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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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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 
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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 
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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 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

23 
 

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 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

24 
 

%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 β-

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 

PWV – 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. 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

28 
 

• 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 17β-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, 17β-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 (ERα) 

and ER beta (ERβ) (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 17β-estradiol (97-99).  
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The natural menstrual (NAT) cycle is characterized by the fluctuations in endogenous 

17β-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 17β-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 17β-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 2nd generation progestins and is highly androgenic, while 3rd 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).  

 

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 
17β-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 17β-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 2nd and 3rd 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 2nd and 3rd 

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 3rd generation OCP users and naturally cycling participants, but not 

in 2nd 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, 3rd generation OCP users would have improved endothelial function 

compared to 2nd 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 ERα-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 2nd and 

3rd 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% V̇O2peak 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 fitness 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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stiffness, and associated cellular regulation in young, 
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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 2nd generation OCP, 

n=15 3rd 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 (ERα) 

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 ERα protein content were unaffected by group or phase. 

Conclusions: NAT and OCP cycles have no influence on vascular outcomes and ERα-

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 2nd 

and 3rd 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 (2nd and 3rd 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.1 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 

dysfunction4, 5 of peripheral arteries provides insight into factors which may influence the 

incidence and progression of cardiovascular disease (CVD).5, 6 

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.7, 8 For example, a meta-

analysis by our group found a small effect of the menstrual cycle on macrovascular 

endothelial function.7 Mechanistically, there is also cellular evidence by Gavin et al 

(2009) that estrogen receptor alpha (ERα) is elevated alongside increased17β-estradiol 

levels during the menstrual cycle, which is positively associated with endothelial 

function.9 Similarly, this study also identified a positive relationship between ERα and 

endothelial nitric oxide synthase (eNOS), an enzyme that produces the potent 

vasodilator nitric oxide (NO), which is involved in endothelial function responses.9  

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,10-
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14 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 2nd 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.13 However, smooth muscle function was 

unaltered in both groups.13 Similarly, this group also found that in users of 3rd 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.11 These 

findings have been supported by one other study, which found improved endothelial 

function in low dose 3rd and 4th generation OCPs with the progestins desogestrel and 

drospirenone, respectively, but no change in 2nd generation OCPs across the hormonal 

cycle.15  

 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.16 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.17 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 2nd but not the 

3rd/4th generation group.16 This study may provide evidence of a negative impact of 2nd 

generation OCP use that is aligned with prior findings18, 19; 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 ERα-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. 2nd and 3rd 

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 3rd generation OCP users and NAT, but 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

96 
 

not 2nd generation OCP users. Additionally, we hypothesized that 3rd generation OCP 

users would have increased endothelial function, but not smooth muscle function or 

arterial stiffness, compared to 2nd generation OCP users. Finally, we hypothesized that 

only the 2nd 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.20, 21 

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,22 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.15, 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), 2nd generation OCPs 
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containing the progestin levonorgestrel (OCP2; n=17), and 3rd 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)11, 

15, 16, 19, 24. All participants also participated in a previously published study examining 

substrate oxidation at rest and during exercise.25  

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.26  

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.27 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 21 and the HH phase was during the last 7 days of their active pills 

(days 22-28) 15, 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.28  

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).29 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 fitness 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 (V̇O2peak), in line with 

current guidelines.30 A metabolic cart with an online gas collection system (Quark CPET 

metabolic cart, COSMED, Italy) was used to measure oxygen consumption (V̇O2) and 

carbon dioxide production (V̇CO2), 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.31 Following exhaustion, participants were 

instructed to cool down for two minutes at 50 watts or less. The V̇O2peak test was 

considered succesful if at least two of the following four criteria were met: (1) perceived 

exertion was ≥17 (BORG scale 6-20, (2) HR was within 10 beats per minute of 208-

0.7*age,32 (3) respiratory exchange ratio (RER) was >1.133; and (4) a plateau in V̇O2 

was reached despite an increase in work.34, 35 All participants achieved V̇O2peak. 

