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ABSTRACT 

 
INTRODUCTION: Hypoxia elicits peripheral vasodilation to preserve blood flow to 

metabolically active tissue and is accompanied by an increase in muscle sympathetic 

nervous system activity (MSNA). Prior data predominantly in male subjects, demonstrated 

the vasoconstrictive effects of MSNA are preserved in the setting of hypoxia. Because 

women are better able to attenuate or ignore the vasoconstrictive effects of MSNA at rest, 

we hypothesized women would exhibit greater hypoxic vasodilation (Aim 1).  We further 

hypothesized women would attenuate the vasoconstrictive effects of sympathetic 

activation during both normoxia (Aim 2) and in the setting of hypoxia (Aim 3). The female 

sex hormone, estrogen, has been purported to be responsible for mediating the attenuated 

vasoconstriction to MSNA. As synthetic estrogen found in oral contraceptives is more 

biologically potent, we further hypothesized women taking oral contraceptives (OCPs) will 

better attenuate vasoconstriction relative to naturally cycling (NC) women during 

normoxia and hypoxia and this will be greatest during the high hormone phase of the pill 

or menstrual cycle. METHODS: Ten NC women, (25±1 yrs, 23±1 kg/m2) and ten women 

on OCPs, (24±1 yrs, 21±1 kg/m2) participated (N=20). Women were studied twice, once 

during the low hormone of the menstrual or pill cycle (menstrual cycle day, NC: 3.1±0.4; 

pill cycle day: OCP: 5.2±0.4) and once during the high hormone phase of the menstrual or 

pill cycle (menstrual cycle day, NC: 14.9±0.9; pill cycle day OCP: 16.6±0.6). Heart rate 

(ECG), blood pressure (finger photoplethysmography), forearm blood flow (venous 

occlusion plethysmography) and systemic blood flow (Modelflow) were continuously 

measured across three trials: 1) steady state hypoxia (80% SpO2); 2) sympathetic activation 

via two-minute cold pressor test (CPT); and 3) concomitant steady-state hypoxia and 
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sympathetic activation via two-minute CPT. Forearm and systemic blood flow were 

normalized for blood pressure and expressed as forearm vascular conductance (FVC) and 

total vascular conductance (TVC), respectively. Data are reported from the last one minute 

of each trial. RESULTS: Hypoxia elicited a relative increase in FVC (% change from 

baseline) that was greater during the high hormone phase of the menstrual or pill cycle 

compared to the low hormone phase in both NC and women taking OCPs (p<0.01). 

Sympathetic activation via CPT caused paradoxical local vasodilation in women taking 

OCPs, whereas NC women exhibited local vasoconstriction (p<0.01). Concomitant 

hypoxia and sympathetic activation via CPT resulted in less systemic vasoconstriction 

compared to normoxia that was not different between groups or hormone phases (p=0.71). 

CONCLUSION: The hypoxic vasodilatory response is augmented during the high 

hormone phase of the menstrual or pill cycle. Exogenous estrogen found in OCPs may 

cause paradoxical vasodilation to sympathetic activation, whereas sympathetic activation 

in NC women with endogenous hormones elicits vasoconstriction. We observed a hypoxia-

mediated attenuation of the systemic vasoconstrictor response to sympathetic activation in 

both NC women and women taking OCPs across all hormone phases. These data 

demonstrate the vascular response to autonomic and environmental stressors are influenced 

by female sex hormones and menstrual/pill cycle phase.  
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CHAPTER 1: INTRODUCTION 
 

Sex-related differences have been observed in the presentation and incidence of 

hypoxia-related disease states such as sleep apnea (63, 66). Furthermore, the incidence of 

hypertension and cardiovascular disease in such conditions differs by sex (12). Although 

mechanistic data are lacking, sex-related differences in cardiovascular disease risk may be 

attributed to the cardio-protective nature of the female sex hormones, estradiol and the loss 

of this effect following menopause (12). Data from healthy humans support the idea that 

neurovascular mechanisms integral to blood pressure control may differ between men and 

women (8, 11, 37); however, the majority of work has been conducted in the healthy, rested 

state and is not representative of physiological stressors observed in both everyday life and 

disease. The majority of work examining sex differences in vascular control are conducted 

