Data
on studies confusing or conflating terminology for sex compared
to gender (e.g., study examining biological males and females,
but using the term gender, or interchanging with men/women),
and whether studies examined gender were extracted. Finally,
justification/rationale of inclusion/exclusion of sex throughout
the manuscript was recorded, where applicable and available.

Data Synthesis and Analysis

Quantitative Analysis

Quantitative data was aggregated and reported across all years
as Chi squared analysis (Microsoft Excel 2016). Proportion of
female participants included in studies was compared across
cohorts of years (ie., every 5 years) to examine changes over
time in sex-specific inclusion in research trials, using one-way
ANOVA with the factor being the year cohort. Games-Howell
corrected post-hoc tests were conducted as the homogeneity of
variance was violated (Levenes test, p < 0.001; SPSS, Version
22.0). Significance was set at p < 0.05. Five-year cohorts were
selected, as the range of studies included in the review spanned
25 and 5-year cohorts provides a reasonable number of groups
for comparative analysis. The proportion of male-only, female-
only and mixed-sex studies were examined. Mixed-sex studies
were also assessed for proportion of females (40-60% proportion
of females/total sample size = equal; < 40% females = unequal
favoring males, > 60% females = unequal favoring females),
as previously published (Wilson et al, 2020). Where a study
did not specify sex (n = 11), an assumption was made that
the study was in only males, as per Wilson et al. (2020).
Number of studies including various participant characteristics,
study designs and types of exercise interventions in each sex-
specific inclusion grouping was examined and reported. Sex-
based analysis performed in studies and discussion of sex/gender
throughout the paper were examined and reported.

Qualitative Analysis

Qualitative data was thematically coded using reflexive thematic
analysis to identify patterns and themes of rationales provided
for sex-specific inclusion/exclusion (Braun and Clarke, 2021).
Two authors (LAL and JSW) analyzed extracted quotes from
the articles that provided justification or rationales for the
inclusion/exclusion of either sex, and sorted related quotes and
defined and named common themes for inclusion in the results.

RESULTS

Study Selection and Characteristics

The systematic search revealed 5,052 articles after duplicates
were removed, that underwent title and abstract screening to
result in 694 articles for full-text review. Following full-text
review, 514 articles remained for inclusion in the systematic
review, with exclusions identified in the flow diagram fgure

(Figure 1). Examining the year-ranges of studies, 37% (192)
studies were published in 2021-2017, 30% (156) from 2016 to
2012, 21% (107) from 2007 to 2011, 10% (49) from 2002 to
2006, and 2% (10) from 1996 to 2001. Examining the types
of participants included in the studies, there was an even split
between healthy populations (49%) and clinical populations
(51%). Further details regarding the types of studies included
in this review can be found in Figure2. The majority of
trials were randomized controlled trials (Figure 2A), chronic
exercise training interventions (Figure 2B), and spcciﬁca]ly
involved aerobic exercise interventions (Figure 2C). Similarly,
the participants represented in the included trials varied by age
(Figure 2D) and menopausal status (Figure 2E), with a large
proportion of studies not reporting menopausal status (42%).
Similarly, the majority of studies including female participants
did not specify the phase of the hormonal cycle tested or
did not control for the hormonal cycle (72%; Figure 2F); only
28% tested in a consistent hormonal phase (e.g., early follicular
phase/placebo phase or another consistent phase) as per the FMD
guidelines (Thijssen et al,, 2019).

Sex-Inclusion in Study Design
The total number of participants in the review was 25,364, with
16,140 males (64%) and 9,247 females (36%). The proportion of
female participants in studies was different across time cohorts
(main effect of time cohorts: p = 0.004); however, post-hoc
testing revealed that the only difference was a lower %females
in the 1996-2001 cohort compared to all others (p = 0.001).
However, there were only 10 studies in this time cohort (2% of
all studies). While the total number of studies increased, there
was no difference in the proportion of female participants across
time cohorts in the last 20 years (average: 35%; Figure 3A).
While the majority of trials reported sex of participants (97%),
in 3% of studies sex was not disclosed; these studies were assumed
to be “male-only” as described by Wilson et al. (2020). Examining
further the number of female-only, male-only and mixed sex
studies, the number of mixed-sex studies (56%) was greater than
that of male-only studies (32%), which was greater than that of
female-only studies (12%; Figure 3B). Of the studies that were
mixed-sex, the number of studies that favored the inclusion of
females (20%) was lower than the number of studies that included
equal male and female participants (37%) and studies that favored
inclusion of males (43%; Figure 3C).

Sex-Inclusion in Study Reporting

Of studies in single-sex populations (ie., male-only or female-
only studies), ~40% of studies included sex in the title, while
nearly 80% of studies included sex in the abstract. Similarly,
of studies that were single-sex in nature or mixed-sex with an
underrepresentation of one sex, ~17% of studies justified the
exclusion or underrepresentation of a sex. Finally, 32% of studies
in single-sex populations recognized the lack of generalizability
of their study.

When comparing fcma]e-only and male-only studies, it was
determined that male-only studies were less likely to report sex in
the title compared to female-only studies [27% male-only vs. 78%
female-only, 3% (1,223) = 45.86, p < 0.001; Figure 3D]. The same
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FIGURE 1 | Systematic review flow-diagram.

was true for reporting sex in the abstract [72 vs. 98%, )-;2 (1,222)
= 17.71, p < 0.001; Figure 3E], and providing a justification for
the exclusion on the basis of sex [15 vs. 55%, 12 {1,206) = 29.20,
p < 0.001]. However, there was no difference in the proportion
of studies which identified sex-exclusion as a limitation in their
ability to generalize from the study population [30% male-only
vs. 39% fcmalc—only. 12 (1,193) = 1.12, p = 0.291].

Further, when comparing mixed-sex and single-sex (i.e., male-
only ar fcma]c—only) studies, mixed-sex studies were more
likely to be conducted in clinical populations (65% of mixed-
sex studies versus 33% of single-sex studies), while single-sex
studies were more likely to be conducted in healthy populations
[35% of mixed-sex studies vs. 67% of single-sex studies; %2
(1,514) = 5090, p <= 0.001; Figure 3F|. Examining whether

male-only or female-only studies were driving this difference,
it was determined that male-only studies were more likely to
be conducted in healthy populations (72% of male-only studies
vs. 50% of female-only studies), while female-only studies were
more likely to be conducted in clinical populations [28% of male-
only studies vs. 50% of female-only studies; ){2 (1,227) =999, p
= 0.002).

Finally, when examining the two most common exercise
interventions in studies (i.e., resistance vs. aerobic), it was found
that male-only studies were more likely to include resistance
exercise interventions (26% of male-only studies vs. 15% of
mixed-sex/female-only studies), while mixed-sex/female-only
studies were more likely to involve aerobic exercise interventions
[74% of male-only studies vs. 85% of mixed-sex/female-only
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Menopausal status of female participants; (F) Hormonal cycling control in female participants.

studies; );2 (1,373) = 7.50, p = 0.006]. In addition, male-only
studies were more likely to include acute exercise interventions
(44% of male-only studies vs. 20% of mixed-sex/female-only
studies), while mixed-sex or ﬁ:malc-on]y studies were more likely
to be chronic exercise training studies [56% of male-ony studies
vs. 80% of mixed-sex/female-only studies, 3 * (1,483) = 29.62, p
= 0.001].

Qualitative Analysis of Study Reporting

Examining the justifications provided for the exclusion or
inclusion of certain sexes, there were four main themes: need
to study a specific sex for a sex-specific rationale or a gap in
the literature, the need to exclude females on the basis of the
hormonal cycle, maintaining the male norm, and challenges
with recruitment, retention and resources. One of the first
justifications identified was the need to study a specific sex given
the sex-specific nature of a condition or a clear gap in the
literature. For example, studies highlighted common sex-specific
conditions in females, such as menopause or the influence of
hormone therapy, polycystic ovarian syndrome, pregnancy and

amenorrhea, or in males, such as prostate cancer and testosterone
therapy. Similarly, the decision to only examine one sex was
reported in some studies to be based on a paucity of literature
in that sex.

Another common theme in the studies was exclusion of
female participants on the basis of the hormonal cycle and/or
attempting to remove the influence of sex that may confound
the study findings. Alongside this theme was the notion of
pursuing research that aligns with past populations as a “proof
of concept,” aligning with past identification of a male norm.
An additional recurring theme in the studies was the notion
that researchers may face recruitment, retention and resource
barriers when attempting to recruit both sexes. For example,
financial barriers were identified, stating that it is more costly to
examine sex equally. Several other studies identified challenges
with recruitment and retention, citing low numbers of females
as part of exercise programs or where clinical conditions are
more common in males compared to females. Examples of
these themes are illustrated in quotes in Figure 4 (Casey et al,
2007; Currie et al,, 2012; Atkinson et al., 2015; Restaino et al,,
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2015; Paditsaeree and Mitranun, 2018; Santos-Parker et al., 2018;
Claes et al.,, 2020; Papadakis et al, 2020; Boidin et al., 2021;
Waclawovsky et al., 2021). In examining the identification of
where generalizability is limited, studies primarily highlighted
that because of the sex-specific nature of the study or the lack
of equal participants across sex, study findings could not be
generalized to other populations.

Sex-Differences

Within studies examining mixed-sex populations, only ~10% of
studies intended to test for sex-differences in their methods with
an a priori design, with approximately one-third of these studies
disaggregating based on sex to perform the analysis, and two-
thirds of these studies incorporating sex-based comparison into

their statistical analysis. Similarly, when considering all mixed-
sex studies, only 17% reported analyzing data based on sex and
reporting differences or lack thereof. Of studies reporting on sex-
differences, 83% reported no sex-differences, while 17% reported
that there were sex-differences in response to an exercise-based
intervention. Finally, examining all studies in the review, only
20% included a discussion on how sex/gender may or may not
influence the study’s results; in mixed-sex studies, only 22%
included a discussion on sex/gender.

Examining Gender

Examining the inclusion of gender in the studies, approximately
40% of studies conflated or confused the terms sex and gender in
reporting on participants (e.g., using terms “male” and “female”
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(“However, no study has investigated
the effects of [resistance training] on
arterial function in normotensive
postmenopausal women who
demonstrate baseline elevated arterial
stiffness when compared to younger
counterparts.” (Casey et al, 2007)
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Costs & Resource Barriers:

“Because of the limit of <50 total
samples eligible for the
SOMAscan analysis and the
exploratory nature of this study,
older women were not included in
the aging analysis...”
(Santos-Parker et al, 2018)

“Additionally, as the menstrual
cycle may interfere with the levels
of EPCs and EMV's we chose not
to include women in this study... A
larger sample would be required
to show potential variations in
menstrual cycle phase and its role
as a co-factor. Yet, it would have
increased project costs.”

(Recruitment & Retention Barriers:

"The exercise program from which we
recruited our participants had low female
membership; therefore, we were only able to
recruit one female.” (Currie et al, 2012)

“The study participants in this project were
predominantly men, as is in line with how
men and women are distributed in
ambulatory [cardiac rehabilitation (CR)] in
today's practice in the hospitals participating
in this trial. One reason for this might be that
the ambulatory CR program in its current
format is more appealing to men, compared
with women. Furthermore, there is some
evidence that women are also significantly
less likely to be referred for CR programs
following revascularization compared with

~

Exclusion of Females: Hormonal |
Cycling or Sex-Differences

’

r"Dl..le to previous evidence showing sex
differences and hormonal influences on
the vasculature, only men were recruited
for this study.” (Restaino et al, 2015)

“Only men were recruited for this study in
order to exclude the confounding effects
of the menstrual cycle on FMD.”
(Paditsaeree and Mitranun, 2018)

“Women were excluded due to the
cyclical effects of estrogen on vascular
qunction' (Atkinson et al, 2015)

Exclusion of Females:
Continuing the Male Norm

"Since many previous studies included
healthy men only, we specifically focused
on this group of healthy young men (to
also allow comparison of our work with
previous studies)." (Boidin et al, 2021)

"The exclusion of females was a
necessity due to the proof of concept, as
well as the data suggesting that
pre-menopausal women at all stages may
be cardio protected against endothelial
dysfunction” (Papadakis et al, 2020)

Vascular Exercisa Physiology

L('n'\ll'aclEm*u:n.rslq.r et al, 2021) Lmen." (Claes et al, 2020)

AN A

FIGURE 4 | Summary of qualitative themas for sex-inclusion/exclusion and representative quotes.

as gender instead of sex or using terms “woman” and “man”
as sex instead of gender, or using both the terms “sex” and
“gender” interchangeably throughout the paper). In addition, the
vast majority of studies did not explicitly examine gender (e.g.,
identity, roles, behaviors) and its impact on the outcome (ie.,
FMD) (99%).

DISCUSSION
Summary of Study Findings

The purpose of this study was to quantify and characterize sex-
specific prevalence of human participants in research examining
the impact of exercise on vascular endothelial function and to
identify the rationales justifying sex-specific inclusion/exclusion
of participants. Overall, it is evident that females remain
underrepresented in vascular exercise physiology studies, as
indicated by a lower total prevalence of both female participants
and female-only studies. Summarizing over 500 studies with
~25,000 participants, this study found evidence of a male-bias,
with male participants included more than female participants
(64 vs. 36%), and 32% of studies conducted with male-only
populations (compared to 12% in female-only populations).

In mixed-sex studies, favoring of female participants was less
common (20%) than favoring of male participants (43%) or
equal male and female representation (37%). Furthermore,
underrepresentation of female participants was largely unaltered
across time despite the advances in policy and recommendations
related to sex and gender considerations. In addition, this
study found that male-only studies were less likely to report
sex in the title and abstract, and justify exclusion on the
basis of sex, compared to female-only studies. Further, our
analysis found that male-only studies tended to be conducted
in healthy populations and involve acute interventions and
resistance exercise interventions. Qualitative analysis found
common rationales regarding unequal sex inclusion to be
based on sex-specific conditions or paucity of research in a
given sex, female exclusion on the basis of the hormonal
cycle or sex-differences, perpetuation of the male norm, and
concerns regarding the recruitment, retention and resources
needed to pursue sex-parity. Finally, only 17% of mixed-sex
studies performed sex-based analysis, demonstrating the paucity
of sex difference research in the field of vascular exercise
physiology, even in those studies that included mixed-sex in their
participant pools.
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Sex-Specific Inclusion

Approximately one-third (36%) of participants included in all
studies were female, highlighting the imbalance between male
and female participant inclusion in vascular endothelial exercise
physiology research. Although this present study was narrow
in scope including only studies assessing FMD in response
to an exercise intervention, the results align with similar
research of broader scope (Costello et al., 2014; Wilson et al.,
2020; Cowley et al, 2021). A case study of research by five
cardiovascular physiology investigators in Ontario reported a
slightly lower average female enrollment of 24% (Wilson et al.,
2020). Moreover, two studies investigating the sex of participants
in original articles of three (Costello et al, 2014) and six
(Cowley et al, 2021) high-impact sport and exercise medicine
journals similarly found that females participants encompassed
39 and 34% of all included participants, respectively. The
proportion of single-sex studies further exemplifies the existence
of a sex bias skewed toward male inclusion with 32% of the
studies being male-only, and 12% female-only. This higher
prevalence of male-only studies was also noted previously
(Costello et al., 2014; Wilson et al., 2020; Woitowich et al., 2020;
Cowley et al, 2021). For example, previous work in exercise
physiology by Costello et al. identified 4-13% female-only
proportion, Cowley et al. identified 6% female-only proportion,
and work by Wilson et al. identified 5% proportion of female-
only studies in vascular research (Costello et al., 2014; Wilson
et al, 2020; Cowley et al,, 2021). The lack of female-inclusion
in research studies directly contributes to expanding gaps in
basic biomedical and clinical understanding of how exercise
influences vascular function in female cardiovascular systems.
For example, with evidence of known sex-differences in vascular
endothelial responses to exercise training (Seals et al,, 2019),
establishing sex-specific exercise training interventions is integral
to improving cardiovascular health of both males and females
and understanding underlying mechanisms responsible for sex-
specific responses.

Interestingly, male-only studies are more likely to be
conducted in healthy populations and utilize acute exercise
interventions in comparison to female-only/mixed-sex studies.
Alternatively, mixed-sex studies were more likely to be
conducted in clinical populations compared to sex-specific
studies. Discrepancies in prevalence of mixed-sex studies in
clinical vs. healthy populations may stem from the specific
policies and protocols mandated in clinical trials. For example,
the National Institutes of Health (NIH) established the policy in
1994 for Inclusion of Women and Minorities to improve sex-
based equality of participants in NIH-funded clinical research
(NIH: Grants Funding, 2017). According to this policy, in
addition to research proposals outlining female inclusion a priori
and plans for appropriate outreach programs and activities to
increase recruitment/retention of this population, investigators
must also provide annual progress reports detailing sex/gender
of participants. These mandatory checkpoints included in the
rigorous clinical trial protocols increase the accountability
of researchers to conduct mixed-sex studies. Whereas, equal
inclusion of sex in participants is often recommended rather

than mandated in research predominantly conducted in healthy
populations and is not guided throughout the research
process apart from investigator-driven design and funding body
decisions. In addition, female-only inclusion may have been more
prevalent in clinical studies as females are often studied for the
complexity of sex-specific conditions and hormonal experiences
(e.g., pregnancy, hormone use, menopause, amenhorrhea).
Further, based on the observations in the qualitative findings
of this review further detailed below in the Reported Rationales
for Exclusion section, it may be speculated that females were
disproportionately excluded from studies involving healthy
populations and acute-based interventions, due to the perceived
influence of hormonal cycle/sex hormones on basic mechanistic
research outcomes.

Reporting Sex in Studies

The SAGER guidelines were created in 2021 to promote a
systematic reporting of sex and gender in research and provide
greater transparency of scientific data (Heidari et al, 2016).
Key components of these guidelines include reporting sex when
detailing participant characteristics, as well as reporting the
sex of participants in the title and abstract if only one sex is
included. This present study provides evidence that many single-
sex vascular exercise physiology studies fail to adhere to these
guidelines as 3% did not detail sex, 60% did not report sex in
the title, and 20% did not report sex in the abstract. Additionally,
the SAGER guidelines emphasize the importance of reporting
results disaggregated by sex and performing sex-based analysis
when possible (Heidari et al., 2016). In this review, sex-based
analysis was very limited, with only 10% of mixed-sex studies
indicating an a priori decision to conduct sex-based analysis and
17% conducting a sex-based analysis. Alongslide the apparent
need for more sex-difference research, there have been calls in
the literature emphasizing the need for appropriately powered
sex-based analysis (Aulakh and Anand, 2007).

Females undergo acute and chronic variations in sex
hormones throughout their lives, including but not limited
to cyclic fluctuations in endogenous sex hormones across the
menstrual cycle or synthetic hormones across a contraceptive
cycle, substantial reductions in sex hormones during the
menopause transition, or temporary increases in synthetic
hormones with the use of hormone therapy. As some evidence
has suggested an impact of sex hormones on endothelial function
(Hashimoto et al., 1995; Moreau et al., 2012) or modulating the
endothelial response to exercise (Moreau et al,, 2013}, it remains
imperative to report participant hormonal status. Specifically,
identifying whether female participants are pre-menopausal,
peri-menopausal, or post-menopausal, alongside details
regarding hormonal cycle phase and contraceptive/hormone
therapy use, where applicable, provides additional context for
researchers to understand and interpret research findings.

Interestingly, reporting of hormonal status of female
participants was limited in this review, with 42% of studies
including females failing to specify hormonal status of
participants. Further, there is little control for menstrual
phase in studies including premenopausal women demonstrated
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by approximately three quarters of studies that did not control
for menstrual phase or did not report phase. While controlling
for hormonal cyele phase is debated (Stanhewicz and Wong,
2020), recent FMD guidelines suggest collecting data on
premenopausal women in a standard phase of the menstrual
cycle, alongside other standardized controls such as diet,
exercise, alcohol/caffeine consumption (Thijssen et al, 2019).
Considerations of the hormonal cycle should be evaluated
similar to other necessary study design controls, considering the
research question and study design, and establishing controls
wherever possible. While there remains a need to consider
the hormonal cycle in study design and reporting, female
participants should not be excluded on the basis of hormonal
variation, as female-inclusive research provides meaningful
contributions to vascular exercise physiology. Altogether, these
results suggest a need for not only improved quantity, but also
quality, of reporting in vascular exercise physiology research
conducted in females.

Reported Rationales for Exclusion

In contrast to previous reviews (Costello et al,, 2014; Cowley
et al., 2021), this was the first study to examine justifications
for exclusion on the basis of sex, and recognition of limits to
generalizability with exclusion. This study found that male-only
studies were less likely to provide justification for exclusion on
the basis of sex, compared to female-only studies (15 vs. 55%),
while both male-only and female-only studies equally recognized
the limitations in generalizability of the study findings to broader
population groups (30 vs. 39%). In examining the qualitative
rationales for justification, four central themes emerged. First,
sex-specific nature or a clear gap in the literature was a justified
rationale for sex-exclusion, such as researchers exploring the
influence of hormonal therapies like hormone replacement
therapy or testosterone therapy, or s«cx-speciﬁc conditions like
pregnancy and prostate cancer. The SAGER guidelines detail that
sex-exclusion on the basis of a sex-specific research question is
justified (Heidari et al,, 2016). Similarly, some studies identified
clear literature gaps in the introduction of the study, such as
the recognition of the paucity of research in one sex for a given
exercise intervention.

Another theme emerging from the qualitative analysis was the
exclusion of females based on the more variable hormonal eycle
influence, and the perceived need to perpetuate a “male norm”
in aligning with prior research to ensure validity and comparison
of study findings. This observation has been a consistent theme
in the exclusion or underrepresentation of female participants
for maintaining a status quo of studying males (Beery and
Zucker, 2011; Yoon et al., 2014; Woitowich et al.,, 2020). This
male bias has been identified in many fields, including both
basic cell and animal research (Yoon et al., 2014) and human
research, including physiology (Beery and Zucker, 2011; Will
et al., 2017) and more recently in exercise physiology (Cowley
et al,, 2021). Further, qualitative examination of interviews by
Wilson et al. identified that primary investigators believe this may
be due, in part, to females being perceived as more complex, with
considerations to the hormonal cycle (Wilson et al., 2020). Early
work examining the influence of the menstrual eycle on vascular

endothelial function established large fluctuations in FMD, and
was used as a justification for excluding females on the basis of
this complexity (Hashimoto et al., 1995). However, a recent meta-
analysis has identified that the menstrual cycle may have only a
small effect on vascular endothelial function, and variability may
instead be explained by other methodological factors (Williams
et al,, 2020). Nonetheless, controlling for hormonal phase is still
recognized as best practice, but should no longer be a justification
for exclusion as several recent articles offer excellent guidance
on how to account for hormonal status while investigating
females (Sims and Heather, 2018; Wenner and Stachenfeld,
2020b; Elliott-Sale et al., 2021).

Finally, another theme that emerged from the qualitative
analysis was various recruitment, retention and resource barriers
that exist when attempting to recruit both sexes. For example,
specifically in clinical studies, exclusion or underrepresentation
of female participants was noted due to poor recruitment or
higher prevalence of drop-outs. This is in line with earlier
findings by Wilson et al, noting relative disease prevalence
may limit recruitment efforts (Wilson et al., 2020). However,
according to the SAGER guidelines, an effort to recruit equally
across sex is necessary (Heidari et al, 2016), and concerted
effort is required to target recruitment to participants who
may be underrepresented due to inherent barriers in research
participation. For example, women have been historically
underrepresented in cardiac rehabilitation programs due to in
part to systematic under referrals, and poorer retention due in
part to other gender-based commitments such as family care and
a lack of social support (Jackson et al, 2005; Supervia et al,
2017; Colbert et al,, 2020). Finally, researchers noted as part
of justification the concern that integrating male and female
participants would result in increased costs for an experiment
with the need to double sample size. While the increased costs
associated with sample size and potential hormonal testing
cannot be overlooked, it has been argued that some trials may
not require an increased sample size when integrating both
sexes (Beery, 2018), examining sex-specific responses in pre-
clinical research may provide long-term savings at the stage of
clinical trials, and further examining sex-differences may lead
to future untapped areas of research development (Klein et al,,
2015).

Examining Gender

When reviewing study treatment of gender, approximately 40%
of studies conflated or confused the terms sex and gender,
often interchanging terminology throughout the article (e.g.,
using the term gender and then referring to “male” or “female”
participants). In addition, almost no studies explicitly examined
gender, specifically the socially constructed identity, behaviors,
roles, and institutional interactions that humans experience, and
that have been known to influence health (Tannenbaum et al,
2016). Within vascular exercise physiology research, exploring
gender offers an untapped area of future research to offer a
more nuanced approach to examining apparent sex-differences
that cannot only be explained by biological sex variables, like
chromosomes, anatomy, and hormones.
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Limitations

The scope of the project was narrowed to include only
exercise physiology studies that utilized FMD to assess conduit
artery endothelial function. Therefore, these results cannot
be extrapolated further, although the findings of this project
appear to be in line with studies of broader scope and in
different disciplines (Costello et al., 2014; Wilson et al.,, 2020;
Woitowich et al, 2020; Cowley et al, 2021). More research
is needed to extend these findings to other assessments of
cardiovascular function (e.g, arterial stiffness, carotid artery
compliance, microvascular function) and other physiological
interventions. Further, only English, peer-reviewed studies were
included in this review. Thus, these findings do not encompass
all vascular exercise physiology research due in part to the
potential publishing bias against null or statistically insignificant
results (Hopewell et al,, 2009). Additionally, studies included
in this review were from various geographic locations, however
data was not extracted regarding the country in which the
research originated. As such, differing local policies surrounding
sex/gender inclusion in research and reporting, which may
influence the integration of sex/gender (Merriman et al., 2021),
could not be accounted for in the temporal analysis of sex-
specific inclusion/exclusion. This remains an important future
direction to understand the effectiveness of sex/gender guidelines
and mandates from governing bodies. Similarly, journal-specific
requirements for sex/gender reporting were not accounted for
in the analysis, and this is therefore a potential future direction
for research. Lastly, despite an attempt to mitigate investigator
bias by creating a structured extraction template prior to analysis,
the team of investigators are all female-identifying and share a
common interest in integrating females into exercise physiology
research which may have influenced the analysis and results.

Guidance for Future Researchers

Based on the findings from this review, the first guidance for
researchers is to consider improved data collection and reporting
practices when considering sex/gender in future research studies.
For example, sex identification in the title and abstract where
studies are sex-specific. This recommendation can be reinforced
by journals including reporting requirements around sex/gender
during the manuscript submission and peer review process. For
example, research by the American Journal of Physiology - Heart
and Circulatory Physiology has found an increase in mixed-sex
studies and reporting on sex/gender in articles since integrating
strategies in manuscript submission and peer review (Lindsey
et al, 2021). Similarly, work by Clayton and Tannenbaum
have identified a simple structure of reporting of sex/gender
in clinical research, noting that the Journal of the American
Medical Association has integrated requirements for sex-specific
reporting and justification for exclusion on the basis of sex
(Clayton and Tannenbaum, 2016). However, journal instructions
may not always result in improved sex/gender inclusion, and
researchers should independently consider these factors in study
design (Merriman et al, 2021). Further, reporting hormonal
status of participants (e.g., menopausal status, hormonal cycling
controls) is necessary to provide additional context to research

findings. As detailed previously, researchers should consider
how hormonal status, including hormonal cycling and hormonal
therapy (including contraceptive use), may influence research
outcomes and incorporate appropriate controls into research
study design where appropriate; however, this should not come at
the cost of arbitrary exclusion of female participants. Hormonal
considerations should be balanced alongside other study design
controls, with the central principle of inclusion of both males
and females.

While it is recommended to aim for mixed-sex studies
with equal male/female participation (Heidari et al, 2016),
there are rationales for sex-specific research. For example,
some thoughtfully designed studies included in this review
identified the notion of “intentional design” for sex-specific
research, where researchers noted a paucity of research or a
direct rationale for sex-specificity (e.g., disease more prevalent
in one sex, sex—speciﬁc condition), detailed in the introduction
of a study. In contrast to the omission of rationale for sex-
exclusion, or justification after design (e.g., in the discussion),
it is recommended for researchers to consider sex-inclusion
in the design of studies. However, as detailed in the review,
some researchers have noted the limitations of sex-inclusion,
specifically in clinical populations. For example, in some clinical
populations recruitment and retention may be limited; however,
researchers are still urged to work toward parity in study design
and mitigate barriers for recruitment and retention on the basis
of sex. Similarly, few studies examined sex-based analysis in
study design; where appropriate, a priori analysis is encouraged
to examine sex-differences in response to exercise interventions.
Finally, some studies conflated sex/gender and nearly no studies
examined more complex constructs within gender. Researchers
are encouraged to consider including structured questions
around sex/gender, such as the two-step sex and gender question
(Bauer et al, 2017), or more in-depth gender questionnaires
(Schmitt and Millard, 1988; Pelletier et al,, 2015), alongside other
sex/gender tools summarized in a recent review (McGregor et al,,
2016).

CONCLUSION AND FUTURE DIRECTIONS

This is the first study to quantitatively assess sex-inclusion
in vascular exercise physiology research studies over 25 years,
building on prior research to qualitatively identify rationales
for inclusion/exclusion on the basis of sex. There was clear
evidence of the underrepresentation of female participants in
vascular exercise physiology research, and this trend appears to
be unaltered over time despite recent attention to this topic.
In particular, healthy populations involving acute interventions
appear to be an area for attention, recognizing increased rates
of female exclusion in these studies. Researchers are urged
to consider sex/gender inclusion in research study design and
reporting, with the aim for improved female inclusion. With
recent attention to the considerations of sex/gender in research
study design, it is anticipated that future analyses in vascular
exercise physiology research will identify improved sex-specific
inclusion in the next 25 years.
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Williams ]S, Dunford EC, MacDonald MJ. Impact of the menstrual cycle
on peripheral vascular function in premenopausal women: systematic review and
meta-analysis. Am J Physiol Heart Cire Physiol 319: H1327-H1337, 2020. First
published October 16, 2020; doi:10.1152/ajpheart.00341.2020.—Fluctuations in
endogenous hormones estrogen and progesterone during the menstrual cycle may
offer vasoprotection for endothelial and smooth muscle (VSM) function. While
numerous studies have been published, the results are conflicting, leaving our
understanding of the impact of the menstrual cycle on vascular function unclear.
The purpose of this systematic review and meta-analysis was to consolidate
available research exploring the role of the menstrual cycle on peripheral vascu-
lar function. A systematic search of MEDLINE, Web of Science, and EMBASE
was performed for articles evaluating peripheral endothelial and VSM function
across the natural menstrual cycle: early follicular (EF) phase versus late follicu-
lar (LF), early luteal, mid luteal, or late luteal. A meta-analysis examined the
effect of the menstrual cycle on the standardized mean difference (SMD) of
the outcome measures. Analysis from 30 studies (n = 1,363 women) observed
a “very low” certainty of evidence that endothelial function increased in the
LF phase (SMD: (1,45, P = 0.0001), with differences observed in the macrovas-
culature but not in the microvasculature (SMD: 0.57, P = 0.0003, ]2=84%;
SMD: 021, P = 017, [2:34%, respectively). Howewer, these results are par-
tially explained by differences in flow-mediated dilation [e.g., discrete (SMD:
0.86, P = 0.001) vs. continuous peak diameter assessment (SMD: 0.25, P =
0.30)] and/or menstrual cycle phase methodologies. There was a “very low”
certainty that endothelial function was largely unchanged in the luteal phases,
and VSM was unchanged across the cycle. The menstrual cycle appears to
have a small effect on macrovascular endothelial function but not on microvas-
cular or VS5M function; however, these results can be partially attributed to
methodological differences.

endothelial function; hormonal cycle; macrovascular; microvascular; smooth mus-
cle function

INTRODUCTION Vascular function is determined by the function of both the en-
dothelium and vascular smooth muscle (VSM) that react to stim-
uli by vasoconstricting or vasodilating to modulate the vascular
tone. Specifically, endothelial function is integral for cardiovascu-
lar health, as dysfunction is a precursor to the development of ath-
erosclerosis, an early step in the progression of CVD (67). One
noninvasive method of assessing macrovascular endothelial func-
tion is through a standardized flow-mediated dilation (FMD) re-
active hyperemia test (8). Brachial artery FMD is an independent
predictor of CVD (23, 67) and correlates well with the more inva-
sive coronary artery endothelial-dependent function test (41).
Guidelines for FMD have been developed to standardize the
methodology (13, 19, 59, 60), including two recommendations
which specify that premenopausal women should be assessed
during the early follicular phase of the menstrual cycle (days 1-7
of the menstrual cycle) when endogenous sex hormones estrogen
and progesterone are the lowest (19, 59). A recent update to the
Correspondence: M. J. MacDonald (macdonmj@memaster.ca). FMD gudelines continues to recommend that premenopausal

Cardiovascular disease (CVD) is a leading cause of death
worldwide, and the sex-specific prevalence of CVD is an
ongoing area of research (3, 57). While the reported preva-
lence of CVD is greater in men than in age-matched women,
the prevalence in women increases dramatically after meno-
pause (26, 43). It has been hypothesized that the loss of men-
strual cycle endogenous sex hormone production may be, in
part, responsible for this increase. Specifically, the influence
of the sex hormone estrogen (17 p-estradiol) has been thought
to delay the progression of CVD, potentially through its posi-
tive impact on inflammation, oxidative stress, vasodilator
production [e.g., nitric oxide (NO)], and directly on the
remodeling of the vasculature (18).
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women should be examined during a standardized phase of the
menstrual cycle (60). The inclusion of this guideline was based
on early research by Hashimoto and colleagues (21), which
reported increased FMD during the late follicular and luteal
phases of the menstrual cycle, when endogenous hormone levels
are elevated. Similarly, VSM function, as assessed using a stand-
ard mitroglycernine-mediated vasodilation test, was also observed
to be elevated throughout the menstrual cycle in the same study
(21). This study was turther supported by research by Williams
and colleagues (65), which reported fluctuations in macrovascular
FMD assessments and microvascular responses to endothelial
(acetylcholine) and vascular smooth muscle (nitroprusside) stim-
uli across the menstrual cycle. However, in ~2(0) years since these
studies, numerous studies have been published with both support-
ing and conflicting results, leaving the impact of the menstrual
cycle on vascular endothelial and VSM function unclear (1, 14, 21,
34, 51, 63). Recently, researchers have engaged in a point-counter-
point debate, providing opinion on whether the menstrual cycle
should or should not be controlled in vascular studies (58, 63). This
apparent discrepancy in the literature raises questions about the
establishment of menstrual cycle-specific guidelines in FMD test-
ing (13, 59, 60) and may be relevant in the establishment of future
macrovascular and microvascular assessment guidelines.

As a result, we conducted the first systematic review and meta-
analysis to consolidate available research exploring the role of the
menstrual cycle on peripheral macrovascular and microvascular en-
dothelial and smooth muscle functions in premenopausal women.

METHODS

This systematic review and meta-analyses were conducted in ac-
cordance with the Preferred Reporting Items for Systematic Review
and Meta-Analysis (PRISMA) guidelines (38). This review was also
registered with the International Prospective Register of Systematic
Reviews (PROSPERO): Registration No. 2019-CRD42019124743.
The investigators adhered to the prestudy protocol, apart from the inte-
gration of additional subgroup and sensitivity analysis detailed below.
All supplemental figures and appendices are publicly available through
the following link: https://doi.org/10.5683/5P2/0YUHGP.

Data Search Strategy

A systematic search of published studies in peer-reviewed journals
was undertaken to explore the impact of phases of the menstrual cycle on
endothelial function and VSM function in premenopausal women. The
systematic search included studies identified through MEDLINE, Web
of Science, and EMBASE, from inception until August 2019, updated in
January 2020, and again in August 2020. The search strategy was devel-
oped in consultation with a University librarian. The search consisted of
the following combinations of keywords: “menstrual cycle,” “phase,”
“menstruation,” “luteal,” “follicular,” “vasodilation,” “vasorelaxation,”
“vascular endothelium-dependent dilation,” *endothelium-independent
dilation,” “endothelium,” “vascular,” “flow-mediated dilation,” “FMD,””
“nitroglycerin-mediated dilation,” “NTG,” “microvascular,” “nitroprus-
side,” “acetylcholine,” “skin blood flow,” and “arteries: brachial or femo-
ral or popliteal or radial” (Supplemental Appendix S1 for MEDLINE
sample search). Additional hand searches of identified original research
article reference lists were also conducted to identify additional studies
to be included in the search. Only studies in English were included; how-
ever, no other restrictions were placed on the search.

"o

Eligibility Criteria

Study design. Original studies of any design, including but not lim-
ited to observational studies, randomized controlled trials, and cross-
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sectional studies, were eligible for inclusion. The following were
excluded: reviews (i.e., narrative, literature, and systematic reviews),
case studies, commentaries, and conference abstracts.

Population. The population included premenopausal women who
were naturally cycling (i.e., not using hormonal contraceptives) and
tested at least twice in their cycle, as detailed below. Studies includ-
ing multiple groups of women (i.e., postmenopausal, premenopausal
on hormonal contraceptives) or a comparator group of men were
included, but only if the naturally cycling group could be separated
out to be considered in this analysis. Studies that combined mixed
groups (i.e., combining premenopausal women with natural cycles
with those using hormonal contraceptives) were excluded from this
review.

Exposure and comparisons. To be included in this review, studies
had to have performed vascular assessments during at least two phases
of the menstrual cycle, including once during the early follicular phase
when endogenous hormone levels are low. The early follicular phase
was used as a “comparator” phase in exploring phasic differences in en-
dothelial and VSM function across common comparison phases of the
menstrual cycle (Le., late follicular, early luteal, mid-luteal, and late
luteal phases).

Qutcomes. Studies were included in this review if they assessed endo-
thelial function or VSM function in a major conduit artery (brachial, ra-
dial, femoral, and popliteal) or the microvasculature (e.g., forearm or leg
skin blood flow). Macrovascular endothelial function was commonly
assessed using an FMD test, whereas macrovascular smooth muscle
function was assessed using a sublingual nitroglycerine-mediated dila-
tion test. Microvascular endothelial function was often assessed using
skin blood flow responses to postocclusive reactive hyperemia (PORH)
or iontophoresis using acetylcholine (ACh) or bradykinin. Microvascular
smooth muscle function was generally assessed using sodium nitroprus-
side (SNP).

Study Selection and Data Extraction

Study selection was performed by two independent investigators
(J. 5. Williams and E. C. Dunford). Titles and abstracts were deter-
mined through the search strategy and assessed by two reviewers.
Studies determined for inclusion by one of the two reviewers was
included in full-text review. Both investigators reviewed all full-text
articles for eligibility, and discrepancies regarding inclusion/exclusion
were solved through consensus. A third reviewer (KS) was available to
solve discrepancies but was not needed.

Variables of interest were extracted by both reviewers into a prefor-
matted spreadsheet for each study, following piloting by investigators
(1. 5. Williams and E. C. Dunford). The following information was
extracted: citation (authors and year of publication) participant charac-
teristics [z, health status, fitness level, age, body mass index (BMI),
resting systolic and diastolic blood pressure (SBP, DBP), resting heart
rate (HR), and health status], information regarding vascular assess-
ments of endothelial function and VSM function, methodology used
(vasodilator stimuli, cuff placement, and occlusion time (if applicable)),
and the vascular region assessed. In addition, factors which may influ-
ence macrovascular assessments, including the method of assessing ar-
tery diameter (continuous edge detection vs. diameter at | min after
cuff deflation), and baseline diameter and shear rate/stress changes
across a cycle have been extracted. Relative changes in assessments of
wascular function were used in the meta-analysis [e.g., percent FMD
(9%FMD), rather than absolute FMDY|, where available. Information
regarding the menstrual cycle phases, methodology used to determine
phase, and hormonal profile (estradiol and progesterone levels) were
also recorded. Where multiple measures of microvascular function
were assessed for PORH occlusion time, the longest of the occlusions
(3 min) was used. Hemodynamic data (SBP, DBP, and HR) were
reported as either baseline data identified in the original study, or during
the early follicular/menstrual phase, if multiple phases were included
for baseline hemodynamics.
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If data were unclear, absent, or included in figures only, the primary
and/or corresponding author was contacted by the investigators through
email to seek this information, and data not reported following attempts
to contact authors are noted in Supplemental Appendix S4 as not
reported (NR). If original data were unable to be extracted, and authors
were unresponsive, data in figures were extracted using the online soft-
ware “WebPlotDigitizer.”

Quality and Certainty of Evidence Assessment Using SAQOR and
GRADE

Two investigators (J. 5. Williams, E. C. Dunford) independently
assessed each study for quality and certainty of evidence, and discrepan-
cies were solved through consensus. In recognition of potential conflict of
interest (i.e., investigator as an author on an included study), a third
reviewer (KS5) independently performed SAQOR and GRADE analysis
on a random selection of six studies, including the study in question. A
systematic appraisal for observational research (SAQOR) was performed
to evaluate individual study quality of evidence (risk of bias) (43), as pre-
viously performed in recent meta-analyses examining vascular function in
observational studies (33, 39, 55). The SAQOR was adapted for the pur-
poses of this review, including the following assessments: f) the sample,
i) the comparison condition, i) quality of exposure and outcome assess-
ment, iv) confounding variables, and v) reporting of data (see Supplemen-
tal Appendix 52 for more details on questions). The SAQOR was catego-
rized to “high,” “moderate,” “low.,” or “very low™ quality. Additionally,
the Grading of Recommendations Assessment, Develop-ment and
Evaluation (GRADE) using GRADEPro was performed to assess the cer-
tainty of evidence for outcomes in the meta-analyses: endothelial function
and VSM function. The certainty of evidence for each outcome was
assessed using the following scale: “high,” “moderate,” “low.” or “very
low™ certainty. According to the GRADE criteria, observational studies all
started as “low™ (nonrandomized controlled trial) and were downgraded or
upgraded using the following established criteria. The certainty of out-
come was downgraded due to /) risk of bias/study limitations, 2) inconsis-
tency in results, 3) indirectness of results, 4) imprecision, or 5) reporting/
publication bias. Bias was serious it =50% of weight of the pooled SMD
contributing to each outcome analysis was from studies indicating high
risk of bias in “very low™ or “low” quality of evidence from SAQOR.
Inconsistency was considered serious when heterogeneity assessed using
an I? test, with =506, Imprecision was considered serious if the out-
come’s 95% confidence interval crossed the line of no effect (i.e., both
positive and negative CI values). To explore the presence of publica-
tion bias, funnel plots with the standard funnel of phase differences
versus the study standard error were analyzed using visual inspec-
tion in analyses with at least 10 studies. Studies were upgraded if
there was [) a large magnitude of effect (SMD=10.8 or higher), 2) a
dose response, or 3) confounding factors would reduce the effect or
suggest a spurious effect, with the latter two criteria only upgraded
if the outcome was not already downgraded.