V̇O2peak 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.36 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.37, 38 Measurements were reported as the 

average of two sets of 10 continuous heart cycles.  

Carotid Artery Stiffness (β-Stiffness, Distensibility, Compliance) and IMT. Common 

carotid artery β-Stiffness, distensibility, compliance, and intima media thickness (IMT) 

were calculated from ultrasound derived diameter measurements39 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 β-stiffness index was calculated using the 

formula: β-stiffness = ln(SBP/DBP)/[LDmax – LDmin/LDmin), using the maximum (LDmax) 

and minimum (LDmin) carotid artery diameters in each heart cycle.17 Distensibility was 

calculated as: distensibility = (𝜋(LDmax/2)2 – 𝜋(LDmin/2)2)/(𝜋(LDmax/2)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,28 

which have improved reproducibility of FMD40, 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°,42 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) II, version 1.141, 

Gothenburg, Sweden).39 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].43 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)44 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), 451Z020 (Asian). Cells were 

grown in T75 flasks using full phenol-red free [to avoid estrogenic effects of phenol 

red45] 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 µg) 

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: ERα 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 set to 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 
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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.28 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, β-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: 79±62 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, β-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) 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

109 
 

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 ERα protein content (Figure 4). In addition, there was no relationship 

between average eNOS (r=-0.07, p=0.65) or ERα (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 ERα (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), β-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), β-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), β-

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 

 NAT OCP2 OCP3 Main 
Effects 

Age (years) 
 

21 ± 2 21 ± 2 21 ± 3 p = 0.85 

Height (cm) 164.1 ± 8.3 163.7 ± 7.0 164.4 ± 5.8 p = 0.96 

Weight (kg) 67.0 ± 14.3 59.2 ± 9.0 61.8 ± 7.6 p = 0.11 

BMI (kg/m2) 24.9 ± 4.9 22.1 ± 3.2 22.8 ± 2.2 p = 0.08 

Waist: Hip Ratio (A.U.) 0.77 ± 0.05 0.78 ± 0.05 0.76 ± 0.04 p = 0.41 

Lean Body Mass (kg) 
 

41.2 ± 4.7 38.8 ± 4.1 39.5 ± 3.7 p = 0.25 

Fat Mass (kg) 
 

23.1 ± 11.5 18.0 ± 6.0 20.2 ± 6.5 p = 0.22 

%Fat Mass 
 

33.2 ± 9.1 29.9 ± 5.7 32.1 ± 7.3 p = 0.43 

V̇O2Peak (ml/kg/min) 
 

38.2 ± 8.9 40.1 ± 6.9 38.5 ± 7.0 p = 0.74 

Average Menstrual Cycle 
Length (days) 

29 ± 2 -- -- -- 

Average Ovulation Date 
(days) 

16 ± 3 -- -- -- 

Length of Time on 
Contraception (months) 

-- 40 ± 28 
 (3.3 ± 2.3 

years) 

29 ± 23 
(2.4 ± 1.9 years) 

-- 

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

-- 11 ± 8 13 ± 7 -- 

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

4 ± 2 5 ± 1 4 ± 1 -- 

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

22 ± 3 
 

7 ± 1 days 
since ovulation 

 

25 ± 2 24 ± 2 -- 

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

generation users; OCP3 = oral contraceptive pill 3rd 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 & 
Interactions  LH HH LH HH LH HH 

Resting Heart Rate 
(bpm) 
 

63 ± 8 63 ± 8* 60 ± 7 61 ± 7* 60 ± 8 64 ± 8* G: p = 0.62 
P: p = 0.04 
G*P: p = 0.27 

Resting Systolic 
Blood Pressure 
(mmHg) 

103 ± 8 104 ± 6 106 ± 10 105 ±10 107 ± 5 105 ± 4 G: p = 0.44 
P: p = 0.40 
G*P: p = 0.46 

Resting Diastolic 
Blood Pressure 
(mmHg) 
 

62 ± 6 63 ± 6 65 ± 8 63 ± 9 63 ± 6 62 ± 6 G: p = 0.67 
P: p = 0.20 
G*P: p = 0.12 