in young, premenopausal women during the early follicular phase of the menstrual cycle – 

when endogenous sex hormones (e.g., estradiol, progesterone) are relatively low. This 

small hormonal window in which women are typically studied fundamentally limits 

physiologic understanding and practical translation to all women. Moreover, hormone 

phase and the role for endogenous (natural menstrual cycle) versus exogenous (oral 

hormonal contraceptive) hormones on mechanisms governing blood pressure and the 

vascular response to physiological stress remain unclear. Understanding the varied role of 

exogenous and endogenous hormones in modulating vascular responsiveness to stress is 

critical to enhance our understanding of mechanisms contributing to sex differences in 

disease incidence, and ultimately provide women with better sex-specific healthcare. 

Therefore, the goal of this thesis is to enhance our understanding of vascular control in the 

context of common physiological stressors, hypoxia and sympathetic nervous system 
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activation. We sought to determine how hormone source, as well as phase, influences the 

cardiovascular responses to physiological stimuli commonly experienced in disease states 

such as sleep apnea and hypertension. To do this, we examined local and systemic vascular 

response to hypoxia, sympathetic activation, and concomitant hypoxia and sympathetic 

activation in young healthy women. We studied women currently prescribed and taking 

oral contraceptives (OCPs) twice, during both the placebo and active pill phase. We further 

compared these results to data collected in women with natural menstrual cycles (NC) that 

were also studied twice, during both the early and late follicular phases. Therefore, we were 

able to examine both the effects of endogenous versus exogenous hormones, as well as 

high and low circulating hormone concentrations on vascular responsiveness to 

environmental stressors, respectively. The present investigation was framed in the context 

of the following specific aims and testable hypotheses:  

 

AIM 1. Examine the effect of menstrual cycle phase and oral hormonal 

contraceptive pill phase on the vascular response to systemic hypoxia.  Hypotheses: 

Aim 1A. Both NC women and women taking OCPs will exhibit greater local (forearm) 

and systemic hypoxic vasodilation during the high hormone phase when compared to the 

low hormone phase of the menstrual or pill cycle, respectively Aim 1B. Hypoxic 

vasodilation in the local and systemic circulations of healthy young women will be greater 

in women taking OCPs compared to NC women. 

AIM 2. Examine the effect of menstrual cycle phase and oral hormonal 

contraceptive pill phase on the vascular response to sympathetic activation. 

Hypotheses: Aim 2A. Both NC women and women taking OCPs will exhibit less 
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sympathetically-mediated local and systemic vasoconstriction in response to a cold pressor 

test during the high hormone phase compared to the low hormone phase of the menstrual 

or pill cycle, respectively. Aim 2B. Acute sympathetic activation (cold pressor test) will 

elicit local and systemic vasoconstriction that will be greater in NC women compared to 

women taking OCPs. 

AIM 3. Examine the effect of a natural menstrual cycle and oral contraceptive 

pill on the vascular response to concomitant hypoxia and sympathetic activation. 

Hypotheses: Aim 3A. Sympathetic activation will elicit local and systemic 

vasoconstriction during normoxia that will be attenuated during hypoxia. Aim 3B. The 

local and systemic vasoconstriction observed during normoxia will have more attenuation 

during hypoxia in women taking OCPs compared to NC women. 

Results from the present investigation will advance our understanding of how 

circulating concentrations (hormone phase) and molecular formulation (endogenous, 

exogenous) of female sex hormones influence vascular control during environmental stress 

(i.e., hypoxia, sympathetic activation).  
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CHAPTER 2: LITERATURE REVIEW  

 
Introduction 

Cardiovascular disease is the most common cause of death worldwide, of which 

hypertension is a major risk factor (1, 2). Healthy premenopausal women exhibit lower 

blood pressure compared to age-matched healthy men, as well as lesser incidence and 

severity of hypertension (3, 12). Thus, it may not be surprising that mechanisms of blood 

pressure regulation have shown to differ between men and women (8, 12, 89). Interestingly, 

hypertension and cardiovascular disease incidence steeply increases following menopause 

(25), suggesting a critical role for the sex hormone estradiol as a cardioprotective 

modulator of blood pressure.  