Datra synthesis and Analysis

Data synthesis. In cases where multiple groups or multiple outcomes
(e.g., microvascular iontophoresis studies) were included in a single study,
data for each group or condition were included separately in the meta-
analyses, and the sample size was adjusted accordingly. Data presented as
means £ SE were converted to means £ standard deviation (SD), using the
following formula: SD = means +SE x /i, where n is the sample size
of the study. Data presented as mean (range) were converted with the for-
mula SD =range/4. Data presented using 95% Cl were converted using
the following formula: SD =[(upper 95% — lower 95%:)/2 = 95%
value] = +/n. Finally, when using median and interquartile range (IQR),
mean was estimated as median and IQR. was converted to SD using the
formula SD =1QR/1.35. If estradiol and progesterone hormone levels
were reported in pg/mL or ng/mL, they were converted to pmol/L and
nmol/L, respectively. using the following conversion factor: | pg/
mL =3.67 pmol/L estradiol and 1 ng/mL progesterone =3.18 nmol/L.
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Data analysis. The meta-analyses were performed using Review
Manager (RevMan v5.3; Cochrane Collaboration, Oxford, UK). The out-
come variables included standardized mean difference (SMD) in endo-
thelial function and VSM function through the menstrual cycle phases
including comparing assessments in /) the early follicular (EF) phase to
the late follicular (LF) phase and 2) the EF phase to the luteal phases
|early luteal (EL), mid-luteal (ML), and late luteal (LL)]. Each SMD
was weighted according to the inverse variance method and pooled with
a random-effects model. The SMD summary statistic was chosen over a
mean difference statistic, as it allowed for the standardization of different
outcome variable methodologies for this meta-analysis [e.g., endothelial
function assessed by FMD (with multiple methodologies), PORH, and
iontophoresis]. A positive SMD corresponded with an increase in endo-
thelial function and VSM function during different phases of the men-
strual cycle. Significance for results was set to P < (.05 and effect sizes
were examined qualitatively according to Cohen’s guidelines, with an
SMD of 0.2, 0.5, and 0.8 denoting small, medium, and large effect
sizes, respectively (12).

Subgroup and sensitivity analysis. Where heterogeneity was high
(]2 = 50%), subgroup analysis was performed examining /) macrovas-
culature and microvasculature; 2) macrovascular endothelial function
methods that use a discrete measurement of diameter (e.g., 60 s after
deflation) compared with continuous measurements to determine peak
dilation; 3) microvascular endothelial function methods comparing
PORH and iontophoresis; and 4) reporting of activity levels (e.g.,
active, inactive, and not reported). Subgroup analysis was also per-
formed stratifying studies based on the number of steps in the three-
step hormonal cycle method (e.g., menstrual cycle mapping/self-report,
urinary ovulation prediction, and serum/plasma hormone measurement)
(Supplemental Appendix 55) (49). Similarly, sensitivity analysis using
the following parameters /) removing clinical populations from analy-
sis (n = 4 studies) and 2) removing studies testing upper limb (proxi-
mal) cuff placement compared with lower limb (distal) cuft placement
(n =1 study) or where cuff placement was unclear (n = 1 study).

Meta-regressions. Using the IBM Statistical Package for the Social
Sciences (SPS5; v 24; Chicago, IL) and Wilson’s 5PS5 metareg.sps
macro, weighted meta-regressions were performed where more than 10
studies were available using the inverse variance of the dependent vari-
able: SMD in endothelial function from EF and LF or EF and ML
phases. The following independent variables were entered into the
regression model: year of study publication, age, average menstrual
cycle length, BMI, resting systolic and diastolic blood pressure, and the
change in blood estradiol levels between phases. GraphPad (v 8; La
Jolla, CA) was used to graph regressions.

RESULTS
Study Selection and Characteristics

The systematic review search resulted in the inclusion of
1,336 articles that subsequently underwent title and abstract
screening, resulting in 78 potential articles (Fig. 1). Following a
full text review for eligibility, 33 studies remained in the review
(1,2,4-6, 10, 11, 14-16, 20, 21, 25, 27-29, 32, 34-36, 40, 42,
46, 48, 30, 51, 53, 54, 56, 62, 64, 65, and 68), with exclusions
identified in the figure. One study was excluded from the meta-
analysis due to challenges with extracting data (4), one study
was excluded as it included a LF phase comparator instead of
EF (46), and one study was excluded as it combined LF and ML
phases in its comparison analysis (11). The majority of studies
identified (n = 28) used an observational repeated measure
within-subject design (OBS RM), whereas two studies used a
cross-sectional study design. Twenty-cight studies included
healthy participants (n = 1, 302) and two studies included clini-
cal populations, specifically variant angina (n = 10) (28), and
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Fig. |. Systematic review and meta-analysis flow diagram.

smokers (n = 17) (16). Two of the studies including healthy par-
ticipants as controls also included a subgroup of smokers (n =
13) (25), and individuals with premenstrual syndrome (n = 21)
(56), bringing the total of participants in clinical populations to
61. Participants (n = 1,363) were generally young (28.9+6.6
yr), with regular menstrual cycles (average cycle length: 29.0+
1.4 days), exhibiting a healthy BMI and blood pressure (BMI:
23016 kgj’mz, systolic BP: 111.1+£7.7 mmHg, and diastolic
BP: 69.6 + 4.3 mmHg). Further study characteristics and extracted
data from each study are provided in Supplemental Appendices
$3 and S4.

Quality Analysis and GRADE

Using SAQOR, the majority of studies were classified as
“moderate” quality (7 = 19 studies), with a range from “low™ (n =
I study) to “high” (n = 13 studies) quality (sec Supplemental
Appendices S3 and 57). According to GRADE scoring criteria,
observational studies began with a “low” certainty assessment.
All outcomes were downgraded to “very low” certainty of evi-
dence for one of the three reasons: 1) serious risk of bias, 2)
inconsistency (i.e., high heterogeneity), or ) imprecision (i.e.,
95% CI crossing over no effect line) (Supplemental Appendix
56). There was no evidence of publication bias (Supplemental
Fig. 511, af). Only four analyses were upgraded from “very
low™ to “low” certainty of evidence for having a large effect size
(Supplemental Appendix 56).

Endothelial Function: Endothelial-Dependent Dilation

Follicular phase. There was a “very low” certainty of evi-
dence, with a small effect size, that endothelial function in-
creased from the EF to LF phase [26 studies; n = 1,304 women;
SMD: 0.45 (95% CI: 0.22, 0.69), P = 0.0001, downgraded for se-
rious inconsistency; Fig. 2]. Heterogeneity was high (I*=78%),

PhD Thesis — J. Williams; McMaster University - Kinesiology

IMPACT OF MENSTRUAL CYCLE ON VASCULAR FUNCTION

so subgroup analysis was performed examining macrovascular
versus microvascular measures of endothelial function. There
remained a “very low” certainty of evidence, with a medium
effect size, that the difference across EF to LF phases was driven
by an increase in function in the macrovasculature [21 studies; n
= 1,168 women; SMD: 0.57 (95% CI: 0.26, 0.87), P = 0.0003,
downgraded for serious inconsistency] but not in the microvas-
culature [7 studies; n = 136 women; SMD: (0.21 (95% CI: —0.09,
0.52), P = 0.17, downgraded for serious inconsistency and
imprecision]; however, subgroups were not statistically different
(P =0.11; Fig. 2). High hclcrogcncity remained for the macro-
vascular endothelial function (I"=84%) but not in the microvas-
culature (I=349%), so further subgroup analysis was performed
to examine differences in methodology used for macrovascular
assessments: discrete versus continuous diameter assessment.
There was a “low” certainty of evidence, with a large effect size,
that endothelial function increased across the EF to LF phase in
the discrete diameter assessment subgroup [11 studies: n= 1,041
women; SMD: (1L.86 (95% CI: 042, 1.29), P = (L.0001, down-
graded for serious inconsistency, but upgraded with a large
effect; Fig. 3]. In contrast, there was a “very low” certainty of
evidence that endothelial function was unchanged across the EF
to LF phase in the continuous diameter assessment subgroup [10
studies; n = 127 women; SMD: 0.25 (95% CI: —0.22, 0.71), P =
0.30, downgraded for serious inconsistency and imprecision;
Fig. 3].

Heterogeneity remained high for both subgroups (discrete
subgroup: 12 = 89%: continuous subgroup: 12 =68%), and sub-
groups trended to being significantly different (P = 0.06).
Sensitivity analysis for removal of studies with proximal/
unclear cuff placement or clinical populations did not alter
the EF to LF results, apart from decreasing the effect size to
medium, and thus the certainty of evidence to “very low,” in
the discrete macrovascular assessment with clinical popula-
tion removal (SMD: (.74, P = 0.001). Finally, subgroup anal-
ysis examining fitness (subgroups: sedentary, active, and not
reported) did not explain the heterogeneity in the macrovas-
cular endothelial function results (Supplemental Fig. S1).

Further subgroup analysis examining hormonal cycle assess-
ments was performed. Studies meeting 0 or 3/3 hormonal cycle
assessment criteria resulted in no changes to endothelial func-
tion across the EF to LF phases {[0 criteria: 2 studies; n = 770
women; SMD: 0.23 (95% CI: —0.31, 0.77), P = 0.41, > =44%],
|3 criteria: 6 studies; n = 85 women; SMD: 0.51 (95% CI:
—0.29, 130), P = 0.21, [2=82%j Supplemental Fig. 52}.
However, studies meeting only one or two of the criteria
resulted in significant increases in endothelial function across
follicular phases {[1 criteria: 9 studies: n = 293 women; SMD:
033 (95% CI: 0.02, 0.64), P = 0.4, P=64%], [2 criteria: 9
studies; n = 156 women; SMD: (1L.76 (95% CI: 0.14, 1.37), P =
0.02, 1>=83%] Supplemental Fig. S2}], though the subgroups
were not significantly different (P = (.58).

Luteal Phases

There was a “very low” certainty of evidence that endothelial
function was unchanged across the EF to EL phases |6 studies;
n =961 women; SMD: —0.25 (95% CI: —0.51, 0.02), P =0.07,
downgraded for serious inconsistency and imprecision; Supple-
mental Fig. 53]. Heterogeneity was high ([2 =56%), so subgroup
analysis was performed examining the macrovascular versus
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microvascular endothelial function. There was a “very low™ cer-
tainty of evidence for both subgroups, with endothelial function
remaining unchanged across the EF to EL phases in the macro-
vasculature {6 studies; n = 939 women; SMD: —0.27 [95% CI:
—0.27 (—0.58, 0.03), P = (.08, downgraded for serious inconsis-
tency and imprecision]}, and in the microvasculature [2 studies;
n =22 women; SMD: —0.17 (95% CI: —(0.78, 0.44), P = (.59,
downgraded for serious imprecision], with no difference between
subgroups (P = (1.76). Sensitivity analysis for cuff placement
resulted in nonsignificant differences between EF to EL phases
(P =0.27 macrovascular).

There was a “very low” certainty of evidence that endo-
thelial function remained unchanged across the EF to ML
phases [12 studies; n = 183 women; SMD: 0.37 (95% CI:
—0.19, 0.92), P = 0.19, downgraded for serious inconsis-
tency and imprecision; Fig. 4]. Given the high heterogeneity

(12 =84%), subgroup analysis was performed examining the
macrovasculature versus microvasculature. There remained
a “very low” certainty of evidence for both subgroups, with
the unchanged endothelial function detected in the macro-
vasculature [8 studies; n = 125 women; SMD: (.69 (95% CI:
—0.9, 1.48), medinm effect size, P = .08, downgraded for
serious inconsistency and imprecision], and in the microvas-
culature [4 studies; n = 58 women; SMD: —0.27 (95% CI:
—0.19,0.92) P = (.15, downgraded for serious imprecision],
with a significant difference between subgroups detected
(P = 0.03). Heterogeneity remained high in the macrovascu-
lature ([2= 87%) but not in the microvasculature ([2=(l%);
as a result, further subgroup analysis was formed examining
discrete versus continuous diameter assessments. There was
a “low” and “very low” certainty of evidence for macrovas-
cular discrete and continuous assessments, respectively. The
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difference.

discrete diameter assessment subgroup observed a large
cffect size in the increase in endothelial function from EF to
ML [4 studies; n = 62 women; SMD: 1.87 (95% CI: 0.30,
3.43), P = 0.02, downgraded for serious inconsistency, but
upgraded for a large effect], while for the continuous diame-
ter subgroup, there was no change in endothelial function
observed across phases [4 studies; n = 63 women; SMD:
—0.06 (95% CI: —0.75,0.63), P = 0.86, downgraded for seri-
ous inconsistency and imprecision], with a significant differ-
ence between subgroups detected (Supplemental Fig. 54; P =
0.03). Hclcrogcnci_tzy remained high in the discrete (12=92%)
and continuous (I"=72%) subgroups. Sensitivity analysis
with cuff placement did not change the results; however, re-
moval of clinical populations resulted in a nonsignificant dif-
ference from EF to ML in the macrovascular (P = (.16;
Supplemental Fig. §5) and macrovascular discrete subgroups
(P = 0.12). Similarly, subgroup analysis examining hormo-
nal cycle assessments (Supplemental Fig. S6) and fitness
assessments both resulted in unchanged endothelial function
from EF to ML and did not explain the heterogeneity.
Finally, there was a “very low” certainty of evidence that
endothelial function remained unchanged across the EF to LL
phases [6 studies; n = 977 women; SMD: 0.04 (95% CI:
—0.05, 0.13), P = 0.38, downgraded for serious risk of bias
and imprecision; Supplemental Fig. §7], with low heteroge-
neity (I7=0%). Sensitivity analysis for removal of studies

with proximal/unclear cuft placement or clinical populations
did not alter the EF to LL results.

VSM Function: Endothelial-Independent Dilation

Follicular phase. There was “very low” certainty of evidence
that VSM function remained unchanged from the EF to LF
phases [13 studies; n = 193 women; SMD: 0.18 (95% CI:
—0.07, 0.42), P = (.16, downgraded for serious imprecision;
Fig. 5], with low heterogeneity (1 =30%). Sensitivity analysis
for removal of studies with proximalfunclear cuff placement or
clinical populations did not alter the EF to LF results.

Luteal phases. There was “very low” certainty of evidence that
VSM function remained unchanged from EF to EL phases [2 stud-
ies; n = 35 women; SMD: 0.09 (95% CI: —0.42, 0.61), P =0.72,
downgraded for serious imprecision; Supplemental Fig. S8], with
low heterogeneity (12 =12%). Similarly, there was “very low™ cer-
tainty of evidence that VSM function remained unchanged from
EF to ML phases [7 studies; n = 120 women; SMD: (.19 (95% CI:
—0.08, 0.45), P = 0.17, downgraded for serious imprecision;
Supplemental Fig. 59], with low heterogeneity (P=7%). Finally,
there was a “very low” certainty of evidence that VSM function
remained unchanged from EF to LL phases [1 study, n = 15
women; SMD: —025 (95% CI: —097, 047), P = 050
Supplemental Fig. S10]. Sensitivity analysis for removal of studies
with proximal/unclear cuff placement or clinical populations did
not alter in any of the luteal phases.

AJP-Heart Circ Physiol « doi:10.1152/ajphcart. 003412020 « www_ajpheart org

69



IMPACT OF MENSTRUAL CYCLE ON VASCULAR FUNCTION

PhD Thesis — J. Williams; McMaster University - Kinesiology

H1333

Mid-Luteal Early Follicular Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean S0 Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Macrovascular
Rakobowchuk el al (2013) 5T 057 8 a2 14 8 B.9% -1.28 [-2.38, -0.17] _
Jochmann el al (2009) (1} T4 3 13 a7 43 13 0% -0.68 |-1.47F, 012 i
English et al (1988) T4E 482 20 & 482 20 ash -0.08 [-0.70, 0.54] 1T
Shenouda et al (2018) 7323 15 88 35 15 8% 0,13 [-0.59, 0.85] T
Jochmann et al (2009)(2) 107 45 12 88 &3 12 7.9% 0,35 [-0.45, 1.16] -T—
Harris et al (2012) 11.2 35 15 & 248 15 81% 0,80 [0.14, 1.65] —
Kawano et al {1996) 92 428 15 49 3.1 15 a.0% 1.12 [0.35, 1.90] -
Hashimaoto et al (1995) 17.53 305 17 1122 238 17 T.7% 225[1.37,3.13] I
Kawano et al (2001) 5.69 0.751 10 167 073 10 4.4% 5.06 [3.10, 7.02] e —
Subtotal (25% CI) 125 125 67.6% 0.69 [-0.09, 1.48] ‘
Heterogeneity: Tau? = 1.21; Chi* = 62,31, df = B (P < 0.00001); 1 = B7%
Test for overall effect: Z = 1.73 (P = 0.08)
2.1.2 Microvascular
Bungum et al {1096) 49 216 15 B6 2881 15 8.2% -0.55 [-1.28, 0.18] —
Mattu et al {2020) "ME 414 15 1,067 582 15 8.2% -0.28 [-1.01, 0.43] -
Ketel ot al (2009) 715 713 18 Ba875 5062 18 8.4% -0.27 [0.93, 0.33] e
Mayrovitz et al (2007) 124 0.61 10 114 0.4 10 7.7% 0.18 [-0.69, 1.06] -1
Subtotal (25% CI) 58 58 12.4% -0.27 [-0.63, 0.10] ‘
Heterogeneity: Tau® = 0.00; Chi* = 158, df = 3 (P = 0.66). I* = 0%
Test for overall effect: Z = 1,43 (P = 0.15)
Total (85% CI} 183 183 100.0% 0.37 [-0.19, 0.92] P

Heterogeneity: Tau® = 0.84; Chi* = 73,46, df = 12 (P < 0.00001); I* = 84%
Test for overall effect: 2= 1.30 (P =0.19)

Test for subgroup differences: Chi*=4.72, df = 1 (P =0.03), F=73.8%
Foolnoles

(1) Smakers

(2} Healthy Participants

SR .
Lower in Mid-Luteal Higher in Mid-Luteal

Fig. 4. Forest plot for endothelial function: carly follicular vs. mid luteal phases, with subgroup analysis: macrovascular vs. microvascular endothelial function. CI,
confidence intervals (95%); IV, inverse-variance method; Iz, measure of heterogencity: SD, standard deviation; std. mean difference, standard mean difference.

Meia-regressions. The SMD in endothelial function between
EF and LF phases was not significantly mediated by age (R2=
0.014, P = 0.444), menstrual cycle length (R*=0.031, P = 0.358),
BMI (R*=0.003, P = 0.756), systolic blood pressure (R*=0.008,
P = (.654), diastolic blood pressure (R2=U.U63, P =10.183), or
the change in estradiol levels from the EF to LF phases (R2=
0.008, P =0.575) (Supplemental Fig. 512a). However, the SMD
in endothelial function between EF and LF phases was signifi-
cantly associated with the year of publication (Rzztl,QI]?, P =
0.0003; Supplemental Fig. S125). The SMD in endothelial func-
tion between EF and ML phases was not significantly mediated
by any variable (Supplemental Fig. S12, b and ¢).

DISCUSSION

This is the first systematic review and meta-analysis to exam-
ine the impact of the menstrual cycle on vascular endothelial
and VSM functions. Following the systematic review process,
29 studies assessing endothelial function and 14 studies assess-
ing VSM function were analyzed and their data were extracted
for subsequent meta-analyses. There was a “very low” certainty
of evidence that endothelial function increased to a small degree
in the EF to LF phases, driven by an increase in macrovascular
endothelial tunction, with no effect observed in microvascular
function. However, further subgroup analysis found that this
effect may be the result of differences in FMD and/or hormonal
cycle assessment methodologies, further supported by a nega-
tive association with the year of publication. In contrast, endo-
thelial function was found to be largely unchanged in the luteal
phases, and VSM also did not change across the menstroal
cycle. Given the significant heterogeneity unexplained fully by
subgroup analysis and meta-regressions, and “very low™ cer-
tainty of evidence in the GRADE assessments, the results of this
meta-analyses should be interpreted with cantion. Taken al-

together, this review and meta-analysis present novel and tunely
findings, along with considerations for future directions for the
further integration of menstrual cycle considerations in cardio-
vascular physiology research.

Prior to this review, there was no consensus on the influence
of the menstrual cycle on the vascular function, given conflict-
ing results from studies over the past 25 years (1, 14, 21, 34, 51,
65). The lack of consensus has brought about debate on whether
the menstrual cycle should or should not be controlled for in
vascular research and has likely prevented more widespread
inclusion of women in studies (58, 63). For simplicity, the EF
phase was used as a “baseline” for when endogenous estrogen
and progesterone levels are the lowest in the natural menstrual
cycle of premenopausal women, in line with current guidelines
(13, 59). This was compared with phases of the cycle when hor-
mone levels are elevated (e.g., LF=estrogen levels elevated:
ML =estrogen and progesterone levels elevated). Through anal-
ysis of the studies identified in the systematic review, a medium
cffect of the menstrual cycle was identified on the macrovascu-
lar endothelial function during the LF phase when endogenous
estradiol levels are elevated. However, subgroup analysis
revealed that studies examining discrete diameter assessments
(e.g., 60 s after cuff deflation) versus continuous diameter
assessments (e.g., 3 min assessment to determine peak) found
that studies using discrete assessments observed an increase
across these phases, while those using continuous measures did
not. Discrete diameter assessments do not account for the con-
siderable interindividual variability in both the timing and
response pattern that exists in FMD assessments. While several
studies have not found menstrual cycle vanation in the time to
peak diameter, ranging from 35 to 40 s to ~100 s (14, 40, 42,
51), this analysis does not account for differences in the progres-
sion of dilation (1.e., diameter remaining elevated longer in one
phase vs. another). Furthermore, subgroup analysis for endothe-
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Late Follicular Early Follicular Std. Mean Difference Std. Mean Difference
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1.4.1 Macrovascular
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Test for overall effect: £ =128 (P =0.20)
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Williarns el al (2001) (4) 31 2m T 45 4.3 T 4.3% -0.44 [-1.51, 0.62]
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Tesat for overall effect: Z = 0.76 (F = 0.45)
Total (95% CI) 193 193 100.0% 0.18 [-0.07, 0.42] -
Heterogeneity: Tau® = 0.07; Ch# = 19.67, df = 14 (P = 0.13); 1P = 30% 2 + + +

Test for owerall effect; Z = 1.42 (P = 0.16)

Tast for subgroup differences: Ch? = 0.02, df =1 (P = 0.88), F = 0%
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2} Healthy Participants
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1
Lower in Late Follicular  Higher in Late Follicular

Fig. 5. Forest plot for smooth muscle function: carly follicular vs. late follicular phases. CI, confidence intervals (95%); 1V, inverse-variance method: [2, mecasurc of
heterogeneity; SD, standard deviation; std. mean difference, standard mean difference.

lial function examining hormonal cycle assessments found that
studies that used some (1-2 steps) of the criteria in the three-
step method of hormonal cycle assessments were more likely to
also observe an increase in FMD across phases, while assess-
ments that used all three criteria were less likely to make these
same observations (49). Given the progression of guidelines for
methodologies, it is unsurprising that there was a significant nega-
tive relationship between the publication year and SMD in these
phases, such that as methods became more refined, consistent,
and precise over the past 25 years, SMD became smaller.

Analysis examining the luteal phases found that while there
were no effects of phase on the EL or LL phases, there was a
significant increase in macrovascular endothelial function in the
ML phase for discrete, but not continuous, diameter assess-
ments, similar to the LF phase. However, when sensitivity anal-
ysis was performed removing clinical populations, this increase
was no longer present. While controversial, the lack of substan-
tive changes in the luteal phase of the menstrual cycle may point
to the antagonistic effects of progesterone on the small benefits
attributed to estrogen alone, which have been previously dis-
cussed (15, 21). These results again point to minimal effects of
the luteal phases of the menstrual cycle on the macrovascular
function, particularly when differences in methodology and the
health status of participants are also taken into consideration.

In contrast to the effects on the macrovasculature, there were
no effects of the menstrual cycle on the microvascular function.
It is possible that the vascular beds (macrovascular vs. micro-
vascular) may be differentially susceptible to hormonal influ-
ence. Recent research by Jekell and colleagues (24) found weak
relationships between macrovascular and microvascular endo-
thelial function assessments in individuals with hypertension.
This finding has been further supported by research in patients
with rheumatoid arthntis, also demonstrating a lack of

relationship between macrovascular and microvascular function
assessments (47). The authors consider that the lack of agree-
ment between peripheral vascular assessments likely points to
different regulatory mechanisms in each vascular bed (24, 47).
Research examining the influence of vessel size on endothelial
NO synthase (eNOS) protein content found that the content was
the greatest in the larger conduit and resistance vessels, com-
pared with smaller arterioles (30). Similarly, it has been previ-
ously supported through in vivo and in vitro research that estrogen
modulates vascular endothelial and VSM functions through binding
to estrogen receptors (ER), predominantly ERo, to exert both
genomic and nongenomic effects linked to increased bioavailability
of vasodilators, such as eNOS activation to increase NO production
(7, 18, 37, 61, 66). Recently, one study identified that protein levels
of ERs were higher in macrovascular than in microvascular endo-
thelial cells (22). Taken altogether, macrovascular endothelial cells
may be more susceptible to factors influencing NO bioavailability;
however, further research is needed to explore the underlying
mechanisms (e.g., ERa and [} expressions and eNOS presence)
potentially driving differences between the macrovascular and mi-
crovascular responses to the menstrual cycle.

As previously discussed, estrogen may moduolate vascular
function through estrogen receptors and influence the bioavaila-
bility of NO through eNOS activation (7, 18, 37, 61, 66).
However, the meta-regressions from this review identified no
relationships between the change in estradiol levels in the EF to
LF or EF to ML phases and the SMD in vascular endothelial
function between the same phases. It is possible that the signifi-
cant heterogeneity in the SMD between studies may instead be
explained by interindividual variability in ERx receptor expres-
sion, rather than the differences in estradiol levels, as previously
proposed by Gavin and colleagues (17). This mechanistic hy-
pothesis 1s supported by a strong relationship observed between
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the downstream ERa receptor expression and endothelial func-
tion, as assessed by FMD (17). Further research is necessary to
explore differences between participants in estradiol levels,
ERa receptor expression, and its role on macrovascular and mi-
crovascular functions.

The accurnulation of the identified small effect of the men-
strual cycle on the macrovascular endothelial function may pro-
vide some support for the observations of reduced incidence of
CVD in premenopausal women compared with age-matched
men (44), and the loss in vasoprotection and subsequent increase
in CVD observed following the menopausal transition (9, 26, 31,
43). Additionally, the findings of this meta-analysis may explain
the discrepant findings of acute stimuli studies, which report
both vasoprotection, or lack thereof, to acute stimuli (20, 34, 64).
For example, research by Harris and colleagues (20) and Luca
and colleagues (34) reported protection from a high-fat meal and
ischemia-reperfusion injury, respectively, during the LF phase
compared with the EF phase. However, these observations were
not consistent with the research by Williams and colleagues (64)
where there was no difference between EF and LF phases in the
vascular response to an acute hyperglycemic insult. These stud-
ies, in combination with the findings of this review, support the
idea that the small vasoprotective effect of elevated hormones
during specific phases of the menstrual cycle may overcome the
deleterious effect of some, but not all, acute stimuli. Further
research exploring the influence of the menstrual cycle on the
vascular responses to acute stimuli is needed.

Recommendaiions for Researchers

Given the results of the subgroup analyses in this review, a dis-
cussion of best practice recommendations for researchers is war-
ranted. While the menstrual cycle does not appear to have an
effect on the microvascular endothelial function or VSM function,
continued attention to examining the macrovascular endothelial
function is needed. First, it is evident that differences in methodol-
ogy—specifically examining the peak diameter at a discrete time
point versus continuous assessment of diameter to identify the
peak—imnay be, in part, responsible for phasic differences reported.
Simuilarly, while cuft placement (proximal vs. distal) did not influ-
ence the results, this should be considered in future macrovascular
endothelial function studies. Following of the current FMD guide-
lines may reduce heterogeneity between studies examining the
effect of the menstrual cycle (60). Similarly, when assessments
are performed across the menstrual cycle, using the three-step
method of assessment (menstrual cycle tracking before testing,
ovulation testing, and sex hormone assessment) may also reduce
this heterogeneity (49). Utilization of these recommendations has
been done in recent research by our group and others, where fluc-
tuations across the cycle have not been observed when including
all three methods of assessment and current FMD guidelines (34,
51, 64). Finally, this review highlights potential considerations for
future guidelines, including standardizing menstrual cycle phases
(e.g., LF and ML) and testing day(s) within each phase. For exam-
ple, while some studies assessed the LF phase (when endogenous
estrogen levels are elevated) as the 2-3 days preceding ovulation
(1, 34, 65), while others characterized this phase as days 7—14 of
the menstrual cycle (50, 56, 62), which may have contributed to
some of the heterogeneity observed. Similarly, researchers should
continue to consider methods to decrease study bias, including
randomization of phases tested and blinding of personnel to phases
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during data collection and analysis, as cited in several studies (13,
52,59).

Limitations

A limitation of this meta-analysis was the significant heterogene-
ity 1n both outcome variables and across all phases of the menstrual
cycle assessed. While this heterogeneity was partially explained by
differences in the vascular bed, heterogeneity remained high follow-
ing subgroup analysis for FMD and menstrual cycle assessment
methodologies. Similarly, heterogeneity was largely unexplained
by baseline characteristics of participants (age, average menstrual
cycle length, BMI, and blood pressure), as observed in the meta-
regressions performed. Some of the heterogeneity may be explained
by the variation between studies in how each phase of the menstrual
cycle was assessed. The lack of standardization in menstrual cycle
phase determination between studies may contribute significantly to
the variability observed in the impact of phase on vascular function
and is an important consideration for future directions, as detailed in
the previous recommendations. Additionally, another limitation of
this review was the poor certainty of evidence, identified through
the GRADE criteria as “very low” for the majority of analysis, pri-
marily a result of inconsistency and/or imprecision in studies ana-
lyzed. However, it is important to note that observational research,
according to GRADE criteria, starts at a “low” certainty of evidence
score, despite strong study design. Furthermore, quality analysis
specific to observational research (SAQOR) was performed and
assessed n all but one study with moderate or high-guality scores.
Another limitation of this review was the lack of reporting of par-
ticipant characteristics, especially information regarding fitness
levelsfexercise participation, supplementation with vitamins (e.g.,
vitamin C/E), and other medication use, which may have limited
the ability to account for baseline characteristics to explain hetero-
geneity in meta-regressions. Finally, given that the majority of
participants (n = 1,302) were healthy and young (289 +6.6 yr),
this limited the generalizability of the findings of this review to
predominantly healthy, premenopaunsal women and not high-risk
populations with varying metabolic and cardiovascular conditions.

Conclusions and Future Directions

Based on the findings of this systematic review and meta-anal-
ysis, the menstrual cycle has a small effect on macrovascular en-
dothelial function, as observed through an increase in SMD
during the LF phase, but largely has no effect in the luteal phases.
However, there is a “very low” certainty of evidence, and this
small effect may be in part attributed to differences in FMD and
hormonal assessment methodologies. Additionally, the menstrual
cycle does not appear to influence VSM function or microvascu-
lar endothelial function. As a result, the effect of variations in hor-
mone levels throughout the menstrual cycle may play a smaller
role than previously proposed (21). Future research should con-
tinue to explore the influence of the menstrual cycle on vascular
function under acute and chronic periods of vascular vulnerabil-
ity: in acute cardiovascular and metabolic stimuli, and in older
premenopausal participants, especially patients with varying met-
abolic disease states.
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Abstract

Hormonal contraceptives are one of the most widely used prescriptions for premenopausal women worldwide. Although the risk
of venous and arterial cardiovascular events (e.g., deep vein thrombosis, arterial clotting) with hormonal contraceptives, specifi-
cally oral contraceptive pills, has been established, the literature on early risk indicators, such as peripheral vascular structure
and function has yet to be consolidated. The purpose of this review is to summarize literature examining the impact of different
hormonal contraceptives on vascular function and structure, including consideration of phasic differences within a contraceptive
cycle, and to propose future directions for research. It is evident that hormonal contraceptive use appears to impact both macro-
vascular and microvascular endothelial function, with phasic differences in some contraceptive types dependent on progestin
type, the ratio of ethinyl estradiol-to-progestin, and route of administration. However, hormonal contraceptives do not appear to
impact smooth muscle function in the macrovasculature or microvasculature, arterial stiffness, or vascular structure. Underlying
mechanisms for observed impacts and arcas of future research are discussed. This review provides timely consolidation of
research examining hormonal contraceptives and peripheral vascular function and structure and provides guidance on consider-

ations for hormonal contraceptive use in study design.

endothelial function; macrovascular; microvascular; oral contraceptive pills; smooth muscle function

INTRODUCTION

Hormonal contraceptives, specifically oral contraceptive
pills (OCPs), are one of the most widely used prescriptions for
women between the ages of 15 and 49 worldwide, used by an
estimated 151 million women (1). Approximately 9.1 million
women in the United States, 13% of the population, use OCPs
(2). Similarly, ~16% of Canadian women use OCPs, and the
majority of women use a combination pill containing both
ethinyl estradiol (EE) and a progestin (3); however, the use of
OCPs is far more pervasive when factoring in lifetime use. In
Australia, ~75% of women have used OCPs at some point in
their lifetime (4). Similarly, ~80% of Swedish women are cur-
rent or former users of OCPs (5). Across a woman'’s reproduc-
tive lifetime, many different types of OCPs and non-oral
contraceptives may be used for a variety of purposes, includ-
ing for the prevention of pregnancy, treating reproductive
conditions, and relieving some symptoms of menopause (6—
8). As a result, understanding the physiological effects of dif-
ferent types of hormonal contraceptives on the cardiovascular
system at different stages of life is integral to women’s health
throughout the lifespan.

Over the course of the last 60vyears, four generations of
0OCPs have been developed in a progressive effort to reduce
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adverse side effects. These generations differ through modi-
fications in the dosage of EE and varying compositions of
progestins. While progestins are similarly derived, each pro-
gestin has differing androgenicity (i.e., the ability to produce
similar physiological responses as androgens, such as testos-
terone, dihydrotestosterone), with newer variants having
low androgenicity or are anti-androgenic compared to older
progestins (9). OCPs typically have a 28-day cycle formula-
tion, involving a placebo or no-pill week, followed by 3 wk of
either the same (monophasic) or increasing dosages (bi/tri-
phasic) of synthetic hormones each week. Originally intro-
duced in the 1960s, first-generation pills often contained the
highest dosages of estrogen (150 pg estrogen mestranol) and
progestins called “estranes”, including norethindrone [ace-
tate] or ethynodiol diacetate (10). In subsequent generations
of OCPs, the dosage of EE was reduced to 50 pg, then to 20—
35ug, and the composition of the progestin was designed to
reduce androgenicity (10). In the 1970s, second-generation
pills were developed, containing “gonane” progestins, includ-
ing levonorgestrel, or less commonly, norgestrel (10). In the
1990s, third-generation pills were developed, containing
gonane progestins desogestrel or norgestimate, and, more
recently, fourth-generation pills were developed containing
drospirenone (10). In data reported from the Canada IHealth
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Measures Survey in 2015, ~29% of women used second-gener-
ation OCPs (levonorgestrel), 44% used third-generation OCPs
(norgestimate), and 16% used fourth-generation OCPs (dro-
spirenone) (3). Another change in some pill formulations has
been in the reduction of the 7-day placebo week to a shorter
placebo week to reduce hormone withdrawal symptoms, of-
ten thereby extending the use of active pills by 2-5days per
cycle depending on the type of OCP (11, 12). Although the 7-
day placebo week is still the most common formulation used
and studied, the reduction of the placebo week in some for-
mulations has important implications given the lack of follic-
ular suppression and, thus, raised endogenous hormone
levels in the 7-day placebo week versus shortened placebo
week users (11, 12).

In addition to the development of different generations of
OCPs, more recently, non-oral routes of contraceptives have
been developed in an effort to increase adherence, and thus,
effectiveness in pregnancy prevention, as well as to decrease
side effects and increase affordability. These alternative con-
traceptives include the transdermal patch and vaginal ring,
which function similarly to OCPs, by delivering 21days of
continuous synthetic estrogen and progesterone, followed
by a 7-day withdrawal period. Longer-duration options for
contraception include the intramuscular depot medroxypro-
gesterone acetate (DMPA) injection, which is injected intra-
muscularly into the upper arm and lasts ~12wk, providing
continuous progestin release. Lastly, hormonal intrauterine
devices (1UDs), which provide a continuous low-dose release
of progestin (levonorgestrel), are gaining prominence as a
long-term hormonal contraceptive option lasting 3-7 years.
In the United States, the proportion of women using long-
term, reversible methods of contraception has doubled
between 2008 and 2014, with likely increases with growing
usage (13). Similarly, according to the US National Survey of
Family Growth 2015-2017, just over 10% of women use long-
acting reversible contraceptives (2). When determining the
prescription of hormonal contraceptives, often arterial and
thromboembolic risks are weighed alongside individual risk
factors (e.g., smoking, obesity, and family history) in coun-
selling women about contraceptives options. While contro-
versial, there are data to suggest that cardiovascular risks are
elevated in women taking OCPs, especially in those on first-
and second-generation OCPs with higher estrogen dosages,
individuals within their first year of use, and those older
than 35 years old and/or smokers (14-16). OCP use has been
associated with cardiovascular conditions, such as venous
thrombosis, stroke, and myocardial infarction, despite the
low-population attributable risk in young women (17, 18).

Given that hormonal contraceptives may influence the
pathophysiology of vascular discase, determining their role
in the early signs of vascular dysfunction and the associated
structural vascular remodeling is key. The development of
cardiovascular disease (CVD) is often preceded by athero-
sclerosis, stemming from alterations to the three layers of
the artery that regulate vascular structure and function (19).
Specifically, alterations in central and peripheral arterial
stiffness of the tunica adventitia [e.g., pulse wave velocity
(PWV), distensibility, and B-stiffness] (20), smooth muscle
function of the tunica media (e.g., nitroglycerine-mediated
dilation) (21}, and endothelial function of the tunica intima
(e.g., flow-mediated dilation) (22-24) have all been identified
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as early risk indicators in the progression of CVD (Fig. 14)
(20, 22). In examining research on early risk indicators, it is
important to consider the clinically meaningful difference
that increases in stiffness or impairments in vascular func-
tion can induce. For example, a recent meta-analysis found
that for every 1% decrease in flow-mediated dilation, a mea-
sure of macrovascular endothelial function, there was a 13%
(95% Cl: 9%—-17%) increase in the future risk of cardiovascu-
lar events (23). Similarly, an increase in central PWV, a mea-
sure of arterial stiffness, by 1m/s is associated with a 15%
(95% CL 9-21%) increased risk of CVD mortality (25).
Therefore, when examining vascular function and structure
with hormonal contraceptive use, it is important to consider
the clinical relevance of statistically significant differences
in this review.

Some of the complexity associated with summarizing the
available research in this area stems from the complexity of
the contraceptives themselves. There are ~35 unigue hormo-
nal contraceptive options, each with their own synthetic hor-
mone make-up and route of administration (e.g., oral,
transdermal, vaginal, intramuscular); however, the majority
of options are OCPs (10, 26). As a result, researchers have of-
ten grouped together results from women who use hormonal
contraceptives, characterizing them as a single cohort in
comparison to a naturally cycling comparator group (27-30).
However, recent research has identified that the synthetic
hormone make-up of contraceptives and their route of
administration may impact carly risk indicators for CVD (31—
33). Additionally, one of the previously cited barriers to
including women in cardiovascular research studies is the
perceived complexity of controlling for the hormonal cycle
phase (34). In considering study participants who use hor-
monal contraceptives, the question of whether to control for
phase (e.g., placebo vs. active hormone phase; Fig. 1B) in
contraceptives that have fluctuating hormone levels is
unclear. While methodological recommendations have been
made for examining or controlling for phasic differences in
OCP, patch, and ring use, specifically in exercise science (35),
further discussion is necessary, especially given the expo-
nential increase in rescarch examining sex differences and
sex-specific research in women (36-38).

Therefore, the purpose of this review is threefold: 1) to
summarize literature examining the impact of different gen-
erations of OCPs and non-oral contraceptives on vascular
function and structure; 2) to clarify the impact of phasic dif-
ferences in hormonal contraceptives—primarily oral contra-
ceptives—on vascular function and structure; and 3) to
propose future directions for research and provide guidance
on the inclusion of women who use hormonal contraceptives
in cardiovascular research studies, given the recent calls for
a focus in this area (35, 39, 40).