Resting Mean Arterial 
Pressure (mmHg) 
 

77 ± 6 78 ± 5 80 ± 9 78 ± 9 79 ± 5 78 ± 4 G: p = 0.66 
P: p = 0.19 
G*P: p =  0.21 

Carotid Artery 
Compliance (cm2 x 
mmHg-1) 

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 
P: p = 0.69 
G*P: p = 0.87 

Carotid Artery 
Distensibility (x103 
mmHg-1) 

5.6 ± 2.0 5.9 ± 2.1 5.2 ± 1.5 5.5 ± 2.5 5.3 ± 1.4 5.2 ± 1.9 G: p = 0.68 
P: p = 0.51 
G*P: p = 0.76 

Carotid Artery β-
Stiffness (A.U.) 

5.0 ± 1.8 5.1 ± 1.6 5.2 ± 1.0 5.4 ± 1.3 5.0 ± 1.4 5.6 ± 1.2 G: p = 0.76 
P: p = 0.18 
G*P: p = 0.54 

Carotid Artery Intima 
Media Thickness 
(mm) 
 

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 
P: p = 0.91 
G*P: p = 0.40 

Table Caption: Mean ± SD. NAT = naturally cycling; OCP2 = oral contraceptive pill 2nd generation users; OCP3 = oral contraceptive 

pill 3rd 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 & 
Interactions  LH HH LH HH LH HH 

Brachial Artery FMD 

Baseline Diameter 
(mm) 
 

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 
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 3.59 ± 0.31 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-1) 
 

153.3 ± 90.1 132.4 ± 76.4 185.3 ± 75.3 212.5 ± 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  
(x103 s-1) 

22.5 ± 21.5 16.8 ± 10.8 24.8 ± 15.8 32.7 ± 32.5 27.4 ± 24.3 27.9 ± 20.7 G: p = 0.31 
P: p = 0.77 
G*P: p = 0.24 

Brachial Artery NMD 

Baseline Diameter 
(mm) 
 

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 
P: p = 0.35 
G*P: p =  0.74 

Peak Diameter (mm) 
 

4.35 ± 0.39 4.31 ± 0.40 4.28 ± 0.58 4.31 ± 0.54 4.10 ± 0.32 4.06 ± 0.32 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 2nd generation users; OCP3 = oral contraceptive 

pill 3rd 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 & 
Interactions  LH HH LH HH LH HH 

Superficial Femoral Artery FMD 

Baseline Diameter 
(mm) 
 

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 
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 5.44 ± 0.43 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-1) 
 

150.3 ± 98.9 134.6 ± 72.4 137.5 ± 68.3 138.2 ± 51.7 134.9 ± 61.2 129.3 ± 68.4 G: p = 0.91 
P: p = 0.38 
G*P: p = 0.68 

SR AUC to Peak  
(x103 s-1) 

35.7 ± 33.4 50.6 ± 45.9 59.6 ± 39.3 61.3 ± 42.0 63.0 ± 58.3 61.8 ± 52.9 G: p = 0.31 
P: p = 0.46 
G*P: p =  0.62 

Superficial Femoral Artery NMD 

Baseline Diameter 
(mm) 
 

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 
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 5.91 ± 0.44 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 2nd generation users; OCP3 = oral contraceptive 

pill 3rd 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 17β-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 fitness 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 PWV 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 2nd 
generation users; OCP3 = oral contraceptive pill 3rd 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 2nd 
generation users; OCP3 = oral contraceptive pill 3rd 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 (ERα) 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 2nd generation users; OCP3 = oral contraceptive pill 3rd 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 ERα 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 NAT47, 48 although findings are mixed, reporting either 

varying degrees of magnitude of improvement or null effects.7, 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.48 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 cycle48; similarly, Kawano et al 

(2001) and (1996) reported a ~4% elevation.47, 51 Further work by Harris et al (2012) 

also reported a ~3% elevation in relative %FMD during the mid-luteal phase.52 The 

findings from these early studies have driven debate as to the relevance of considering 