Systemic arterial blood pressure is the product of cardiac output and peripheral 

resistance to blood flow. The ability to increase or decrease total peripheral resistance plays 

a key role in blood pressure regulation when cardiac output is held constant (52). 

Resistance to flow is determined primarily by vascular tone or the diameter of a blood 

vessel at a given time. The tone of microvasculature or small blood vessels found in skeletal 

muscle are thus a main determinant of systemic blood pressure (52). As sex hormones play 

a role in the modulation of blood pressure, it is reasonable to suspect they influence the 

microvasculature as well. 

A primary determinant of vascular tone, and thus blood pressure, is the autonomic 

nervous system. The autonomic nervous system is essential for beat-to-beat blood pressure 

regulation and ultimately maintenance of blood flow and oxygen delivery to the peripheral 

tissues. For example, a fall in arterial oxygen (i.e., hypoxia) is known to stimulate 

peripheral vasodilation in order to ensure oxygen delivery is preserved (44). Without a 
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reflex increase in the activity of the sympathetic (a branch of the autonomic) nervous 

system during systemic hypoxemia, blood pressure would fall and lead to hypotension and 

syncope (45). Thus, a balance between local vasodilation and sympathetically-mediated 

vasoconstriction is essential to maintain blood pressure and oxygen delivery (44). 

However, in women, this balance may be shifted to a greater propensity to vasodilate, as 

opposed to vasoconstrict in response to sympathetic activity. This is supported by literature 

demonstrating sympathetic support of blood pressure is lower in women from men (8, 30, 

31). Animal data suggest female sex hormones are the primary mechanism by which blood 

pressure is differentially modulated in response to environmental stressors such as hypoxia 

(36); therefore, these data provide rationale to interrogate, in humans, the specific influence 

of female sex hormones on hypoxic and sympathetic regulation of the vasculature. 

 

Blood flow control and hypoxia 

Systemic hypoxia creates a mismatch between the peripheral supply of oxygen and 

demand of the muscle, and is observed in the context of exercise, altitude, or disease (e.g., 

sleep apnea, chronic obstructive pulmonary disease, peripheral artery disease, heart 

failure). Systemic hypoxia elicits local skeletal muscle vasodilation and increases in 

peripheral blood flow to match oxygen supply with demand (11). Mechanisms contributing 

to vasodilation in skeletal muscle during hypoxia (hypoxic vasodilation) is multifactorial, 

but has been primarily attributed to increases in nitric oxide and prostaglandins (16). In 

addition, adenosine, endothelium-derived hyperpolarizing factors and activation of β-

adrenergic receptors have all been thought to contribute to skeletal muscle hypoxic 

vasodilation (54).  
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Interestingly, hypoxic vasodilation occurs despite a significant reflex increase in 

sympathetic nervous system activity directed toward the skeletal muscle vasculature 

(muscle sympathetic nerve activity, MSNA) (11). This rise in MSNA during systemic 

hypoxemia is in part mediated by the peripheral chemoreceptors located at the bifurcation 

of the common carotid artery (carotid body chemoreceptors) and aortic arch (60). These 

chemoreceptors are activated by a reduction in the partial pressure of oxygen which 

reflexively increases ventilation and sympathetic activity (60). An increase in MSNA  

results in release of norepinephrine from postganglionic sympathetic neurons which binds 

to α-adrenergic receptors on the vascular smooth muscle to cause vasoconstriction and an 

increase in vascular tone (17). These α-adrenergic receptors are G-coupled protein 

receptors and are important contraction mediators by activation of inositol trisphosphate 

and diacylglycerol (68). Also located within the carotid sinus are arterial baroreceptors, 

which are negative-feedback stretch receptors, such that a decrease in blood pressure  

increases sympathetic outflow in order to maintain blood pressure at homeostatic levels 

(71). It has been previously demonstrated that cardiac baroreflex sensitivity is attenuated 

during hypoxia, such that the lack of inhibition via the baroreceptors allows for more 

chemoreceptor-mediated sympathetic outflow during hypoxia (71). Consequently, the net 

interaction of local vasodilators combined with sympathetic outflow during hypoxemia 

will dictate vascular tone and ultimately blood pressure and oxygen delivery. It is important 

to note that these observations in the periphery occur in tandem with changes centrally, 

such as vascular reactivity of the gastrointestinal tract, kidneys, and heart that contribute to 

whole-body or total vascular conductance in response to acute hypoxia (69).    
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Hypoxic sympatholysis 