INFLUENCE OF HORMONAL
CONTRACEPTIVES ON ENDOTHELIAL
FUNCTION

Macrovascular endothelial function is commonly assessed
using a standard reactive hyperemia flow-mediated dilation
(EMD) test, whereby a pneumatic cuff is inflated to supersys-
tolic pressures (=200 mmHg) for a period of Smin and then
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Macrovascular Assessments of Py
the Brachial Artery
* EF; FMD

* SMF: NMD

Central Arterial Stiffness (CCA)
» B-Stiffness
« Distensibility & Compliance
+ Structure: Intima-Media
Thickness

Figure 1. Mcthods assessing the influence
of hormonal contraceptives (Le., oral con-
traceptive pills, transdermal patch, vaginal
ring, and intrauterine device) on vascular
function and structure. A: methods com-
maonly used for assessing the influence
of hormonal contraceptives on vascular
function and structure in humans. 1)

Microvascular Assessments
» EF: ACH infusion
* SMF: NTP infusion

Examining Phasic Differences

IUD

Patch

Placebo Phase

Hormone Levels

Peripheral Stiffness:

» Central PWV

» Peripheral Arm PWV
» Augmentation Index

Macrovascular endothelial function (EF)
assessment can utilize brachial artery flow-
mediated  dilation (FMD), while smooth
muscle function (SMF) can use brachial
artery nitroglycerine-mediated  dilation
(NMD). 2) Microvascular EF assessment
may involve acetylcholine (ACh)induced
dilation, and nitroprusside (NTPHnduced
dilation for SMF. 3) Arterial stifness meth-
ods include the examination of the com-
mon carotid artery (CCA) festiffness,
distensibility and compliance, and arte-
rial structure: intima-media thickness.
Peripherally, arterial stiffiness is com-
monly assessed using pulse wave veloc-
ity (PWV) centrally at the carotid to
femoral arteries, and peripherally in the
arm from the carotid to radial arteries.
Augmentation index is also used as an
indicator of arterial stiffness. B: common
hormonal contraceptive methods dis-
cussed in this review include four genera-
tions of oral contraceptive pills, transdermal
patch, vaginal ring, and intrauterine device.
When examining phasic diferences, studies

»

Active Phase

often examine differences between the pla-
cebo (o hormone) phase and during the
last week of the active phase. The graphics
used were developed on open-source plat-
forms Canva.com and Biorender.com

1

1st 2nd 3rd 4th
Oral Contraceptive Pill
Generations

Ethinyl Estradiol

deflated (41). Measurements of the proximal artery, often the
brachial artery, are assessed using Doppler ultrasound before
(baseline) and in the 3 min following cuff deflation, with the
difference between baseline and peak diameter of the artery
represented as a percentage change relative to baseline di-
ameter (%FMD; Fig. 1) (41). Microvascular endothelial func-
tion is commonly assessed through either infusion or
transdermal application of acetylcholine—an endothelium-
specific vasodilator—and subsequent detection of changes
in microvascular blood flow in the distal limb through laser-
Doppler flowmetry or venous plethysmography (ACh-medi-
ated dilation; Fig. 1) (42). As detailed below, hormonal con-
traceptives appear to impair endothelial function in some
contraceptive options (OCP second generation, DMPA intra-
muscular injection), but not others (OCP fourth generation
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Progestin

and 1UDs), which may be attributable to the progestin type,
dosage, andfor route of administration (Table 1 and
Supplemental Table S1, https://doi.org/10.5683/5P2/VXILGS;
all supplemental tables may be found at this site). Similarly,
there are phasic differences in the impact of hormonal con-
traceptives on endothelial function, which appear to depend
on both the ratio of EE dose to progestin dose and the route
of administration (Table 1).
Macrovascular Endothelial Function

Early cross-sectional research on OCP use found no differ-
ence in %EFMD between OCP users and naturally cycling con-
trols; however, this study did not consider the differences in
OCP type and dosage in this conclusion (29). Indeed, recent
cross-sectional and intervention studies have found that
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Table 1. Summary of the impact of hormonal contraceptive use and phasic differences on macrovascular and micro-

vascular endothelial function

Impact of HC Use on Endothelial Function

Impact of Phase on Endothelial
Function{Placebo — Active Phase)

Combined EE/Progestin Contraceptive Options

Second-generation OCPs (levonorgestrel)
VLD: 20mcg EEA0D meg LNG
LD: 30 meg EENS0meg LNG

Third-generation OCPs (desogestrel) + +ACh
VLD: 20 mcg EEA50 meg DSG

LD: 30 meg EENS0meg DSG

Fourth-generation OCPs
(DRP, CMA)

Ring (2.7 mg EE/1.7 mg etonogestrel — third generation)

1 ®%FMD [vs. self 6 mo (43), fourth-generation
users (44), controls (45, 46)]

[vs. self & mo (47)]

4+ BFMD [vs. sclf 6 mo (43, 48)]

VLD: | %FMD (33)
LD: « + %FMD (32,33)
LD: « sACh (32)

VDL: < » %FMD (31)
LD: 1 %FMD (31,32)
LD: TACh (32)

1 %FMD (32, 49)TACh (32)

T %FMD (S0)

Progestin-Only Contraceptive Options

DMPA intramuscular injection (containing first- gencration pro-
gestin, medroxyprogesterone acetate)

1UD {containing second- generation progestin, levonorgestrel)

| ®FMD
[ws. controls (46, 51)]

< » BFMD
{48-h postinjection (51), across
9wk postinjection {52))

«» BFMD

[vs. self 3, 6, and 12 mo (53)]

Progestin-only pills (*mini-pill™)

ACh, acetylcholine-mediated vasodilation (microvascular); CMA, chlormadinone acetate; DRP, drospirenone; DMPA, depol medroxy-
progesterone acetate; DSG, desogestrel; EE, ethinyl estradiol; HC, hormonal contraceptive; 1UD, intrauterine device: LD, low dose; LNG,
levonorgesirel; OCP, oral contraceptive pill; %FMD, percent [low-mediated dilation (macrovascular); VLD, very low dose.

hormonal contraceptives appear to impair macrovascular
endothelial function in second-generation OCP and DMPA
intramuscular injection users, but not in fourth-generation
OCP or IUD users. Research by Heidarzadeh et al. (45)
observed lower %FMD in OCP users with the progestin levo-
norgestrel (second generation) than in naturally cycling con-
trols (45). This finding has been confirmed in another cross-
sectional study (46) and an intervention study following
6mo of second-generation OCP use (43). In contrast, inter-
ventional research studies have found no change in %EMD
following 6 mo of OCP use with the progestin drospirenone
or chlormadinone acetate (both fourth generation) (43, 48).
Few studies have compared contraceptive types; however,
an early cross-sectional study by Friedman et al. (44) found
that those using OCPs which contain estrane or gonane pro-
gestins (first and second generation) had lower %FMD than
users of OCPs with drospirenone (fourth generation).
Altogether, it has been well established that second- genera-
tion OCP use impairs endothelial function (FMD) in compar-
ison to naturally cycling controls and later generations of
0CPs.

The long-term effects of OCP use have been further sup-
ported by correlational research which found that the type of
progestin in an OCP is an independent predictor of the FMD
response; however, the researchers suggest that age may
have been a confounder (44). In contrast, recent research
from our laboratory by Shenouda et al. (54) found a negative
correlation between duration of use and %FMD in second-
generation OCPs, but not in third- and fourth-generation
users, even after controlling for age. However, this finding is
not completely supported by research by Heidarzadeh et al.
(45), who found a nonsignificant negative relationship
between %FMD and duration of use in second-generation
OCP users, despite observing impaired function in OCP users
versus naturally cycling controls. Although there is some evi-
dence of a relationship between long-term OCP use and
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endothelial dysfunction, further longitudinal research is
necessary.

Exploring non-oral routes of administration, it is apparent
that DMPA intramuscular injection use reduces, while 1UD
use does not appear to impact, endothelial function.
Researchers found that DMPA users had lower %FMD than
naturally cycling controls (46, 51) and a similar level of
impairment as second-generation OCP users (46). Collectively,
it appears that the chronic use of DMPA, a high-dose progestin-
only, non-oral contraceptive (150 mg injection every 12wk),
has pronounced adverse effects on the vasculature long term
(46, 51).

On the basis of the research presented by Lizarelli et al.
(46) above, it could be hypothesized that IUD use would also
result in impairment in endothelial function, given that sec-
ond-generation OCP users had lower %FMD than controls,
and 1UDs use the same second-generation progestin (levo-
norgestrel) in its long-acting, non-oral composition. Contrary
to this hypothesis, one study by Selim and Hussein (53)
observed no change in %FMD with IUD use at 3, 6, or 12mo
postinsertion. This may be a result of differences in the route
of administration (oral vs. vaginal) or the balance of estrogen
and progesterone derivatives. For example, this study found
that endogenous estradiol levels in blood remained the same
with IUD use, while endogenous progesterone levels were
reduced to compensate for increased exogenous progestin
(levonorgestrel) levels. In contrast, OCP use dramatically
reduces both endogenous estrogen and progesterone levels as
they are replaced by exogenous hormones. The differential
effects of exogenous EE and endogenous 17p estradiol on en-
dothelial function may be responsible for differences
observed in these contraceptive methods containing levonor-
gestrel (second-generation OCP vs. 1UD). Similarly, OCP and
DMPA use results in significantly higher progestin levels in
the blood, compared to IUD use, which may be a contributing
factor.
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With respect to hormonal contraceptive phase and macro-
vascular endothelial function, early cross-sectional research
discussed above found no differences in %FMD across four
time points in the contraceptive cycle (29). In addition,
research from our group by Shenouda et al. (54) has also
observed no change in %FMD across a pill cycle. Similar
findings have also been observed recently by O'Brien et al.
(55). However, as these studies grouped OCP users together,
it is possible that the types of contraceptives that partici-
pants were using may have masked phasic differences. For
example, in the study by Shenouda et al. (54), approximately
half of the participants were on a second-generation, very
low-dose contraceptive [decreases %FMD, according to one
study (33)], while the other half were on a low-dose third-
generation [increases %FMD (31, 32)] or fourth-generation,
low-dose OCP (increases %FMD), detailed further in the
studies below (32).

Exploring second-generation OCPs (progestin = levonor-
gestrel), research by Torgrimson et al. (33) found no phasic
differences in low-dose users (30pg EE/150pg LNG) but
found a decrease in %FMD across phases in very low dose
users (20pg EE/100pg LNG). This has been further sup-
ported by research by Thompson et al. (32), who also found
no change in %FMD in second-generation users, noting that
the participants were using low-dose OCPs. Similarly,
research by Meendering et al. (31) observed increased %FMD
in third-generation users with a low-dose composition [30 pg
EE/150 pg desogestrel (DSG)], but no change in very low dose
third-generation OCPs (20 pg EE/150 pg DSG), which has a
10 pg lower dosage of EE but the same amount of progestin.
In a subset study of very low dose users, during the placebo
pill phase, the provision of EE (10 pg) resulted in elevated
%FMD compared to both the active and placebo phases.
These findings provide evidence that EE may counteract the
effects of progestin and improve endothelial function.
Furthermore, research from Thompson et al. (32) identified
increased %FMD in third- and fourth-generation users on
low-dose (30 pg ELE/1S0pg DSG or 3mg drospirenone) OCP
composition in the active phase compared to the placebo
phase. ‘This observation has been supported by findings in
fourth-generation OCP users with improved %FMD (49). The
existing research suggests that progestins counteract the ben-
eficial effects of EE alone, with some progestins having a
more potent effect than others (e.g., levonorgestrel = drospir-
enone, desogestrel), hence, the phase differences between
OCP generations and dosage levels. Therefore, the balance
between EE and progestin type in the contraceptive is integral
to understanding the effects on the endothelium.

While research on the acute effects of non-orally adminis-
tered contraceptives on endothelial function is limited,
some early research by Sorensen et al. (51) found that while
% FMD was reduced in DMPA users compared with naturally
cycling controls detailed above, there was no change in
%FMD acutely (48h) postinjection. Similarly, more recent
work by Torgrimson et al. (52) has also found no change in
% FMD across a 9-wk period with DMPA users. In contrast to
the lack of phasic differences observed with the DMPA injec-
tion, research by Torgrimson et al. (50) has found an increase
in %EMD in the active phase of using the vaginal ring. The
ring uses a third-generation progestin, which in OCPs has
been shown to increase %EFMD (31, 32), with a much higher
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ratio of EE:progestin than an OCP, which may explain this
result, in line with prior studies.

Interestingly, research from the Minson group has further
explored the independent effects of progestin and E; supple-
mentation. In a study by Meendering et al. (56), participants
were first put on a gonadotropin-releasing hormone antago-
nist (GnRla) for 4 days to suppress endogenous sex hor-
mone production. Following this period, participants took
transdermal estradiol (0.1 mg/day) daily for 3days, and then
estradiol + progestin medroxyprogesterone acetate (MPA;
Smg/day) daily for 3days (56). The rescarchers found that
%FMD was increased in the transdermal estradiol condition
but was reduced back to GnRIla suppression levels following
the provision of MPA (56). Follow-up research by the same
group found that DMPA + E. supplementation through a
0.1-mg transdermal patch, 0.1-mg vaginal ring, or 2x daily 1-
mg oral dosage all increased %FMD compared with DMPA
alone (52). Furthermore, these researchers found that E; sup-
plementation via the vaginal ring resulted in higher %FMD
compared to E; supplementation orally (52). Estrogen sup-
plementation appears to improve endothelial function,
which is counteracted by the effects of progestin and
depends, in part, by route of administration.

Overall, hormonal contraceptive use impairs endothelial
function, as assessed by FMD, in second-generation OCP and
DMPA intramuscular injection users, but not in fourth-gen-
eration QCP or IUD users. Similarly, there are phasic differ-
ences in the impact of hormonal contraceptives on FMD.
Second-generation OCPs may either impair or not impact
FMD, dependent on dosage level (very low vs. low dose),
while third- and fourth-generation OCPs improve FMD.

Microvascular Endothelial Function

The microvasculature may respond differently to external
stimuli than the macrovasculature (57, 58), and, as such,
examining the literature on microvascular function separate
from the macrovasculature will aid in understanding how
hormonal contraceptives may differentially affect these vas-
cular beds. Results from cross-sectional and interventional
studies are mixed with respect to the effects of OCP use on
ACh-mediated vasodilation. For example, two studies have
observed no difference in ACh-mediated dilation with OCP
use versus naturally cycling controls (OCP generation not
specified) (59) or after 6mo of use in third-generation OCP
users (47). Similarly, a study by John et al. (60) cited no
change in ACh-mediated dilation in OCP users (second and
third generation) versus naturally cycling controls; however,
there was a nonsignificant increase in dilation, which may
have been underpowered. Research by Limberg et al. (28)
observed that ACh-mediated vasodilation was elevated in
OCP users compared with naturally cycling controls; how-
ever, OCP type was not disclosed. Therefore, it is likely that
the discrepancies in the literature are a result of differences
in OCP types; however, minimal studies have been con-
ducted detailing information about OCP generation.

Exploring phasic differences, a study by Murphy et al. (59)
did not observe differences across an OCP cycle; however,
this study did not provide a description of OCP composition.
In contrast, research by Thompson et al. (32) stratified on the
basis of OCP generation found increased ACh-mediated
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Table 2. Summary of the impact of hormonal contraceptive use and phasic differences on macrovascular and micro-

vascular smooth muscle function

Impact of HC Use on Smooth Muscle Function

Impact of Phase on Smooth Muscle Function
(Placebo — Active Phase)

Combined EE/Progestin Contraoceptive Options

Second-generation OCPs (levonorgestrel)
VLD: 20 mcg EEAOO meg LNG
LD: 30 mcg EENS0Omecg LNG

Third-generation OCPs (desogestrel)
VLD: 20 mcg EEAS0 mcg DSG
LD: 30 mcg EENS0mcg DSG

Fourth-generation OCPs <» BNMD

(DRP. CMA)

Ring (2.7 mg EE/M.7 mg etonogestrel — third
generation)

[ws. self & mao (48)]

VLD: « » BNMD (33)
LD: « » %NMD (33)
«»NTP (32)

WVLD: < » BMMD (31)
LD: « » SNMD (37)
«» NTP (32, 47)

< 'NMD (49)< » NTP {32}

«» BNMD (50)

Progestin-Only Contraceptive Options

DMPA intramuscular injection (containing first- <» BNMD
generation progestin, medroxyprogesterone
acetate)

1UD (containing second-generation progestin,
levonorgestrel)

Progestin-only pills (“mini-pill™)

<+ BNMD

[ws. controls {51)]

<+ BNMD
[48 h postinjection (51); across weeks
of use (52)]

[ws. self 3, 6, and 12 mo (53)]

CMA, chlormadinone acetate; DMPA, depot medroxyprogesterone acetate; DRP, drospirenone; DSG, desogestrel; EE, ethinyl estradiol;
HC, hormonal contraceptive; IUD, intrauterine device; LD, low dose; LNG, levonorgesirel; %NMD, percent nitroglycerine-mediated dila-
tion (macrovascular); OCP, oral contraceptive pill; NTP, nitroprusside-mediated dilation (microvascular); VLD, very low dose.

dilation in third- and fourth- generation OCP active phases
versus placebo phases, with no phasic differences observed
in second-generation users. 1t is possible that the discrepan-
cies between these two studies are a result of the Murphy et
al. (59) study including only participants using second-gen-
eration OCPs. This is further supported by recent work by
Mattu et al. (61), who found no phasic differences in micro-
vascular function in primarily second-generation OCP users.
Overall, there are mixed results as to the impact of hormonal
contraceptive use on microvascular endothelial function,
with studies identifying either no change or improve-
ments with OCP use. While phasic differences have been
observed, with increased ACh-mediated dilation in third-
and fourth-generation OCP users but not second-generation
users across the hormonal cycle, further research is needed.

INFLUENCE OF HORMOMNAL
CONTRACEPTIVES ON SMOOTH MUSCLE
FUNCTION

Smooth muscle function can be assessed using methods to
increase nitric oxide (NO) bioavailability, thereby increasing
endothelium-independent dilation of both the macrovascu-
lature and microvasculature. For macrovascular assessments
of brachial artery smooth muscle function, 0.4 mg of nitro-
glycerine is typically sprayed sublingually, and brachial ar-
tery diameter measurements are acquired repeatedly using a
Doppler ultrasound in the 10min following administration
(31, 33, 48, 50-54, 56). The difference in diameter between
baseline and peak diameter in response to nitroglycerine
administration is represented as a percent change from base-
line (% nitroglycerine-mediated dilation, %NMD; Fig. 1). For
microvascular assessments, nitroprusside is injected arteri-
ally (28, 47, 60} or is applied locally (32, 59), once or in graded
dosages, and forearm blood flow is detected using strain
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gauge plethysmography or laser Doppler (Fig. 1). As detailed
below, hormonal contraceptive use does not appear to
impact smooth muscle function in either the macrovascula-
ture or microvasculature (Table 2; Supplemental Table S2).
Additionally, there do not appear to be any phasic differen-
ces in smooth muscle function with contraceptive use.

Macrovascular Smooth Muscle Function

While the majority of research on macrovascular smooth
muscle function has focused on phasic differences and acute
models of exogenous supplementation, detailed further in
this section, two studies have examined the “longer-term”
effects (<1year) of contraceptive use in an interventional
study design (48, 53). Researchers have found no impact of
OCP use with the progestin drospirenone (fourth generation)
following 6 mo of use, or IUD use with levonorgestrel (second
generation)-based or copper-based following 3, 6, and 12mo
of use on smooth muscle function (48, 53). Furthermore,
research by our group using a correlational design to exam-
ine the long-term effects of OCP use on smooth muscle func-
tion found no relationship between duration of OCP use and
%MNMD in a group of second-, third-, and fourth- generation
OCP users (63). These studies provide support for the conclu-
sion that hormonal contraceptive use appears not to influ-
ence macrovascular smooth muscle function.

Phasic differences in macrovascular smooth muscle func-
tion have been fairly well studied, including research on
OCPs stratified by generation type, the DMPA intramuscular
injection, and the vaginal ring (31, 33, 50, 51, 54). Researchers
have found no phasic differences in smooth muscle function
in second- and third-generation OCP users on very low or
low-dose formulations, or in fourth-generation users (31, 33,
49). Further work from our laboratory has confirmed these
findings. observing no phasic differences in smooth muscle
function in OCP users on varying second-, third-, and fourth-
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generation progestins (54). Exploring non-oral routes of
administration, rescarchers have also found no differences
in smooth muscle function 48h postinjection of DMPA or
across vaginal ring contraceptive phases (30, 51).

Well-designed research from the Minson group examined
the independent roles of exogenous sex hormones and their
route of administration on smooth muscle function in two
recent studies detailed in full earlier (52, 56). Briefly,
researchers examined I) the impact of endogenous suppres-
sion (via GnRHa) and the addition of exogenous estradiol
and estradiol + MPA (40) and 2) the impact of estradiol sup-
plementation via transdermal patch, vaginal ring, or oral pill
in DMPA users on smooth muscle function (52). With both
interventions, smooth muscle function was unchanged (52,
56). Overall, it is evident that macrovascular smooth muscle
function appears to be unaffected by hormonal contracep-
tive use, including phasic differences.

Microvascular Smooth Muscle Function

There has been minimal research conducted examining
the effect of hormonal contraceptive use on smooth muscle
function in the microvasculature. In the available studies, no
impact on smooth muscle function was observed (32, 47, 59,
60) in all but one study (28). Research by Thompson et al.
(32) observed no phasic differences in OCP users with levo-
norgestrel (second generation), desogestrel (third generation),
or drospirenone (fourth generation) progestins. Furthermore,
exploring differences in OCP users versus naturally cycling
controls, early research by John et al. (60) found no differ-
ence between OCP users (second and third generation) and
controls in smooth muscle function response to an infusion
of nitroprusside. The same finding was confirmed by
Murphy et al. [(59) no description of OCP types| and Virdis et
al. (47) in third- generation OCP users, compared with natu-
rally cycling controls.

However, recent research by Limberg et al. (28) found that
smooth muscle function was enhanced in a dose-dependent
manner, such that the highest dosages of nitroprusside were
significantly different between OCP users and naturally cy-
cling controls. Interestingly, Limberg et al. (28) proposed that
the differences between studies may be attributable to differ-
ences in day of the hormonal cycle studied: days I-5 in this
study when hormone levels were lower in their study, com-
pared with day 12 (60), the follicular phase (47), or the active
pill phase (59) when hormone levels are elevated. The authors
also propose that given findings by John et al. (60) observing
reduced forearm blood flow in OCP users versus naturally cy-
cling controls in response to an inhibitor of nitric oxide syn-
thase (L-NMMA), it is possible that smooth muscle of OCP
users is more responsive than smooth muscle of controls (28,
60). However, the dosages of nitroprusside were substantially
different between studies, with the level at which significant
differences were observed between OCP users and controls
being at an infusion rate nearly 3.5 times that of the previous
study, which found no differences (60). Using the 0.5 pg/100
g/min (~2,945ng/min and ~2,775ng/min infusion in OCP
users and controls, respectively) infusion rate from this study
(28) and comparing this to the highest infusion rate in the
study by John et al. (60), which is 3,200 ng/min, the findings
are comparable: no difference between groups. As a result, it
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is plausible that OCP use improves microvascular smooth
muscle function, but only when assessed at supraphysiologi-
cal levels of nitroprusside infusion. Overall, there appears to
be no impact of hormonal contraceptives on macrovascular
and microvascular smooth muscle function, including no
impact of phasic differences within a hormonal contraceptive
cycle.

INFLUENCE OF HORMONAL
CONTRACEPTIVES ON ARTERIAL STIFFNESS

Local arterial stiffness of the common carotid artery
(CCA), including assessments of f-stiffness, distensibility,
and compliance, and peripheral arterial stiffness, including
assessments of central (carotid-femoral) and peripheral (ca-
rotid-radial) PWV and augmentation index, are often used as
carly indicators in the atherosclerotic progression to CVD
(Fig. 1) (25, 62). Importantly, increased arterial stiffness is an
independent predictor of CVD progression (25).

There is limited research on the impact of hormonal con-
traceptive use on arterial stiffness. Examining local stiffness
of the CCA, research by Franceschini et al. (43) observed no
impact of second- or fourth-generation OCP use on CCA
p-stiffness. Similarly, Lizarelli et al. (46) also observed no
impact of second-generation OCP use or DMPA injection on
CCA p-stiffness or distensibility. Examining peripheral stiff-
ness, a cross-sectional study found no difference in augmen-
tation index but a small increase in central PWV in OCP users
compared with naturally cycling controls (27). However, it is
important to note that the statistically significant increase in
central PWV was + 0.120.7 m/s, which is unlikely to be clini-
cally meaningful, as a 1m/s difference has been associated
with a 15% increase in CV mortality (25, 27). The type of OCP
and duration of use were not published, and the contraceptive
phase was not controlled for; these critiques have been high-
lighted in-depth in a recent editorial regarding this study (63).
Furthermore, research from our group by Priest et al. (64)
assessed CCA f-stiffness and central PWV across an OCP cycle
(second-, third-, and fourth- generation OCPs) and natural
menstrual cycle in a group of women and did not observe dif-
ferences between OCP users and naturally cycling controls.
This study also found no relationship between OCP duration
of use and fi-stiffness or central PWV, indicating that OCP use
may not have a long-term effect on arterial stiffness (64).

Lxamining hormonal contraceptive phasic differences on
arterial stiffness, researchers have observed no differences in
central and peripheral arm PWV, augmentation index, and
CCA p-stiffness (Supplemental Table S3) (30, 32, 64).
Research by Thompson et al. (32) used a digital volume pulse
device to determine a measure of stiffness and reflection of
pulse waveforms as an assessment of global stiffness in the
arterial tree in four groups of participants on OCPs contain-
ing levonorgestrel (second generation), desogestrel (third
generation), and drospirenone (fourth generation), and natu-
rally cycling controls (32). Researchers observed no phasic
differences in stiffness, assessed in the placebo and active
pill phases of the OCP cycle (32). Similarly, research by Priest
et al. (64) detailed earlier performed subgroup analysis on
second-generation versus third- and fourth-generation OCP
users, finding again no phasic differences in assessed CCA
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p-stiffness and central PWV. This is supported by research
by Yu et al. (30), who assessed central and peripheral arm
PWV and augmentation index in participants who were on
varying OCP formulations (30). Although the analysis was
not separated by OCP type, researchers found no phasic dif-
ferences in any stiffness measurement (30). Overall, there
appears to be no major differences between hormonal con-
traceptive types or across phases within a hormonal contra-
ceptive cycle in measures of arterial stiffness.

INFLUENCE OF HORMONAL CONTRACEPTIVES
ON ARTERIAL STRUCTURE

Consistent with alterations in arterial stiffness of the CCA,
structural changes, specifically the thickening of the intima-
media (IMT), is associated with the development of athero-
sclerosis and is an independent predictor of CVD and cere-
brovascular conditions. A meta-analysis found that a 0.1-
mm increase in IM1' was associated with a 12-17% increased
risk of myocardial infarction and an 18-21% increased risk of
stroke (65).

Research on the impact of hormonal contraceptives on ar-
terial structure is limited, and there are opposing results
from the three existing studies (Supplemental Table S3).
Research by Heidarzadeh et al. (45) found that IMT was ele-
vated in second-generation OCP users, who had been using
OCPs for an average of 4.5 yr. This study also observed a non-
significant positive relationship between IMT and duration
of OCP use (45). However, researchers commented that 4.5yr
may not be sufficient enough of a range to examine long-
term effects, and, therefore, further longitudinal research
studies are needed (45).

Similarly, interventional research by Franceschini et al. (43)
assessed females following 6 mo of OCPuse, during their active
pill phase, on either an OCP with levonorgestrel (second gener-
ation) or chlormadinone acetate (fourth generation), and
found an approximate 10% increase in IMT in the second-gen-
eration OCP group only. In contrast, earlier research by the
same laboratory group also assessed females on a second-gen-
eration OCP with levonorgestrel, compared with a progestin-
only injection group and a naturally cycling contrel group,
finding no difference between groups for CCA IMT (46).
Contraceptive users in this study were of similar age and health
status as the prior two studies, and they had been using their
respective contraceptives for ~3years (46). Therefore, it is
unclear why there is an apparent difference between study
conclusions, and further research is necessary to elucidate
the impact of second-generation OCP use on CCA IMT.
Taken altogether, hormonal contraceptive use may impact
arterial structure of second-generation OCP users (elevated
CCA IMT) to a small degree compared to naturally cycling
controls (45), present after only 6 mo of use (43).

PROPOSED UNDERLYING MECHANISMS

This review has highlighted that hormonal contraceptives
appear to have long-term and shorter-term, phasic impacts
on endothelial cells, but not on surrounding vascular smooth
muscle or structural connective tissues. Specifically, endo-
thelial function appears to be depressed in second-generation
OCP and DMPA intramuscular injection users but is
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preserved in fourth- generation and 1UD users. Similarly,
there are phasic differences in endothelial function, with
impaired or unaltered function in second-generation OCP
users (impaired in lower dosage of EE), unaltered or improved
function in third-generation OCP users (unaltered in lower
dosage of EE) and improved function in fourth-generation
OCP users. There exists limited research on underlying mech-
anisms responsible for the opposing effects of EE and proges-
tins on endothelial cells. It is evident in the literature,
however, that there is a mechanistic balance between the vas-
oprotective effects of estrogen and the antagonistic effects
of differing progestins, dependent on their relative andro-
genicity. While sex hormones have profound influence on
the mechanisms that underlie vascular control, including
fluid regulation and the renin-angiotensin-aldosterone sys-
tem, lipid metabolism, and cardiac function, among others,
this section will primarily focus on vascular endothelial cell
pathways and atherosclerotic plaque development.

It has been extensively discussed that estrogen has a posi-
tive effect on the cardiovascular system, offering protection
against atherosclerotic development and improved vascular
responsiveness (66-70). Estrogen appears to enhance endo-
thelial function through increased NO bioavailability via the
increased expression and activation of endothelial nitric ox-
ide synthase (eNOS) (66). This activation of the eNOS-NO
pathway is largely dependent on estrogen’s interaction with
estrogen receptors (ERs), predominantly ERa (71), on vascu-
lar endothelial cells, and not localized in smooth muscle
(66). In cellular models, stimulation of endothelial cells with
physiological levels of estrogen appears to increase NO,
through an ER-eNOS mediated pathway (72, 73). Extending
this research to animal models, researchers have observed
impaired basal NO release in the aorta of ER deficient mice,
demonstrating a mechanistic role of ER in NO production
(74). In humans, an early case study in a male with an ERx
gene mutation found that he had substantially impaired
EMD, but intact NMD, indicative of endothelial-specific dys-
function associated with ERa’s role in NO bicavailability
(75). Further supporting the role of ERx in endothelial func-
tion, in premenopausal females, researchers have found
increased ERa expression in the late follicular phase of the
menstrual cycle when endogenous estrogen levels are ele-
vated, and significant positive relationships exist between
ERa expression, eNOS, and FMD (76). In contrast to the role
of endogenous estradiol, it has been proposed that exoge-
nous EE specifically exerts antioxidant effects on endothelial
cells, decreasing superoxide anion production and thus pre-
venting NO degradation, rather than acting on upregulation
of eNOS activity or protein expression (77).

There is minimal literature examining the mechanisms
underlying the endothelial cell impacts of hormonal contra-
ceptives, and their composition of EE and progestin. In early
research by John et al (60), which included a limited group
of OCP users from across multiple generations, there was an
increase in basal NO production in OCP users compared
with naturally cycling controls. However, the authors noted
that this may be a compensatory mechanism to increase ba-
sal NO, thus accommodating for increased vulnerability of
the vasculature to deleterious stimuli (60). In contrast,
research by Merki-Feld et al. (78) found no change in plasma
NO levels following 3 mo of either second-generation OCP
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(levonorgestrel) or third- generation OCP (desogestrel) use.
However, this study may not have been sufficient in dura-
tion to permit observations of long-term alterations in NO bi-
oavailability, observed by others. For example, research by
Fallah et al. (79) identified decreased NO levels in second-
generation OCP users, who had been using QCPs for a lon-
ger duration (range: 3-36 mo), compared to naturally cy-
cling controls. This latter study aligns with research
previously discussed in this review, finding impaired en-
dothelial function in second-generation OCP users com-
pared with naturally cycling controls (43-46). However,
basal NO production offers little insight into the mecha-
nisms responsible for modulating endothelial function,
notably, alterations in eNOS mRNA and protein expres-
sion, enzyme activity, and receptor interactions.

Research by Zerr-Fouineau et al. (80) has identified
impaired endothelial cell eNOS mRNA and protein expres-
sion in cells treated with estrogen + levonorgestrel or MPA,
compared with estrogen alone; however, NO production was
only impaired in MPA and not levonorgestrel treatment
groups. This research supports the notion that certain pro-
gestins—specifically levonorgestrel (e.g., second-generation
0CPs) and MPA (e.g., DMPA injections)—may reduce endo-
thelial function via impairments to the eNOS-NO pathway,
as seen in prior literature examined in this review (43-46,
51). In contrast, research by Simoncini and colleagues (81)
has also found that drospirenone (fourth-generation proges-
tin), but not MPA, increases eNOS activity and NO produc-
tion in a dose-dependent manner in endothelial cells.
Additionally, with the provision of estrogen, drospirenone
does not alter the estrogen-induced increase in eNOS activity
and NO production, but the provision of MPA antagonizes
this increase, reducing NO bioavailability (81). This research
provides preliminary cellular mechanistic support for human
observational findings detailed previously in this review,
with no change in endothelial function over time in fourth-
generation OCP users compared with naturally cycling con-
trols (43, 48), but phasic improvements with the active pill
phase, where drospirenone has been found to be permissive
to the benefits of EE on endothelial function (32, 49).

Examining the effect of contraceptive use on arterial struc-
ture, there is evidence that EE treatment alone, and with pro-
gestins, reduces atherosclerotic development. For example,
rabbits on a cholesterol-fed diet, meant to increase the devel-
opment of atherosclerotic plagques, experienced a reduction in
atherosclerosis with EE treatment (82). Similarly, cholesterol-
fed rabbits experienced reductions in atherosclerotic plaque
development in EE-alone or EE + various progestins (e.g.,
desogestrel, third generation; levonorgestrel, second genera-
tion) treatments, with no difference between groups (83).
These animal model results align with findings cited earlier in
this review of the minimal effects of short-term OCPF use on
CCA IMT (45, 46).

In addition to mechanistic research examining vascular
NO production, the metabolism of hormonal contraceptives
and its impact on hormone levels is an emerging area of
research. For example, recent work by Lazorwitz et al. (2019)
identified three potential genetic variants influencing the
concentration of contraceptive hormone etonogestrel (pro-
gestin), in addition to two nongenetic factors: body mass
index and duration of implant use (84). However, the impact
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of genetic variants, duration of contraceptive use, and obe-
sity (85) on hormonal contraceptive metabolism and vascu-
lar impact has not been explored.

Overall, while estrogen influences endothelial function
through the ERa-eNOS-NO pathway, various progestins—spe-
cifically, levonorgestrel and MPA—may counteract the effects
of estrogen and reduce NO bicavailability, thereby impairing
endothelial function. However, further research is necessary
to examine the independent and combined effects of EE and
progestins on underlying mechanisms, with attention to cre-
ating animal models that mimic contraceptives with non-oral
routes of administration (e.g., transdermal patch, IUD).
Additionally, further research with human models is needed
to connect cellular findings with human vascular outcomes,
such as using serum exposure on human umbilical endothe-
lial cell cultures, in combination with macrolevel vascular
function and structure assessments.

CONCLUSIONS AND FUTURE DIRECTIONS

Hormonal contraceptives, which are used by premeno-
pausal women worldwide, appear to influence specific
components of the vasculature. It seems that hormonal
contraceptives modulate macrovascular endothelial func-
tion, depending on the progestin type, dose of EE to proges-
tin, and the route of administration of the contraceptive.
Specifically, endothelial function appears to be impaired in
second-generation OCP and DMPA injection users, but not
in fourth-generation OCP or IUD users. When phasic differ-
ences are examined, it appears that endothelial function is
impaired or remains unaltered in the active phase in second-
generation OCP users, depending on the EE dosage, whereas
phasic improvements in endothelial function are observed
in third- and fourth-generation OCP users. While research on
microvascular endothelial function is limited, the available
data suggest that the microvasculature could respond sim-
ilarly to the macrovasculature in response to hormonal
contraceptive use. In contrast, hormonal contraceptives
do not appear to impact macrovascular and microvascular
smooth muscle function or assessments of arterial stiff-
ness and structure. This research on the influence of hor-
monal contraceptives on early risk factors for CVD may
help to explain the pathogenesis of CVD in women taking
hormonal contraceptives.

Despite these advances in research on hormonal contra-
ceptives, there are significant gaps in our understanding of
their impact on vascular structure and function, which war-
rant future investigation. These gaps and proposed research
directions are indicated in Fig. 2, inspired by a recent review
by Seals et al. (86). Briefly, a major gap in our understanding
of the impact of hormonal contraceptives on the vasculature
is the long-term impacts and connection to the pathogenesis
of CVD. Hormonal contraceptive users often utilize contra-
ceptives for many years, yet minimal research has been con-
ducted prospectively on vascular remodeling throughout
use. Similarly, the majority of research has been conducted
in healthy, young adults, and thus, it is presently not known
whether the impact of hormonal contraceptives on vascular
function is influenced by age or comorbidities. Additionally,
as described further below, a major limitation to several stud-
ies examining the impact of hormonal contraceptives is the
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Figure 2. Research gaps and proposed
future research directions on the role of hor-
monal contraceptives on vascular structure
and function. CV, cardiovascular, eNOS, en-
dothelial nitric oxide synthase; FMD, flow-
mediated dilation; IUD, intrautcrine device;
LBF, leg blood flow; NMD, nitroghyceoring
mediated dilation; NO, nitric oxide; OCP,
oral contraceptive pills; PWV, pulse wave
wvelocity, SFA, superficial femoral artery.
The graphics used were developed on
open-source  platforms Canva.com and
Biorender.com.
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term effects of hormonal
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system Genetics

INFLUENCE OF CONTRACEPTIVES ON PERIPHERAL VASCULATURE

Future Direction

Longitudinal research studies,
assessing vascular measures
over time (ex. 5-10 years)

Studies in older,
premenopausal women (ex. 35-
50 years old) and those living
with comorbidities

Well-controlled research
studies, identifying specific
contraceptive type and
reporting phase(s) studied

Research studies identifying
impact of hormonal
contraceptives on lower limb
function and structure, and
microvascular assessments

Future research examining non-
oral contraceptives, with
potential comparison to OCPs

Longitudinal studies examining
post-hormonal contraceptive
use period (~1-3 years)

Research studies exploring
underlying mechanisms:
receptor activity, eNOS/NO
bioavailability, genetic
variants...etc.

lack of stratification of different contraceptive types and
the concern for reporting and/or controlling for phases of
testing. Further research is needed to validate limited study
findings, with a focus on newer generations of OCPs and
non-oral options. Considerations for future study design
are outlined briefly below. Furthermore, there is a paucity
of research examining impacts on the microvasculature,
and no research on lower limb physiology. Given that OCP
use increases the risk of deep vein thrombosis in the leg,
there is an evident need for increased understanding of
the impact of OCP use on the lower limb vasculature in
humans (87). Similar to the lack of long-term research
identified earlier, there is no research examining the
effects of hormonal contraceptive cessation on vascular

function or structure. For example, if impairments in en-
dothelial function are observed with second-generation
OCP use, does this impairment revert back following a pe-
riod of cessation? If so, what is the associated time-course?
Finally, minimal research has been conducted on the
mechanisms underlying the impact of hormonal contra-
ceptives on the vasculature. Studies elucidating the inde-
pendent and combined effects of EE and progestins are
needed to understand their interactions with mechanistic
pathways, such as interactions with estrogen and proges-
terone receptors, eNOS content and activity, and NO bioa-
vailability, alongside the influence of genetic variants
in the metabolism and subsequent hormone levels of
contraceptives.
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CONSIDERATIONS FOR FUTURE STUDY
DESIGN

While holistic research endeavors are needed to confirm
these conclusions, the research presented in this review does
provide some guidance for researchers seeking to integrate
women who use hormonal contraceptives into vascular physi-
ology studies; specifically, that hormonal contraceptive type
and phase studied appears to modulate both macrovascular
and microvascular endothelial function, but not smooth mus-
cle function or assessments of arterial stiffness and structure.
When designing research studies, specifically, studies examin-
ing endothelial function, researchers would be encouraged to
consider the following recommendations. First, it is recom-
mended that researchers report details regarding the hormo-
nal contraceptive types from participants included in the
study (e.g., EE dosage and progestin type), duration of use for
contraceptive users, and the phase of the hormonal cycle that
was tested. Second, participants should be stratified on the ba-
sis of contraceptive type or only seek participants on a single
contraceptive type, to avoid collapsing all contraceptive users
into one group. Third, participants should be tested in a spe-
cific phase of the hormonal cycle, such as during their placebo
pill withdrawal phase, to most closely match with the early
follicular phase of the natural menstrual cycle, as suggested
by Sims and Heather (35) and in the recent FMD guidelines
(41). Specifically, it is recommended that testing occur mid-
way through the placebo week to account for differing half-
lives of OCPs on the first day of hormone withdrawal and the
lack of suppression of endogenous hormones in the latter
days of the placebo week or the impact of longer placebo
weeks (11, 35). Finally, researchers should consider the use of a
naturally cycling control group, within a standardized phase
of the menstrual cycle (e.g., early follicular phase) when study-
ing the effects of hormonal contraceptives cross-sectionally.
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CHAPTER 5: Menstrual cycle and oral contraceptive pill
phase largely do not influence vascular function, arterial
stiffness, and associated cellular regulation in young,
healthy premenopausal females.

Jennifer S. Williams, Jem L. Cheng, Jenna C. Stone, Michael J. Kamal,
Joshua M. Cherubini, Gianni Parise, Maureen J. MacDonald
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Abstract

Background: Historical exclusion of females in research has been, in part, due to the
perceived influence of natural menstrual (NAT) and oral contraceptive pill (OCP) cycles
on vascular outcomes. Previous research identified that NAT and OCP cycle phases
may influence brachial artery endothelial function, however, findings are mixed. Limited
research has examined arterial stiffness, smooth muscle and lower limb endothelial
function. The purpose of this study was to investigate the influence of NAT and OCP
cycles on cardiovascular outcomes and associated cellular regulation.

Methods: Forty-nine premenopausal females (n=17 NAT, n=17 2" generation OCP,
n=15 34 generation OCP) participated in two randomized order experimental visits in
the low (LH: early follicular/placebo) and high (HH: mid-luteal/active) hormone phases of
their cycle. Brachial (BA) and femoral artery (SFA) endothelial function were assessed
using a flow-mediated dilation (FMD) test, smooth muscle function was assessed using
a nitroglycerine-mediated dilation test, and arterial stiffness was assessed centrally at
the carotid artery and peripherally using pulse wave velocity. Cultured female human
endothelial cells were exposed for 24h to serum obtained during the experimental visits
to examine endothelial nitric oxide synthase (eNOS) and estrogen receptor alpha (ERa)
protein content.