NAT and other hormonal cycles when testing vascular function.53 However, the majority 

of more recent literature did not observe the same elevation in relative %FMD7; for 

example, work by Shenouda et al (2018) reported a non-significant ~0.4% elevation in 

relative %FMD ,16 while Rakobowchuck et al (2013) reported a non-significant ~1.5% 

decrease in relative %FMD.54 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.7 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.7  

 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.55 In contrast, there is some 

literature showing decreased relative %FMD during the active phase in 2nd 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).19 Similarly, research on 3rd 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).11, 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 

ERα-eNOS signalling pathway.9 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.56, 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 In 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.60 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.62-64 The femoral artery is more resistant to changes in 

functional interventions, such as through exercise or other blood flow perturbations,64, 65 

unless in a cohort already predisposed to atherosclerosis development (i.e., smoking).66 

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).65 

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.16, 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.48 

However, subsequent research by Sorensen et al (2006) did not identify phasic 

differences in relative %NMD.67 Similarly, work by Shenouda et al (2018) also did not 

find any phasic differences in relative %NMD in NAT or OCP users.16 In line with this 

body of literature, a previous meta-analysis by our group observed no differences 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

128 
 

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.7 However, Shenouda et al (2018) did note a significantly lower scaled NMD in 

NAT compared to OCP users.16 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.11, 15, 16, 19 Given 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 β-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 β-

stiffness.18, 61 These findings have been corroborated by our group previously,17 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).60 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.18 Finally, 

previous work by our group has not observed differences between groups or phases for 

IMT.17 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.17 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.68 PWV, when measured by digital pulse 

waveform acquisition, did not indicate phasic differences in OCP2 or OCP3, or across 

groups15, and this research has been since confirmed another study.69 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 3rd and 4th generation OCP users, even after 
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controlling for age.16 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.16 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 1st and 4th 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 2nd and 3rd 

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 17β-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.52, 70 

Conclusions & Future Directions 

 The natural menstrual cycle and 2nd and 3rd 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, ERα protein content). However, there may be a small effect of the HH (mid-
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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.21, 71, 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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and acute submaximal aerobic exercise. 
 

Jennifer S. Williams, Jenna C. Stone, Zaryan Masood, William Bostad, 
Martin J. Gibala, Maureen J. MacDonald  



PhD Thesis – J. Williams; McMaster University - Kinesiology 

142 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

143 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

144 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

145 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

146 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

147 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

148 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

149 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

150 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

151 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

152 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

153 
 

 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

154 
 

  



PhD Thesis – J. Williams; McMaster University - Kinesiology 

155 
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associated with biological sex, but not gender expression, in 
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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 

questionnaire 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 

• 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. 

• 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. 

• 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 17β-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 17β-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). 
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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%, α ≤ 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; ∆2% 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/m2) 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 

questionnaire 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 (≥5.20), Low BSRI-Masculine (˂4.40) 

Masculine: High BSRI-Masculine (≥4.40), Low BSRI-Feminine (˂5.20) 

Androgynous: High BSRI-Masculine (≥ 4.40) and BSRI-Feminine (≥5.20) 

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 participants, 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) II, 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 (V̇O2peak): 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 V̇O2peak, 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 V̇O2peak 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. V̇O2peak (mL/kg/min) was defined as the highest oxygen consumption achieved 

over a 30s period. The V̇O2peak 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 V̇O2 was reached. If 
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V̇O2peak 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 PWV; 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 (V̇O2peak, 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 V̇O2peak (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 α = 0.87, 
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BSRI-Masculine α = 0.75, BSRI-Neutral α = 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 ± 1.5 vs 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 ± 1.5 m/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 V̇O2peak 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 V̇O2peak 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 ± 3.3 vs 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 

V̇O2peak 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/m2) 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 



PhD Thesis – J. Williams; McMaster University - Kinesiology 

176 
 

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 
(n=50) 

Females 
(n=80) 

 Men 
(n=49) 

Women 
(n=79) 