 “Hypoxic sympatholysis” is the ability of the vasculature to attenuate the 

vasoconstrictive effects of high sympathetic nervous system activity during hypoxia. The 

concept of “sympatholysis” is most often studied in the context of exercise, where despite 

an increase in MSNA, local vasodilators oppose or attenuate sympathetic activity in order 

to preserve blood flow and oxygen delivery to metabolically active tissue (16). Based on 

the information above, it would appear that in order to achieve compensatory hypoxic 

vasodilation in the face of high sympathetic nervous system activity, “hypoxic 

sympatholysis” is a likely explanation. However, there are data to suggest hypoxic 

sympatholysis does not occur in humans (17, 73), although controversy exists (35). 

Specifically, Dinenno and colleagues showed that sympathetically-mediated 

vasoconstriction is not attenuated by systemic hypoxia and rather α-adrenergic 

responsiveness is preserved in the setting of mild-to-moderate hypoxemia (i.e., lack of 

hypoxic sympatholysis) (17). In addition, Tan and colleagues found neurovascular 

transduction (defined as the transfer of sympathetic nerve activity into vascular tone) was 

increased (rather than decreased) during exposure to acute hypoxia in humans, suggesting 

sympathetic vasoconstriction is enhanced during hypoxia (73). However, an important 

limitation of these studies was the inclusion of relatively few women (n=2 out of 10) (17) 

and the failure to control for menstrual cycle phase (73), severely limiting the ability to 

directly examine the role of sex and/or sex hormones on vascular responsiveness to 

sympathetic activity and hypoxia. Given the presence of sex-related differences in the 

development of hypertension and other cardiovascular diseases in conditions associated 

with hypoxemia (i.e., sleep apnea) (12, 63), understanding sex differences in the 
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neurovascular control during hypoxemia, as well as underlying mechanisms (i.e., 

circulating sex hormones) is essential.   

 

Sex differences in hypoxic vascular control 

Under normoxic conditions, there are clear sex-related differences in neural control 

of the circulation. As noted above, release of norepinephrine from the sympathetic nerve 

terminals elicits smooth muscle contraction and vasoconstriction via binding to α-

adrenergic receptors. Notably, vasoconstriction in response to sympathetic activity is 

greater in men compared to women (8), although controversy exists (65). Some of this 

controversy may be due to studies being conducted under β-adrenergic receptor blockade. 

Indeed, women exhibit greater β-adrenergic receptor sensitivity than men during normoxic 

conditions (46).  Consistent with this, any sex-related difference in sympathetic 

vasoconstriction between men and women are lost in the presence of β-adrenergic receptor 

blockade (8, 46). These data suggest women may exhibit preferential binding of 

norepinephrine to β-adrenergic receptors which promote smooth muscle relaxation and 

thus counteract the effects of α-adrenergic receptor mediated vasoconstriction. In further 

support of this, β-adrenergic receptor blockade uncovers a positive relationship between 

MSNA and blood pressure in young women that is otherwise absent when the β-adrenergic 

receptors are not blocked pharmacologically (32). In search of the mechanism by which 

women exhibit preferential β-adrenergic receptor activation, there are data which show 

estrogen enhances endothelial β-adrenergic receptor expression under normoxic conditions 

in humans (46). Furthermore, in rodents, estrogen treatment in ovariectomized female rats 

increases vascular endothelial β-adrenergic receptor expression, independent of other sex 
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hormones like testosterone or progesterone (43). Whether these findings directly translate 

to humans and whether these differences are important in vascular responsiveness to 

physiological stressors (i.e., hypoxia) is less clear.  