Results: BA FMD was elevated in the HH versus LH phase, regardless of group (HH:
7.7+£3.5%, LH: 7.0+£3.3%, p=0.02). Baseline BA diameter was decreased in the HH
phase; accounting for differences in diameter with allometric scaling resulted in no effect

of phase on %FMDscaled (HH: 7.6+2.6%, LH: 7.1+2.6%, p=0.052). SFA FMD, smooth
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muscle function in the BA and SFA arteries, carotid artery and peripheral arterial
stiffness, and eNOS and ERa protein content were unaffected by group or phase.
Conclusions: NAT and OCP cycles have no influence on vascular outcomes and ERa-
eNOS pathway, apart from a small effect on BA endothelial function partially explained
by differences in baseline artery diameter.

Keywords: vascular function, endothelial function, smooth muscle function, sex

hormones, female inclusion
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What is new?

Comprehensive evaluation of cardiovascular system in naturally cycling and 2"
and 3" generation oral contraceptive pill users indicates no major influence of
hormonal cycling or contraceptive use on endothelial function and smooth
muscle function in the upper and lower limbs, arterial stiffness, or underlying
cellular mechanisms.

Study findings challenge the historical exclusion of female participants on the

basis of potentially confounding hormonal cycles on vascular outcomes.

What are the clinical implications?

Oral contraceptive pill use (2" and 3 generation) does not appear to largely
influence early risk factors for cardiovascular disease, including endothelial
function and arterial stiffness, in young, healthy females.

Researchers including females in cardiovascular trials may not need to control
for oral contraceptive pill use or hormonal cycle phase; though considerations
may depend on the research question, population and method of hormonal

contraceptive examined.
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Introduction

Hormonal contraceptives — specifically oral contraceptive pills (OCPs) — are the
most widely utilized prescription for women between the ages of 15 and 49 worldwide,
and are used by an estimated 151 million women.! Hormonal contraceptives are
debated as a source of increased risk for arterial and venous cardiovascular events 2 3,
and understanding their influence on vascular function and structural remodelling is an
area of ongoing research. Research examinining acute and chronic increases in central
and peripheral arterial stiffness, smooth muscle dysfunction, and endothelial
dysfunction ® of peripheral arteries provides insight into factors which may influence the
incidence and progression of cardiovascular disease (CVD).% ©

Reviews published by our group have identified that fluctuations in endogenous
hormones with the natural menstrual cycle and exogenous hormones with OCP use
influences endothelial function, but not smooth muscle function, and does not
profoundly impact arterial stiffness or vascular structure.” 8 For example, a meta-
analysis by our group found a small effect of the menstrual cycle on macrovascular
endothelial function.” Mechanistically, there is also cellular evidence by Gavin et al
(2009) that estrogen receptor alpha (ERa) is elevated alongside increased17p-estradiol
levels during the menstrual cycle, which is positively associated with endothelial
function.® Similarly, this study also identified a positive relationship between ERa and
endothelial nitric oxide synthase (eNOS), an enzyme that produces the potent
vasodilator nitric oxide (NO), which is involved in endothelial function responses.®

However, the impact of OCPs on the peripheral vasculature has only recently

been examined in a series of well-designed studies from one primary research center,0-
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4 much of which has yet to be replicated. Research from this group has identified that
the within-cycle phase endothelial response to oral contraceptives depends largely on
the balance between exogenous ethinyl estradiol (EE) and progestin, and the type of
progestin (which varies based on generation of OCP). For example, research by
Torgrimson et al (2007) found that for 2" generation OCPs with the progestin
levonorgestrel, endothelial function was unchanged in contraceptive users with 30mg of
EE (low dose), but was impaired in users with 20mg of EE (very low dose EE; same
dosage of progestin) across a hormonal cycle.*® However, smooth muscle function was
unaltered in both groups.® Similarly, this group also found that in users of 3™ generation
OCPs containing the the progestin desogestrel, low dose (30 mcg ethinyl estradiol/150
mcg desogestrel) users experienced an improvement in endothelial function, while very
low dose (20 mcg ethinyl estradiol/150 mcg desogestrel) users experienced no phasic
difference; neither group experienced alterations in smooth muscle function.!! These
findings have been supported by one other study, which found improved endothelial
function in low dose 3" and 4™ generation OCPs with the progestins desogestrel and
drospirenone, respectively, but no change in 2" generation OCPs across the hormonal
cycle.t®

Recent research from our lab group has further explored sex-based differences
in vascular function and arterial stiffness, with attention to the hormonal cycle.
Specifically, research by Shenouda et al (2018) identified no phasic differences in
endothelial function or smooth muscle function across the natural menstrual cycle or
hormonal contraceptive cycle of OCP users.1® Similarly, research on the same group of

participants by Priest et al (2018) also identified no phasic differences in central and
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peripheral arterial stiffness.’” While these studies did not separate OCP users by
generation, and thus progestin type, exploratory analysis identified a negative
relationship between duration of OCP use and endothelial function in the 2" but not the
3'd/4th generation group.® This study may provide evidence of a negative impact of 2"
generation OCP use that is aligned with prior findings® 1°; however, further research
that separates OCP generations is needed to thoroughly define their associated
vascular consequences.

Several gaps in our understanding of the influence of oral contraceptives on
vascular physiology have been identified and thereby warrant further investigation. To
our knowledge, there is no literature on the effects of contraceptive use on lower limb
arterial endothelial and smooth muscle cells, both looking at differences across groups
and phases and in the duration of OCP use. Similarly, there is a paucity of literature
examining different OCP generations and both central and peripheral arterial stiffness.
Finally, there is no literature examining the connection between in vivo vascular
assessments and in vitro cellular mechanisms, particularly the ERa-eNOS pathway, in
females across hormonal cycles.

Therefore, the purpose of this study is: (1) to comprehensively examine the
influence of within-cycle phase differences of hormonal contraceptives (ex. 2" and 3
generation OCPs) and the natural menstrual cycle on arterial stiffness and endothelial
and smooth muscle function in the upper and lower limbs; and (2) to explore the
duration of OCP use on endothelial function and central arterial stiffness. We
hypothesized that within-cycle phase increases in endothelial, but not smooth muscle,

function or arterial stiffness would be seen in 3" generation OCP users and NAT, but
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not 2" generation OCP users. Additionally, we hypothesized that 3" generation OCP
users would have increased endothelial function, but not smooth muscle function or
arterial stiffness, compared to 2" generation OCP users. Finally, we hypothesized that
only the 2" generation OCP users would experience negative effects of longer OCP
duration of use on endothelial function and central arterial stiffness. Overall, this study
provides novel and timely insight into the role of hormonal contraceptives on peripheral
vascular physiology, especially given the calls for increased inclusion of female
participants in human research.?0 2!

Methods

Participant Recruitment & Ethics

Fourty-nine premenopausal females between the ages of 18 and 45 were
recruited from the McMaster University and Hamilton communities from 2020-2022,
through posters, online advertisements, and recruitment from prior lab studies. Sixty-two
participants were initially eligible to participate in this study. However, due to COVID-19
pandemic-related closures resulting in delays in testing, twelve participants were unable
to begin the study, and one participant was unable to complete the three testing visits;
as a result, fourty-nine participants completed the study.

Sample size calculations were determined using a power simulation,?? with an
anticipated increase of relative %FMD of 1.5% between phases for OCP3, no change
between phases for NAT, and a 1.5% decrease in OCP2, with an average SD of 1.2%
based on previous studies.'® 16 19.23 Sample size calculations indicated that 15
participants were needed to reach a power of >90%, so participants were recruited to

each of the following groups: naturally cycling participants (n=17), 2" generation OCPs
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containing the progestin levonorgestrel (OCP2; n=17), and 3' generation OCPs
containing the progestins desogestrel or norgestimate (OCP3; n=15). This sample size
is in agreement with other similar studies of OCP use and vascular function (n=7-20)*
15,16,19, 24 Al participants also participated in a previously published study examining
substrate oxidation at rest and during exercise.?®

Prior to commencing the study, volunteers attended a screening visit to become
familiar with the lab environment and for an eligibility assessment. Volunteers
completed a medical screening form and were excluded if they reported: cardiovascular
or metabolic diseases, taking vasoactive medications, were smokers, were pregnant
(currently or within the last year) or had undergone reproductive surgeries. Further, NAT
participants were excluded if they had used hormonal contraceptives within 6 months of
participating, if their menstrual cycles were irregular (one missed cycle in the last 6
months), or if the cycle was outside of a ‘normal range’ (21-35 day cycle length), as this
may be indicative of hormonal cycle irregularity or other reproductive conditions.
Volunteers were familiarized to the study protocol, including the cuff inflation on the
distal forearm and lower thigh, and brachial artery and superficial femoral artery images
and velocity signals were acquired to ensure adequate image and signal quality.
Participants were then scheduled for testing around their hormonal cycle above and
excluded if they were unable to complete the study visits.

This study was approved by the Hamilton Integrated Research Ethics Board
(#7827) and conforms to the standards set by the Declaration of Helsinki, apart from
clinical trial registration. Written informed consent was obtained from all volutneers prior

to participating. This observational study was also conducted and written in compliance
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with the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) statement guidelines.?®
Study Protocol

All study visits took place in the Vascular Dynamics Laboratory at McMaster
University, in a temperature and humidity controlled, quiet room. Following the
familiarization visit, participants took part in three testing visits: one cardiorespiratory
testing visit and two vascular assessment visits. The cardiorespiratory testing visit
occurred at least 72h prior to the first vascular assessment visit, where participants
completed a maximal exercise test to assess cardiorespiratory fitness. Anthropometric
measures were also taken during this visit. Participants then took part in two vascular
testing visits across their hormonal cycle (low hormone (LH) and high hormone (HH)
phases), with testing occurring at the same time of day in the morning for both visits, to
control for diurnal variation in vascular function.?’ The initial visit condition (i.e., LH or
HH phase) was randomized to control for potential order effects. Participants in the NAT
group tracked their hormonal cycle for at least two cycles prior to participating to assist
in estimating and scheduling testing dates. For NAT participants, the LH phase was
considered to be during their early follicular phase (days 2-6 following onset of
menstruation) and their HH phase was in the mid-luteal phase approximately 7 days
following a positive ovulation test (BFP Ovulation Tests, Fairhaven Health, Bellingham,
WA).15 21 For participants in both OCP groups (OCP2, OCP3), the LH phase was
considered to be during their placebo pill/no pill withdrawal week, during days 2-7 of
their hormonal cycle 2! and the HH phase was during the last 7 days of their active pills

(days 22-28) 1> 21, Participants completed at least a 6h overnight fast, 12h without
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alcohol or caffeine, and 24h without moderate to vigorous physical activity prior to each
vascular testing visit.?®

During each vascular testing visit, participants rested in the supine position for 10
minutes. Blood samples were then acquired for hormone measures as described below.
Following a 5-minute rest, baseline hemodynamic measures were acquired. Central and
peripheral stiffness measures [carotid artery stiffness, and pulse wave velocity (PWV)
respectively], FMD, and NMD measurements were acquired in that order, with 10-
minute rest periods between each test to allow for return to baseline arterial diameter
(Figure 1).2° An assessment of body composition was made during the LH visit.
Experimental Procedures
Anthropometric Assessments & DXA Scan. Anthropometric measurements of height,
weight, waist circumference, and hip circumference were assessed during the first
experimental visit (cardiorespiratory fithess session). Body composition was also
assessed using a dual-energy X-ray absorptiometry (DXA) scan, taking place during the
LH visit. The DXA scan provided information about body fat mass, body fat percentage,
and lean body mass.
Cardiorespiratory Fitness. At least 72h prior to commencing the vascular testing
sessions, participants completed an incremental exercise test to exhaustion on a cycle
ergometer (Lode Excalibur Sport V 2.0, Groningen, Netherlands or Kettler Ergo Race,
Kettler, Virginia Beach VA) to determine peak oxygen uptake (VOzpeak), in line with
current guidelines.3® A metabolic cart with an online gas collection system (Quark CPET
metabolic cart, COSMED, ltaly) was used to measure oxygen consumption (VO2) and

carbon dioxide production (VCO2), and heart rate (HR) was monitored continuously with
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a HR monitor (Polar A3, Lake Success, NY). The test began with a 2-minute warm-up at
50 watts (or less if the participant was unable to perform a warm-up at this intensity),
after which the power was increased by 1 watt every two seconds (n=37) or 5 watts
every ten seconds (n=12) until volitional exhaustion or the point at which pedal cadence
fell below 60 rpm, as described previously.3! Following exhaustion, participants were
instructed to cool down for two minutes at 50 watts or less. The VO2zpeak test was
considered succesful if at least two of the following four criteria were met: (1) perceived
exertion was 217 (BORG scale 6-20, (2) HR was within 10 beats per minute of 208-
0.7*age,?2 (3) respiratory exchange ratio (RER) was >1.13%; and (4) a plateau in VO2
was reached despite an increase in work.34 35 All participants achieved VO2peak.
VOzpeak was defined as the highest oxygen consumption achieved over a 30s period
(typically achieved at the end of the test).

Blood Analysis. Following 10 minutes of supine rest at the start of each testing visit, a
standard venipuncture procedure was performed to acquire ~30mL of venous blood in
serum tubes (BD Vacutainer, Red BD Hemogard Closure, Franklin Lakes, NJ) and one
4mL plasma tube (BD Vacutainer, Purple EDTA Hemogard Closure, Franklin Lkaes,
NJ). To assess for viscosity from the plasma tube, two capillary tubes were filled and
spun at 3,500 rpm at 15°C for 10min (Sorvall Legend XTR Centrifuge, Thermo
Scientific, Waltham, MA), and were then read on a manual viscometer reader (Adams
Micro-hematocrit Reader, Clay-Adams New York). Viscosity data is missing for two
participants (n=1 NAT LH phase and n=1 NAT HH phase), due to breakage of capillary
tubes. The rest of the tubes were set aside for ~60min to allow for clotting prior to

spinning at 4,000 rpm at 4°C for 10min. Blood serum was aliquoted into 1.5mL
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polypropylene tubes (Falcon Corning Science, Corning, NY), and frozen at -20°C (n=12)
or -80°C (n=37) until ready for batch analysis. Serum analysis was conducted using
ELISAs for the following tests: serum estradiol (Competitive Immunoassay, Ortho Vitros
Microwell), serum progesterone (Competitive Immunoassay, Ortho Vitros Microwell),
serum levonorgestrel in OCP2 users (Competitive Immunoassay, ThermoFisher
Scientific). One participant’s estradiol levels were excluded as they were deemed to be
an outlier (OCP2 active phase: 716 pmol/L; beyond 3 SD from the mean).
Hemodynamic Assessments. Resting heart rate (HR) and blood pressure (BP) were
assessed using the average of the last two of three measurements obtained with an
automated BP assessment device (GE Dinamap ProSeries, Batesville IN). If the second
and third systolic BP measurements were not within 5 mmHg of each other, a fourth
measurement was obtained, and the last two measures averaged. Continuous HR was
assessed throughout the study using a single-lead ECG (ML123, AD Instruments,
Colorado Springs, CO), and BP was assessed using a beat-to-beat finger blood
pressure device calibrated to heart level (Finometer MIDI, Finapres Medical Systems,
Amsterdam, The Netherlands), which was placed on the right hand.

Arterial Stiffness (PWV). PWV, as a measure of regional arterial stiffness, was
assessed using applanation tonometry. Micromanometer-tipped pressure probes (SPT-
301, Millar Instruments) were used to detect pressure waveforms from the skin surface
overlying an artery. Pressure waveforms were then band-pass filtered at 5-30 Hz to
determine the foot of each pulse for later calculation of pulse transit time (LabChart 7,
AD Instruments, Colorado Springs, CO). Distance between measurement sites was

taken as the straight distance over the surface of the body using a measuring tape
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pulled taut. Tonometers were placed on the carotid and femoral arterial sties for
determination of central PWV, calculated using the following formula: central PWV =
(0.8*carotid-femoral distance)/carotid-femoral pulse transit time.%¢ Waveforms were also
collected for peripheral leg PWV at the femoral and dorsalis pedis arteries, and for
peripheral arm PWV at the carotid and radial arteries. Peripheral leg PWV was
calculated using the formula: leg PWV = (femoral — dorsalis pedis distance)/femoral-
dorsalis pedis transit time. Peripheral arm PWV was calculated using the formula: arm
PWV = ((radial — suprasternal notch distance — (carotid — suprasternal notch
distance))/carotid-radial pulse transit time.3” 3 Measurements were reported as the
average of two sets of 10 continuous heart cycles.

Carotid Artery Stiffness (B-Stiffness, Distensibility, Compliance) and IMT. Common
carotid artery B-Stiffness, distensibility, compliance, and intima media thickness (IMT)
were calculated from ultrasound derived diameter measurements® of the left carotid
artery over 10 heart cycles, with pressures determined from measurements obtained
using applanation tonometry at the right carotid artery, calibrated to finger cuff blood
pressure measures described above. The [-stiffness index was calculated using the
formula: B-stiffness = In(SBP/DBP)/[LDmax — LDmin/LDmin), using the maximum (LDmax)
and minimum (LDmin) carotid artery diameters in each heart cycle.'” Distensibility was
calculated as: distensibility = (7(LDmax/2)? — (LDmin/2)?)/(1t(LDmax/2)?)(PP), where LDmax
is the maximal diameter, LDmin is the minimum diameter, and PP is the pulse pressure,
which is the difference between systolic and diastolic pressures calculated at the carotid
artery. Carotid artery compliance was assessed using the following formula for the

same 10 heart cycles: compliance = LDmax — LDmin/PP. Finally, carotid artery IMT was
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measured as the distance between the lumen-intima border and media-adventitia
border.

FMD. Participants took part in simultaneous arm and leg reactive hyperemia FMD
(FMD) tests to assess macrovascular endothelial function of the left brachial (BA) and
left superficial femoral arteries (SFA), respectively. In line with current guidelines,?®
which have improved reproducibility of FMD#? 41, pneumatic blood pressure cuffs were
placed around the forearm and lower thigh and were rapidly and simultaneously inflated
to suprasystolic pressure (~200 mmHg) for five minutes to occlude blood flow to the
distal arteries. Two identical Doppler ultrasound machines (Vivid Q, GE Medical
Systems, Horten, Norway) attached to 12 MHz linear array probes were used to
continuously measure artery diameter and blood velocity before cuff inflation (baseline;
30s), following 4 minutes of cuff inflation (occlusion; 30s) and in the three minutes
immediately following cuff deflation. Simultaneous assessments of the BA and SFA
were conducted in duplex mode, with an insonation angle corrected to 68°,%2 and heart
rate was collected using single-lead ECG for the duration of the test. Images were
stored in a Digital Imaging and Communications in Medicine (DICOM) format, and end-
diastolic frames were extracted and compiled (Sante DICOM Editor, v. 3.1.20,
Santesoft, Athens, Greece). DICOM files were then analyzed using a semi-automated
edge tracking software (Artery Measurement System (AMS) Il, version 1.141,
Gothenburg, Sweden).3® Analysis was conducted by one member of the research team
(JSW), blinded to group and phase to reduce bias. Baseline diameter was determined
as an average of the diameters in the 30s prior to inflation, and peak diameter was

determined as the largest 5-heart cycle average of diameters in the 3 minutes following
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deflation. FMD was reported as both an absolute change (AbsFMD) and percentage
change (%FMD) in diameter: FMD = peak diameter — baseline diameter; %FMD = (peak
diameter — baseline diameter)/baseline diameter x 100%. Mean blood velocity (MBV)
measures simultaneously collected with brightness mode ultrasound images were
extracted as AVI files, and analyzed using a pixel-based tracking software
(Measurements from Arterial Ultrasound Imaging; Hedgehog Medical, Waterloo, ON,
Canada). MBV was similarly averaged into 5-heart cycle average time bins and used to
calculate shear rate (SR), as described previously [SR = (MBV*8)/diameter].*® The time
to peak diameter and SR areas under the curve to the time of peak diameter are
reported. All BA FMD images were included in the final dataset, however, one
participant was excluded (n=1 NAT) from the SFA FMD analysis due to poor image
quality. Similarly, one participant’s BA deflation SR AUC was excluded (n=1 NAT) due
to disruption in the blood flow signal at deflation; the same rationale was used to
exclude n=3 NAT (2 LH, 1 HH) for SFA deflation SRAUC.

NMD. An NMD test was performed to assess macrovascular smooth muscle cell
function, or endothelium-independent dilation. Following a 30s baseline image of the BA
and SFA was obtained, participants received a sublingual 0.4mg dose of nitroglycerine.
Following administration, 30s video clips were taken every minute for 10 minutes, using
the same ultrasound settings as described for FMD. Absolute NMD (AbsNMD) and
relative %NMD were calculated similarly to FMD with the peak as the highest 30s
average diameter acquired. Analysis was conducted by one member of the research
team (JSW), blinded to group and phase to reduce bias. A total of six participants (2

from each of NAT, OCP2, and OCP3) did not complete the two NMD tests across the
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two phases, due to contraindications for the test (i.e., low blood pressure and
hematocrit, n=4)* or did not consent to this test (n=2). One additional NAT participant’s
LH visit in the SFA only was removed from the dataset due to poor image quality.
Serum Cell Exposure Experiments. Female human umbilical vein endothelial cells
(HUVEC) were pooled from four individual cell lines to create a female-only, mixed
ethnic cell line (American Type Culture Collection, PCS-CC-2517, Lots: 0000230618
(Caucasian), 0000246083 (Hispanic), 0000315288 (Black), 4512020 (Asian). Cells were
grown in T75 flasks using full phenol-red free [to avoid estrogenic effects of phenol
red*°] endothelial cell growth medium (ECGM-2; PromoCell C-22216), supplemented
with growth medium supplement mix (PromoCell C-39216). An additional 2% fetal
bovine serum was added (4% concentration overall; Invitrogen 12483020), and 1% of
10,000 units/mL penicillin and 10,000 mg/mL streptomycin (Invitrogen, 15140122). Cells
were cultured in an incubator in a humidifier at 5% CO2 and 37°C. Once ready for
experiments, cells were grown using the same procedure as above, with all experiments
taking place at passages 4-7. Cells were plated at 300,000 cells/well into 6-well plates
(ThermoFisher, 140675) for 24 hours to allow for adherence with full phenol-red free
media. Cells were then deprived of serum in serum-free media for 4 hours to remove
any hormonal effects of the cell media, and were then exposed to endothelial basal
media supplemented with 10% human serum for 24h obtained in each of the testing
visits, as previously reported by Brunt et al (2019).46

Following a 24h serum exposure period, cells were lysed using a buffer solution
containing RIPA buffer (ThermoFisher, 89900), phosphatase inhibitor cocktail (Sigma

Aldrich, P5726) and protease inhibitor tablets (ThermoFisher, A32963). Cell lysates
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were sonicated (5 x 5s, 100% power; Fisher Scientific) and centrifuged at 14000 xg for
15 minutes to remove cell debris. Total protein concentration was determined using a
BCA assay (ThermoFisher Scientific, 23225) and working samples were prepared using
Laemmli sample buffer (BioRad, 161.737). Equal amounts of working sample (10 ug)
were loaded into pre-cast polyacrylamide gels (BioRad, 4568083) with the addition of
the Kaleidoscope™ ladder (BioRad, 1610375) for molecular weight determination.
Proteins were transferred onto a nitrocellulose membrane (BioRad, 1704270), and a
ponceau stain for total protein content was acquired (Sigma-Aldrich, P7170). All
membranes were blocked for 1 hour in 5% bovine serum albumin (BioShop, ALB007)
prepared in Tris-Buffered Saline (BioRad, 1706435) with 0.1% Tween 20 (TBST). After
blocking, membranes were incubated overnight with primary antibodies prepared in
TBST at 4°C. Membranes were then washed in TBST and incubated with anti-rabbit or
anti-mouse IgG conjugates with horseradish peroxidase secondary antibodies for 1 hour
at room temperature. Signals were detected using enhanced chemiluminescence
(BioRad), and images were quantified using Image Lab (V6.1, BioRad). The following
antibodies were used: ERa at 1:500 dilution (F-10, Santa Cruz Biotechnology, sc-8002
mouse) and eNOS at 1:1000 dilution (Cell Signalling, 32027S rabbit).

Statistical Analysis

All analyses were performed using the Statistical Package for Social Sciences (SPSS;
IBM) version 26 (IBM, Chicago, IL, USA). All figures were made using GraphPad Prism
(La Jolla, CA). All data are reported as mean + SD, with statistical significance setto p <
0.05. A one-way analysis of variance (ANOVA) for the three groups (NAT, OCP2,

OCP3) was used to compare baseline characteristics, including age, anthropometric

106



PhD Thesis — J. Williams; McMaster University - Kinesiology

measures, cardiorespiratory fitness, and body composition. A linear mixed model
(compound symmetry covariance structure) with factors phase (within-group: LH, HH)
and group (between-groups; NAT, OCP2, OCP3) was used to examine blood
measures, HR, BP, PWV, carotid artery stiffness, FMD, NMD, and cell exposure
proteins. For FMD and NMD, measures of resting diameter, peak diameter, absolute
and relative % for each were are assessed, as well as time to peak, baseline SR and
SRAUC for FMD, in line with current guidelines.?® Post-hoc t-tests with a Bonferroni
correction to account for multiple comparisons were used to examine significant main
effects or interactions. For levonorgestrel in OCP2 only, a paired t-test was used to
compare across LH and HH phases. Associations between duration of use for OCP and
vascular measures, and cellular protein content and brachial and femoral artery %FMD
was assessed using Pearson’s correlations, where the average across phases was
used given the lack of changes across phases. Additional exploratory analysis
examining the duration of use for OCP and carotid artery IMT, B-stiffness, distensibility,
and compliance using Pearson’s correlations.

Results

Participant Characteristics & Hormonal Cycling

Participant characteristics and hormonal cycling details are included in Table 1.
There were no differences across NAT, OCP2, and OCP3 groups for participant
characteristics. OCP2 participants used daily monophasic pills (Brands: Alesse [(n=5),
Alysena (n=12)] containing 0.02 mg ethinyl estradiol and 0.1 mg levonorgestrel (21
days), with a 7 day placebo week. OCP3 participants used either daily monophasic pills
(n=7, Marvelon/Mirvala/Freya, daily 0.03 mg ethinyl estradiol, 0.15 mg desogestrel) or
one of three triphasic pill combinations with testing in the highest active week: Linessa
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(n=3, 0.025 mg ethinyl estradiol, 0.15 mg desogestrel), Tricira Lo (n=3, 0.025 mg ethinyl
estradiol, 0.25 mg norgestimate) or Tri-Jordyna (n=2, 0.035 mg ethinyl estradiol, 0.25
mg norgestimate).
Blood Analysis: Hematocrit & Sex Hormones

There was no main effect of group (p=0.36) or phase (p=0.28), or a group*phase
interaction (p=0.09) for hematocrit levels (NAT LH: 42+3%, HH: 42+2%; OCP2 LH:
43+2%, HH: 42+3%; OCP3 LH: 41+4%, HH: 41+3%). There was an interaction between
group and phase for both estradiol and progesterone levels, such that sex hormones
were elevated in the HH phase in the NAT group only compared to LH phase (Figure
1B). There was no difference between phases for estrogen and progesterone in the
OCP groups (Figure 1B). Finally, levonorgestrel was elevated in the HH phase
compared to LH phase in OCP2 (LH: 7962 pg/mL, HH: 284+177 pg/mL, p=0.01).
Resting Hemodynamics

There was a main effect of phase on resting HR, such that HR was elevated by
~2bpm in the HH phase compared to the LH phase (HH: 63+8 bpm, LH: 61+8 bpm,
p=0.04; Table 2). All other hemodynamic measures were not different across group or
phase (Table 2).
Arterial Stiffness

There was no effect of group or phase on measures of carotid artery stiffness
(distensibility, compliance, B-stiffness) or IMT (Table 2). Similarly, there was no effect of
group or phase on central or peripheral leg or arm PWV (Figure 2).

Endothelial Function (FMD)
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For brachial artery FMD, there was a main effect of phase on baseline diameter
(p=0.03; Table 3), such that diameter was lower in the HH phase compared to the LH
phase. While there was no difference in peak diameter across groups or phases, there
was a subsequent elevation in AbsFMD (p=0.04; Table 3) and %FMD (p=0.02; Figure
3A) in the HH phase compared to LH phase. However, after allometrically scaling for
baseline diameter, this phasic difference was no longer significant (p=0.052, Figure 3B).
Examining SR, there was an interaction between group and phase for baseline SR
(p=0.049), such that no phasic differences were apparent in NAT or OPC2, but OCP3
had a significantly lower baseline SR in the HH phase compared to LH phase (p=0.01;
Table 3).

For superficial femoral artery FMD, there was a main effect of phase on baseline
artery diameter (Table 4), such that diameter was lower in the HH phase compared to
the LH phase. In addition, there was a main effect of group on time to peak diameter,
but with no significant post-hoc comparisons. However, there was no effect of group or
phase on any other outcome, including peak artery diameter, SR, SR AUC, AbsFMD
(Table 4) or unscaled and scaled SFA %FMD (Figures 3E & F, respectively). There was
a significant positive relationship between BA %FMD and SFA %FMD (r=0.34, p=0.02).
Smooth Muscle Function (NMD)

For brachial artery NMD, there was no effect of phase or group on any smooth
muscle function measurement (baseline diameter, peak diameter, or AbsNMD; Table 3),
including %NMD, scaled or allometrically scaled (Figures 3C & D respectively).
Similarly, for superficial femoral artery NMD, there was no effect of phase or group on

any outcome (Table 4; Figures 3G & H).
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Serum Exposure Protein Analysis

There was no effect of group or phase for serum exposure on eNOS protein
content or ERa protein content (Figure 4). In addition, there was no relationship
between average eNOS (r=-0.07, p=0.65) or ERa (r=-0.01, p=0.94) protein content and
BA %FMD. Similarly, there was no relationship between average eNOS (r=-0.09,
p=0.55) or ERa (r=-0.17, p=0.25) protein content and SFA %FMD.

Impact of Duration of OCP Use on Cardiovascular Outcomes

There was no effect of duration of OCP use on BA %FMD (r=0.10, p=0.58) or
SFA %FMD (r=0.16, p=0.39). Examining OCP subgroups, there was also no effect of
duration of use in either OCP2 (BA %FMD: r=-0.08, p=0.77; SFA %FMD: r=0.25,
p=0.34) or OCP3 (BA %FMD: r=0.30, p=0.28; SFA %FMD: r=0.07, p=0.79). Similarly,
there was no effect of duration of OCP use on central PWV in either OCP2 (r=0.46,
p=0.07) or OCP3 (r=0.06, p=0.83). After visual inspection of the OCP2 duration of use
and central PWV relationship revealed a potential outlier, removal of one participant
resulted in a further non-significant effect of duration of OCP use on central PWV in
OCP2 (r=0.32, p=0.23).

Examining carotid artery measurements, there was no effect of duration of OCP2
use on IMT (r=0.20, p=0.45), however, there was an initial effect of duration of use on
distensibility (r=0.53, p=0.03), B-stiffness (r=-0.53, p=0.03), and compliance (r=0.57,
p=0.02). However, after visual inspection identified an outlier, removal of one participant
resulted in no effect of duration of use on distensiblilty (r=0.17, p=0.54), B-stiffness (r=-

0.06, p=0.83), or compliance (r=0.14, p=0.62). Similarly, there was no effect of duration
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of OCP3 use on carotid artery IMT (r=0.10, p=0.72), distensibility (r=-0.37, p=0.18), B-

stiffness (r=-0.05, p=0.87) and compliance (r=-0.13, p=0.64).
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Table 1. Participant Characteristics & Hormonal Cycling Details

Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Waist: Hip Ratio (A.U.)
Lean Body Mass (kg)
Fat Mass (kg)

%Fat Mass

VOPeak (ml/kg/min)

Average Menstrual Cycle
Length (days)

Average Ovulation Date
(days)

Length of Time on
Contraception (months)

Average Hours Since Pill
Consumption at Testing
(Active Phase) (hours)

Low Hormone Testing
Date (Early
Follicular/Placebo Phase;
days since menses)

High Hormone Testing
Date (Mid-Luteal/Active
Phase; days since
menses)

NAT
21+£2
164.1 +8.3
67.0 £ 14.3
249+49
0.77 + 0.05

41.2+4.7
23.1+11.5
33.2+9.1

38.2+8.9

29+2

16 +3

22+3

7 £ 1 days

since ovulation

OCP2
21+£2
163.7+7.0
59.2+9.0
22.1+3.2
0.78 + 0.05
38.8+4.1
18.0 +6.0
299+57

40.1 +6.9

40 + 28
(3.3+23
years)
11+8

25+2

OCP3
21+3
164.4+5.8
61.8+7.6
228+2.2
0.76 + 0.04
39.5+3.7
20.2+£6.5
32.1+7.3

385+7.0

29 £ 23
(2.4 £ 1.9 years)

137

24+ 2

Main
Effects
p=0.85
p=0.96
p=0.11
p =0.08
p=0.41
p=0.25
p=0.22
p=0.43

p=0.74

Table Caption: Mean = SD. NAT = naturally cycling; OCP2 = oral contraceptive pill 2"

generation users; OCP3 = oral contraceptive pill 3 generation users; A.U. = arbitrary units; BMI

= body mass index.
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Table 2. Resting Hemodynamics & Carotid Artery Stiffness

NAT OCP2 OCP3 Main Effects &
LH HH LH HH LH HH Interactions
Resting Heart Rate 638 63 = 8* 607 61+ 7* 60x8 64 = 8* G:p=0.62
(bpm) P: p =0.04
G*P: p=0.27
Resting Systolic 103+ 8 104+ 6 106 + 10 105 +10 1075 105+ 4 G:p=0.44
Blood Pressure P:p=0.40
(mmHg) G*P: p=0.46
Resting Diastolic 62+6 63+6 65+ 8 6319 63+6 62+ 6 G:p=0.67
Blood Pressure P:p=0.20
(mmHgQ) G*P:p=0.12
Resting Mean Arterial 77+6 78+5 80+9 78+9 79+5 78+4 G:p=0.66
Pressure (mmHg) P:p=0.19
G*P:p= 0.21
Carotid Artery 0.15+0.05 0.15+0.05 0.13+0.04 0.13+£0.06 0.13+£0.04 0.13+£0.04 | G:p=0.30
Compliance (cm?x P:p=0.69
mmHg™?) G*P: p=0.87
Carotid Artery 56+20 59+21 52+15 55+£25 53+14 52+19 G:p=0.68
Distensibility (x10° P:p=0.51
mmHg?) G*P: p=0.76
Carotid Artery B- 50+1.38 51+1.6 52+10 54+13 50+x14 56+1.2 G:p=0.76
Stiffness (A.U.) P:p=0.18
G*P: p=0.54
Carotid Artery Intima 0.41 +0.06 0.40 + 0.05 0.41 +0.06 0.41 +0.06 0.38 + 0.06 0.39+0.06 |G:p=0.44
Media Thickness P:p=0.91
(mm) G*P: p=0.40

Table Caption: Mean = SD. NAT = naturally cycling; OCP2 = oral contraceptive pill 2" generation users; OCP3 = oral contraceptive
pill 3" generation users; LH = low hormone; HH = high hormon; G = group; P = phase; A.U. = arbitrary units; mmHg = millimeters of
mercury. *Main effect of phase, such that heart rate was higher in the HH phase compared to LH phase.
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Table 3. Vascular Function Assessments: Brachial Artery FMD, NMD

NAT OCP2 OCP3 Main Effects &
LH HH LH | HH LH HH Interactions
Brachial Artery FMD
Baseline Diameter 3.65+0.30 3.63 +0.32* 3.54 +0.53 3.52 + 0.49* 3.38+0.33 3.33+0.31* | G:p=0.13
(mm) P:p=0.03
G*P:. p=0.55
Peak Diameter (mm) 3.86 +0.32 3.85+0.31 3.81 +0.50 3.83+0.46 3.62+0.31 359+031 |[G:p=0.14
P:p=0.41
G*P: p=0.53
AbsFMD (mm) 0.21 +0.10 0.22 + 0.07° 0.27 +0.10 0.30 £ 0.11~ 0.24 +0.10 0.26 +0.11" | G: p=0.08
P:.p=0.04
G*P: p=0.51
Time to Peak (s) 51 +18 45 + 15 52+17 54 + 22 46 + 16 49 £ 15 G:p=0.49
P:p=0.92
G*P: p=0.44
Baseline SR (s?) 153.3+90.1 | 1324+76.4 | 185.3+753 | 2125+99.3 | 241.5+131.0 | 168.6 + 75.7* | G: p =0.04
P:p=0.17
G*P: p = 0.05
SR AUC to Peak 225+215 16.8 £10.8 24.8+15.8 32.7+32.5 27.4+24.3 27.9+20.7 |G:p=0.31
(x103s™) P:p=0.77
G*P:p=0.24
Brachial Artery NMD
Baseline Diameter 3.58 +0.30 3.54 +0.32 3.52+0.53 3.51+0.51 3.26 +0.33 3.26+0.33 | G:p=0.12
(mm) P:.p=0.35
G*P:p= 0.74
Peak Diameter (mm) 4.35+0.39 4.31 +£0.40 4.28 + 0.58 431+0.54 4.10+0.32 406+032 |G:p=0.28
P:.p=0.35
G*P: p=0.36
AbsNMD (mm) 0.77 +0.22 0.76 + 0.19 0.77 +0.16 0.79+0.18 0.84 +0.11 0.80+0.14 | G:p=0.68
P:p=0.75
G*P:p= 0.33
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Table Caption: Mean + SD. NAT = naturally cycling; OCP2 = oral contraceptive pill 2" generation users; OCP3 = oral contraceptive
pill 3 generation users. Abs = absolute; SR = shear rate; AUC = area under the curve.; LH = low hormone; HH = high hormon; G =
group; P = phase. *Baseline diameter was lower in the HH phase compared to the LH phase. *AbsFMD was higher in the HH phase
compared to LH phase. *Baseline SR was lower in the HH phase compared to LH phase of OCP3.
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Table 4. Vascular Function Assessments: Superficial Femoral Artery FMD, NMD

NAT OCP2 OCP3 Main Effects &
LH HH LH HH LH HH Interactions
Superficial Femoral Artery FMD
Baseline Diameter 5.31+£0.56 5.33£0.48* 5.51+£0.58 5.43 £ 0.48* 5.26 £ 0.53 5.10£0.50* | G:p=0.29
(mm) P: p=0.02
G*P:. p=0.07
Peak Diameter (mm) 5.68 £ 0.61 5.69+£0.53 5.86 £ 0.59 5.83 £ 0.47 5.59 £ 0.47 544+043 |G:p=0.20
P:p=0.07
G*P.p=0.14
AbsFMD (mm) 0.37+0.14 0.36 £ 0.15 0.36 +0.14 0.40+0.16 0.33+0.17 0.34+£0.20 |G:p=0.73
P:p=0.55
G*P: p=0.29
Time to Peak (s) 56 + 25 63+21 83 +33 82 + 36 83 +44 83 + 38 G: p=0.03
P.p=0.64
G*P:p= 0.82
Baseline SR (s?) 150.3+£98.9 | 134.6+724 | 137.5+68.3 | 138.2+51.7 | 1349+61.2 | 129.3+684 | G:p=0.91
P:.p=0.38
G*P:. p=0.68
SR AUC to Peak 35.7+334 50.6 + 45.9 59.6 + 39.3 61.3+42.0 63.0 +58.3 61.8+529 |G:p=0.31
(x10%s?) P:p=0.46
G*P:p= 0.62
Superficial Femoral Artery NMD
Baseline Diameter 5.32 +0.52 5.28 + 0.53 5.26 + 0.63 5.26 + 0.55 5.25+0.34 5.23+0.40 | G:p=0.99
(mm) P:p=0.84
G*P: p=0.85
Peak Diameter (mm) 5.95 + 0.56 5.93+0.48 5.96 + 0.61 5.96 + 0.64 5.87 £ 0.40 591+044 |G:p=0.94
P:p=0.62
G*P: p=0.90
AbsNMD (mm) 0.63+0.28 0.65+0.24 0.70+£0.20 0.69 £ 0.22 0.62 +£0.24 0.68+0.23 | G:p=0.81
P:p=0.60
G*P: p= 0.58
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Table Caption: Mean + SD. NAT = naturally cycling; OCP2 = oral contraceptive pill 2" generation users; OCP3 = oral contraceptive
pill 3 generation users. Abs = absolute; SR = shear rate; AUC = area under the curve.; LH = low hormone; HH = high hormone; G =
group; P = phase. *Baseline diameter was lower in the HH phase compared to the LH phase.
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Figure 1. Hormonal Cycling Phase Testing Periods & Sex Hormone Confirmation and Study Protocol. (A)
Hormonal cycling phase testing. Participants were tested in the LH phase (NAT = early follicular, OCP2/3 = placebo)
and HH phase (NAT = mid-luteal, OCP2/3 = active) in a randomized order. This figure demonstrates a schematic of
expected endogenous and exogenous hormone levels. (B) Endogenous 178-Estradiol and Progesterone Levels.
There was an interaction between group and phase for both endogenous estradiol and progesterone, such that these sex
hormones were elevated in the HH phase compared to LH phase of NAT only; OCP2 and OCP3 experienced a
suppression of endogenous hormones during the active phase of the cycle, compared to NAT. (C) Study Protocol. Prior
to participating in the vascular testing sessions, participants completed records of hormonal cycling (including tracking for
>2 months if NAT), and completed a cardiorespiratory fithess test. During each vascular testing visit, participants first
rested supine for 10 minutes, followed by a standard blood draw. Participants then rested, and hemodynamic measures of
heart rate and blood pressure were taken after 5 minutes. Central and peripheral arterial stiffness of the common carotid
artery (CCA) and pulse wave velocity of the central and peripheral vasculature was assessed. This was followed by three
vascular function tests: a reactive hyperemia flow-mediated dilation (FMD) test of the brachial (BA) and superficial femoral
(SFA) arteries and a nitroglycerine-mediated dilation (NMD) test of the BA and SFA, tests were separated each by at least
10 minutes of rest. Figure created in Biorender.com.
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Figure 2. Central and Peripheral Arterial Stiffness. Measures of central PWV,
peripheral leg PWV and peripheral arm PWYV are detailed in panels A, B, and C
respectively. Bars represent the mean, with connected lines representing individual
responses across phases. NAT= naturally cycling; OCP2 = oral contraceptive pill 2"
generation users; OCP3 = oral contraceptive pill 3" generation users; LH = low
hormone; HH = high hormone; PWV = pulse wave velocity; G = group; P = phase.
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Figure 3. Endothelial Function & Smooth Muscle Function in the Brachial and
Superficial Femoral Arteries. Brachial artery endothelial function (measured via a
flow-mediated dilation test) is represented in panels A (unscaled) and B (allometrically
scaled), while smooth muscle function (measured via a nitroglycerine-mediated
vasodilation test) is represented in panels C (unscaled) and D (scaled). Superficial
femoral artery endothelial function and smooth muscle function is similarly represented
in panels E-H. Bars represent the mean, with connected lines representing individual
responses across phases. NAT= naturally cycling; OCP2 = oral contraceptive pill 2"
generation users; OCP3 = oral contraceptive pill 3" generation users; LH = low
hormone; HH = high hormone; G = group; P = phase. *Significant elevation in %BA

FMD in HH versus LH phase.
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Figure 4. Serum Exposure Cellular Regulation. Endothelial nitric oxide synthase
(eNOS) and estrogen receptor alpha (ERa) protein content was assessed using
Western blotting following a 24h serum exposure period on female human umbilical vein
endothelial cells. Fold change was used to compare changes in protein content with the
NAT-LH phase as reference. Bars represent the mean, with connected lines
representing individual responses across phases. NAT = naturally cycling; OCP2 = oral
contraceptive pill 2" generation users; OCP3 = oral contraceptive pill 3" generation
users; LH = low hormone; HH = high hormone; G = group; P = phase.
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Discussion

This was the first study to comprehensively examine the influence of NAT and
two generations of OCPs on a suite of cardiovascular outcomes and associated cellular
regulation. NAT and OCP cycles have no influence on carotid or peripheral arterial
stiffness, blood pressure, or smooth muscle function in both the brachial and femoral
arteries, or endothelial function in the femoral artery. Further, we observed that serum
exposure in female HUVECs had no impact on eNOS or ERa protein content. However,
there was a small influence of the HH phase (elevated endogenous or exogenous
estrogen and progesterone) on brachial artery endothelial function, which was no longer
significant when %FMD was allometrically scaled. This increase in unscaled %FMD
during the HH phase may be likely a product of alterations in vascular tone (i.e.,
constricted baseline artery diameter) with potential changes in autonomic nervous
system activity (e.g., small but consistent elevation in HR). This study has implications
on reconciling existing research and providing guidance for future investigations
involving female participants.
Impact of Hormonal Cycling on Endothelial Function

In examining the influence of NAT and OCP cycles on brachial artery relative
%FMD, we found a small (d=~0.2) effect of the HH phase versus LH phase when
endogenous and exogenous estradiol and progesterones were elevated (increase of
0.7% in FMD: LH: 7.0+£3.3%, HH: 7.7£3.5%); however, this effect was absent when
scaled for differences in baseline artery diameter. These observations are in line with
some previous literature on NAT#7- 48 although findings are mixed, reporting either

varying degrees of magnitude of improvement or null effects.” 16 49. 50 Early research
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reported very large elevations in brachial artery relative %FMD during the late follicular
and mid-luteal phases as compared to the early follicular phase in NAT.*® For example,
early work by Hashimoto et al (1995) reported a ~6% increase in relative %FMD from
the early follicular to mid-luteal phases of the NAT cycle“®; similarly, Kawano et al
(2001) and (1996) reported a ~4% elevation.*’- 51 Further work by Harris et al (2012)
also reported a ~3% elevation in relative %FMD during the mid-luteal phase.>? The
findings from these early studies have driven debate as to the relevance of considering
NAT and other hormonal cycles when testing vascular function.>® However, the majority
of more recent literature did not observe the same elevation in relative %FMD?; for
example, work by Shenouda et al (2018) reported a non-significant ~0.4% elevation in
relative %FMD ,*¢ while Rakobowchuck et al (2013) reported a non-significant ~1.5%
decrease in relative %FMD.>* To reconcile this conflicting literature, a recent meta-
analysis by our group observed a small, non-significant increase endothelial function in
the NAT mid-luteal phase compared to early follicular phase (n=12 studies, SMD: 0.37),
although there was considerable heterogeneity of the findings.” In contrast to early
findings, this meta-analysis found a more subtle influence of NAT on relative %FMD,
potentially due to differences in FMD analysis methodologies (i.e., discrete vs.
continuous analysis), in line with the small magnitude of %FMD elevation in the HH
phase in the current study.’