Non-Binary 
(n=2) 

p-values 

Age (years) 22 [4] 21 [4] 22 [4] 21 [4] 20, 18 S: p = 0.31 
G: p = 0.24 

Height (cm) 178 ± 7 
(176, 180) 

164 ± 7* 
(163, 166) 

 

178 ±7 
(176, 180) 

164 ± 7** 
(163, 166) 

165, 180 S: p < 0.01 
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/m2) 
 

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 

V̇O2peak 
(mL/kg/min) 

44.2 ± 8.9 
(41.6, 46.7) 

 

39.1 ± 8.0* 
(37.4, 40.9) 

44.4 ± 8.9 
(41.9, 46.9) 

39.3 ± 7.9** 
(37.5, 41.1) 

27.5, 32.4 S: p < 0.01 
G: p < 0.01 

SBP (mmHg) 117 ± 8 
(115, 120) 

 

106 ± 7* 
(104, 107) 

117 ± 8 
(115, 119) 

106 ± 7** 
(104, 107) 

110, 138 S: p < 0.01 
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 
(82, 86)  

 

79 ± 6* 
(77, 80) 

84 ± 6 
(82, 86) 

79 ± 6** 
(77, 81) 

78, 97 S: p < 0.01 
G: p < 0.01 

HR (bpm) 64 ± 10 
(61, 67) 

 

62 ± 9 
(60, 64) 

64 ± 9 
(61, 66) 

62 ± 9 
(60, 64) 

66, 92 S: p = 0.20 
G: p = 0.32 

Baseline 
Diameter 
(mm) 

4.03 [0.63] 3.19 [0.68]* 4.04 [0.67] 3.19 [0.65]** 3.86, 3.94 S: p < 0.01 
G: p < 0.01 

Peak 
Diameter 
(mm) 

4.38 [0.61] 3.53 [0.61]* 4.38 [0.61] 3.53 [0.61]** 4.04, 4.02 S: p < 0.01 
G: p < 0.01 

AbsFMD 
(mm) 

0.27 ± 0.12 
(0.24, 0.30) 

0.27 ± 0.11 
(0.25, 0.30) 

0.27 ± 0.12 
(0.24, 0.31) 

0.27 ± 0.11 
(0.25, 0.30) 

0.18, 0.09 S: p = 0.84 
G: p = 0.94 
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Baseline 
MBV (cm/s) 

8.0 [5.9] 6.5 [3.0]* 8.0 [6.1] 6.5 [3.0]** 6.1, 7.1 S: p = 0.01 
G: p = 0.02 

Baseline SR 
(s-1) 

163.2 [138.7] 161.3 [70.9] 163.3 [139.1] 161.5 [72.4] 127.3, 144.0 S: p = 0.91 
G: p = 0.92 

SRAUC  
(x103 s-1) 

1.68 [1.90] 2.03 [2.14] 1.64 [1.83] 2.10 [2.15] 7.1, 37.4 S: p = 0.53 
G: p = 0.38 

Time to Peak 
Diameter (s) 

46 [21] 42 [19] 46 [20] 42 [19] 29, 57 S: p = 0.46 
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; V̇O2peak = 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.   
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 Masculine 
(n=29) 

Feminine 
(n=33) 

Androgynous 
(n=39) 

Undifferentiated 
(n=29) 

p-values 

Age (years) 
 

20 [4] 22 [4] 20 [3] 22 [6] p = 0.12 

Height (cm) 
 

168 ± 8 
(165, 171) 

 

169 ± 12 
 (165, 
174) 

169 ±9 
 (166, 172) 

173 ± 8 
 (170, 176) 

p = 0.21 

Weight (kg) 
 

65.9 [17.8] 64.2 
[24.2] 

63.9 [21.4] 71.3 [25.5] p = 0.54 

BMI (kg/m2) 
 

24.6 [5.3] 23.2 [3.5] 23.5 [4.8] 23.7 [5.0] p = 0.70 

V̇O2peak 
(mL/kg/min) 