In humans, the peak increase in sympathetic nervous system activity during 

systemic hypoxia has been shown to be no different between men and women (43). Despite 

similar increases in MSNA, there are data to suggest young women exhibit blunted 

vasoconstriction (62) or enhanced vasodilation during acute hypoxia (11) when compared 

to men – although controversy exists (57). Blunted vasoconstriction during systemic 

hypoxia could be due to decreased α-adrenergic receptor sensitivity to norepinephrine in 

healthy premenopausal women (54). Conversely, sex differences in β-adrenergic receptor 

activity may directly contribute to enhanced hypoxic vasodilation. Sympathetic activation 

of β-adrenergic receptors elicits smooth muscle relaxation via direct action on vascular 

smooth muscle cells as well as through the endothelial nitric oxide pathway. The β-

adrenergic receptors contribute up to 50% of  hypoxic vasodilation (81), with nitric oxide 

and prostaglandins thought to contribute to the other 50% (13, 16). Together, these data 

support sex differences in sympathetic modulation of the vasculature during the 

physiological stress of reduced arterial oxygen (i.e. hypoxia).     

Estrogen appears to augment hypoxic vasodilation in a pre-clinical rat model (36).  

Specifically, Hinojosa-Laborde and colleagues found intermittent exposure to low oxygen 

(intermittent hypoxia) elicited an increase in activity of the sympathetic nervous system 

and blood pressure in male animals (36). In contrast, female rats were shown to be 

protected from an intermittent hypoxia mediated increase in blood pressure (36). Notably, 

any “protective” effects of female sex on the blood pressure response following 
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intermittent hypoxia was lost with ovariectomy (i.e., elimination of all ovarian hormones, 

including estradiol) thereby supporting a critical role for ovarian hormones in the systemic 

vascular response to hypoxia (36). Recent human data from our group support this (41), 

and showed the blood pressure response to acute intermittent hypoxia is greater in young 

men than young women. In a follow-up study, currently in review, we went on to show 

sympathetically-mediated vasoconstriction elicited via the cold pressor test is attenuated in 

young women during steady-state hypoxia compared to normoxia, whereas 

sympathetically-mediated vasoconstriction is preserved in young men during acute 

hypoxia (14). These preliminary results confirm previous findings that hypoxic 

sympatholysis is absent in young men (17), and provide new data to suggest it may be 

present in young women. Importantly, women had natural menstrual cycles and were 

studied during the early follicular phase of the menstrual cycle (days two to four, confirmed 

by self-report) when circulating estrogen is low. However, whether sex-related differences 

are inherent to female sex or specific to menstrual cycle phase, and the role for endogenous 

versus exogenous female sex hormones (i.e., estrogen, progesterone) remains unclear.   

 

Sex hormones and neurovascular control: Naturally cycling vs. Oral contraceptives 

Naturally cycling women 

Women with natural menstrual cycles (i.e., naturally cycling, NC) experience a 

series of changes in steroid hormone (primarily estrogen and progesterone) production and 

release stimulated by the female reproductive system. This cyclical release of hormones 

occurs in an approximate 28 day cycle, with a range of 21-35 days. Because the amount of 

estrogen varies throughout the menstrual cycle and estrogen concentration may affect 
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vascular function (86), an argument has been proposed to not control for menstrual cycle 

phase when performing studies of vascular function in order to increase external validity 

(72). As discussed herein, a counter-point states we should not only control for-, but it is 

imperative to study women across the menstrual cycle to fully understand the impact of 

menstrual cycle phase and differing hormone concentrations on physiologic outcomes (83).  

Although there are several forms of bioactive estrogen, for the purposes of this 

thesis, when referencing estrogen in context of women with natural menstrual cycles, it is 

intended to refer to 17-β estradiol unless otherwise specified. Circulating estrogen is lowest 

during the early follicular phase in naturally cycling women (approximate days 1-7 of the 

cycle), and peaks during the late follicular phase, right before ovulation (approximate days 

10-14 of the cycle). Following ovulation, women enter the luteal phase in which both 

estrogen and progesterone remain high. Estrogen and progesterone have been shown to 

have divergent effects on the peripheral vasculature, with estrogen promoting an increase 

in the ability to vasodilate and progesterone antagonizing this vasodilatory response (55, 

75). Due to these divergent effects, the majority of this thesis will focus on the follicular 

phase of the menstrual cycle when only estrogen is elevated. Thus, for congruity and in the 

context of estrogen, the early and late follicular phases will be referred to as the low and 

high hormone phases of the menstrual cycle, respectively.  