Early cross-sectional research reported no influence of OCP cycle phases on
relative %FMD when OCP types were grouped together, which may have masked the
reported differences between generations of OCPs.%® In contrast, there is some

literature showing decreased relative %FMD during the active phase in 2" generation
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very low dose users (20 mcg ethinyl estradiol/100 mcg levonorgestrel), with no
difference across phases in low dose users (30 mcg ethinyl estradiol/150 mcg
levonorgestrel).1® Similarly, research on 3" generation OCPs have observed an
increase in FMD with low dose (30 mcg ethinyl estradiol/150 mcg desogestrel) but no
change at a very low dose composition (20 mcg ethinyl estradiol/150 mcg
desogestrel).!t 15 Participants in the current study were on OCP dosages similar to the
previous study (very low dose OCP2 and low dose OCP3 as detailed above) and we
found an overall elevation in relative %FMD in the HH phase regardless of group. There
may be differences in study population or testing parameters, such as familiarization
and random order of testing which could explain these subtle differences in results
between studies.

One initially proposed explanation for the elevated relative %FMD observed in
the BA during the HH phase of the current study is the elevation of nitric oxide via the
ERa-eNOS signalling pathway.® However, serum exposure experiments do not support
this hypothesis as there was no alignment between in vitro results and in vivo FMD
findings, and further no relationship between these associated cellular proteins and
functional vascular outcomes. An alternative hypothesis may be that the vasculature is
experiencing alterations in autonomic nervous system activity, evidenced by an small
increase in HR (~2 bpm) and vasoconstriction of the brachial and femoral arteries at
baseline during the HH phase. Specifically, constriction of the brachial artery in the HH
phase may have artificially increased relative %FMD (unscaled), which, when scaled for
differences in baseline artery diameter, resulted in no main effect of phase. Briefly, there

is an existing body of literature that has observed elevated HR and either increased
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sympathetic activity or increased vagal withdrawal (parasympathetic activity) when
progesterone is elevated.%® 57 Exploring additional alternative hypotheses, some
previous literature has identified a small increase in HR (~3-5%) across cycle phases
associated with a concurrent increase in basal body temperature during supine rest.58 59
It is plausible that mimicry of exogenous progesterones may act similarly to endogenous
progesterone in elevating HR through autonomic nervous system alterations and/or
through elevations in body temperature.

We did not observe group-level differences in brachial artery endothelial function
across NAT and OCP groups. This finding is not aligned with the majority of previous
literature which has observed impaired relative %FMD in OCP2 compared to NAT and
OCP3.18 60,61 |n contrast, evidence in Figure 3A&B suggest that there may be a non-
significant trend towards elevated relative %FMD in OCP2 (main effect of group p =
0.06; NAT vs OCP2 p = 0.06). Previous work by Heidarzadeh et al (2014) reported
lower FMD in OCP2 compared to NAT.® The same finding was reported in several
other cross-sectional and interventional trials.18 61 Research by Shenouda et al (2018)
did not observe group-level differences between NAT and OCP; however, this previous
study did not have the sample size to disaggregate OCP users by generation type.16
What may be unique about the present study, and in contrast to previous mixed
literature, is matching between groups. We were able to match for body composition
and cardiorespiratory fitness (Table 1), which are not commonly assessed in
contraceptive research studies and may confound some previous vascular outcome

reporting.
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We did not observed an effect of NAT or OCP cycle groups or phases on femoral
artery endothelial function apart from a slight constriction of the vessel during the HH
phase — similar to the brachial artery during the FMD test. This finding has not been
previously reported in the literature. The discordance between the brachial and femoral
arteries is likely a product of structural differences and/or the sensitivity to neural stimuli
between the artery beds.®%-¢* The femoral artery is more resistant to changes in
functional interventions, such as through exercise or other blood flow perturbations,5* 6>
unless in a cohort already predisposed to atherosclerosis development (i.e., smoking).%®
In a young, healthy cohort, this may be a result of greater use of the lower limbs in
activities of daily living, providing protection against any perturbations in function, as
suggested previously by King & Pyke (2019).%°
Impact of Hormonal Cycling on Smooth Muscle Function

This was the first study to examine both upper and lower limb smooth muscle
function responses to NAT and OCP cycles and phases. We observed no effect of
hormonal cycling on smooth muscle function. While literature is sparse, there is some
evidence that these findings align with the majority of previous work investigating
smooth muscle function.6 47.48.51,67 For example, similar to brachial endothelial
function research, early work by Hashimoto et al (1995) identified an increase in
brachial artery smooth muscle function in the late follicular and mid-luteal phases.*®
However, subsequent research by Sorensen et al (2006) did not identify phasic
differences in relative %NMD.®” Similarly, work by Shenouda et al (2018) also did not
find any phasic differences in relative %NMD in NAT or OCP users.1¢ In line with this

body of literature, a previous meta-analysis by our group observed no differences
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across the NAT cycle early follicular to mid-luteal phase on smooth muscle function
(n=7 studies, SMD: 0.19) — though the studies available only examined the brachial
artery.” However, Shenouda et al (2018) did note a significantly lower scaled NMD in
NAT compared to OCP users.'® This finding contrasts the lack of group-based findings
from this study, but may point to differences in NAT versus OCP groups in the prior
study, as discussed previously. There is a paucity of research comparing NAT versus
OCP groups, and the present study is one of the first studies to confirm that there were
no group-level differences in arterial smooth muscle function. Considering OCP cycles,
all previous literature examining smooth muscle function in OCP2 and OCP3 observed
no influence of OCP phase on smooth muscle function.! 15 16. 19 Gjven the findings
described in the majority of previous literature, and concurrent with the present study,
we can posit that hormonal cycles do not influence upper or lower limb vascular smooth
muscle function.
Impact of Hormonal Cycling on Arterial Stiffness

We observed no effect of NAT or OCP groups or phases on measures of carotid
artery stiffness, including distensibility, compliance, and B-stiffness, or structural
measures of IMT. There is a paucity of literature to compare to, however, early work by
Franceschini et al (2013) and Lizarelli et al (2009) reported no impact of OCP2 on (3-
stiffness.18 61 These findings have been corroborated by our group previously,'” and in
the present study. Considering IMT, there is some prior cross-sectional research that
reported elevated thickness in OCP2 compared to NAT; however, the effects were
moderate (increase of ~0.09mm) and found in a population using OCPs for longer

duration (~3 years versus 4.5 years).®® While increases in carotid IMT among OCP2
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users has been corroborated by another interventional study after 6 months of OCP2
use, there was no difference cross-sectionally comparing OCP2 with NAT.8 Finally,
previous work by our group has not observed differences between groups or phases for
IMT.1” While we have been unable to corroborate prior literature finding elevated IMT in
OCP2, further research is needed to confirm these findings.

Similarly, we observed no influence of NAT or OCP groups or phases on
measures of central or peripheral arterial stiffness, specifically central, peripheral arm or
peripheral leg PWV. This is consistent with recent research by Priest et al (2018) that
did not observe alterations in central or peripheral PWV across NAT or combined
generation OCP phases.!’” There was only one previous study that reported a small
increase in central PWV with OCP versus NAT; however, the small increase in PWV
was not clinically relevant and also did not disaggregate by OCP generation, rendering
it unable to be compared to the present study.®® PWV, when measured by digital pulse
waveform acquisition, did not indicate phasic differences in OCP2 or OCP3, or across
groups'®, and this research has been since confirmed another study.®® In summary,
based on previous literature and the present study, OCP and NAT cycles do not appear
to influence measures of central or peripheral PWV.

Duration of OCP Use on Vascular Outcomes

We observed no effect of the duration of contraceptive use on brachial artery
endothelial function in either OCP2 or OCP3 groups, and also no effect on central PWV.
The former was not in concordance with previous literature reported by Shenouda et al
(2018) who found a moderate negative relationship between duration of OCP2 use and

brachial artery FMD, but not combined 3™ and 4" generation OCP users, even after
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controlling for age.'® Both studies had comparable averages and spreads of use (OCP2:
~29 months Shenouda, ~40 months Williams; OCP3: ~57 months Shenouda, ~29
months Williams), although it is plausible that the shorter duration of use of OCP2 in the
paper by Shenouda et al (2018) may point to earlier remodeling changes.® In contrast,
it is more likely that, due to small sample sizes, selection of OCP2 participants with a
more dramatic decline in FMD may have resulted in this spurious finding. Longer
duration of contraceptive use studies, and studies involving longitudinal study designs,
are necessary to draw any conclusions on the long-term influence of OCP use.
Limitations

While there were several strengths to this study, including the quantity and
quality of vascular measures, inclusion of both in vivo outcomes and in vitro cellular
regulation experimentation, and methodological rigour regarding hormonal cycle
considerations, there are some limitations to recognize. First, this study focused on only
two generations of OCPs rather than including 15t and 4™ generation OCPs, or non-oral
hormonal contraceptive options. As this study utilized convenience sampling, the
availability of participants using OCPs was taken into consideration, with 2" and 3
generation OCPs as the most commonly prescribed OCPs in Canada. Second, this
study focused primarily on young, generally healthy, premenopausal females, and was
therefore limited in its generalizability to older populations who have other conditions
(e..g, hypertension, diabetes) and we were additionally limited in examining duration of
use of OCPs. Third, we only examined two cellular proteins known previously to be
connected to hormone-related changes in endothelial function; further research is

needed to examine the influence of other cellular or organ-level regulation pathways
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(e.g., progesterone receptor activation, smooth muscle proliferation, interactions with
lipids/lipoproteins, glucose regulation) and central and peripheral nervous system output
on vascular outcomes. Fourth, while we were able to quantify endogenous 173-estradiol
and progesterone levels, and synthetic progestin levonorgestrel (found in OCP2), we
were unable to quantify synthetic ethinyl estradiol or progestins norgestimate or
desogestrel (found in OCP3). This limitation is due to the lack of accessible in-house or
clinical assays to test these hormones; further development of synthetic hormone
assays would greatly enhance the impact of future research involving contraceptive use.
Another limitation to this study was the range of hours since participants have taken
their pill and the vascular data collection sessions, recognizing that exogenous hormone
levels fluctuate since the time ingested; however, a strength of this study is in reporting
the duration of time for context which is uncommon in research studies. Finally, the
cardiovascular outcomes were examined during supine rest, rather than during dynamic
challenges such as stress tasks, small limb exercise tests, or metabolic challenges
(e.g., oral glucose tolerance test, high fat meal challenge); dynamic challenges may be
better able to manifest any subtle influence of the hormonal cycles on vascular
outcomes and thus requires further study.5? 70
Conclusions & Future Directions

The natural menstrual cycle and 2" and 3 generation OCP cycles appear to
minimally influence a comprehensive suite of cardiovascular outcomes, including blood
pressure, carotid and peripheral arterial stiffness, brachial and femoral artery smooth
muscle function, femoral artery endothelial function, and underlying cellular regulation

(eNOS, ERa protein content). However, there may be a small effect of the HH (mid-

131



PhD Thesis — J. Williams; McMaster University - Kinesiology

luteal/active) phase on brachial artery endothelial function, which may be partially
explained by constricted resting vascular tone and autonomic nervous system
activation. This study provides novel and timely insights into the role of the natural
menstrual cycle and OCP cycles on peripheral vascular physiology, given the calls for
increased inclusion of female participants in human research.?!: 7% 72 This study also
challenges the notion that female hormonal cycles must be controlled for in
cardiovascular physiology research; in contrast, researchers are encouraged to
consider the hormonal cycles alongside other experimental controls depending on the
study design. Further research is needed to explore the potential influence of the
hormonal cycles on nervous system activity and its regulation on vascular tone. Finally,
future examination of other forms of hormonal contraceptives, especially intrauterine
devices, and considering older premenopausal populations who may have been

exposed to contraceptives for a longer duration is needed.
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Abstract

Previous research has identified sex differences in substrate oxidation during submaximal aerobic exercise including a lower re-
spiratory exchange ratio (RER) in females compared with males. These differences may be related to differences in sex hor-
mones. Our purpose was to examine the impact of the natural menstrual cycle (NAT) and second- and third-generation oral
contraceptive pill (OCP2 and QCP3) cycle phases on substrate oxidation during rest and submaximal aerobic exercise. Fifty
female participants (18 NAT, 17 OCP2, and 15 OCP3) performed two experimental trials that coincided with the low (i.e., nonactive
pill/early follicular) and the high hormone (i.e., active pill/midluteal) phase of their cycle. RER and carbohydrate and lipid oxidation
rates were determined from gas exchange measurements performed during 10 min of supine rest, 5 min of seated rest, and two
8-min bouts of submaximal cycling exercise at ~40% and ~65% of peak oxygen uptake Nozpeuk), For all groups, there were no
differences in RER between the low and high hormone phases during supine rest (0.73+0.05 vs. 0.74+0.05), seated rest
(0.72+0.04 vs. 0.72+0.04), exercise at 40% (0.77+0.04 vs. 0.78+0.04), and 65% \?ogpeuk (0.85+0.04 vs. 0.86+0.03; P = 0.19
for all). Similarly, carbohydrate and lipid oxidation rates remained largely unchanged across phases during both rest and exer-
cise, apart from higher carbohydrate oxidation in NAT vs. OCP2 at 40% \}fo—_,peak (P = 0.019) and 65% v02peuk (P = 0.001). NAT
and OCPs do not appear to largely influence substrate oxidation at rest and during acute submaximal aerobic exercise.

NEW & NOTEWORTHY This study was the first to examine the influence of NAT and two generations of OCPs on substrate oxi-
dation during rest and acute submaximal aerobic exercise. We reported no differences across cycle phases or groups on RER,
and minimal impact on carbohydrate or lipid oxidation apart from an increase in carbohydrate oxidation in NAT compared with
OCP2 during exercise. Based on these findings, NAT/OCP phase controls may not be necessary in studies investigating sub-
strate oxidation.

carbohydrate oxidation; estrogen; fuel utilization; hormonal contraceptive; lipid oxidation

INTRODUCTION

Humans primarily oxidize carbohydrates and lipids for
energy provision during submaximal aerobic exercise. The
respiratory exchange ratio (RER) is a valid, noninvasive,
and cost-efficient method to estimate whole body sub-
strate oxidation (1). Potential sex differences in substrate
oxidation during submaximal aerobic exercise have been
summarized comprehensively in several recent reviews
(2-4). Females may have a lower rate of carbohydrate oxi-
dation and a higher rate of lipid oxidation as compared
with males during submaximal aerobic exercise and at rest
(5-8). These differences are not seen in childhood, sug-
gesting that fluctuations in hormone levels that occur with
puberty, specifically the sex hormones 17p-estradiol and
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progesterone, play a role in the observed sex differences
(9, 10). Previous research of oral 17p-estradiol supplemen-
tation in males showed a decrease in RER and carbohy-
drate oxidation and corresponding increase in lipid
mobilization and oxidation via upregulation of fatty acid
transport and p-oxidation enzymes, suggesting that 17p-es-
tradiol may play a role in the regulation of fuel utilization
and substrate oxidation (4, 6, 11). Although research on
progesterone supplementation is limited, there is some
evidence from animal and human research that progester-
one (with or without 17p-estradiol) supplementation also
increases lipid oxidation via upregulation of metabolic
enzymes (12), but may restore carbohydrate oxidation
compared with the decrease observed with 17f3-estradiol
supplementation alone (13).
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There is renewed interest in the effects of fluctuations in
endogenous and exogenous estrogen and progesterone levels
in women across both the natural menstrual cycle and oral
contraceptive pill cycle on exercise metabolism and per-
formance (14). Some research has found that women had
lower whole body carbohydrate oxidation and higher lipid
oxidation rates in the luteal phase (when 17p-estradiol and
progesterone are high) as compared with the follicular phase
(when 17B-estradiol and progesterone are low) during sub-
maximal cycling or running aerobic exercise (15-17). Similarly,
muscle glycogen use during exercise has also been reported to
be ~20%-25% lower in the luteal phase compared with the
follicular phase, as lipids are preferentially selected for fuel
utilization (15, 18-20). However, these findings are not univer-
sal (21, 22). One possible explanation for the discordant results
may be a balance between the levels of 17p-estradiol and pro-
gesterone (17p-estradiol/progesterone ratio) with a larger mag-
nitude of change in the ratio between phases needed to shift
lipid oxidation rates (23). Finally, some research has indicated
an intensity-dependent relationship between substrate utili-
zation and menstrual cycle phase, such that differences
between menstrual cycle phases in substrate oxidation may
be present at low- and medium-intensity aerobic exercise [i.e.,
35%-65% peak oxygen uptake (VOspeq)] but not at higher in-
tensity aerobic exercise (i.e., 75% Vozpeak) (24). This latter ob-
servation may also help explain some of the disagreement in
the literature.

Combined oral contraceptive pills (OCPs) constitute one of
the most common drug prescriptions for women in Canada
(aged 15-49 yr) (25) and are likewise used by over 150 million
women worldwide (26). OCPs differ in synthetic estrogen
(i.e., ethinyl estradiol, dose: 0.01-0.05 mg) and progesterone
(i.e., progestins levonorgestrel, desogestrel, norgestimate,
norethindrone acetate, drospirenone; dose: 0.05-0.25 mg)
content. OCPs are designed to mimic the natural menstrual
cycle, often containing two “phases” of hormone levels: low
hormone phase (nonactive/placebo pill phase) and high hor-
mone phase (active pill phase) with one (monophasic), two
(biphasic), or three (triphasic) levels of increasing progestin
pill dosage alongside a single step increase in synthetic estro-
gen (27). Over the last 60 years, four generations of OCPs
have been developed which differ in the type of synthetic
progestin used. Variations in such hormones have in turn
been linked to differences in carbohydrate and lipid oxida-
tion rates at rest and during submaximal aerobic exercise
(10, 16, 28-31); although other studies have observed no
effects of OCP use or across phases (10, 21, 32). One reason
for disagreement in the literature may be that prior research
in this area often groups all OCP generations together or do
not specify OCP type (10, 16, 28, 31), failing to consider that
dissimilar hormonal profiles may differentially influence
substrate oxidation during exercise and at rest, as suggested
previously by Elliott-Sale et al. (33). Newer variants of pro-
gestins (i.e., third-generation progestins like desogestrel)
have lower androgenicity or are anti-androgenic compared
with older progestins (i.e., second-generation progestins like
levonorgestrel) (34, 35), and lower androgenicity may have
favorable impacts on lipid metabolism (36, 37), although
research is limited. To highlight this gap, research by Isacco
et al. (32) observed no differences in RER and substrate oxi-
dation rates across OCP phases; however, this study grouped
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second-, third-, and fourth-generation OCP users together.
These methodological considerations may be, in part, re-
sponsible for the disagreement in the literature.

The present study sought to address knowledge gaps in
understanding the impact of oral contraceptives and natural
menstrual cycle phase on fuel utilization in premenopausal
females. Our purpose was to determine the effects of the nat-
ural menstrual cycle and oral contraceptive cycle of the two
most prescribed generations of OCPs in Canada [second and
third generations (25)] on substrate oxidation at rest and dur-
ing submaximal aerobic exercise. We hypothesized that at
rest and during 40% and 65% VO,peqi €xercise, lipid oxida-
tion would be increased in the high hormone (IHIH; active/
midluteal) phase of both the natural menstrual cycle and
oral contraceptive cycle, compared with the low hormone
(LH; nonactive/early follicular) phase, with no differences
between groups. This study contributes to current knowledge
gaps that exist in understanding the impact of oral contracep-
tives and natural menstrual cycle phase on fuel utilization in
premenopausal females. Determining the effect of oral con-
traceptives and natural menstrual cycle phase on substrate
oxidation permits a deeper understanding of the potential
impact of contraceptives on substrate metabolism and the
role of both endogenous and exogenous sex hormones in fuel
utilization during aerobic exercise.

METHODS

Participant Recruitment and Ethics

This study was part of a larger research project that
recruited premenopausal females between 18-45 yr of age
from McMaster University and surrounding areas in Hamilton,
Ontario. All participants who consented to the larger
research project also consented to participate in this pro-
ject. Participants were recruited and stratified to the follow-
ing groups, based on existing OCP use: 1) females taking
OPC2; 2) females taking OCP3; and 3) natural menstrual
cycle (NAT) females. Although an a priori sample size cal-
culation was not conducted, as this project was a part of a
larger research project, a sample size calculation was deter-
mined using G*Power (« < 0.05, power = 80%). Based on a
similar study in NAT females with acute aerobic exercise, a
sample size of approximately n = 15 per group would be
needed to detect a change in RER of approximately 0.03
(0.87 vs. 0.84) across phases with a SD of 0.05 (17). Females
were excluded from the study if they had a history of cardio-
vascular, metabolic, or musculoskeletal disease, were currently
pregnant or pregnant within the last year, or were smokers.
NAT participants were eumenorrheic, and excluded if their
menstrual cycles were irregular (1 missed cycle in the last 6
mo) or if the cycle was outside of a “normal range” (21-35
day cycle length), as this may be indicative of menstrual
cycle irregularity or other reproductive conditions (38).
NAT participants were also excluded if they used oral or
nonoral hormonal contraceptives within 6 mo of participat-
ing. OCP participants were excluded if they were not taking
monophasic or triphasic OCP2 or OCP3 formulations, were
not on the OCP for at least 3 mo before starting the study, or
were not taking the OCP as prescribed (i.e., skipping the
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nonactive/placebo pill phase). The study was approved by the
Hamilton Integrated Research Ethics Board (HIREB; #7827).

Study Protocol

Screening and 'J’ozp._,,,,, test visit.

Participants attended to the Vascular Dynamics Laboratory
or participated in a virtual visit to be fully informed of the
protocol and provide written informed consent (Fig. 1B).
Following the initial visit, participants completed a medical
information form to assess the inclusion criteria for the
study as well as to provide the investigators with the infor-
mation on their oral contraceptive pill use and cycle
details (i.e., cycle duration, type of OCP used, and duration
of OCP use). Participants then tracked their menstrual
cycle for two or more months before participating in the
study by providing researchers with the starting date of
each consecutive period to calculate average menstrual
cycle length. In the menstrual or oral contraceptive pill
cycle (no specific phase) before the data collection visits,
participants came to the laboratory in-person at any
time of day for an assessment of basic anthropometric

measures such as age, height, and weight and completed
abaseline Vozpeak.

The VOzpeak test was completed with participants seated
upright on a stationary cycle ergometer (Lode Excalibur
Sport V 2.0, Groningen, Netherlands or Kettler Ergo Race,
Kettler, Virginia Beach VA, same ergometer within each par-
ticipant). Expired oxygen and carbon dioxide concentrations
were determined using a daily calibrated metabolic cart with
a mixing chamber (Quark CPET Metabolic Cart, COSMED,
Italy). Heart rate (HR) was monitored throughout the exer-
cise visits using a IR monitor (Polar A3, Lake Success, New
York). Data were collected every 10 s for expired oxygen and
carbon dioxide and every 1 s for HR. The VOypeax test started
with a 3-min warm-up at 50 W of resistance. The resistance
was lowered if indicated by the participant as too intense for
the warm-up within the first 30 s. Following the warm-up,
the exercise phase involved an increase in resistance of 1 W
every 2 s (n = 37) or 5 W every 10 s (n = 13), depending on
the cycle ergometer used. Incremental increases in resist-
ance continued until volitional exhaustion, evidenced by a
failure to maintain a cadence of at least 60 rpm on the cycle

A Oral Contraceptive Pill Participants Natural Menstrual Cycle Participants
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Rty
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Figure 1. A: oral contraceptive pill (OCP) and natural menstrual (NAT) cycles. This schematic depicts a standard OCP cycle (left) and NAT cycle (right).
The solid line represents fluctuating estradiol levels in NAT participants or ethinyl estradiol levels in OCP participants. The dotted line represents fluctu-
ating levels of progesterone in NAT participants or progestins in OCP participants, with the single increase in progestin levels representing monophasic
OCPs and three increasing levels of progestin representing triphasic OCPs. B: data collection protocol. Following an initial screening visit, participants
took part in two identical submaximal exercise testing visits, assigned in a counterbalanced order, in the low hormone phase of their menstrual or oral
contraceptive pill cycle (early follicular/nonactive pill) and in the high hormone phase of their cycle (midluteal/active pill). During the exercise visits, partic-
ipants took part in 10 min of supine rest, followed by 5 min of seated rest on a cycle ergometer, followed by 8 min of cycling exercise at a power that cor-

responded to each of 40% and 65% peak oxygen uptake (VOzpeay). Figure created in BioRender.
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ergometer. Following exhaustion, the participant was instructed
to cool down for 2 min at their warm-up intensity (50 W or
lower). The VOzpeax test was considered successful if a min-
imum of two of the following criteria were met: 1) the peak
HR was within 10 beats/min of 208-0.7*age (39), 2) the
RER = L1, 3) a clear plateau in the volume of oxygen con-
sumed (V0,), and 4) perceived exertion >17 (Borg scale 6-20).
All participants achieved VO,pea. To determine VOspeq. the
three highest 10-s averages of Vo, (typically achieved at the
end of the test) were averaged to determine the maximum
value (40, 41) and to subsequently calculate 40% and 65% of
Vuzpeak-

Data collection visits.
Participants returned to the laboratory for two data collec-
tion visits during the subsequent menstrual or OCP cycle
phase. With the onset of menses as day I, euamenorrheic NAT
participants were returned during the LI phase (early follic-
ular phase: days 3-7) and the HIH phase (midluteal phase: ~7
days after ovulation). Ovulation was determined using
standard at-home ovulation kits (BFP Ovulation Test Strips,
Fairhaven Health, Bellingham, WA). Females using oral con-
traceptives were asked to return 3-7 days into the LI phase
(nonactive pill/placebo phase) and 2-7 days in the third
week of the I phase (active pill phase; Fig. 1A). The order
of visits was assigned and counterbalanced within a group
(NAT, OCP2, and OCP3) during participant recruitment (i.e.,
first participant in a group began in the IHH phase, while sec-
ond participant in a group began in the LH phase), such that
approximately half of the participants within each group
had their first data collection visit during their LH phase
(n = 23), while the other half had their first visit in the ITIT
phase (n = 27). Odd number of participants in two of the
groups and scheduling difficulties with one participant
resulted in unequal starting phase numbers. Two OCP2 visits
and one OCP3 visit required rescheduling to the next cycle
due to technical difficulties (n = 2) or illness (n = 1).
Participants were asked to refrain from vigorous physical
activity =24 h, caffeine or alcohol consumption =8 h, food
consumption =6 h, and nonprescription medication use
(i.e., anti-inflammatory and pain medications) =12 h before
testing on each day. Data collection sessions were completed
at the same time of day within a participant, and during the
morning to midday hours. During each data collection visit,
participants were asked to complete a four-stage rest and
submaximal aerobic exercise test on the same cycle ergome-
ter, with gas exchange variables collected using the same
metabolic cart used during the VOspea test. Finally, partici-
pants took part in a whole body dual-energy X-ray absorpti-
ometry (DXA) scan during their low/no hormone phase visit.
During each data collection visit, participants completed
10 min of supine rest with the lights in the room turned off.
This was followed by 5 min of seated rest on the exercise bike
followed by 8 min of cycling exercise at each of 40% and 65%
of VOzpeqi. with the lights in the room turned on. All phases
(rest and submaximal exercise) were completed sequentially
(Fig. 1B), aligned with other sequential exercise protocols (17,
24). The only delay in timing of the testing was in the transi-
tion from supine to seated; participants were given a 2-min
window to transition from the supine rest to seated position
on the cycle ergometer, after which the 5-min seated rest
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phase began. The exercise workloads were determined dur-
ing the first submaximal exercise visit by adjusting the resist-
ance on the bike to achieve the target Vo, while maintaining
a pedal cadence of ~70 rpm. During the second submaximal
exercise visit, the workloads were set to match the first visit.
The respective workloads were calculated from the VOzpeax
test results using the following equation (42):
Estimated Power(Watts)=|TargetVoz(L/min)—0.435] /0.01141
(1)
For the submaximal tests, data were averaged every 10 s
for HR, gas exchange, and RER during last 2 min of supine
and seated rest and during 40% and 65% of VOspeax €xercise
bouts. Gas exchange variables included breathing frequency
(Rf, breaths/min), tidal volume (VT, L/min), minute ventila-
tion of gas exhaled (VE, L/min), Vo, (L/min), and volume of
carbon dioxide expired per minute (Vco,, L/min). Oxidation
rates (g/min) were calculated using Egs. 2 and 3 as shown
below (43) where any negative values were assumed as zero
oxidation for that substrate:

Carbohydrate Oxidation(g/min)

=(4.858 x Vcoa(L/min))—(3.2255 x Voz(L/min)) (2)
Lipid Oxidation(g/min)
=(1.6946 x Voy(L/min)) (17012 x Veoz(L/min))  (3)

COVID-19 Pandemic-Related Missing Data

Initial participants were recruited and tested in Winter
2020 before the coronavirus disease of 2019 (COVID-19) pan-
demic shutdown of research laboratories, and the protocol
was altered slightly when testing proceeded in Fall 2021. As a
result of equipment limitations in initial testing in 2020, gas
exchange variables are missing for the supine rest condition
for n = 14/50 participants (n = 6 NAT, n = 6 OCP2, and n =2
OCP3). Further, an additional refinement between 2020 and
2021 included the addition of recording heart rate (FHR) and
rating of perceived exertion (RPE) during each interval; as a
result, this data is missing during all intervals for n = 14/50
participants (same groups as above). Finally, one dual-
energy X-ray absorptiometry (DXA) scan is missing in a NAT
participant, due to COVID-19 pandemic-related research lab-
oratory closures.

Statistical Analysis

All statistical analyses were performed using SPSS, version
22 (IBM, Chicago, IL). All data, unless otherwise noted, are
reported as the mean *+ SD, and statistical significance was
set as P < 0.05. Figures 2 and 3 represent the data in box-
and-whisker plots, where the middle line represents the me-
dian, the interquartile range (50% of the data) is represented
by the box, and the whiskers represent the minimum and
maximum points in the data. All participant characteristics
were analyzed for differences by using a one-way analysis of
variance (ANOVA) across the three groups. A two-way
repeated measures linear mixed model (compound symme-
try) ANOVA was conducted with three levels of group (OCP2,
OCP3, and NAT) and two levels of phase (LI phase and HI
phase) for each of the gas exchange, substrate oxidation, IR,
and RPE outcomes during seated and supine rest and during
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Figure 2. Heart rate (HR) during supine rest, A - Supine Rest
seated rest, and exercise at 40% and 65% 140

peak oxygen uptake (\'Ioz,peak), HR during
supine rest (A); HR during resting on bike (B);
HR at 40% of VOypeq, during submaximal aero-
bic exercise (C); and HR at 65% of VOap.a, dur-
ing submaximal aerobic exercise (D). A two-
way repeated measures linear mixed model
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Table 1. Participant characteristics

NAT (n = 18) OCP2 (n=17) OCP3 (n = 15) PValue

Age, yr 21+2 2142 2143 0.90
Height, cm 164.2+8.1 163.7+7.0 164.4+5.8 0.96
Weight, k% 66.0+14.4 59.2+9.0 61.817.6 0.19

BMI, kg/m 245+5.0 221431 228422 0.16

Hip-waist circumference ratio 0.77+0.05 0.78+0.05 0.76+0.04 oM

DXA lean body mass, kg MN2+47 38.8141 395137 0.25
DXA body fat, kg 231+£M1M5 18.0+£6.0 20265 022
DXA % body fat 33.2+91 299457 321+73 0.43
Relative V O3z, ML/minfkg 379+87 401169 385170 0.68

Means of participant characteristics across groups are given along with standard deviations and respective P values from the one-way
ANOVA test. BMI, body mass index; DXA, dual-energy X-ray absorptiometry; NAT, naturally menstruating: OCP2, second-generation
oral contraceptive pill; OCP3, third-generation oral contraceptive pill; VOzpeax, peak volume of oxygen.

measures linear mixed model (compound symmetry) ANOVA
was conducted with three levels of group (OCP2, OCP3, and
NAT), two levels of phase (LH phase and HH phase), and four
levels of time (supine rest, seated rest, 40% Vozpeak, and 65%
VOszpear Stages) with Bonferroni-adjusted post hoc tests to cap-
ture differences across rest and exercise intensities. Further,
exploratory analysis to examine a Pearson correlation between
RER responses in the LH versus HIT phase within each level of
rest and exercise phases was conducted to examine the consis-
tency of response across the cycle.

RESULTS

Participant Characteristics and Menstrual/Oral
Contraceptive Pill Cycles

Participant characteristics are detailed in Table 1. There
were no differences between groups for any participant char-
acteristics. Menstrual and oral contraceptive pill cycle infor-
mation is detailed in Table 2. All OCP2 participants used
monophasic contraceptives (n = 5 Alesse/n = 12 Alysena)
containing daily active pills of 0.02 mg ethinyl estradiol and
0.1 mg levonorgestrel. OCP3 participants were either using
monophasic contraceptives (n = 7, Marvelon/Mirvala/Freya,
daily 0.03 mg ethinyl estradiol, 0.15 mg desogestrel) or one
of three triphasic contraceptives (n = 8) with testing occur-
ring during the highest active dose week: Linessa (n = 3,
0.025 mg ethinyl estradiol, 0.15 mg desogestrel), Tricira Lo
(n = 3, 0.025 mg ethinyl estradiol, 0.25 mg norgestimate), or
Tri-Jordyna (n = 2, 0.035 mg ethinyl estradiol, 0.25 mg
norgestimate).

Supine Rest

During supine rest, there were no differences between
groups or across phases for most gas exchange outcomes,

including Rf, V1, VE, Vo, and Vco, (Table 3, top). Similarly,
there were no effects of group or phase on RPE (Table 3, top).
However, there was a main effect of phase [d = 0.39 (small-
medium effect), P < 0.01] for HR, such that HR was ~3
beats/min higher in the HH phase compared with the LH
phase (Fig. 24). There was no difference between groups or
across phases for RER (Fig. 3A), or carbohydrate oxidation
(Table 3, top). However, there was an interaction between
group and phase (P = 0.04; Table 3, top) for lipid oxidation,
resulting in lower lipid oxidation in the I{H phase compared
with the LI phase in NAT [d = 1.02 (large effect), P = 0.02]
but no differences between phases in OCP2 (P = 0.50) or
OCP3 (P = 0.20).

Seated Rest

During seated rest, there were no differences between
groups or across phases for gas exchange variables Rf, VE,
Vo,, and Vco, (Table 3, top), HR (Fig. 2B), or RPE (Table 3,
top). However, V1 was higher in the HI phase compared
with the LI phase [d = 0.25 (small effect), P < 0.01; Table 3,
top]. Finally, there were no differences between groups or
across phases for RER (Fig. 3B) or lipid and carbohydrate oxi-
dation (Table 3, top).

Exercise at 40% VOzpeax

During submaximal exercise at 40% VOzpeax. there were
no differences between groups or across phases for gas
exchange variables Rf, VE, Vo,, and Vco, (Table 3, bottom).
There were also no differences between groups or phases for
RPE (Table 3, bottom) or HR (Fig. 2C). However, VT was
higher in the HIT phase compared with LH phase (group-
*phase interaction: P = 0.05) in the OCP2 [d = 0.27 (small
effect), P = 0.02] and OCP3 [d = 0.30 (small-medium effect),
P = 0.04] groups but not in the NAT group (P = 0.39; Table 3,
bottom). Examining substrate oxidation, there was no

Table 2. Menstrual and oral contraceptive pill cycle information

NAT (n = 18) OCP2 (n = 17) OCP3 (n = 15)
LH testing date (early follicular/nonactive pill phase) 511days 511days 511days
HH testing date (midluteal/active pill phase) 23 +3 days (7 £1 days postovulation) 261+ 2 days 2611days
Average menstrual cycle length 29+2 days

Average ovulation date 16+ 3 days

Length of time on contraceptive

A40+28 mo (3.3£2.3 yr) 29+23 mo (2.4+1.9 yr)

Counting of the dates of testing in the low hormone (LLH) and high hormone (HH) phases, average menstrual cycle length, and ovula-
tion date used the onset of menses to represent day 0. NAT, naturally menstruating; OCP2, second-generation oral contraceptive pill;

QCP3, third-generation oral contraceptive pill.
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significant main effect of group (P = 0.07) for RER (Fig. 3C),
but a main effect of group (P = 0.03; Table 3, bottom) for car-
bohydrate oxidation, with higher oxidation in NAT com-
pared with OCP2 [d = 0.96 (large effect), P = 0.03], but not
OCP3 (P = 0.38). There were no differences across groups or
phases for lipid oxidation (Table 3, bottom).

Exercise at 65% VOzpcax

During submaximal exercise at 65% VOapeak. there were no
differences between groups or across phases for gas
exchange variables Rf, VE, VT, Vo,, and Vco, or RPE (Table
3, bottom) and HR (Fig. 2D). There were also no differences
across groups or phases for RER (Fig. 3D) and carbohydrate
or lipid oxidation (Table 3, bottom).

Exploratory Analysis

As expected, for all outcomes (IR, RPE, Rf, Vr, VE, VO,,
Vcos, RER, carbohydrate oxidation, and lipid oxidation),
there was a main effect of time (P < 0.001). Measures of HR,
Rf, Vo,, RER, and lipid oxidation all increased from supine
rest to seated rest to 40% VOzpeax t0 65% VOzpeqr. With signifi-
cant increases in all measures over exercise stages (P <
0.001). In contrast, measures of RPE, Vr, VE, Vco,, and car-
bohydrate oxidation did not increase from supine rest to
seated rest, but then increased from seated rest 40% VOzpeax
and again from 40% VO;peqy 1O 65% VOapeqi €Xercise phases
(P < 0.001).