41.3 ± 8.1 
(38.2, 44.40 

 

39.6 ± 8.0 
(36.7, 
42.5) 

41.5 ± 8.6 
(38.7, 44.3) 

42.0 ± 10.1 
 (38.1, 45.8) 

p = 0.72 

SBP (mmHg) 
 

112 ± 10 
(109, 116) 

 

109 ± 11 
(105, 112) 

109 ± 8 
(107, 112) 

111 ± 10 
(107, 115) 

p = 0.36 

DBP (mmHg) 
 

62 [9] 62 [9] 63 [8] 63 [7]  p = 0.66 

MAP (mmHg) 
 

81 ± 6 
(79, 84) 

 

81 ± 8 
(78, 84) 

80 ± 6 
(78, 82) 

82 ± 6 
(79, 84) 

p = 0.83 

HR (bpm) 
 

62 ± 9 
(59, 65) 

 

63 ± 7 
(60, 65) 

63 ± 9 
(60, 66) 

64 ± 12 
(60, 69) 

p = 0.81 

Baseline Diameter 
(mm) 

3.85 [1.26] 3.39 
[0.84] 

3.44 [0.90] 3.65 [0.67] p = 0.37 

Peak Diameter (mm) 4.09 [1.16] 3.61 
[0.76] 

3.77 [0.93] 3.91 [0.90] p = 0.40 

AbsFMD (mm) 
 

0.27 ± 0.13 
(0.22, 0.32) 

 

0.30 
±0.11 
(0.26, 
0.34) 

0.27 ± 0.10 
(0.23, 0.30) 

0.25 ± 0.11 
(0.21, 0.29) 

p = 0.36 
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Baseline MBV 
(cm/s) 

7.4 [5.3] 6.8 [2.9] 7.0 [5.9] 6.6 [3.5] p = 0.60 

Baseline SR (s-1) 
 

166.8 
[134.1] 

163.2 
[70.6] 

174.8 [146.6] 144.0 [78.4] p = 0.24 

SRAUC (x103 s-1) 
 

2.24 [2.89] 2.10 
[2.43] 

1.82 [1.68] 1.73 [1.87] p = 0.56 

Time to Peak 
Diameter (s) 
 

48 [22] 49 [19] 41 [18] 40 [21] p = 0.17 

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; V̇O2peak = 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].



PhD Thesis – J. Williams; McMaster University - Kinesiology 

 
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, I 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 17β-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 17β-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 β-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 ~50th 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 PWV) 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 90th percentile for SBP in the present 

study), impaired endothelial function (below 15th percentile for %FMD in the present 

study), and elevated leg PWV (above 75th 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 
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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 – 
Never/Almost 
Never True 

2 3 4 5 6 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 – 
Never/Almost 
Never True 

2 3 4 5 6 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 V̇O2peak. (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 V̇O2peak; (F) 

Relationship between Central PWV and V̇O2peak; (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 

qualitative 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 ERα 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% VO2peak. 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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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% 

to 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 17β-

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 17β-estradiol across phases in the first cycle to the 

second cycle. Considering the variability observed in the Chapter 5 study, with 17β-

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 17β-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 17β-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 ERα protein 

content in our companion serum cell exposure studies. This finding runs counter to 

previous work by Gavin and colleagues (2009) who reported that ERα was elevated in 

the late follicular compared to early follicular phase by 30%, and that ERα 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, ERα, 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 ERα 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 17β-estradiol) (32), while the present 

study in Chapter 5 examined the mid-luteal phase with an increase in both 17β-estradiol 

and progesterone. For example, there is some evidence that progesterone antagonizes 

estradiol (33-35), which may reduce the estradiol-induced elevation in ERα 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 17β-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 I 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. 
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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 

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=237018
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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 
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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 

questionnaire 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 17β-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 17β-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 

questions. The ability to connect macro-level vascular function and arterial stiffness 

measures within each participant to the cellular protein responses of ERα 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 4th 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% VO2peak 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 I 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 17β-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 

questionnaire 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.g., 

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. 
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(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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