In addition, for RER, there was an interaction between
group and phase (P = 0.031), with RER higher in the I
phase compared with LI phase in NAT (LH: 0.78 = 0.07, HH:
0.79+0.07, P = 0.005), and no difference in OCP2 or OCP3
groups. Similarly, with carbohydrate oxidation, but not lipid
oxidation, there was an interaction between group and time
(P = 0.001), such that carbohydrate oxidation was higher in
NAT versus OCP2 at 40% VOzpeac (NAT: 0.61+0.20 g/min,
OCP2: 0.44+0.15 g/min, P — 0.019) and 65% V0. (NAT:
1.57+0.44 g/min, OCP2: 1.35+0.32 g/min, P = 0.001).

Finally, RER was significantly positively correlated
between LH and HI phases during seated rest (r = 0.350,
P — 0.014), 40% V0zpeax (r = 0.652, P < 0.001), and 65%
VO2peak (F = 0.662, P < 0.001) but not during supine rest
(r=0.265, P = 0.118).

DISCUSSION

This is the first study to examine the influence of the NAT
and OCP cycles on substrate oxidation during rest and acute
submaximal aerobic exercise, stratifying based on the natural
menstrual cycle and generation of OCP used. We found no dif-
ferences across phases in NAT, OCP2, or OCP3 users on RER
art rest or during submaximal aerobic exercise. Similarly, there
was minimal impact of NAT or OCP phase or contraceptive
group on carbohydrate or lipid oxidation during rest or sub-
maximal aerobic exercise, apart from elevated carbohydrate
oxidation in NAT compared with OCP2, but not OCP3, during
40% and 65% V0speq. This study provides evidence that addi-
tional NAT or OCP phase controls, commonly cited as a bar-
rier to the inclusion of females in exercise physiology
research (45, 46), may not be required for studies examining
fuel provision during acute aerobic exercise.
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Influence of NAT and OCPs on Substrate Oxidation at
Rest

During both supine and seated rest, there were no group
or phase differences observed in most gas exchange varia-
bles, such Rf, VE, Vo,, Vco,, along with RER and carbohy-
drate oxidation. These findings are consistent with other
studies examining RER and NAT or OCP cycles at rest (10, 15,
17, 22, 30, 31, 47). For example, research by Horton et al. (47)
identified that RER and glucose kinetics were similar across
the early follicular, midfollicular, and midluteal phases at
rest in eumenorrheic NAT females. Few studies have exam-
ined differences in NAT versus OCP users, although there is
some evidence of decreased RER and preference for lipid ox-
idation in OCP versus NAT at rest (29, 48). However, one
study in monophasic OCP users while actively taking a con-
traceptive containing the same level of ethinyl estradiol but
either low or high levels of norethisterone (first-generation
progestin) identified no difference in RER between OCP
types, in line with current study findings (31).

Despite the lack of differences in RER in the current study,
there was a lower lipid oxidation rate during supine rest in the
midluteal phase compared with the early follicular phase in
the NAT group only. The observation that RER was unaltered
across rest is consistent with previous literature (15, 21); how-
ever, the latter finding exclusively in the NAT group runs con-
trary to the reported sparing effect of muscle glycogen in the
midluteal phase, when progesterone levels are elevated (18,
20). Early research has identified higher muscle glycogen
stores in the midluteal compared with the midfollicular phase
at rest, and less glycogen depletion postexercise to exhaustion
(20) or during a submaximal cycling exercise test (15), point-
ing to a higher proportion of lipid oxidation during the midlu-
teal phase (18). Further research is needed to explore this
conflicting finding, considering the use of specific metabolic
tracers (i.e., glycerol and palmitate) to examine a potential
menstrual cycle-dependent preference for lipid utilization.

In addition to substrate oxidation findings, HR was ~3
beats/min higher in the HH phase compared with the LT
phase during supine rest. During seated rest, while the ele-
vated HR in the HII phase was not observed, there was an
increase in VT in the IH compared with the LII phase; there
was also no difference in V1 between groups. This finding is
in agreement with previous studies that have observed ele-
vated ventilation and HR at rest and during exercise in the
HI1 phase (49-51). Underlying these cardiorespiratory effects
may be increases in body temperature: the midluteal phase
was associated with higher basal body temperature by
~0.3°C-0.7°C and a ~3%-5% increase in IR, most apparent
during supine rest, as reviewed recently (52). VT was elevated
in the IH phase for the OCP2 and OCP3, but not NAT group
at 40% VOqpea: however, there were no difference at 65%
VOspea- It i possible that the cardiorespiratory effect the
HI1 phase may only be apparent at lower levels of cardiores-
piratory activation.

Influence of NAT and OCPs on Substrate Oxidation
during Submaximal Aerobic Exercise

During submaximal exercise, there were minimal differen-
ces across NAT and OCP phases for gas exchange variables,
including RER, and carbohydrate or lipid oxidation rates at
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Table 3. Gas exchange and substrate oxidation measures at supine rest, seated rest, 40% Vozpm,o and 65% Vozpmk

NAT OCP2 OCP3
LH HH LH HH LH HH P Values

Supine rest
RPE 6+0 610 611 61 610 60 G*P P-057

Rf, breaths/min 144155 14.0154 153150 156155 16.2+4.1 16.5+4.7
VT, L/min 056020 0631025 048+0.6 050£0.23 047+0.07 048x0.09

VE, Limin 67+12 68116 6.4+16 68115 73+12 75114

G
P
G
G
P
G
G
P
G
G
P
Voo, Limin 0221003 0211004 0.20+£0.04 0.201£0.03 022+0.02 022+0.03 G*P P=021
G
P
Vco,, Limin 016+0.03 016+0.04 014+0.04  015+0.03 0.17+0.02 0.17+0.02 G
G
P
Carbohydrate oxidation, g/min  0.07+0.06 0.09+0.06 0.05+004 0.08+0.06 010+0.06 0.08+0.05 G
G
p
Lipid oxidation, g/min 012+0.02 01010.02* 0M£0.02 01010.01 0.10+0.02 0.111£0.02 G
G
P

Seated rest
RPE 61 610 71 E3 6+1 6+1 G  P=081

Rf, breaths/min 174141 19.0+6.2 19.8+6.1 186+49 182+3.7 177155
VT, Limin 054+018 0591023 047020 0531022 0531010 0571014

VE, Limin 8011 9.0+16 82+13 84+15 89+13 8912

G
P
G
G
p
G
G
P
G
G
P
Vo, Limin 026+005 027+004 026+004 026+005  028+004 028+004 G*P P-048
G
p
Vco,, Limin 019:003 0204003  018:0.03 018+004  020£003 020:003 G
G
P
Carbohydrate oxidation, g/min  0.07+0.05 010:0.06 006+0.04 005:005  007+005 007:004 G
G
P
Lipid oxidation, g/min 014:003 014t003  014:002 015:0.04 016:003 016:003 G
G

40% VOspea
RPE 101 1011 10£2 10+2 1011 1041

L
o
.
|

o
2

Rf, breaths/min 235149 247452 26.8£5.1 247+50 26.0+6.5 248+59

p
o
o
|

o
(=]
[I=]

%
o
b
]
o
o
(4]

VT, L/min 114+£0.31 112+0.30 096+0.23 1.04£0.33%* 1.03+0.24 110 £0.24%*

VE, Limin 257+51 264164 244144 242147 252146 26.1+£56

-
o
-
|
e
i
=

P—017
P—042
P=070
P =072

Voz, Limin 088+0.21 0971024 093+0.18 092+0.20 095+017 0.87+0.48

TOAQUTANTAGTOR VO
el
T
|
=]
w
N

Continued
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MNAT ocpP2 OCP3
LH HH LH HH LH HH P Values
Vcoy, Limin 077:017 0.78+019 071013 070+0.15 074+015 07/5:014 G*P  P-077
G P 040
p P-0387
Carbohydrate oxidation, g/min 058019  0.64+0.21 043:013 045+0.16 052+024 050+0.24 G*P P-031
G P = 0.03#
p P-—037
Lipid oxidation, g/min 04301 040010 0.45+0.11 0.43+013 0434010 04501 G P-015
G P-077
P P-035
65% VOzpeak
RPE 14+1 14+1 13+2 13+1 19+2 14+2 G*f P-055
G P-054
p P 049
Rf, breaths/min 207462 31.0459 313454 30.8+5.1 291471 209454 G*P P-039
G P-073
P P-038
VT, Limin 153+040  151+0.41 1424039  148+0.41 159+034  156+0.31 G P-0.15
G P-— 067
p P-092
Ve, Umin 4414107 4574121 432471 441484 446481 449+80 G*P P-063
G P-092
p P-—007
Vo, Limin 160+0.40 138+0.41 152+029 153+0.31 156+028 155+0.28 G*P P-057
G P- 0386
P P-038
Vcos, Limin 14+03 14104 128+0.23 130+0.25 1324023  133:0.21 G*F P 064
G P - 065
p P-0.46
Carbohydrate oxidation, g/min ~ 154+045 1594044 131+031  138+0.32 1424031  143+024 G*F P-070
G P-—017
P P-022
Lipid oxidation, g/min 050£018 047+0.16 053+016 0.51+0.16 051£014  051:£0.16 G*P P 066
G P-—081
p P-023

Means + SD. Bold font indicates statistical significance. G, group; G*P, group by phase interaction; HH, high hormone; LH, low hor-
mone; NAT, naturally menstruating; OCP2, second-generation oral contraceptive pills; OCP3, third-generation oral contraceptive pills; P,
phase; Rf, breathing frequency: RPE, rating of perceived exertion; Vco,, volume of carbon dioxide; Vi, minute ventilation; Vo,, volume
of oxygen; Vv, tidal volume. *Lipid oxidation is lower in the HH phase compared with LH phase within NAT. #*V7 is higher in HH phase
compared with LH phase in OCP2 and OCP3. "V is higher in HH phase compared with LH phase. #Carbohydrate oxidation is higher in

NAT compared with OCP2.

40% or 65% VOypen in agreement with some previous
research (10, 15, 22, 28-30, 32, 47, 53, 54). For example,
research by Casazza et al. (10) identified no differences
between phases in RER in eumenorrheic NAT across early
follicular and midluteal phases in a 60-min cycling exercise
intervention at either 45% or 65% Vozpe,k. This study further
identified no differences between phases in RER after NAT
participants were prescribed the same triphasic, third-gener-
ation OCP for 4 mo (10). Although this duration of contracep-
tive use may not be sufficient in duration to see impacts on
metabolism, participants in the OCP3 group were using con-
traceptives for ~2.5 yr and we observed similar effects.
Further work by Horton et al. (47) has also identified no dif-
ferences between phases in RER in NAT in a 90-min cycling
bout at 50% V0zpeak across the early follicular, midfollicular,
and midluteal phases. Similarly, more recent research by
Rael et al. (54) identified no differences between phases in
NAT across the early follicular, late follicular, and midluteal
phases during a 5-min cycling warm-up phase at 60%
VOapeax OF throughout a high-intensity exercise intervention
(8 bouts x 3 min at 85% VO,pes With 90 s active recovery
between each bout at 30% VO,peq)-
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Some previous studies have, however, identified differen-
ces between phases in RER or substrate oxidation rates
apparent at moderate intensities (17, 19, 21, 24), in contrast
with the findings of this current study. Early research by
Hackney et al. (24) identified a lower RER in the midluteal
versus midfollicular phase across 10-min treadmill exercise
bouts at 35% and 65% VOzpeak but not at 75% VOapeax. point-
ing to higher lipid oxidation and lower carbohydrate oxida-
tion at low- and moderate-intensity, short-duration aerobic
exercise, but not high-intensity aerobic exercise. Curiously,
Zderic et al. (17) observed no differences between phases in
carbohydrate or lipid oxidation between the follicular and
luteal phases in a 25-min cycling exercise bout at 70% of
Vo, at lactate threshold (~40% VOapeqr). However, higher
lipid oxidation and lower carbohydrate oxidation was
observed during a similar cycling exercise bout of 25 min at
90% of Vo, at lactate threshold (~52% VOapea) (17).

Although it is unclear why there are notable discrepancies
in the literature, and in contrast to the current findings, this
lack of agreement may be a product of the varying fitness
status of participants or individual variability in the
responses. Participants in the previously mentioned studies
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that observed differences between phases had a higher aver-
age cardiorespiratory fitness level than the present study
(~48 mL/kg/min vs. ~37-40 mL/kg/min depending on the
group in the current study). Further, the present study
included a wider range of activity levels in participants (i.e.,
sedentary to highly elite athletes) in contrast to previous
studies in recreational athletes (17) or participants who were
“well trained” (24). Further, specifically in the NAT group,
while there were no significant differences in body composi-
tion and cardiorespiratory fitness across groups (Table 1), the
NAT group was bordering overweight (=25 kg/m?) on aver-
age and included more spread of body mass indexes (BMIs)
and cardiorespiratory fitness than the other groups. These
participant characteristics may have introduced between-
subject variability beyond any minor within-subject fluctua-
tions in RER across NAT and OCP phases, particularly in the
NAT group. Further, it is well established that there are res-
ponders and nonresponders to exercise-induced responses,
in addition to variability in hormone fluctuations, especially
in circulating levels of sex hormones in NAT, which may
have additionally contributed to the lack of differences
between phases observed in this study (15, 55). Other sources
of variability could have been in participant experience with
cycling-based exercise, fitness status, age (both biological
and gynecological), or in the reproductive history of partici-
pants; all of which should be considered in future research
examining fuel use during exercise.

In addition, it is possible that while whole body substrate
oxidation assessments did not detect differences between
phases, metabolic substrates, and local utilization at the
skeletal muscle identified via isotope tracers may be more
sensitive to small changes in oxidation across the NAT or
OCP cycle (17). Similarly, it is possible that differences
between groups and across phases may become more appa-
rent only with longer-duration exercise, in contrast to the
short-duration intervention used in this study. Finally, it is
possible that we were underpowered to detect a difference in
RER across phases within each group (NAT n = 18, OCP2 n =
17, and OCP3 n = 15). However, post hoc sample size calcula-
tions performed across phases (LH-II) using G*Power (a1 <
0.05, 80% power) indicated that when groups were pooled, a
sample size of n = 411 (d = 0.39, supine rest), n = 488 (d =
0.14, seated rest), n = 882 (d = 0.09, 40% VOupea), and n =
211 (d = 0.17, 65% VOzpeqi) Would be needed. Similarly, exam-
ining differences between phases within each group during
exercise, the OCP2 group would require a sample size of n =
276 (d = 0.17) at 40% VOapear O 1 = 73 (d = 0.25) at 65%
Vozpeak; the OCP3 group would require a sample size of n =
698 (d = 0.09) at 40% Vuzpeak orn = 2,202 (d = 0.05) at 65%
VOzpeai: and the NAT group would require a sample size of
n =106 (d = 0.24) at 40% Vozpeﬂk or n =139 (d = 0.19) at 65%
VOzpear- While it is plausible that a much larger sample size
could have resulted in significant differences across phases
or groups, this post hoc analysis and associated effect sizes
provide further support that RER is largely unchanged by
NAT or OCP phases.

In addition to the absence of differences between phases
in substrate oxidation, we observed few differences between
groups (i.e., NAT, OCP2, and OCP3), despite similar partici-
pant characteristics. There was some evidence of differences
across groups, with significantly elevated carbohydrate

oxidation in the NAT group compared with OCP2 at 40%
VOspeax and at 65% V0;peqi I agreement with previous com-
parisons between NAT and OCP groups (10, 22, 28, 29, 32).
For example, research by Suh et al. (22) identified higher glu-
cose appearance (Ra) and disappearance rate (Rd) and meta-
bolic clearance rate during 60-min cycling exercise at both
45% and 65% VOjpeax in NAT compared with OCP users.
Further work by Casazza et al. (10) also identified lower glyc-
erol Ra and Rd during 60-min cycling exercise at both 45%
and 65% Vozpeak in NAT versus OCP users and was con-
firmed in shorter duration work by Bonen et al. (29) identify-
ing decreased availability of free fatty acids during 30-min
treadmill exercise at both 40% VOapeax and 85% VOapeak in
NAT versus OCP users. However, in contrast, one study by
Isacco et al. (48) identified that while there was increased
lipid oxidation at rest in OCP versus NAT, this difference was
not apparent during a 45-min exercise bout at 65% VOapeak-
Given that most studies identifying differences in lipid oxi-
dation in NAT versus OCP used metabolic tracers, it is possi-
ble that whole body assessments do not have sufficient
precision to detect substrate oxidation differences between
groups. Further, there were no differences in outcomes at
rest or during exercise between OCP2 and OCP3, despite
known androgenicity differences in progestins in OCPs
which may influence metabolism (37). While this may point
to a null effect of differing progestins on metabolism, it is
possible that there are subtle differences present at the skele-
tal-muscle level that are not apparent in whole body meas-
urements. As discussed in a recent review by Boisseau and
Isacco (3), more studies are needed to understand how (and
if) OCP use alters whole body lipid oxidation and skeletal
muscle lipolytic activity.

Limitations

Although this study includes strengths in its study design,
including using multiple stages of rest and exercise to mimic
daily movement transitions and its relatively large sample
size, in addition to the diverse fitness and body compositions
of the population recruited, there are several limitations to
discuss. All NAT participants were instructed to use ovula-
tion kits to determine the correct midluteal days for testing.
Blood samples were not analyzed to confirm NAT or OCP
phases in this study. Traditionally, phase verification is
most accurately measured through a three-step verifica-
tion method. These methods include menstrual cycle
tracking, followed by ovulation testing and blood testing
(56). However, in a similar study, Mattu et al. (57) have
attested that ovulation kits are an accurate and reliable
measure for phase determination, thus mitigating the
need for more invasive blood draws. Similarly, recent
research by Lew et al. (58) found that standard ovulation
tests (used in the present study) were as effective as
advanced ovulation tests for detecting ovulation and
scheduling visits. However, without measurement of se-
rum hormone levels, this study is limited in its ability to
make conclusions about fluctuations in specific sex hor-
mones and to be able to confirm that the positive ovula-
tion resulted in elevated midluteal hormone levels.
Another limitation of this study was initial challenges
with resting data acquisition in the first group of
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participants (n = 14). Equipment limitations excluded
supine resting gas exchange data for initial participants
as noted in the study methods. Further, another limita-
tion of this study was the inclusion of participants in
OCP2 using only monophasic OCPs, while participants in
OCP3 were using both monophasic and triphasic formula-
tions, due to limitations in participant recruitment for
the OCP3 group. However, we tested triphasic partici-
pants during their highest period of active pill hormones,
in the latter half of the highest week, to attempt to exam-
ine the acute influence of the hormones. Finally, a limita-
tion of this study was the lack of direct assessments of
substrate utilization at the level of the exercising skeletal
muscle. It is possible that muscle-level differences in sub-
strate utilization exist at a molecular level, which may
not be present at a whole body substrate oxidation level
(11). However, as the first study to examine NAT and dif-
ferent generations of OCPs across phases, it was impor-
tant to first determine whole body metabolic differences
in phase comparisons before embarking on an invasive
study design.

Conclusions and Future Directions

The present study found that there was largely no influ-
ence of NAT or OCP cycles on substrate utilization at rest
or during submaximal aerobic exercise; although there
may be higher carbohydrate oxidation in NAT partici-
pants compared with OCP2 users during aerobic exercise.
This study contributes to understanding the influence of
NAT or OCP cycles on substrate oxidation and provides a
better understanding of female metabolic physiology.
Current guidelines in physiology (56, 59) and specifically
sport and exercise science (38) detail the importance of
controlling for NAT or OCP cycles (often by testing in the
LH phase) in research study design. The findings from
this study challenge if NAT or OCP cycle controls are nec-
essary when examining whole body substrate oxidation
outcomes and builds on previous research noting the lack
of NAT or OCP cycles influence in exercise physiology
research. Altogether, this study may positively influence
the inclusion of females in future study design (46).
Future studies should examine how different hormonal
contraceptives (oral and nonoral) impact substrate oxida-
tion, with a focus on longer duration exercise interven-
tions with more invasive tracer methodology to assess
potential NAT or OCP cycle influences.
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Abstract

Background: Sex-differences exist in risk factors for cardiovascular disease including
elevated blood pressure and arterial stiffness, and decreased endothelial function in
males compared to females. Feminine gender expression may be associated with
elevated risk of acute coronary syndrome. However, no study has investigated the
associations between sex, gender identity, and gender expression and risk factors for

cardiovascular disease in young adults.

Methods: One hundred and thirty participants (22+3y) underwent assessments of
hemodynamics, arterial stiffness (pulse wave velocity; PWV), and brachial artery
endothelial function (flow mediated dilation; %FMD). Participants completed a
guestionnaire capturing biological sex (50 male/80 female), gender identity (49 men/79
women/2 non-binary) and gender expression assessed by the Bem Sex Role Inventory-
30 (39 androgynous/33 feminine/29 masculine/29 undifferentiated). Sex and gender
identity groups were compared using unpaired t-tests and gender expression groups

compared using one-way ANOVAs.

Results: Resting systolic and mean arterial pressure (p<0.01) were elevated in males
vs. females. Central PWV was elevated in males vs. females (median [interquartile
range]: 6.4[1.8] vs. 5.8[2.2] m/s, p=0.02); however, leg and arm PWV were not different
between sexes. %FMD was elevated in males vs. females, after accounting for a larger
baseline artery diameter in males (8.8+3.3% vs. 7.2+3.1%, p=0.02). While the same
results were found in gender identity (men vs. women), there were no differences

across gender expression groups for any outcome (p>0.05).

Conclusions: Biological sex and gender identity, but not gender expression, influence
cardiovascular risk factors. Elevated systolic blood pressure and central arterial
stiffness, but greater brachial artery endothelial function, was observed in males versus

females and men versus women.

Keywords: cardiovascular health, sex-differences, sex- and gender-based analysis,

flow mediated dilation, pulse wave velocity.
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Plain English Summary

Biological sex (i.e., male, female, intersex) is defined as sex determined at birth through
reproductive anatomy, and gender identity is defined as a human’s preferred gender
(i.e., man, woman, non-binary, transgender). In addition, gender expression (i.e.,
feminine, masculine, androgynous, undifferentiated) is defined as the way in which a
human expresses their gender identity often through appearance, behaviours and
gendered traits. There is evidence that biological sex influences risk for having
cardiovascular disease; however, the impact of gender identity and expression on risk
factors for cardiovascular disease are not well studied. The purpose of this study was to
investigate how sex, gender identity, and gender expression impacted risk factors for
cardiovascular disease. One hundred and thirty young, healthy adults were tested for
known early risk factors for cardiovascular disease, including blood pressure, artery
stiffness, and endothelial function (function of cells that line the arteries). We found that
males and men had higher blood pressure and artery stiffness compared to females
and women, in line with previous research. We also found that endothelial function was
higher in males and men compared to females and women, when we took into account
that males and men have greater artery size. Lastly, we did not find differences in any
cardiovascular outcome for gender expression groups. Therefore, biological sex and
gender identity, but not gender expression, appears to impact cardiovascular disease
risk in young, healthy adults. Further research in middle-aged and older adults, along

with gender diverse groups (i.e., non-binary, transgender) is needed.

Highlights

e Sex-differences in cardiovascular outcomes has been well studied across the
lifespan, with elevated blood pressure and arterial stiffness, but lower endothelial
function, in males compared to females; however, other physiological factors such
as cardiorespiratory fitness and resting hemodynamics have not been previously
considered in these associations. Furthermore, the associations between gender
identity and expression and cardiovascular outcomes are not well understood.

e This study found that systolic blood pressure and central arterial stiffness were

elevated in young males and men compared to females and women; similarly
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endothelial function (scaled for differences in baseline artery diameter) was also
elevated in males and men. There were no differences across gender expression
groups for any outcome.

e Biological sex (aligned with gender identity in 99% of participants), but not gender
expression, influenced cardiovascular risk factors. Further research examining sex-
and gender-differences in middle-aged and older adults, and gender diverse

participants (i.e., non-binary, transgender) is needed.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide (1-3).
There are known sex-differences in its pathophysiology and associated traditional and
novel risk factors (4-6). For example, CVD progression and mortality is accelerated in
males compared to females, and the first myocardial infarction occurs ~9 years earlier in
males (7). Approximately 80% of this age-related difference is attributed to a deleterious
cardiovascular risk profile in males earlier in life owing to factors such as smoking,
hypertension, and diabetes (7). However, females have a higher burden of disease and
disability after the fifth decade of life; this burden is partly associated with the
menopause transition (4, 6) and loss of the cardioprotective effects of the sex hormone
estrogen (8, 9).

Early risk factors for cardiovascular disease can predict future CVD risk (10) and
follow similar age- and sex-related patterns of decline (9, 11, 12). Two important
variables are endothelial function, measured by brachial artery flow mediated dilation
(FMD) and arterial stiffness, measured by pulse wave velocity (PWV). For example, a
recent large multi-site trial identifying age- and sex-differences in brachial artery FMD,
found that while females have a higher relative FMD early in life compared to males,
females experience a more rapid decline in FMD across the aging lifespan. This may be
attributed to changes in hormone levels across the menopause transition, namely the
influence of 17B-estradiol (11). This study also found that males have a larger brachial
artery diameter, regardless of age, which has been suggested to mask the capacity for
the artery to dilate, thereby exacerbating the rapid decline observed in females (11). In

contrast, research from our lab in young, healthy participants (age: 22+3 years)
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identified sex-differences in brachial artery FMD, such that FMD was elevated in males
as compared to females when the influence of larger artery diameter in males was
accounted for using allometric scaling (13). Accounting for sex-differences in resting
brachial artery diameter may be contribute to the discrepant study results. However,
other factors, such as differences in resting blood pressure or cardiorespiratory fitness
may also influence purposed sex-differences in FMD (14, 15).

Arterial stiffness appears to be higher in males compared to females early in life,
until middle age when arterial stiffness equalizes across sex. The effect is potentially
associated with the menopause transition and the role of 173-estradiol (16) and/or
differences in anatomical growth patterns (16, 17), where stiffness rapidly increases in
females (18). Our laboratory has found that local stiffness measured as carotid artery
compliance was elevated in young males compared to females (19). While this study
did not observe sex-differences in central and peripheral arterial stiffness, measured via
PWV (19), other studies have observed elevated central and peripheral arterial stiffness
levels in males compared to females (20, 21). However, prior research examining the
impact of biological sex on arterial stiffness and endothelial function did not consider
other factors that may be underlying these sex-differences. These include
cardiorespiratory fitness, resting hemodynamics such as systolic blood pressure, and
other intersections of identity, such as gender identity and expression.

We recently found that less than 1% of cardiovascular exercise physiology
research has considered gender as a factor or variable that may differentially impact
responses, and that published studies only examined gender identity and not other

constructs such as gender expression or roles (22). In contrast to biological sex, which
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mainly examines sex assigned at birth (i.e., male, female, intersex) and sex-related
factors such as anatomy, chromosomes, and sex hormones, gender considers the
socially constructed identity, expression, roles, and institutional structures and policies
(23, 24) that act independently and/or synergistically to influence health (25, 26).
Gender identity is commonly used in biomedical and clinical research, characterizing
men, women, and gender-diverse individuals (24, 25). Gender expression refers to how
an individual portrays gendered personality traits, namely masculine and feminine
gender traits (27). The Bem Sex Role Inventory was developed and validated in young
and middle-aged adults to assess how individuals perceive their expression of gendered
traits, to create a composite score of the balance between masculinity and femininity
(27, 28). Gender expression, along with gender roles, may contribute to stress-related
impacts on the cardiovascular system, such as the stress associated with caregiving,
psychosocial stressors, and role strain/balance between work and home life (29-32).
For example, one study found that anger expression and control were associated with
impaired cardiovascular health indices (i.e., blood pressure, blood lipids) in men, but not
in women (33). Another study found that feminine gender roles and expression may
play a role in the recurrence of acute coronary syndrome in young individuals,
suggesting that examining gender expression and roles alongside biological sex and
gender identity is of clinical importance (34). Further, a recent review by our group
focused on the intersections of aging and sex/gender influences on cardiovascular
indices also noted the lack of research examining gender (35). Similarly, a recent
narrative review by Seeland and colleagues (2021) and the VascAgeNet Gender Expert

Group points to the importance of examining both sex- and gender-related factors in
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vascular research and aging (36). We are not aware of any study to date that has
examined the influence of gender identity and expression on early risk factors for CVD,
including endothelial function or arterial stiffness, in young adults.

Given the sex- and gender-related gaps that exist, the primary objective of this
study was to determine the association of biological sex, gender identity, and gender
expression with endothelial function (measured using brachial artery FMD) and arterial
stiffness (measured using PWV) in young, healthy adults. We hypothesized that males
and men would have elevated FMD when baseline arterial diameter is considered, and
this sex- and gender-difference may be attributed to higher cardiorespiratory fitness
levels in males and men. Similarly, we hypothesized that PWV would be higher in males
and men (37). We also hypothesize that there would be a blunted cardiovascular profile
(i.e., lower FMD and higher PWV) in individuals classified as feminine, aligned with prior
clinical research on acute coronary syndrome in middle-aged adults (34). The
secondary objective of this study was to investigate the relationships between feminine
and masculine gender expression scores, cardiorespiratory fitness, central PWV, and
FMD. We also hypothesized that cardiorespiratory fitness would be associated with
increased FMD and decreased central PWV (14, 15), and that that higher feminine
scores would be associated with decreased FMD and elevated central PWV. As the first
study to investigate the effects of sex and gender on early risk indicators for
cardiovascular disease in a young adult population, we hoped to clarify the impact of
these factors on future risk for CVD, aligned with recent calls for sex- and gender-based

analysis in research (4, 23, 24, 38, 39).

162



PhD Thesis — J. Williams; McMaster University - Kinesiology

Methods

Participant Recruitment & Ethics

One hundred and thirty male and female participants between the ages of 18 and
45 were recruited from the McMaster University and Hamilton communities through
posters, online advertisements, and word of mouth. A sample size calculation estimated
that 50 participants (25 male, 25 female) would be needed to find sex-differences in
scaled %FMD, based on previous work by our lab (13) (%FMD: Male: 9.0+2.6%,
Female: 6.5£2.1%, a < 0.05, power: 95%; independent t-test in G*Power). However,
given that no study had previously examined gender expression in a young, healthy
cohort to base power calculations on, and given that a 1% change in %FMD is clinically
relevant (10) and the robust change in clinical risk observed previously (34), we
considered a 2% scaled FMD difference between gender expression groups
(masculine, feminine, androgynous, undifferentiated; A2% change between feminine
and masculine groups) to be meaningful. We determined that 120 participants were
required to detect a significant difference assuming a SD of 2%, an alpha level of 0.05,
and power of 90% based on a one-way ANOVA in G*Power. This study was approved
by the Hamilton Integrated Research Ethics Board (#14884) and conforms to the
standards set by the Declaration of Helsinki, apart from registration of this study in a
database. Participants completed a medical screening form to determine eligibility and
provided written informed consent before participating in the study. Participants were
excluded if they reported cardiovascular or metabolic diseases, were pregnant or within
the last year, were taking vasoactive medication (e.g., beta-blockers, ACE inhibitors,

diuretics), or were smokers. Participants who had previously participated in a study in
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our laboratory within the last year and agreed to be contacted for future studies were
recruited (n=149), to which n=130 agreed to participate. Potential participants who had
been recruited using existing trials were re-consented to have their data included for this
specific research question. Most participants (n=114) were recruited prospectively
through five existing studies that had embedded the demographic questionnaire into
their study design and used lab-wide standardized methods for the relevant outcomes.
A small number of participants (n=16) were recruited retrospectively after completion of

a study and asked to complete the questionnaire through a virtual medium (Zoom).
Study Protocol

All study visits took place in the Vascular Dynamics Laboratory at McMaster
University in a temperature (23.3°C) and humidity (15%) controlled, quiet room. Prior to
commencing the study, participants attended a familiarization visit to become familiar
with the lab environment, assess eligibility, and complete consent forms and medical
screening forms. Following recruitment, anthropometric information, including age and
height and weight to assess body mass index (kg/m?) was collected during the
familiarization visit. Participants were also familiarized to the FMD test as described

below.

Following the familiarization visit, participants participated in a vascular
assessment session and a cardiorespiratory fitness exercise test. The cardiorespiratory
fitness test was completed in close temporal proximity to the vascular assessment
session, either in the week prior to the vascular assessment visit during the
familiarization session (n=64), immediately after on the same day (n=46), or within 3
days following the vascular assessment visit (n=20). Prior to the vascular assessment
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session, participants completed at least a 6h overnight fast, 12h without alcohol or
caffeine, 24h without moderate to vigorous physical activity, and 12h without the use of
prescription or non-prescription medications (i.e., anti-inflammatory and pain
medications). Participants were tested during the morning hours to control for diurnal

variation in endothelial function (40).

Demographic Questionnaire: Participants were asked to complete a demographic
guestionnaire asking for information about their sex assigned at birth (i.e., biological
sex), gender identity and expression, ethnicity, and race. Ethnicity and race were
collected using questionnaires developed by the Governments of Canada (Canadian
Census) (41), and Ontario (Ontario data standards for collection of race) (42),
respectively. A two-step sex and gender question asked about biological sex at birth
(options: female, male, intersex, prefer not to answer) and then about gender identity
(woman, man, gender diverse/gender fluid, two-spirit, non-binary, prefer to self
describe, prefer not to answer), as a widely used question in clinical research settings
(43, 44). Finally, gender expression was assessed using the Bem Sex Role Inventory
30-item questionnaire (BSRI-30) that has been used previously in a university
population (28, 45, 46). This version of the BSRI asks participants to identify with 30
traits from the BSRI according to a 7-point Likert-type scale from “1 - Never or almost
never true” to “7 - Almost Always true” (Supplementary Table 1). Each trait was
previously categorized as “masculine”, “feminine”, or “neutral”, with ten traits in each
category. A mean score for masculine (BSRI-masculine) and feminine (BSRI-feminine)
was calculated based on the average of the ten traits in each category. The median

BSRI-masculine (4.40) and BSRI-feminine (5.20) scores was determined from the
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overall study population (n=130), and each participant was categorized according to the

following criteria:

Feminine: High BSRI-Feminine (25.20), Low BSRI-Masculine (<4.40)
Masculine: High BSRI-Masculine (24.40), Low BSRI-Feminine (<5.20)
Androgynous: High BSRI-Masculine (= 4.40) and BSRI-Feminine (25.20)

Undifferentiated: Low BSRI-Masculine (<4.40) and BSRI-Feminine (<5.20)

Use of internal population-defined medians was chosen over the use of a 4.0 split or
using Bem'’s original reported medians to reflect the gender expression unique to this
population, such as generational or geographical differences in gender expression,
supported by previous work (47, 48). The questionnaire was completed correctly in 92%
of cases, with only n=11 participants requiring follow-up if the questionnaire was

incomplete (i.e., not responding to 1 trait question/30 traits on the BSRI-30).

Resting Hemodynamics (Heart Rate, Blood Pressure): Resting heart rate (HR) and
blood pressure (BP) [including systolic blood pressure (SBP), diastolic blood pressure
(DBP), and mean arterial pressure (MAP)] were assessed using the average of the last
two of three measurements collected via an automated BP assessment device (GE
Dinamap ProSeries, Batesville IN). If the second and third systolic BP measurements
collected were not within 5 mmHg of one another, a fourth measurement was collected

with the last two averaged.

Arterial Stiffness (Pulse Wave Velocity): Pulse wave velocity (PWV, m/s) is a measure
of regional arterial stiffness that uses applanation tonometry to detect the pressure

waveform from the skin surface of an artery using micromanometer-tipped pressure
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probes (SPT-301, Millar Instruments), as previously reported by our lab (19). These
pressure waveforms are then band-pass filtered between 5-30Hz to determine the foot
of each pulse for the calculation of the pulse transit time using LabChart (AD
Instruments, Colorado Springs, CO). Distance between the measured locations was
assessed as the average of two measurements using a measuring tape over the
surface of the body. Tonometers were placed on the carotid and femoral arterial sites
for the determination of central PWV, and calculated using the following formula: central
PWV = (0.8 * carotid-femoral distance)/carotid-femoral pulse transit time (49).
Peripheral leg PWV was calculated using waveforms at the femoral and dorsalis pedis
arteries according to the following formula: leg PWV = (femoral-dorsalis pedis
distance)/femoral-dorsalis pedis transit time (50, 51). Similarly, peripheral arm PWV was
calculated using waveforms at the carotid and radial arteries according to the following
formula: arm PWV = (radial-suprasternal notch distance — (carotid-suprasternal notch
distance))/carotid-radial pulse transit time (50, 51). Central PWV was collected in all
participants (n=130), but leg PWV was collected in n=128 participants and arm PWV in
only n=82 patrticipants, due to different collection protocols for the studies included in
this project. Measurements were reported as the mean of two sets of 10 continuous
heart cycles. If the PWV measurements between the two sets were not within 0.5 m/s of
one another, a third set of 10 heart cycles was collected and averaged. Given the
dependent of PWV on arterial blood pressure (52), measures of blood pressure were

included as a covariate in statistical analysis of PWV outcomes.

Endothelial Function & Blood Velocity: Participants completed a brachial artery reactive

hyperemia FMD test to assess macrovascular endothelial function. Tests conducted in
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the left arm of n=82 participants and in the right arm of n=48 participants, based on the
initial study in which participants were recruited from. Using a Doppler ultrasound
machine (Vivid Q, GE Medical Systems, Horten, Norway) attached to a 12 MHz linear
array probe in duplex mode with an insonation angle of 68° (53), brachial artery
diameter and blood velocity was collected before cuff inflation (baseline) for 30s. In line
with current guidelines (54), a pneumatic blood pressure cuff was placed around the
forearm and was rapidly inflated to suprasystolic pressure (~200 mmHg) for five minutes
to occlude blood flow to the distal artery. Arterial diameters and blood velocity were
measured again using the same Doppler ultrasound machine following 4 minutes of cuff
inflation (occlusion; 30s) and in the three minutes immediately following cuff deflation.
During the test, heart rate was collected using single-lead electrocardiogram into the
Doppler ultrasound. Images were stored in a Digital Imaging and Communications in
Medicine (DICOM) format, and end-diastolic frames were extracted and compiled
(Sante DICOM Editor, v. 3.1.20, Santesoft, Athens, Greece, or an internally created
extraction program called Pancakes). DICOM files were then analyzed using a semi-
automated edge tracking software (Artery Measurement System (AMS) Il, version
1.141, Gothenburg, Sweden) (55). Baseline diameter was determined as an average of
the arterial diameters during rest in the 30s prior to inflation, and peak diameter was
determined as the largest 5-heart cycle average of diameters in the 3 minutes following
deflation. FMD was reported as both an absolute change (AbsFMD) and percentage
change (%FMD) in diameter: FMD = peak diameter — baseline diameter; %FMD =
((peak diameter — baseline diameter)/baseline diameter) x 100%. Mean blood velocity

(MBV) measures taken at the same time as ultrasound assessments, extracted as AVI
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files, and were analyzed using a pixel-based tracking software (Measurements from
Arterial Ultrasound Imaging; Hedgehog Medical, Waterloo, ON, Canada). MBV was
similarly averaged into 5-heart cycle average time bins and used to calculate shear rate
(SR = 8 x MBV/arterial diameter), as described previously (56). The time to peak
diameter and SR areas under the curve to the time of peak diameter are reported.
Cardiorespiratory Fitness Test (VOzpeak): Participants completed an incremental
exercise test to exhaustion seated upright on a stationary cycle ergometer (Lode
Excalibur Sport V 2.0, Groningen, Netherlands or Kettler Ergo Race, Kettler, Virginia
Beach VA) to determine VOzpeak, in accordance with current guidelines (57). A
metabolic cart with an online gas collection system (Quark CPET metabolic cart,
COSMED, Italy) was used to determine oxygen consumption and carbon dioxide
production. HR was monitored continuously with a HR monitor (Polar A3, Lake
Success, NY). The VOzpeak test began with a 3-minute warm-up at 50W (or lower if the
participant indicated this intensity was too intense for a warm-up), after which the power
was increased by five watts every ten seconds until volitional exhaustion or the point at
which pedal cadence fell below 60 rpm, as described previously (58). Following
reaching this point, participants continued to cycle to cool down for two minutes at 50W
or less. VOzpeak (mL/kg/min) was defined as the highest oxygen consumption achieved
over a 30s period. The VO:zpeak test was considered successful if at least of two of the
following four criteria were met: (1) perceived exertion was >17 on a Borg scale of 6-20;
(2) HR was within 10 beats per minute of age-predicted maximal HR (208-0.7*age); (3)

their respiratory exchange ratio was >1.1; and (4) a plateau in VO2 was reached. If
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VOzpeak was not achieved, the participant returned on another day to perform the test

again.
Statistical Analysis

All statistical analyses were performed using SPSS, version 22 (IBM, Chicago,
IL, USA), and R Statistical Software (v.4.1.0, R Core Team, 2023) for allometric scaling
analysis. All data was reported using descriptive statistics, including means and
standard deviations for normally distributed continuous variables, and medians and
interquartile ranges for non-normally distributed continuous variables, and frequencies
(percentages) for categorical variables (i.e., race, ethnicity, sex, gender identity, gender

expression). Statistical significance was set as p < 0.05.

Primary Objective (Association of Sex, Gender Identity, and Gender Expression with
FMD & PWV): Data were first inspected for normality using the Shapiro-Wilk test,
histograms and Quantile-Quantile (Q-Q) plots. If normally distributed, data were first
compared between sexes using an independent t-test with equal variances assumed if
Levene’s test for equality of variances was not significant (p>0.05). Independent t-tests
that failed to meet the assumption for homogeneity of variances (p<0.05) used an
independent t-test with unequal variances assumed. If not normally distributed,
Wilcoxon Rank Sum tests were conducted. Similarly, independent means for outcome
data were compared between gender identities using an independent t-test to compare
men and women, with outcomes from non-binary participants detailed but not included
in the analysis due to small sample size (n=2), using the same statistical analysis
methods outlined for comparisons between sexes. Then, all data were compared across

gender expression categories (i.e., feminine, masculine, androgynous, undifferentiated)
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using a one-way analysis of variance and Bonferroni corrected post-hoc tests for
multiple comparisons, if applicable. We inspected for homogeneity, as well as the
distribution of standardized residuals. Data with high residuals were examined for
potential removal. If assumptions were not met, a Kruskal-Wallis test was conducted. If
differences between the four gender expressions groups were observed, a two-sample
Wilcoxon Rank sum tests with Dunn-Bonferroni post hoc pairwise correction tests were
subsequently applied. A one-way analysis of covariance with Bonferroni post hoc
pairwise correction tests, if applicable, was used to examine the potential influences of a
priori covariates on the main effects of sex, gender identity or gender expression: blood
pressure (MAP) for central PWV, leg PWV, and arm PWYV; cardiorespiratory fitness for
central PWV, leg PWV, arm PWV, and %FMD; and SRAUC for %FMD. Allometric
scaling of the FMD results was performed, as supported by recent guidelines (54), if
criteria were met (59, 60). Using Rtery (Github) (61), the difference between the natural
logarithm of baseline artery diameter and national logarithm of peak artery diameter was
entered as a dependent variable into a linear mixed effects model that included group
as an independent variable and the logarithm of baseline diameter as a covariate. The
back-transformed estimated marginal means and standard deviations are reported for
%FMDscaled. Significant effect sizes were also quantified using a Cohen’s d calculation,

where a small effect is d=0.2, medium effect is d=0.5, and large effect is d>0.8 (62).

Secondary Objective (Relationship Between Feminine & Masculine Gender Expression
Scores with Cardiorespiratory Fitness, Central PWV, FMD): Analysis of the relationship
between %FMD and Central PWV (m/s) and BSRI-Feminine score, BSRI-Masculine

score, and cardiorespiratory fitness (VOzpeak, mL/kg/min) were analyzed using a
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Pearson correlation. Further, an analysis of the relationship between baseline diameter
and %FMD was conducted using a Pearson correlation. To assess or internal
consistency of the BSRI within this population, a Cronbach’s alpha calculation was
performed to examine the relationship between the 10 questions within each BSRI
subcategory (masculine, feminine, neutral), with a score of 1 indicating perfect
correlation and 0 indicating no correlation between items; generally, a score between

0.7 and 0.95 as indicative of acceptable scores for internal consistency (63-65).
Results

Participant Characteristics

Of the 130 participants who were recruited, 50 participants identified as male
(38%) while 80 participants identified as female (62%). Gender identity groups included
49 men (38%), 79 women (61%), and 2 non-binary participants (2%). The proportion of
participants categorized into gender expression groups is outlined in Figure 1. Ethnic
and race make-up of participants is detailed in full in Supplementary Table 2. Briefly, the
ethnic make-up of the participants included in this study is as follows: African Origins
(n=5; 4%), Asian Origins (n=54; 42%), European Origins (n=38; 29%), Mixed Origins
(n=30; 23%), and North American Origins (n=3; 2%). The race make-up of participants
included in this study is as follows: Asian (n=48; 37%), Black or African American (n=2;
2%), Middle Eastern or North African (n=10; 8%), Mixed (n=8; 6%) Prefer to Self
Describe (n=2; 2%), and White or Caucasian (n=60; 46%).

While the average age of participants across sex and gender identity groups
were not different, all other characteristics were elevated in males compared to females,

and men compared to women, including height, weight, BMI, and VO2zpeak (all p < 0.01;
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Table 1). There was no difference across gender expression groups for any participant
characteristics (Table 2).
Bem Sex Role Inventory Scores

BSRI-Feminine scores were higher in females compared to males (Female: 5.4 +
0.8, 95% CI: 5.2, 5.8; Male: 5.0 £ 0.9, 95% CI: 4.7, 5.2; p < 0.01), and also higher in
women compared to men (Women: 5.4 = 0.8, 95% CI: 5.2, 5.6; Men: 5.0 £ 0.9, 95% CI:
4.7,5.2; p = 0.01; Non-Binary: 5.4 & 3.7). In contrast, there was no difference for the
BSRI-Masculine scores across sex (Female: 4.4 + 0.7, 95% CI: 4.2, 4.5; Male: 4.4
0.7,95% CI: 4.2, 4.5, p = 0.85) or gender identity groups (Women: 4.4 £ 0.7, 95% CI:
4.2,4.5 Men: 4.4 +£0.7,95% CI: 4.2, 4.6, p = 0.93; Non-Binary: 4.4 & 3.8).

BSRI-Feminine scores were higher in Feminine (5.9 £ 0.5) and Androgynous (5.8
+ 0.5) gender expression groups, compared to Masculine (4.5 + 0.6) and
Undifferentiated (4.4 + 0.5) gender expression groups (p<0.01 for all), with no difference
between the Feminine and Androgynous (p = 1.00) and the Masculine and
Undifferentiated (p = 1.00) gender expression groups (Figure 1). BSRI-Masculine
scores were lower in the Feminine (3.8 £ 0.3) and Undifferentiated (3.8 £ 0.4) groups
compared to the Masculine (5.1 + 0.4) and Androgynous (4.8 + 0.4) gender expression
groups (p< 0.01 for all), with no difference between the Feminine and Undifferentiated
groups (p = 1.00; Figure 1). However, BSRI-Masculine was also higher in the Masculine
compared to the Androgynous gender expression group (p = 0.03; Figure 1).

To assess the internal consistency of each subscale (feminine, masculine,

neutral) of the BSRI, Cronbach’s alphas were computed: BSRI-Feminine a = 0.87,
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BSRI-Masculine a = 0.75, BSRI-Neutral a = 0.40; BSRI-Feminine and BSRI-Masculine
are within acceptable scores for internal consistency of the score.(63-65)
Association of Sex and Gender with Resting Hemodynamics

Resting SBP and MAP were higher in males compared to females (d =1.2,d =
0.7 respectively; both p<0.01; Table 1) and higher in men compared to women (d = 1.3,
d = 0.7 respectively; both p<0.01; Table 1). There were no sex or gender identity
differences for DBP or HR (Table 1). There were no differences across gender
expression groups for any hemodynamic measure (SBP, DBP, MAP, HR; Table 2).
Primary Objective: Association of Sex and Gender with Arterial Stiffness (PWV)

Central PWV was higher in males compared to females (6.6 + 1.5vs 5.1 +1.5
m/s, d = 0.3; p = 0.02; Figure 2A), and higher in men compared to women (6.6 £ 1.5 vs
5.1+1.5m/s,d=0.3; p=0.02; Figure 2D). There were no differences in peripheral leg
PWV (Figure 2B, 2E) or peripheral arm PWV (Figure 2C, 2F) between sex or gender
identity groups. Similarly, there were no differences across gender expression groups
for any PWV measures (Figure 2G, H, I). None of these findings were altered when the
independent association of MAP or VOzpeak were added as covariates.
Primary Objective: Association of Sex and Gender with Endothelial Function
(FMD)

Baseline brachial artery diameter and peak brachial artery diameter were both
larger in males compared to females (d = 1.3, d = 1.4 respectively, p < 0.01; Table 1)
and men compared to women (d = 1.4, d = 1.4, respectively; p < 0.01; Table 1).
AbsFMD was not different between sex or gender identity groups (Table 1). %FMD was

initially higher in females compared to males (8.5 £ 3.7 vs 6.9 + 3.5%; d = 0.4, p = 0.01;
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Figure 3A) and in women compared to men (8.6 £ 3.7 vs 7.0 £ 3.5%; d = 0.4, p = 0.02;
Figure 3C); this result remained significant when VO2peak or SRAUC were added as
covariates in the model (both p = 0.02). After allometric scaling to consider differences
in artery size, %FMDscaled Was higher in males compared to females (8.8 £+ 3.3 vs 7.2 +
3.1%, d = 0.4, p = 0.03; Figure 3B) and in men compared to women (8.9 £3.3vs 7.2 +
3.1,d =0.4, p =0.02; Figure 3D).

Baseline MBV was higher in males compared to females (d = 0.3, p = 0.01; Table
1) and men compared to women (d = 0.5, p = 0.02; Table 1). There were no sex or
gender identity group differences for baseline SR, SRAUC, or time to peak diameter
(Table 1). There was no difference in any endothelial function or blood velocity outcome
across gender expression groups (Table 2; Figure 3E); this result remained non-
significant when %FMD was allometrically scaled (p = 0.39; Figure 3F) or when
VO:zpeak or SRAUC was considered as a covariate.
Non-Binary Participant Outcomes

Due to a low sample size for gender-diverse participants, non-binary participants
were qualitatively, instead of statistically, examined. Compared to men and women,
non-binary participants may have higher BMI (35.9 & 28.8 kg/m?) and lower
cardiorespiratory fitness (27.5 & 32.4 mL/kg/min; Table 1). Non-binary participants also
may have elevated blood pressure (SBP: 110 & 138, MAP: 78 & 97 mmHg; Table 1)
and resting heart rate (66 & 92 bpm; Table 1) compared to women, impaired endothelial
function (AbsFMD: 0.18 & 0.09 mm; %FMD: 4.69 & 2.16%, Table 1 & Figure 3C&D),
including after differences in artery size were considered using allometric scaling

(%FMDscaled: 4.7 = 2.8%). However, non-binary participants had lower central (4.2 & 5.3
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m/s) and peripheral arm PWV (4.8 & 4.5) but elevated peripheral leg PWV (9.2 & 9.3
m/s).
Secondary Objective: Relationship Between Gender Expression,
Cardiorespiratory Fitness and Endothelial Function, Central PWV

There was no significant relationship between gender expression scores (BSRI-
Feminine, BSRI-Masculine) and endothelial function or central PWV (Supplementary
Figure 1A-D). Similarly, there was no relationship between cardiorespiratory fitness and
endothelial function (Supplementary Figure 1E) or central PWV (Supplementary Figure
1F). Finally, there was a negative relationship between baseline diameter and %FMD (r

=-0.55, p < 0.001; Supplementary Figure 1G).
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Males Females Men Women Non-Binary p-values
(n=50) (n=80) (n=49) (n=79) (n=2)
Age (years) 22 [4] 21 [4] 22 [4] 21 [4] 20, 18 S:p=031
G:p=0.24
Height (cm) 178 +7 164 £ 7* 178 +7 164 + 7** 165, 180 S:p<0.01
(176, 180) (163, 166) (176, 180) (163, 166) G:p<0.01
Weight (kg) 81.4 [18.9] 60.8 [13.1]* 80.9 [18.3] 60.7 [12.0]** 98, 93 S:p<0.01
G:p<0.01
BMI (kg/m?) 25.0 [5.9] 22.7 [4.1]* 25.0 [5.8] 22.4 [4.1]** 35.9, 28.8 S:p<0.01
G:p<0.01
VOzpeak 442 £ 8.9 39.1+£8.0* 444 + 8.9 39.3+7.9* 27.5,32.4 S:p<0.01
(mL/kg/min) (41.6, 46.7) (37.4, 40.9) (41.9, 46.9) (37.5,41.1) G:p<0.01
SBP (mmHg) 117 +8 106 £ 7* 117 +8 106 £ 7** 110, 138 S:p<0.01
(115, 120) (104, 107) (115, 119) (104, 107) G:p<0.01
DBP (mmHg) 63 [7] 63 [9] 62 [7] 63 [10] 57,72 S:p=0.54
G:p=0.71
MAP (mmHg) 84+6 79 £ 6* 84+6 79 £ 6** 78, 97 S:p<0.01
(82, 86) (77, 80) (82, 86) (77, 81) G:p<0.01
HR (bpm) 64 £ 10 62+9 64 +£9 62+9 66, 92 S:p=0.20
(61, 67) (60, 64) (61, 66) (60, 64) G:p=0.32
Baseline 4.03 [0.63] 3.19 [0.68]* 4.04 [0.67] 3.19 [0.65]** 3.86, 3.94 S:p<0.01
Diameter G:p<0.01
(mm)
Peak 4.38 [0.61] 3.53[0.61]* 4.38 [0.61] 3.53[0.61]** 4.04, 4.02 S:p<0.01
Diameter G:p<0.01
(mm)
AbsFMD 0.27 £0.12 0.27+£0.11 0.27 £0.12 0.27+£0.11 0.18, 0.09 S:p=0.84
(mm) (0.24, 0.30) (0.25, 0.30) (0.24, 0.31) (0.25, 0.30) G:p=0.94
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Baseline 8.0 [5.9] 6.5 [3.0]* 8.0 [6.1] 6.5 [3.0]** 6.1,7.1 S:p=0.01
MBV (cm/s) G:p=0.02
Baseline SR | 163.2 [138.7] | 161.3 [70.9] 163.3 [139.1] 161.5[72.4] 127.3,144.0 S:p=0.91
(s G:p=0.92
SRAUC 1.68 [1.90] 2.03[2.14] 1.64 [1.83] 2.10[2.15] 7.1,37.4 S:p=0.53
(x10% s ) G:p=0.38
Time to Peak 46 [21] 42 [19] 46 [20] 42 [19] 29, 57 S:p=0.46
Diameter (s) G:p=0.61

Table 1. Participant Characteristics, Resting Hemodynamics, and Flow Mediated Dilation Test Outcomes
Characterized by Sex and Gender (Identity). Independent t-tests were performed comparing between sexes
(male/female) and gender identity groups (men/women). Non-binary participants were characterized detailing the outcome
values from each participant (n=2), but not included in statistical analysis due to low sample size. S = sex; G = gender
identity; BMI = body mass index; VOzpeak = volume of oxygen at peak exercise capacity; SBP = systolic blood pressure;
DBP = diastolic blood pressure; MAP = mean arterial pressure; HR = heart rate; AbsFMD = absolute flow mediated
dilation response; MBV = mean blood velocity; SR = shear rate; SRAUC = shear rate area under the curve to peak
dilation. Significant main effects are bolded. Normally distributed outcomes are represented as mean + standard deviation
(95% confidence interval), while non-normally distributed outcomes are represented as median [interquartile range].
*Significantly higher in males compared to females. **Significantly higher in men compared to women.

178



PhD Thesis — J. Williams; McMaster University - Kinesiology

Masculine | Feminine | Androgynous | Undifferentiated | p-values
(n=29) (n=33) (n=39) (n=29)
Age (years) 20 [4] 22 [4] 20 [3] 22 [6] p=0.12
Height (cm) 168 + 8 169 + 12 169 +9 173+8 p=0.21
(165, 171) (165, (166, 172) (170, 176)
174)
Weight (kg) 65.9 [17.8] 64.2 63.9 [21.4] 71.3 [25.5] p=0.54
[24.2]
BMI (kg/m?) 24.6 [5.3] | 23.2[3.5] 23.5 [4.8] 23.7 [5.0] p=0.70
VOzpeak 41.3+8.1 | 39.6 8.0 41.5+8.6 42.0+10.1 p=0.72
(mL/kg/min) (38.2, 44.40 (36.7, (38.7, 44.3) (38.1, 45.8)
42.5)
SBP (mmHg) 112 £ 10 109 +11 109 + 8 111 +£10 p =0.36
(109, 116) | (105, 112) | (107, 112) (107, 115)
DBP (mmHg) 62 [9] 62 [9] 63 [8] 63 [7] p =0.66
MAP (mmHg) 81+6 81+8 80+6 82+6 p=0.83
(79, 84) (78, 84) (78, 82) (79, 84)
HR (bpm) 62+9 63+ 7 639 64 +12 p=0.81
(59, 65) (60, 65) (60, 66) (60, 69)
Baseline Diameter 3.85[1.26] 3.39 3.44 [0.90] 3.65[0.67] p=0.37
(mm) [0.84]
Peak Diameter (mm) | 4.09 [1.16] 3.61 3.77[0.93] 3.91[0.90] p =0.40
[0.76]
AbsFMD (mm) 0.27£0.13 0.30 0.27 £0.10 0.25+0.11 p =0.36
(0.22, 0.32) +0.11 (0.23, 0.30) (0.21, 0.29)
(0.26,
0.34)
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Baseline MBV 7.4 [5.3] 6.8 [2.9] 7.0 [5.9] 6.6 [3.5] p =0.60

(cm/s)

Baseline SR (s?) 166.8 163.2 174.8 [146.6] 144.0 [78.4] p=0.24
[134.1] [70.6]

SRAUC (x103%s) 2.24[2.89] 2.10 1.82 [1.68] 1.73 [1.87] p = 0.56

[2.43]
Time to Peak 48 [22] 49 [19] 41 [18] 40 [21] p=0.17
Diameter (S)

Table 2. Participant Characteristics and Resting Hemodynamics Characterized by Gender Expression. One-way
ANOVAs were performed comparing across gender expression groups. BMI = body mass index; VOzpeak = volume of
oxygen at peak exercise capacity; SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial
pressure; HR = heart rate; AbsFMD = absolute flow mediated dilation response; MBV = mean blood velocity; SR = shear
rate; SRAUC = shear rate area under . Normally distributed outcomes are represented as mean + standard deviation
(95% confidence interval), while non-normally distributed outcomes are represented as median [interquartile range].
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Masculine . Androgynous
High Masculine = High Masculine
Low Feminine = High Feminine
(2]
22% (n=29): o 30% (n=39):

22% Male (n=11) 26% Male (n=13)

23% Female (n=18) 33% Female (n=26)
BSRI-F: 4.5 + 0.6 BSRI-F: 5.8 +0.5
BSRI-M: 5.1 + 0.4 BSRI-M: 4.8 + 0.4

BSRI-M BSRI-F
. Median:4.40 Median:5.20 BSRI-F 7
Undifferentiated Feminine
Low Masculine Low Masculine
Low Feminine High Feminine
22% (n=29): 25% (n=33):

30% Male (n=15) 22% Male (n=11)

18% Female (n=14) 28% Female (n=22)
BSRI-F: 44+ 0.5 BSRI-F: 5.9+ 0.5
BSRI-M: 3.8 + 0.4 BSRI-M: 3.8 £ 0.3

0

Figure 1. Gender Expression Groups. The Bem Sex Role Inventory (BSRI) creates
gender scores for the feminine (BSRI-F) and masculine (BSRI-M) subscales that can be
used to generate median-split quadrants for Masculine, Androgynous, Undifferentiated,
and Feminine gender expression groups. The proportion of the overall sample in each
category, and prevalence of biological males and females in each gender expression
group are detailed on the figure. Mean scores for the BSRI-F and BSRI-M are
represented (mean £ SD) in each gender expression category.
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Figure 2. Arterial Stiffness (Central, Peripheral Leg, Peripheral Arm) across Sex,
Gender Identity, and Gender Expression Groups. Data is illustrated in Panels A, B,
C for sex, D, E, F, for gender identity groups (non-binary data is illustrated on the
graphs, but not included in the statistical analysis), and G, H, | for gender expression
groups. Box-and-whisker plots represent the median, the box represents the
interquartile range, with the minimum and maximum points represented by the whiskers.
Independent t-tests were performed between males and females and men and women.
A one-way ANOVA was performed to examine %FMD across gender expression
groups. *Females have lower Central PWV compared to males (p = 0.02). "Women
have lower Central PWV compared to men (p = 0.02). There were no differences
between sexes or gender identity groups for peripheral leg PWV or peripheral Arm
PWV, or across gender expression groups for any PWV outcome.
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Figure 3. % Flow Mediated Dilation (FMD) across Sex (A, B), Gender Identity (C,
D), and Gender Expression (E, F) groups. Left-side graphs are all %FMD, unscaled
for baseline diameter (panels A, C, E), and right-side graphs are all %FMD
allometrically scaled to baseline diameter (panels B, D, F). Graphs for %FMD
(unscaled) show mean = SD with individual data points, while %FMD (scaled) show no
data points. Independent t-tests were performed between males and females and men
and women. A one-way ANOVA was performed to examine %FMD across gender
expression groups. *Females have higher %FMD (without controlling for baseline
diameter differences) compared to males (p = 0.01). **Females have lower %FMD
when controlling for baseline diameter using allometric scaling (p = 0.03). "Women have
higher %FMD (without controlling for baseline diameter differences compared to men (p
=0.02). Women have lower %FMD when controlling for baseline diameter using
allometric scaling (p = 0.03).
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Discussion

This is the first study to investigate the effects of biological sex, gender identity,
and gender expression on novel and traditional risk factors for CVD in a young, healthy
population. We found that males had higher blood pressure (SBP, MAP) and central
arterial stiffness (central PWV) compared to females in both unadjusted and adjusted
models. However, males had a greater %FMD compared to females, when larger artery
diameters in males were considered using allometric scaling. While the same finding
was observed in men compared to women (gender identity), there were no differences
across gender expression groups (i.e., Feminine, Masculine, Androgynous,
Undifferentiated) for any outcome. Finally, there was no relationship between gender
expression scores (BSRI-F and BSRI-M) or cardiorespiratory fitness and either central
PWV or %FMD. These results suggest that in healthy, young adults, biological sex and
gender identity influences several cardiovascular risk factors, but gender expression
does not appear to influence these outcomes.
Association of Biological Sex with Hemodynamics and Arterial Stiffness

The present study found that males had elevated blood pressure (SBP, MAP)
compared to females, with no difference in DBP or HR. These findings are in line with
most previous research on sex-differences in hemodynamics, finding higher SBP, MAP
and occasionally DBP in males compared to females (19, 20, 36, 66-70). Research by
Harris and colleagues (2012) found that males had higher SBP compared to females
(66). Similarly, research in our lab also found elevated SBP and MAP in males
compared to two groups of premenopausal females: natural cycling and combined oral

contraceptive pill users (19). Finally, a recent narrative review discussed that resting
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blood pressure is elevated in males compared to females, and that this may be a critical
factor in the increased risk for CVD in males earlier in life than females (36). The
mechanisms underlying elevated BP in males compared to females include sex
hormones which may involve testosterone increasing blood pressure and 17(-estradiol
decreasing blood pressure (and the ratio of testosterone/estradiol) (71-74), and
anatomical differences in height resulting in increased pulse wave propagation that
must be accompanied by a heightened SBP in males (17). While sex hormones were
not measured in this study, males were taller than females which could be in part
responsible for these differences in blood pressure. Additionally, biological sex and
gender factors are challenging to separate, gender-related lifestyle factors [i.e.,
smoking, alcohol consumption, sodium intake, sleep (75)] may also play a role
influencing observed sex-differences in blood pressure. However, the finding that BP is
higher in males compared to females is not always true; BP is reported to be the same
or elevated in females compared to males in populations with elevated CVD risk factors,
including elevated BMI and low fitness levels (21, 76). Therefore, it is plausible that the
“female advantage” observed with blood pressure previously, may be outweighed by the
influence of additional risk factors for CVD, such as obesity and low fitness.

In the present study, males had elevated central PWV, but not peripheral arm or
leg PWV compared to females, which was not explained by controlling for blood
pressure elevations in males. This is in line with some (19-21, 36, 67), but not all (69),
studies that have observed sex-differences in local (carotid artery) and/or systemic
arterial stiffness. For example, research by Baldo and colleagues (2018) found that

central PWV was higher in males compared to females, across the aging lifespan (20).
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The same was true in a population of patients with pre-hypertension to stage 1
hypertension, with males having higher central PWV than females, despite females
having a higher SBP compared to males (21). Marlatt and colleagues (2013) identified
that sex-differences in carotid artery compliance became present in early adulthood
(~late 30s), but not in childhood (67). This study, alongside previous research, points to
the role of sex hormones like 17p3-estradiol to play a role in these apparent sex-
differences and/or the influence of sex-differences in growth patterns between males
and females (16).

Similarly, recent work found that 3-Stiffness of the carotid artery was higher in
males compared to females who were naturally cycling or used oral contraceptive pills
(19). Despite finding a sex-difference in local arterial stiffness in the carotid artery, no
differences were observed in central PWV, although it is possible that they were
underpowered to detect a sex-difference in central PWV (19). Our study, with 130
participants found a significant sex-difference in central PWV between males and
females (p = 0.02), but arguably the ~0.6 m/s difference may not be clinically significant.
Prior research has determined that a 1 m/s increase in arterial stiffness is associated
with a 15% (95% CI: 9-21%) increased risk for CVD mortality (77). While a 0.6 m/s
difference in central PWV may still increase the risk for CVD marginally, it is unlikely to
be solely responsible for differential rates in CVD in males and females.

Association of Biological Sex and Endothelial Function

We found that unscaled %FMD was elevated in female compared to male

participants but %FMD may have been artificially inflated given that baseline brachial

artery diameter was also smaller in females. After performing allometric scaling analysis
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to account for differences in baseline artery diameter, we found that scaled %FMD was
elevated in males compared to females. These findings are aligned with most prior
%FMD (unscaled) research finding greater %FMD in females (11, 13, 66, 78, 79) and
prior research from our lab finding %FMD (scaled) is greater in males (13).

The present study also aligns with a consistent finding that male arteries are, on
average, larger than female arteries (11, 66, 78-81). Early research identified sex-
differences in reductions in %FMD with aging, alongside sex-differences in %FMD and
in artery diameter (82). Further, this study reported a negative relationship between
%FMD and resting arterial diameter, which has been extensively replicated in healthy
and clinical populations (11, 79, 82). Recent research by Holder and colleagues (2021)
observed marked sex-differences in %FMD (higher in females), developing reference
ranges in a large population of both healthy and clinical participants (11), following FMD
guidelines (11, 54). We observed similar %FMD values compared to the reference
intervals (11): present study data in the ~50™" percentile of reported references: Male
baseline diameter: 4.09 £ 0.49 mm; Male %FMD: 6.86 + 3.50%; Female baseline
diameter: 3.30 + 0.46 mm, Female %FMD: 8.51 £ 3.70%.

Age- and sex-differences in %FMD relate to differences in baseline diameter and
further allude to structural influences on artery function between sexes (11). One
evident reason for sex-differences in artery diameter is a positive relationship between
baseline diameter and height. Recent work by this same group also found that a “...10
cm increase in height is associated with a 0.16mm increase in baseline diameter and a
0.28% decrease in FMD...” and this finding was independent of sex (11). In our study,

there was a 14+7cm difference in height between males and females, which would have
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been attributed to a ~0.23mm increase in baseline diameter and ~0.39% decrease in
%FMD. While sex-differences in height do not fully explain the sex-differences in
baseline diameter and %FMD in the present study, artery size differences cannot be
ignored in examining sex-differences in endothelial function through allometric scaling of
%FMD to baseline diameter. Overall, while unscaled %FMD may initially suggest that
females have improved endothelial function compared to males, accounting for artery
size differences result in males having elevated %FMD (scaled) compared to females.
Researchers should consider using allometric scaling when comparing between sexes
to consider baseline differences in artery size and ensure valid interpretation of sex-
difference findings.
Association of Gender and CVD Risk Factors

While there is evidence of alterations in CVD and CVD risk factors associated
with gender and gender-related factors, the present study did not observe any variation
in novel and traditional CVD risk factors across gender expression groups. Prior
research has observed the effect of gender or gender-related factors on CVD; for
example, research by Pelletier and colleagues (2016) found that recurrent acute
coronary syndrome was associated with “femininity” as a composite score of gender
roles and expression (assessed by the BSRI) in middle-aged (aged ~48 years)
individuals, after adjusting for biological sex (34). Similarly, previous research has found
that gender-related roles including caregiver burden (29), role strain (e.g., workplace-
home life role stress), and other psychosocial stressors are predominant in women
compared to men and attributed to increased risk factors and development of CVD (30-

32). The present study did not see impaired cardiovascular health (i.e., blunted %FMD
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or increased PWYV) in young individuals (aged ~22 years) with higher femininity (gender
expression) scores; however, it is possible that gender expression and other gender-
related factors such as gender roles may not manifest until later in life. For example,
caregiving burden may not be present until middle- and older-adulthood where
parenting roles and care for aging relatives commonly occurs (83); therefore, any
influence of these gender-related factors may not have yet progressed to the stage of
negative remodeling in the vasculature. These factors may also intersect with known
increases in CVD risk associated with age (9), though further research is necessary. It
is also possible that gender roles have a stronger relationship with CVD health
outcomes, and that gender expression is less associated; further research investigating
these constructs is needed in young adults is needed. In addition, given the limitations
of the BSRI in only examining gender expression, further examining of gender roles in
professional and home life, along with exposure to gendered expression and roles in
family and friend circles may have added further depth to this analysis. A newly
developed questionnaire by Nielsen and colleagues (2021), examining seven gender-
related variables across domains of gender norms, gender-related traits (gender
expression), and gender relations in American undergraduate students and younger
adults, may be useful questionnaire for extension of this research (84).

In examining gender identity groups, we observed the same biological sex-
differences detailed above in gender identity groups of men and women. The finding
that ~99% of participant biological sex aligned with their gender identity (male = man,
female = woman) substantiates this overlap. Considering that sex and gender identity

are highly interrelated, the same conclusions detailed for biological sex may also be
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attributed to gender identity differences; and further, there may be gender identity
influences on seemingly biological sex-differences. However, while sex-differences and
gender-identity differences aligned in this study, these are two different identity
constructs and should be represented separately, especially to allow for the
representation of gender-diverse participants. In this study, we recruited a small number
of gender-diverse individuals (n=2 non-binary; comprising ~1.5% of the total study
population). While this is not representative of the diverse groups of gender queer
participants that could have been recruited (i.e., transgender, genderqueer, two-spirit,
etc.), this number of participants is proportionally representative of the number of
gender-diverse individuals on average. For example, in Canada, 0.13% of the
population reports being non-binary (85), though this may be an underestimation. When
considering gender diverse individuals in analyzing for differences in cardiovascular
outcomes across gender identity groups, we removed non-binary individuals from the
analysis due to this low sample size and instead reported the data qualitatively in hopes
of stimulating further needed research in this population. Qualitatively, it appears that
the two non-binary participants in this study may have some elevated risk factors for
CVD, including elevated blood pressure (above 90™ percentile for SBP in the present
study), impaired endothelial function (below 15" percentile for %FMD in the present
study), and elevated leg PWV (above 75™ percentile in the present study), though lower
central and arm PWV. This could be in part due to higher BMI and lower
cardiorespiratory fitness in these participants. While these findings are limited and must
be explored further with a larger sample size, they do align with current literature

indicating increased CVD risk factors in gender-diverse populations (86, 87), in part
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attributed to gender minority stress (86, 88) and increased allostatic load, or the
accumulation of stress and life events, in some gender and sexual minority groups (89).

Overall, while gender expression differences were not observed in this study, this
does not mean that differences do not exist or should not be studied by researchers. On
the contrary, given that this study was in a young, healthy population, we may have yet
to observe CVD risk factor elevations or disease manifestation later in the time course
of CVD development. Similarly, it is possible that cardiovascular risk may only be
apparent during periods in which gender expression or roles are challenged. For
example, research by Kramer and colleagues (2017) found that men presented with low
masculinity feedback experienced an exaggerated vagal withdrawal response during a
speech task compared to those who received higher feedback (90). Overall, it is critical
for researchers to continue to examine gender identity, expression, and gender-related
factors, alongside biological sex and sex-related factors, and how they influence novel
and traditional CVD risk factors.
Limitations

While this study had several strengths, including its inclusion of several novel
and traditional CVD risk factor outcomes, recruitment of participants with a wide range
of cardiorespiratory fitness levels, compilation of outcomes collected using the same
standardized methodologies, and a reasonably large sample size, there are some
limitations to consider. First, the findings of this study are only generalizable to young,
healthy adults who were primarily university students, and where the majority of which
had alignment between their biological sex and gender identity. As a result, further

research is necessary, particularly in middle-aged and older adults when gender

191



PhD Thesis — J. Williams; McMaster University - Kinesiology

expression changes alongside critical gender milestones and other contextual factors
(91-93). Similarly, though representative of the proportions of gender-diverse
populations in Canada, the number of non-binary participants was too low to make
conclusions; further research is needed in this population adequately powered to draw
conclusions about CV health. Second, the gender assessment in this study was limited
to gender identity and expression, measured by the BSRI. While other gender
assessment tools exist (46, 84), their utility in a university population is challenged as
many questions ask about gender-related roles in familial structures, financial status in
a family or income, caregiver strain, workplace role and environment, among others,
many of which are less applicable in a university student context. The BSRI, in contrast,
was created using data from a university population and has applicability in this context
(28), albeit a limited assessment of gender expression. However, the BSRI also may
use some outdated gender stereotypical traits to explore gender expression, as it was
constructed in the 1970s and gender norms have shifted since (27, 94-96); though at
the time of the study’s design, it was the only validated and widely-used gender scoring
system available recommended by experts (24). Further research is necessary to create
additional relevant gender assessment methods in young adults. Another limitation of
the questionnaire was that a small number of participants (n=11) required follow-up
prompting to complete 1 question on the BSRI-30; this is unlikely to alter the results of
the study given the lower number of participants (~8%) requiring follow-up and the high
internal consistency scores of the BSRI-30 questionnaire. Finally, the type of
contraceptive or hormonal cycle phase were not controlled for in this study. Previous

research has found conflicting results on the influence of contraceptives and the
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hormonal cycle on endothelial function and arterial stiffness (13, 50, 66, 97-100).
However, recent work from our lab and others have observed no impact of
contraceptives, contraceptive cycle or menstrual cycle on arterial stiffness (19), and a
small influence of the menstrual cycle on endothelial function (101). Therefore, any
effects of contraceptive type or hormonal cycle phase is unlikely to have changed the
findings from the current study.

Perspectives and Significance

The present study found that biological sex and gender identity, but not gender
expression groups, influenced novel and traditional risk factors for CVD in a young,
healthy population. Specifically, blood pressure (SBP, MAP) and central PWV was
elevated in males compared to females and men compared to women, but %FMD, once
larger artery diameter in males and men was controlled for, was improved in males and
men compared to females and women respectively. While young, otherwise healthy
males and men appear to have elevated measures of central stiffness this may be
compensated by elevated vasodilatory capacity of a major conduit artery (brachial
artery). Given that this study is only generalizable to a young, healthy population of
primarily university students of Asian and European/Caucasian racial and ethnic origins,
further research is necessary to examine sex and gender considerations in other more
ethnically diverse and representative groups of young adults, older adults, and those
with CVD. Similarly, further research on populations of gender-diverse adults, including
non-binary and transgender populations is warranted. Finally, further research is also
needed examining participants in conditions where gender expression is challenged

(i.e., masculinity stressors), or in populations that may experience gender-related stress
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(i.e., non-binary and transgender participants) and their influence on novel and

traditional risk factors for CVD.
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Supplementary Table 1 — Bem Sex Role Inventory Questionnaire
The following table includes the Bem Sex Role Inventory — 30 Questionnaire.

“‘Rate yourself on each item below, on a scale of 1 (Never or almost never true) to 7
(Almost always true)”

1- 2 3 4 5 6
Never/Almost
Never True

7 - Almost
Always
True

Defend my own beliefs

Have leadership abilities

Affectionate

Eager to soothe hurt
feelings

Conscientious

Secretive

Independent

Willing to take risks

Sympathetic

Warm

Moody

Adaptable

Assertive

Dominant

Sensitive to the needs of
others

1- 2 3 4 5 6
Never/Almost
Never True

7 - Almost
Always
True

Tender

Reliable

Conceited

Strong personality

Willing to take a stand

Understanding

Loves children

Jealous

Tactful

Forceful

Aggressive

Compassionate

Gentle

Truthful

Conventional
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Supplementary Table 2 — Ethnicity & Race of Participants

Data is reported in alphabetical order:

Ethnicity of Participants

Race of Participants

African Origins (n=5, 4%)

Asian (n=48, 37%)

Asian Origins (n=54, 42%)

Black or African American (n=2, 2%)

European Origins (n=38, 29%)

Middle Eastern or North African
(n=10, 8%)

North American Origins (n=3, 2%)

White or Caucasian (n=60, 46%)

Mixed Ethnicity (n=30, 23%)
n=1 African & Asian Origins
n=1 African & European Origins
n=2 Asian, Caribbean, & European Origins
n=7 Asian & European Origins
n=1 Asian, European & Latin American Origins
n=1 Asian, European & Other North American
Origins
n=2 Asian & North American Origins
n=1 Canadian-Punjabi/South Asian Origins
n=1 Caribbean & European Origins
n=13 European & Other North American Origins

Mixed Race (n=8, 6%)
n=6 Asian & European/Caucasian
n=1 Aboriginal & Caucasian
n=1 Not disclosed

Prefer to Self-Disclose (n=2)
n=1 Brown
n=1 Brown/South Indian
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Supplementary Figure 1. Relationships between %FMD or Central PWV and BSRI-
Masculine, BSRI-Feminine, and VOzpeak. (A) Relationship between %FMD and
BSRI-Masculine; (B) Relationship between Central PWV and BSRI-Masculine; (C)
Relationship between %FMD and BSRI-Feminine; (D) Relationship between Central
PWV and BSRI-Feminine; (E) Relationship between %FMD and VOzpeak; (F)
Relationship between Central PWV and VO2peak; (G) Relationship between %FMD and
baseline diameter.
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CHAPTER 8: GENERAL DISCUSSION
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The overarching purposes of this dissertation were to:

(a) Examine the sex-specific inclusion of research participants in human vascular
exercise physiology literature, including commonly cited barriers to female
inclusion;

(b) Comprehensively summarize prior literature examining menstrual cycle and
hormonal contraceptive use, including cycle phase differences, on peripheral
vascular function and structure;

(c) Examine factors that may underscore differences in CVD risk in young adults,
including the influence of the natural menstrual and OCP cycles, biological sex,
and gender identity and expression; and

(d) Holistically examine the influence of the natural menstrual and OCP cycles on
the cardiovascular, respiratory, and skeletal muscle metabolism systems.

In this chapter, key findings from each chapter are summarized, and the overall
significance of the dissertation is stated. This chapter will then provide additional context
to the findings of each study, followed by an evaluation of the strengths and limitations
of the studies and an overview of future areas for research. Finally, this chapter will
conclude by sharing guidance for researchers in the form of the “top ten tips” to take

away from this research.

1. Summary of Findings and Significance of Dissertation

Chapter 2: “Examination of sex-specific participant inclusion in vascular exercise
physiology research: a systematic review.” (1)

This systematic review identified 514 studies with over 25,000 participants examining
human vascular endothelial function exercise physiology research questions. This study
reported a male bias in the total number of participants and the number of male-only
versus female-only studies. This study also identified the lower likelihood of male-only
studies to report sex in the title or abstract, and to justify the exclusion on the basis of
sex, compared to female-only studies. Unfortunately, rates of male bias remained
relatively constant across the 20 years of publication dates examined. Finally, a
gualitative analysis of the studies included in the review found four themes related to the
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exclusion of participants; most strikingly was the exclusion of females based on the
perceived influence of the hormonal cycle.

Chapter 3: “Impact of the menstrual cycle on peripheral vascular function in
premenopausal women: systematic review & meta-analysis.” (2)

This systematic review and meta-analysis identified 30 studies with over 1,300
participants and found that endothelial function was increased to a small magnitude in
the late follicular, compared to early follicular, phase in the macrovasculature and not
the microvasculature. In addition, endothelial function was largely unchanged from the
early follicular to luteal phases (including mid-luteal phase), and unchanged across
phases for vascular smooth muscle function; however, these latter findings came from
very few studies (<10 studies). It was suggested that the small effect of phase on
macrovascular endothelial function may be a product of differences in adherence to
vascular endothelial function or menstrual cycle methodology guidelines — specifically
the use of discrete versus continuous measurement of arterial diameter during an
endothelial function test, or the increased inclusion of menstrual cycle methodologies

(e.g., menstrual cycle tracking, ovulating testing, blood testing).

Chapter 4: “Influence of hormonal contraceptives on peripheral vascular function and
structure in premenopausal females: a review.” (3)

This narrative review reported that hormonal contraceptives influence macrovascular,
and potentially microvascular, endothelial function depending on contraceptive
generation and progestin type, the ratio of ethinyl estradiol to progestin, and the route of
administration of the contraceptive (i.e., oral versus non-oral). However, this review
reported that hormonal contraceptive use largely did not influence macro- and
microvascular smooth muscle function, arterial stiffness, and arterial structure. This
review also noted that there was a paucity of literature in this area of cardiovascular
physiology, and proposed several areas of further study, with several gaps

subsequently filled by research outlined in Chapter 5.
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Chapter 5: “Menstrual cycle and oral contraceptive pill phase largely do not influence
vascular function, arterial stiffness, and associated cellular regulation in young, healthy
premenopausal females.”

This observational research trial examined cardiovascular outcomes in forty-nine
participants who were NAT (n=17), OCP2 (n=17) or OCP3 (n=15) across their LH and
HH phases. This study found that most cardiovascular outcomes were unaltered by
groups or phases, including lower limb (femoral) endothelial function, smooth muscle
function in both upper and lower limbs, central and peripheral arterial stiffness, blood
pressure, and cultured cell protein content of ERa and eNOS. Curiously, there was a
small effect of phase in brachial artery endothelial function such that function was
elevated in the HH versus LH phase. At the same time, brachial artery diameter was
more constricted; however, scaling for this difference resulted in a non-significant effect
of phase. There was also a small increase in HR during the HH phase compared to LH
phase; together with the artery findings, this may point to an influence of the autonomic

nervous system during the HH phase.

Chapter 6: “The impact of natural menstrual cycle and oral contraceptive pill phase on
substrate oxidation during rest and acute submaximal aerobic exercise.”

This observational research trial included the same participants from Chapter 5 (plus
one extra NAT participant) to examine group and phase differences in substrate
oxidation during rest and submaximal aerobic exercise. Like Chapter 5, this study
reported that there were no differences across groups or phases for RER at each stage
of the trial: supine rest, seated rest, or submaximal aerobic cycling exercise at 40% or
65% VO:zpeak. However, while carbohydrate and lipid oxidation rates were unchanged
also during stages of rest, but carbohydrate oxidation was elevated in NAT versus
OCP2 during exercise at 40% and 65% VO2peak. As in Chapter 5, HR was also

consistently elevated during the HH versus LH phases with no difference across groups.

Chapter 7: “Differences in cardiovascular risk factors associated with biological sex, but

not gender expression, in young, healthy adults.”
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This cross-sectional trial combined datasets from a variety of studies conducted in the
Vascular Dynamics Lab to examine hemodynamics, arterial stiffness, and brachial
artery endothelial function in 130 young, healthy adults, stratified based on biological
sex, gender identity and gender expression. This study reported that, as expected,
systolic blood pressure and central arterial stiffness were elevated in males and men
compared to females and women. This study also found that endothelial function was
elevated in males and men when differences in baseline artery diameter were
accounted for using allometric scaling. Despite sex-differences (aligned with gender
identity-differences), there were no differences across gender expression groups for
cardiovascular outcomes. In the small proportion of gender diverse participants (n=2
non-binary), there was some evidence of cardiovascular dysfunction, warranting further

research into this population in the future.

2. Influence of NAT and OCP Cycles on Cardiovascular, Respiratory, and Muscle
Metabolism Outcomes

The following section will highlight contributions of this dissertation to the literature on
NAT and OCP cycles and cardiovascular, respiratory, and muscle metabolism

outcomes.

2.1 Vascular Outcomes

Considering first NAT cycles, Chapter 3 from this dissertation highlighted that despite
early research, such as findings by Hashimoto et al (1995) (4) and Williams et al (2001)
(5), observing robust alterations in %FMD across the menstrual cycle, systematic
analysis supports only a small increase in %FMD from the early follicular to late
follicular phase and no change in the mid-luteal phase. These findings correspond with
most recent research by our lab and others who have largely observed no differences
across menstrual cycle phases (6-10). This chapter also highlighted changes in the
development of FMD guidelines that may be, in part, responsible for the lack of changes
observed in more recent studies. Specifically, FMD guidelines since the early 2000s
specified the need for continuous artery diameter assessment, rather than the use of a

discrete measurement point to assess peak dilation (11-13).
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Building on this research, in Chapter 5 we found no difference across groups and
phases for lower limb (femoral) endothelial function but did observe a small increase in
%FMD in the HH phase in upper limb (brachial) endothelial function. Allometric scaling
for a more constricted vessel in the HH phase resulted in a maintained, but borderline,
significant increase in %FMD. Importantly, this was a main effect of phase across all
groups including OCP2, OCP3 and NAT. Forcing an interaction to examine pairwise
comparisons, as is common in OCP literature (14, 15), revealed a no change from the
LH to HH phase within NAT: 5.8+2.7% to 6.1+2.2% (p=0.52). Further, inclusion of this
new data into Chapter 3’s limited EF versus ML endothelial function assessment did not
alter the results of that previously conducted meta-analysis (SMD before addition: 0.37;
following addition: 0.34). The data cited in Chapter 5 is located in the middle of the
spread of macrovascular studies and adjacent to previous work from our lab by
Shenouda et al, finding a similar SMD of 0.13 across phases (7), and slightly above
work by Rakobowchuk et al finding an SMD of -1.28 (10).

Importantly, these findings further align with more recent reports, including published
conference abstracts, identifying a small or no difference in vascular outcomes, like
%FMD and passive leg movement (measurement of leg microvascular endothelial
function), across menstrual cycle phases (16-19). For example, a recent study by
Weggen and colleagues (2023), found that there was no difference across the early to
late follicular phase of the menstrual cycle for passive leg movement microvascular
function of the leg and active handgrip-induced brachial artery dilation (20). Similarly,
work by D’Agata and colleagues (2021) identified no difference across the early to late
follicular to mid-luteal phases of the menstrual cycle for passive leg movement,
however, did note that Black women had significantly lower function than White women
(21). Altogether, these recent findings in both arm and leg vasculature further support

our observations of lack of phase differences in NAT participants.
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Mid-Luteal Early Follicular Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Macrovascular
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Figure 1. Re-Evaluation of Early Follicular to Mid-Luteal Endothelial Function
Meta-Analysis from Chapter 3.

Given the previous lack of consensus on the topic of menstrual cycle influence on
vascular function, and the considerations around research study control, a Point-
Counterpoint series was developed in the Journal of Applied Physiology to form
consensus on this topic (22, 23). Groups of researchers presented points in favour of
and against “controlling” for menstrual cycle phase in vascular control studies, which
were then responded to by researchers broadly (24). Our group wrote a commentary,
replicated verbatim below, that illustrates the recently published Chapter 3 at that time

and now aligns with the findings of Chapter 5.

“To the editor: The debate questioning whether or not researchers should control
for the menstrual cycle when studying females in vascular research (22, 23) has
been controversial due in part to a key factor identified by Wenner and
Stachenfeld in their Rebuttal: “...there is not yet a consensus regarding change
in physiological measures such as endothelial function...across the menstrual
cycle” (25). As a result, researchers often highlight studies to align with

supporting (4, 5) or rejecting (6, 7) considerations for menstrual cycle phase.
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Coincidentally, our group conducted a systematic review and meta-analysis
(unpublished (at the time, now published (2)) that examined this question.
Analysis from 30 studies found a “very low” certainty of evidence (GRADE) that
endothelial function increases in the LF phase versus the EF phase, with
differences only observed in the macrovasculature, not the microvasculature.
However, heterogeneity in macrovascular studies can be partially explained by
methodological differences. Additionally, endothelial function was largely
unchanged in the luteal phases versus EF phase, and smooth muscle function
was unaltered across the cycle.

Given these results, researchers should consider the menstrual cycle, alongside
other hormonal cycles (e.g., hormonal contraceptives) and conditions. In
agreement with Wenner and Stachenfeld (22), researchers should control and/or
examine the influence of fluctuations in endogenous hormones when assessing
basic physiological mechanisms; however, in agreement with Stanhewicz and
Wong (23), it may be less important to control for phase in clinical trials. At the
very least, considering hormonal cycle reporting, alongside other participant

characteristics, will improve scientific rigor and reproducibility.”

The published point-counterpoint commentaries highlighted a balance between
implementing reasonable participant controls — similar to other common study controls
like diet, exercise, and testing environment conditions — while balancing these controls
with principles of generalizability and feasibility of the study design. For example, some
researchers highlighted that for acute studies or those focused on understanding a
basic mechanism that may be influenced by subtle changes in sex hormones,
researchers may want to control for the menstrual cycle phase. This suggestion is both
feasible and allows for controls that would support the research question. Similarly,
some researchers highlighted research questions or environments in which menstrual
cycle controls would not be feasible (e.g., military training or high-altitude environments,

repeat testing within a window that would not align with consistent menstrual cycle
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phases). Some researchers also challenged the notion of testing exclusively within a
specific menstrual cycle phase, if it was well known that the menstrual cycle had limited
influence on the outcome of interest, as it limits the generalizability of findings to only a
single phase. This debate bears striking resembles to a key theory in sex/gender-based
analysis research developed in 2022 by Dr. Sarah Richardson called “sex
contextualism” (26), discussed further below. This theory suggests that study design,
including the consideration of sex/gender and sex/gender-related factors (e.g., sex
hormones), should align with the research question; like the conclusions of the point-

counterpoint debate.

Considering OCP cycles, in contrast to some findings of Chapter 4 illustrated above,
Chapter 5 found no difference across OCP groups and phases in most vascular
outcomes including arterial stiffness, smooth muscle function, and lower limb
endothelial function. Like above, upper limb endothelial function was elevated in the HH
phase compared to LH phase, but not when allometric scaling was applied. Forcing an
interaction analysis, similar to previous work by Torgrimson et al (2007) (14) and
Thompson et al (2011) (15) who examined paired t-test comparisons within each group,
revealed a small increase in %FMD in OCP2 but no change in OCP3 [OCP2: 8.1+3.6%
t0 9.0+£3.9% (p=0.04) versus OCP3: 7.3+3.5% to 7.9+3.7% (p=0.15)]. The use of a two-
way ANOVA in Chapter 5 and 6 was selected for its ability to compare both across
groups and within phases, unique to the research questions posed. Despite the small
change in OCP2 observed with forcing pairwise comparisons, the clinical relevance of
an acute 0.9% increase in %FMD across phases is unknown, especially alongside the
lack of impact of long term OCP2 use on %FMD, reported in Chapter 5. In addition, this
small %FMD increase observed in the OCP2 group runs counter to previous literature
identified in Chapter 4, with studies identifying either no effect or a negative effect of
acute and long-term OCP2 use on %FMD (3). Previous work by our group identified no
difference across OCP2 phases for %FMD (7) or arterial stiffness (27), but a negative
association between the duration of use of OCP2 on %FMD. It is unclear why this the
current study did not corroborate previous acute and long-term findings of OCP2 use.

Similarly, it is also unclear why this study did not observe changes in OCP3 across
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phases, unlike other studies demonstrating small improvements in %FMD (15, 28). One
speculation is that similar to NAT cycle phase differences across studies, individual
variability in sex hormone fluctuations may be in part responsible for the small

differences across phases.

Variability in both menstrual cycle characteristics (e.g., lengths of cycles, lengths of
periods and phases) along with fluctuations in endogenous hormones provide
complexity to, and may confound, small differences in phases masked by this inter- and
intra-variability. For example, recent work by Soumpasis et al (2020) used data from
ovulation testing from over 30,000 women in the US and UK and found that only ~12%
of users had a standard 28-day cycle; most instead were deemed eumenorrheic with a
cycle of 23-35 days (29). In addition, considering cycle-to-cycle variability, this study
reported that 52% of users’ cycles varied more than 5 days (29). Connecting to vascular
assessments, findings by Liu and colleagues (2021) investigated the changes in 17[3-
estradiol and associated %FMD from the early follicular to late follicular phases across
two consecutive menstrual cycles (9). This study reported that changes across phases
in one cycle did not predict changes in the subsequent cycle; likewise, there was no
relationship between the change in 173-estradiol across phases in the first cycle to the
second cycle. Considering the variability observed in the Chapter 5 study, with 17(3-
estradiol levels ranged from 102 to 257 pmol/L in the early follicular phase to 223 to 936
pmol/L in the mid-luteal phase. Similarly, progesterone levels, which rise in the mid-
luteal phase, ranged from 0.3 to 8.5 nmol/L in the early follicular phase to 3.3 to 63.6
nmol/L in the mid-luteal phase. While this study followed hormonal cycling guidelines in
attempting to tightly control for sex hormone fluctuations (30, 31), there is well known
inter- and intra-cycle variability in hormone levels. In addition to menstrual cycle
fluctuations, there are also challenges raised in objectively assessing exogenous sex
hormones, like ethinyl estradiol, levonorgestrel, desogestrel, and norgestimate.
Technical limitations in the availability of assessment methods for exogenous hormone
greatly limits the capacity to confirm phases. Given the lack of commercially available
assays, researchers typically interpret the suppression of endogenous hormones in

OCP users during the active phase (with similar 173-estradiol and progesterone levels
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during the placebo phase) as confirmation of cycle phase. As seen in Chapter 5, there
was a small, but evident, suppression of 17(3-estradiol during the active phase in both
OCP2 and OCP3 groups. Uniquely, for the first time in OCP vascular research, an
assessment of levonorgestrel was attempted using a newly developed commercial
assay by Thermo Fisher Scientific. Using this novel assay, we were able to document a
rise in levonorgestrel levels from the placebo to active pill phase in OCP2, again with
variability in measures: 16.9 to 230.4 pg/mL in the placebo phase to 13.6 to 1920.8
pg/mL in the active phase. Altogether, these hormonal concentration fluctuations may

be responsible for the small differences between studies noted above.

In addition to the general lack of significant findings in vascular outcomes across NAT
and OCP cycles, we found a similar lack of differences in eNOS and ERa protein
content in our companion serum cell exposure studies. This finding runs counter to
previous work by Gavin and colleagues (2009) who reported that ERa was elevated in
the late follicular compared to early follicular phase by 30%, and that ERa was positively
associated both with %FMD, eNOS, and phosphorylated eNOS in the larger dataset
which included postmenopausal women (32). These discrepant findings may be the
product of differences in methodology, with our study using serum-exposed female
HUVECs and Western blotting for protein content, while the latter study used a J-scrape
of venous endothelial cells from participants and immunofluorescence of single cells. It
is also possible that relationships between eNOS, ERa, and %FMD exist, but only in
circumstances where there is a wider distribution of outcomes, such as in data sets
including both pre- and post-menopausal participants. Indeed, examining the ERa and
eNOS protein content data from the study in Chapter 5, there is minimal variability
within a phase or between phases to probe for associations between measures. Finally,
the study by Gavin and colleagues (2009) examined premenopausal females in the
early and late follicular phases (only an increase in 17p-estradiol) (32), while the present
study in Chapter 5 examined the mid-luteal phase with an increase in both 173-estradiol
and progesterone. For example, there is some evidence that progesterone antagonizes

estradiol (33-35), which may reduce the estradiol-induced elevation in ERa and
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subsequently result in eNOS maintaining its early follicular phase levels (34), as seen in

the present study.

Altogether, these findings from Chapters 3-5 report that NAT and OCP cycles have
little-to-no effect on the majority of vascular outcomes. These findings suggest that
physiological examinations across the NAT and OCP cycle may not require as stringent
controls, and that any hormonal cycle controls should be balanced alongside other
aspects of the research study design, in agreement with the theory of sex
contextualism. However, there are a few areas in which there may be evidence of
hormonal cycle influences on vascular outcomes that are relatively understudied. For
example, there is evidence of NAT cycle fluctuations during periods of dynamic
stressors. Work by Luca and colleagues (2016) identified an impairment in FMD
associated with an ischemia reperfusion stressor during the early follicular phase, but a
preservation during the late follicular phase when 173-estradiol levels were elevated
(36). Similarly, Restaino and colleagues (2022) noted a lower forearm vascular
conductance response to handgrip exercise in obese, compared to normal weight,
women during the early follicular phase; a difference that was lessened in the late
follicular phase (37). However, this observation is not true for all forms of stressors,
particularly not for metabolic stressors. For example, work by Harris and colleagues
(2012) identified that premenopausal females were protected against the deleterious
effects of a high-fat meal on FMD compared to males, and this observation was
consistent across the early follicular, late follicular, and mid-luteal phases of their
menstrual cycle (38). Previous research | conducted as part of my Master’s degree
found no difference in acute hyperglycemia-induced impairments in FMD across the
early and late follicular phases of the menstrual cycle (8). In summary, there may be
some physiological stressors for which small fluctuations in vascular function associated
with NAT or OCP cycles are observed; however, further research is needed to fully

explore this hypothesis.

218



PhD Thesis — J. Williams; McMaster University - Kinesiology

2.2 Respiratory & Skeletal Muscle Metabolism Outcomes

The cardiovascular system has reciprocal relationships with other organ systems,
including the respiratory and skeletal muscle organs. To extend the observations of
Chapters 3-5, Chapter 6 explored the impact of NAT and OCP cycles on respiratory and
skeletal muscle metabolism outcomes during rest (supine and seated) and different
intensity stages of submaximal aerobic cycling exercise in the same population as
Chapter 5. This study reported that there were no differences in RER across groups or
phases in any stage of rest or exercise, although there was slightly elevated

carbohydrate oxidation during exercise in NAT versus OCP2.

In previous research there is some evidence that NAT and OCP cycles influence RER
and substrate oxidation. For example, recent work by Mattu and colleagues (2020)
found that RER was elevated in the mid-follicular and inactive pill state of OCP2 and
OCP3 compared to the mid-luteal and active pill state during a 30min maximal lactate
steady-state test (39). Similarly, early work by Hackney and colleagues (1994) observed
higher RER in the mid-follicular versus mid-luteal phases at lower (35% and 60%
VO2max) but not at higher (75% VO2max) exercise intensities (40). However, there are
many studies that have found no phase or group effects of NAT or OCP cycles on RER
or substrate oxidation (41-45). Like the discrepancies in the vascular literature, these
conflicting results may point to differences in research methodology, exercise intensity

examined, or hormonal phase (and variability) considered.

Given these mixed findings, we pursued a systematic review and meta-analysis to
collate all data examining substrate oxidation and NAT or OCP cycles (PROSPERO
registry: https://www.crd.york.ac.uk/prospero/display record.php?RecordID=237018). A

total of 55 studies with 928 participants were included in the review, with 25 studies
examining RER at rest in NAT (n=487 participants) and 25 studies examining RER
during exercise in NAT (n=483). The meta-analysis reported that there was a very low
certainty of evidence that RER was not different across NAT phases during rest (SMD:
0.05, 95% CI: -0.15, 0.25, p=0.63), or during exercise (SMD: -005, 95%CI: -0.13, 0.23,
p=0.57). We also found a total of 7 studies examining RER in OCP cycles during
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exercise (n=51 participants), with too few studies examining RER at rest to make meta-
analytical conclusions. Similar to NAT cycles, there was a low certainty of evidence that
RER was not different across placebo and active OCP phases (SMD: -0.36, 95% CI: -
0.76, 0.03, p = 0.07), although more research is needed. These findings were recently
submitted for publication in an international collaborative review entitled: “The menstrual
cycle and oral contraceptive use in exercise physiology: big deal, minor inconvenience,
or nothing to worry about?”, which further argued that the impact of NAT and OCP
cycles on vascular, exercise performance, skeletal muscle hypertrophy, and metabolism

is “small or non-existent”.

Another curious finding in Chapter 6 was the elevated HR in the HH versus LH phase,
with no difference across groups. This finding was also consistent with findings in
Chapter 5. Interestingly, while these measures involved the same set of participants,
they were taken on different days, and with different HR monitors — Chapter 5 used a
single-lead ECG while Chapter 6 used a Polar HR monitor. As a result, the speculation
that this finding is due to measurement error or day-to-day variability is limited. Instead,
there is support that there is altered autonomic nervous system activity during the HH
phase when progesterone is elevated, compared to LH phase. For example, examining
data from large datasets (e.g., subscribers to health applications), there is some
evidence that resting heart rate increases from LH to HH phases in NAT and OCP (46).
Similarly, a recent meta-analysis examining cardiac vagal activity as a combination of
parasympathetic measurements, observed a decrease in vagal activity from the
follicular to luteal phase of the NAT cycle with a medium effect size (47). Similarly, a
recent review by Stadler and colleagues (2019) also identified a “sympathetic
predominance”, or more parasympathetic vagal withdrawal to the heart, during the luteal
phase compared to follicular phase (48). To further add to these reports, research by
Carter and Lawrence (2007) found similar resting and mental-stress induced
hemodynamic changes in HR, MAP and MSNA across NAT phases, but a prolonged
MSNA activation during the recovery phase post-mental stress in the mid-luteal phase
(49). We speculate that the balance of parasympathetic and sympathetic outflow on the

heart may be altered towards the latter during the HH phase when progesterone is
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elevated. The impact of a small (~2bpm), but consistent, elevation in HR during this
phase is unknown but may be related to increased demands on the heart related to

preparing the uterus for possible implantation, post-ovulation.

3. Importance of Sex-Inclusion in Exercise Physiology Research

Considerations to sex-inclusion in exercise physiology have gained prominence in the
last decade with researchers, advocacy bodies, government organizations, and the
public questioning why women are understudied in basic and clinical research. Chapter
2 reported on a systematic review in which over 500 studies with over 25,000
participants in exercise physiology trials involving vascular endothelial function
measures was conducted to examine the number of male, compared to, female
participants, and the number of male-only, female-only and mixed-sex trials conducted,
along with other sex/gender questions. This review identified a male bias in vascular
exercise physiology trials, with 2/3 of participants as males and a higher prevalence of
male-only studies compared to female-only studies conducted; unfortunately, these
findings have remained consistent over the last ~20 years of research, despite policy

and advocacy efforts.

While the findings presented in Chapter 2 are novel to the field of vascular physiology,
they are not new in exercise science research, or in other fields like animal
endocrinology (50), thermoregulation (51), nutrition (52), blood flow restriction (53), and
cardiac and nephrology research (54). For example, early work by Costello and
colleagues (2014) identified an under-representation of women in sports and exercise
medicine journals of similar levels to those reported in Chapter 2 (~39%) (55). Similarly,
more recent work by Cowley and colleagues (2021) examined studies from 2014-2020;
these authors found a continuation of male-bias with only 34% of participants female
and only 6% of studies conducted as female-only (compared to 31% as male-only
cohorts) (56). Similar work in the cardiovascular field by Patel and colleagues (2021)
also found in studies using high-dose exercise with cardiovascular outcomes, 50%
excluded females and only 3% included a female-only cohort. Furthermore the authors

reported a representation of only 18% females in these trials (57).
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Despite the burgeoning literature that has reported sex-bias towards male inclusion in
physiology trials, there are some researchers who continue to question the existence of
and mechanisms underlying this bias. For example, an opinion piece by Nuzzo (2021)
suggested that volunteer bias, over investigator bias, is the root cause of the lack of
female inclusion in exercise and sports science research (58). This researcher argued
that sex-differences in disease prevalence, physical activity engagement, and
personality traits may be more so responsible for the lack of female inclusion in
research. While this opinion piece included several claims that offered minimal objective
research justification, one claim made by Nuzzo regarding prior sex-inclusion reviews
was the attribution of the intentional exclusion of females due to menstrual cycle
influences on outcomes, without providing evidence of this observation. The novelty of
Chapter 2 is that it asked, for the first time, “why”? By investigating the qualitative
rationales that researchers disclosed in their manuscripts, we were able to capture four
core reasons for the lack of inclusion of females in this area of research. Aligned with
commentary by Nuzzo (58), there were challenges associated with recruitment of
females for studies in which there are known sex-differences in prevalence or
challenges with seeking female engagement in exercise trials (e.g., cardiac
rehabilitation trials). However, most strikingly were the perceptions that the NAT/OCP
cycle would influence the outcomes of interest, as detailed in the discussion above, and
the perception that researchers must maintain the male norm to facilitate comparison to
prior literature. These qualitative findings challenge, in part, the opinions of Nuzzo by
pointing to investigator bias, over volunteer bias, as a source of female exclusion from

trials.

Similarly, another claim offered by Nuzzo in this commentary (58), and later supported
by a recent objective assessment by Nuzzo and Deaner (2023), was sex-differences in
the interests and willingness to engage with exercise science research (59). This latter
study found that women were more likely to engage with exercise trials that involved
stretching and group-based aerobics (e.g., yoga, dancing, walking, stretching), and

online exercise interventions compared to men (59). This study also found that women
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were more likely to engage with studies involving women’s health questions, and
likewise men were more likely to engage with men’s health studies, and research in the
areas of sports medicine, and muscle health (59). The latter finding that men were more
likely to engage with muscle health trials aligns in part with the observation that the
male-bias in participant inclusion in Chapter 2 was more prominent in exercise trials
involving resistance training (often with muscle health outcomes) than with aerobic
training (1). Importantly, this study found that while there were sex-differences in some
exercise procedures, such as men being more likely to engage in an acute high
intensity exercise test, nerve stimulation of muscles, strength training, sleep deprivation
for 48h, and taking muscle supplements, there were also several procedures in which
women were more likely to engage (e.g., group aerobics exercise, home-based
exercise programming, survey methods) (59). There were research procedures in which
there was no sex-dominance, such as those involving blood draws, biopsies, bone x-
ray, immobilization, and saliva sampling among others (59). Most importantly, and in
contrast to the commentary proposed, there was no procedure in which women were
not willing to participate. We would assert that the presence of a sex-difference in
participation rates and indicators of willingness and interest does not mean that all
women are not willing or interested. We suggest that volunteer bias (or challenges with
recruiting females) alongside investigator bias in the intentional exclusion of females
within research studies contribute jointly to the rates of male bias in sport and exercise

science research.

Building on the question of “why”, the question of “who” is also relevant. There has been
recent discourse around who is conducting female-inclusive research. Recent research
by Laxdal (2023) identified that out of ~2000 authors of female-only studies in the same
dataset as the Cowley paper detailed above (56), found that 42% were female, with an
“overrepresentation” of females in first and last authorship roles (60). The author
concluded that females were more likely to pursue research on females compared to
males and argued that this sex gap “should not fall solely on the shoulders of females”
and that all researchers pursuing studies that consider sex/gender inclusion. However,

there were several methodological concerns in this paper that are illustrated further in
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our letter to the editor (61), including the conflation of sex and gender terminology and
lack of comparison to demographic shifts in female pursuit of graduate-level study,
along with an alternative hypothesis presented. Building on this work, there has been a
~0.5% increase in the proportion of female first authors over the last 20 years, which
holds promise for further inclusion of females in trials (62). Beyond the consideration to
“‘who” pursues female-only research, the question of “who” is in positions of leadership
must be considered. While unsurprising, there is an underrepresentation of women in
positions of journal leadership on editorial boards within exercise and sport medicine
research (62). Focusing on improving female-inclusion in sports and exercise science
research is a responsibility of all researchers; however, there are clear indicators that
the inclusion of more females in positions of research leadership (either as authors or
editors) may help advance this goal. The hope is to conduct the study presented in
Chapter 2 again in 20 years and observe shifts in participant inclusion towards greater
sex parity.

4. Importance (and Challenges) of Sex/Gender Inclusion in Cardiovascular
Research

As discussed in Chapter 7, sex/gender and their related factors are integral to further
understanding both basic science mechanisms and health outcomes in humans. One
interesting finding from Chapter 2 was the lack of previous studies examining gender
(<1%) in cardiovascular exercise physiology research, despite ongoing calls for action
by researchers, policymakers, and journals (63-67). One mechanism of sex/gender
inclusion that researchers are eagerly awaiting results from is the decision of journals
like the American Journal of Physiology — Heart and Circulatory Physiology to require
inclusion of both males and females in research trials and discussions around gender
where applicable (68, 69). As noted in Chapter 7, consideration to both sex and gender
allows for a more robust analysis of factors driving physiological differences across
groups; in Chapter 7, we found that there were differences in cardiovascular outcomes
between biological sexes (aligned with gender identity in 99% of participants) but no
influence of gender expression in our cohort of young, healthy adults. As the first study
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to investigate sex and gender in early risk factors for cardiovascular disease, this study

will provide some foundational thinking for consideration in future trials.

Despite these calls for inclusion of sex/gender and related factors in physiology
research, there are two challenges that limit the feasibility of these calls that must be
addressed. The first challenge, raised in Chapter 7, is the limitation of the current tools
available for gender assessment. The primary tool recommended by the Institute of
Gender and Health within the Canadian Institutes of Health Research is the Genesis
Praxy questionnaire (70), which includes several gender-based questions including the
Bem Sex Role Inventory (BSRI) (71). However, many of the questions included in the
Praxy questionnaire may not be appropriate for all young adults (e.g., primary earner
status, income range, children and caregiving responsibilities). In addition, there is no
published methodology for how to analyze the Praxy questionnaire, posing challenges
for its utility. The study in Chapter 7 used the Bem Sex Role Inventory to examine
feminine and masculine gender expression, which has been previously validated in a
young, adult (university-aged) population (71). However, a major concern of the BSRI is
that it relies on the gendered stereotypes of traits identified and validated in the 1970s,
despite shits in gender roles within society such as greater engagement of women in
the workforce, education, politics and public spaces, and shifts away from sole
responsibility of childcare and household tasks (72-74). Notably a meta-analysis by
Donnelly and Twenge (2017) identified that scores of masculinity in the BSRI in women
have increased over time since the 1870s, while femininity in women and both

masculinity and femininity in men have remained unchanged (75).

Building on this work, a component to the Chapter 7 study (not presented in this
dissertation) was to examine the perception of the BSRI-30 traits in a young, healthy
population and examine whether there are gender-related differences in trait perception.
This study asked participants to classify the BSRI-30 traits on a scale of 1 “Always or
almost always a masculine trait” to 7 “Always or almost always a feminine trait”. We
found that BSRI-feminine scores were higher in women compared to men, however,

BSRI-masculine scores were not different between men and women. In addition, there

225



PhD Thesis — J. Williams; McMaster University - Kinesiology

were several traits in which the perception from the participants shifted away from the
BSRI categorization, including five out of ten BSRI-masculine traits being perceived as
neutral (defend my own beliefs, have leadership abilities, independent, strong
personality, willing to take a stand) and two BSRI-feminine traits being perceived as
neutral (understanding, compassionate). Given the results of this study, there are
concerns about the utility of the BSRI in evaluating gender expression in future.
However, the newly developed Nielsen questionnaire, which was developed based on a
review of gender methods to capture seven gender-related variables and has now been
validated in a young adult cohort (76). This new questionnaire removes the gendered
nature of feminine and masculine traits and instead groups traits together by common

gendered areas like “caregiver strain”, “work strain”, “risk-taking”, “independence”,

“‘emotional intelligence”, “social support”, and “discrimination” (76). The authors, in their
discussion, specifically reference that it may be that caregiver strain, rather than
“femininity” that is related to acute coronary syndrome recurrence, connected to
previous work by Pelletier and colleagues (2016) who first used femininity and
masculinity scoring in CVD research (77). Finally, the future usability of this new
guestionnaire is strong, given the detailed methodology and analysis provided in the

study manuscript (76).

Another challenge in the field of sex/gender research is the oversimplification of
sex/gender, such as approaching sex and gender from a binary perspective (male
versus female, man versus woman) or not pursuing questions that explore sex/gender-
related factors underlying sex/gender-differences. Connecting back to sex
contextualism (26), which suggests that research questions and their associated
methodologies should deeply explore sex/gender and consider the mechanisms that
underlie sex/gender-differences rather than group-level differences solely. Often
sex/gender categories can be representative of deeper mechanistic questions that are
represented within these categories . For example, recent work by Junker and
colleagues (2022) looking at sex/gender in mitochondrial research, considers the
overlap in biological sex hormone characterizations and considers moving away from

binary sex models to variations of sex characteristics using genetics and sex hormones
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(78). Similarly, this paper challenges the notion of using gender categories to explore
gender-related exposures, and instead encourages the use of the exposures
themselves to look at mitochondrial health — like diet, physical activity, social capital,
role strain, healthcare utilization...etc. (78). Finally, this paper illustrates the primary
approaches to exploring sex/gender by examining categories or spectrums of gender, or
by using specific mechanistic variables to consider sex/gender (78). Another example of
breaking down sex/gender binaries is in the article by Richardson on sex contextualism
(26), where they argue that there may be four “sexes” that consider 17p-estradiol levels,
and biological sex defined by sex chromosomes. The specificity of considering sex at
birth and sex hormones as distinct categories is also represented in recent work by
Lalande and colleagues (2021) who examined differences in FMD in response to
ischemia-reperfusion injury between males and females who had similar 17p3-estradiol
levels (79). Although the comparison of males and females during a period where sex
hormones are relatively equal is commonplace, the focus in the language used in this
text is an example of how specificity of sex and sex-related variables can add nuance to

sex/gender considerations in physiology trials.

This dissertation is not without critique: the methodologies employed throughout did
primarily use categorical variables of sex/gender rather than mechanistic variables to
examine physiological responses, apart from an exploration of hormonal variations in
females. However, with the development of new sex/gender methods including
contextual approaches like the Nielsen questionnaire (76) and the factor analysis
outlined by Junker and colleagues (78), more sophisticated analyses of sex/gender in

cardiovascular research is anticipated.

5. Strengths and Limitations of Dissertation

There are several strengths and limitations of this dissertation worth highlighting. One
major strength of this dissertation research is the initial synthesis of vascular function
and arterial stiffness research (Chapters 3 & 4) that provide context for the follow-up
observational research by our lab. Considering the observational study on NAT and

OCP cycles and cardiovascular outcomes (Chapter 5), this study had a relatively large
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sample size with appropriately disaggregated OCP generations. As a result, we were
able to draw OCP generation-specific conclusions. In addition, this dissertation aimed to
provide a comprehensive evaluation of the impacts of NAT and OCP cycles on three
organ systems: cardiovascular, respiratory, and skeletal muscle metabolism (Chapters
5 & 6). Examining multiple organ systems recognizes that the cardiovascular system
does not operate in a vacuum and has influence within and from other systems of
interest. Another key strength of Chapter 5 was the inclusion of in vivo cellular research
models to provide a truly integrative physiology approach to addressing the research
guestions. The ability to connect macro-level vascular function and arterial stiffness
measures within each participant to the cellular protein responses of ERa and eNOS
through HUVEC serum exposure further reaffirms the observed lack of NAT and OCP
influences on the cardiovascular system. A final strength from this dissertation was the
exploration of gender identity and gender expression on cardiovascular outcomes, as
the first of its kind of study in this area. This study will provide foundations for future
research aimed at examining both sex and gender in early indicators of cardiovascular

disease, an area study that is increasing in focus.

In addition to strengths, there are several limitations and challenges faced with this
dissertation. First, while the initial chapters of this dissertation included OCP and non-
oral contraceptive options, the latter observational trial only included two generations of
OCPs. This was in part due to changing prescription patterns in the available participant
pool along with shifts in insurance company coverage policies away from non-oral
contraceptives (i.e., rings, patches) to the use of intrauterine devices (IUDs). With
growing popularity of IUDs, our lab will be focusing on these contraceptive options in the
coming years. In addition, while the initial review chapters discussed microvascular
function measures, the observational trial was limited to understanding upper and lower
limb macrovascular endothelial and smooth muscle function. The rationale for the
exclusion of microvascular function was simply limitations in timing and concerns
around participant burden. Testing for the observational trial, including both the vascular
testing days and substrate oxidation exercise testing days, resulted in nearly 8 hours of

participant testing. Adding in microvascular outcomes would have extended testing days
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by ~30min-1 hour per vascular session. In addition, reviews from Chapters 3 and 4
highlighted that the microvasculature has not been influenced largely by NAT and OCP
cycles; therefore, it is unlikely the addition of microvascular outcomes would have
added considerably to the vascular trial’'s conclusions. Another limitation outlined in
Chapter 7 (sex/gender and cardiovascular outcomes) was the lack of participants who
came from gender-diverse groups. While the population was generally representative of
the number of non-binary participants we would have expected (~<1%), there was an
absence of transgender participants. Further research is necessary in these groups,

who may be more prone to early vascular dysfunction.

As with any graduate student pursuing research in 2020 (and beyond), the COVID-19
pandemic had a major impact on the research presented in this dissertation. Our lab
was shutdown for 16 months, in the middle of early testing for the observational trial
presented in Chapters 5 & 6. While this shutdown delayed progress in initial research
plans, these restrictions provided the motivation for major “pivots” to continue to pursue
curious research questions. During this time, we pursued cell-based research, which
was permitted at our university when human participant testing was still restricted, to
understand the connections between macro-level vascular outcomes and micro-level
cellular pathways. In addition, this period provided the time for additional considerations
of sex and gender as factors in research, which ultimately drove the development of
Chapter 7. While this period could be perceived as a major challenge for the
dissertation, it is instead a strength that supported the comprehensive building of the

research.

6. Areas for Future Research

Based on the findings from this dissertation, there are several areas that warrant future
research. First, Chapter 5 focused on cardiovascular outcomes in two generations of
OCPs. Research is needed to explore cardiovascular outcomes in other forms of
hormonal contraceptives, specifically non-oral routes of administration such as through
IUDs. In addition, participants in our studies had been using OCPs on average for 2-3

years; as a result, further research is necessary to examine longer term effects of OCP
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use on cardiovascular outcomes specific to each generation of OCPs. Finally, and most
curiously, a recent case study reported in a female using a 4™ generation OCP for ~11-
12 years, a substantial improvement in microvascular endothelial function following
cessation of OCP use (80). As a result, studies examining short- and long-term
cessation of OCP use are necessary to fully understand the physiological responses to
OCP use and cessation of use.

Second, Chapter 6 focused on respiratory outcomes at rest and during submaximal
exercise in NAT and OCP users. While this study provided a picture of alterations in
substrate oxidation from supine rest to seated rest to two stages of submaximal
exercise, many studies exploring substrate oxidation in recreationally active to elite
athletes have used longer-duration acute exercise interventions (e.g., 65% VOzpeak for
90 minutes) (81-84). It is plausible that NAT or OCP influence may only become
apparent in longer-duration exercise interventions where small differences in substrate
oxidation become measurable, as seen in work by Devries and colleagues (81). Further,
it is also possible that whole-body outcomes (e.g., RER measured from breath at the
mouth) does not provide sufficient sensitivity to detect alterations occurring at the
skeletal muscle-level. As a result, more invasive, fuel-specific methods, such as
metabolic tracers or arterio-venous blood sampling in the exercising legs, may be

necessary to observe group- or phase-level differences.

Third, Chapter 7 focused on sex and gender associations with cardiovascular
outcomes, reporting differences in blood pressure, arterial stiffness and endothelial
function associated with biological sex (and gender identity matched in 99% of
participants), but not in gender expression. A major area of future research is in
exploring further gender and gender-related variables across the aging spectrum, where
gender expression and gender roles may shift through life events. Similarly, a limitation
of the assessment of gender has been in limitations to the methodological tools
available, such as limitations to the BSRI as detailed above. New methodologies have
been proposed, with many researchers developing tools to further help quantify gender

constructs. Exploration of cardiovascular outcomes in gender minority populations, such
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as non-binary and transgender populations, is needed alongside investigations into
mechanisms underlying gender-specific cardiovascular dysfunction like gender minority

stress and allostatic load.

7. Guidance for Researchers

To concluding this dissertation, and based on the findings of and experiences
associated with this dissertation, the following section outlines the “top ten tips” for
researchers considering NAT/OCP cycles and sex/gender considerations in human

physiology research, along with lessons learned from this dissertation:

(1) Include female participants in research studies. Period.
Our sex-inclusion research identified a male bias in cardiovascular exercise
physiology trials (1), similar to sex-inclusion findings in other fields. Increasing
inclusion of females in studies will have resounding impacts on our
understanding of basic female physiology, sex-differences, and clinical
outcomes. Further, it is now a requirement of most funding agencies to consider

both male and female participants in basic and clinical studies (85, 86).

(2) Do | need to control for the menstrual and/or oral contraceptive pill cycle? It
depends.
Our findings from the cardiovascular, respiratory, and skeletal muscle
metabolism systems showed that the NAT and OCP cycles have minimal impact
on these outcomes. As a result, study design controls that select a phase of the
NAT or OCP cycle to test within may not be necessary. However, given the
paucity of research on females, there may be some physiological systems that
are impacted or conditions in which small effects become more prominent — such
as during metabolic or psychological stress. The need for controls for NAT and
OCP cycle ultimately depends on the research question and outcomes, balanced

with the challenges with coordinating cycle phase-specific research.
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(3) Record female-specific reproductive health data.
Even if researchers are not “controlling” for NAT/OCP cycle phase, they should
include details about reproductive health data as it is important for providing
context to the population studied. In the same way that a researcher may report
on the number of hours slept, eaten, or exercised before testing, reporting
menstrual cycle length, the phase tested in (even if not controlled for), and
standardized definitions of menstrual cycle regularity are important. More details
on reporting on this data can be found in a recent guidance document by Elliott-
Sale et al (31).

(4) Be specific in recruitment of contraceptive users (or at least report).
One of the major flaws of contraceptive research is the conflation of all
contraceptives as similar, and thus having similar effects on physiological
systems. In recruiting for human research trials, be specific in the types of
contraceptive options recruited, and attempt to stratify based on contraceptive
type (e.g., OCP generations, IUDs) to avoid missing out on contraceptive-specific
findings. Where not possible to stratify based on contraceptive type, such as in
studies with small sample sizes, examining females or sex-differences, reporting
on contraceptive use and phase-specific details will help provide context of

findings to the reader.

(5) What about sex hormone measurements in females?
Along with other guidance above, sex hormone measurements in females (and
males) provides additional context to a research project and can allow for further
disaggregation of “sex-differences” into hormone-level specific differences (see
below on sex/gender factors). However, hormone assessments must be
balanced with the time, participant burden (for blood draws), and financial cost
associated with measurement. In addition, while there are clinical assays that
can measure 173-estradiol, progesterone, and testosterone, availability of
reliable commercial assays for endogenous hormones is limited. Similarly, there

is an absence of exogenous hormone assessment methods (e.g., ethinyl
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estradiol, levonorgestrel, desogestrel); though this opens a major opportunity for

research and development.

(6) Measure and report sex and gender in human trials.
Aligned with calls to action by research bodies, journals, researchers, and
advocacy groups, measuring and reporting sex and gender in human trials is
necessary. While measurement of sex is well defined in basic and clinical
research, assessments of gender are still being developed; a recent
breakthrough in gender methodology may be the recently published gender
guestionnaire by Nielsen and colleagues (2021) (76).

(7) Explore beyond sex and gender outcomes to sex and gender related factors.
A growing area of research is building from generally binary and dichotomous
approaches to sex/gender research to thinking about factors underlying
sex/gender differences, such as hormone levels, anatomical differences,
psychosocial factors, gendered traits and roles, and gender equity variables. For
example, instead of considering differences across biological sex, some
researchers are instead stratifying based on the mechanism underlying a
biological sex difference — such as enzyme levels, hormone levels, or stature — to
explain the differences observed. Building from dichotomous variables (e.qg.,
male versus female) into continuous variables (e.g., enzyme levels) contributes

to a richness of data and may lead to subsequent discoveries.

(8) Consider comprehensive assessments rather than singular measurements.
One major strength of this dissertation was the comprehensive nature of the
assessments. Considering multiple cardiovascular system specific assessments
(e.g., heart rate, blood pressure, arterial stiffness, hemodynamics, endothelial
function, smooth muscle function), and across two vascular beds (upper and
lower limbs) allowed for a richer evaluation of the cardiovascular system

responses.

233



PhD Thesis — J. Williams; McMaster University - Kinesiology

(9) Collaborate to build additional comprehensive evaluations of physiology.
Along with #8, building in collaborations to add additional organ systems or
outcomes contributes to comprehensively assessing physiology. For example, in
this dissertation, we explored the respiratory and skeletal muscle metabolism
systems, along with drawing connections between in vivo and in vitro

cardiovascular measures using cell culture research.

(10) No effect does not necessarily mean there is no effect in all circumstances.

While this dissertation largely found little to no effect of NAT/OCP cycles on
cardiovascular, respiratory, and muscle metabolism outcomes, and no effect of
gender expression on cardiovascular risk factors, that does not mean there is an
absence of effect in all circumstances. It is possible that under different
situations, like periods of metabolic or psychological stress, or in older or clinical
populations, there may be an effect. Further studies building on this work should

continue to challenge these findings in other populations and under stressors.

8. Significance of the Dissertation

The findings from this dissertation add to the burgeoning literature on female vascular,
respiratory, and muscle physiology, by considering the influence of NAT and OCP
cycles on prevalent outcomes. Specifically, this dissertation challenges the notions
provided in Chapter 2 that the NAT or OCP cycles have a strong influence on vascular
(and other body system) outcomes. In contrast, research from this dissertation
(Chapters 3-6) along with several collaborative additional projects identified in this
discussion but not included in the thesis have identified that the NAT and OCP cycles
have minimal or absent influence on the majority of outcomes examined. In addition,
these findings will aid in the advancement of females in vascular physiology trials to
combat the sex-exclusion identified in Chapter 2. In addition, Chapter 7 highlighted the
importance of considering sex, gender identity, and gender expression into basic and
clinical research, recognizing current limitations of gender methodologies available for
researchers to use. Altogether, this dissertation will advance the understanding of
female physiology considering NAT/OCP cycles and inclusion of sex/gender variables in

cardiovascular physiology research.
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