Premenopausal women have a lower incidence of cardiovascular disease and 

hypertension compared to age matched men (82). Part of this lower incidence of 

hypertension may be due to less sympathetically-mediated vasoconstriction.  In support of 

this, Hart and colleagues (31) have shown prior to the onset of menopause there is no 

relationship between MSNA and blood pressure in young women; this is in contrast to 
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relationships observed in post-menopausal women (31). Barnes and colleagues (2) went 

onto show sympathetic support of blood pressure is greater in postmenopausal compared 

to premenopausal women. Together these data suggest the presence or absence of estrogen 

may be important in the transduction of sympathetic activity to vascular tone (8). However, 

a limitation of this work is the inability to examine differences independent of age. Seals 

and colleagues have shown previously that age can independently increase sympathetic 

support of blood pressure in men (84). Thus, to examine the potential role for female sex 

hormones (i.e., estrogen) independent of the potential confounding effects of age, women 

may be studied across the natural menstrual cycle, when circulating estrogen levels are 

known to fluctuate.   

As concentrations of estrogen fluctuate across the regular menstrual cycle, MSNA 

is also known to fluctuate ((59), Table 1). Specifically, MSNA and plasma norepinephrine 

levels are higher during the high estrogen phase of the menstrual cycle when compared to 

the low estrogen phase (59). Levels of MSNA observed during the high-hormone phase 

are inversely associated with the net change or “surge” in circulating estradiol relative to 

the low hormone phase across of the menstrual cycle (10). In other words, the greater the 

surge or increase in estrogen between phases from the low to high-hormone phase, the 

greater the change in resting, basal MSNA (10). Interestingly, despite changes in 

sympathetic outflow at different phases of the menstrual cycle, cyclical changes in vascular 

transduction are not observed (i.e., no change in vasoconstriction or blood pressure in 

response to a given amount of sympathetic activation) (59). The lack of change in 

neurovascular transduction across the menstrual cycle may be due to cycle-dependent 

fluctuations in β-adrenergic receptor or other local vascular dilators. For example, β-
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adrenergic receptor responsiveness appears to be greater during the mid-luteal phase (46) 

than during the follicular phase (50).  Although definitive studies have not been conducted 

in humans, these combined data suggest any changes in MSNA during the menstrual cycle 

are likely met with increases in local vasodilation, resulting in no net change in vascular 

tone. 

In addition to differences in neural control of the circulation across the natural 

menstrual cycle, key local vascular control mechanisms (e.g., nitric oxide) are known to 

fluctuate across the menstrual cycle. Specifically, serum nitrate/nitrite (metabolites of nitric 

oxide) increase in the high hormone phase of the menstrual cycle (67). Consistent with this, 

flow mediated vasodilation (FMD, a measure of endothelium-dependent dilation) is greater 

during the high hormone phase when compared to the low hormone phase of a natural cycle 

(1, 22). This is also consistent with data showing endothelial independent (nitroglycerin) 

mediated vasodilation is augmented during the high hormone phase of the menstrual cycle 

compared to the low hormone phase (34). 

In the context of hypoxia, the low hormone phase of the menstrual cycle is 

associated with greater increases in sympathetic activity during a hypoxic apnea when 

compared to the high hormone phase (mid-luteal) in naturally cycling women (76). In men, 

this rise in MSNA during hypoxic apnea results in vasoconstriction and an increase in 

blood pressure. Interestingly, young, NC women studied during the early follicular (low-

hormone) phase do not exhibit vasoconstriction in response to apnea (62). Notably, any  

“beneficial” effect of female sex is lost following menopause, such that hypoxic apnea 

causes subsequent vasoconstriction and a reduction in blood flow of the brachial artery in 

postmenopausal women that is not observed in premenopausal women (62). Together, 
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these data suggest: 1) higher circulating estrogen dampens or attenuates 

sympathoexcitatory effects of hypoxia, and 2) an uncoupling of sympathetic activity and 

vascular tone occurs during hypoxia in young women. An estrogen-mediated disconnect 

between sympathetic activity and vascular tone during hypoxia could have important 

implications for the development of hypertension in hypoxia-related disease states, such as 

sleep apnea which is more prevalent in post- compared to pre-menopausal women (12). 

Lastly, this may have implications for the development of hypertension in conditions where 

estrogen is chronically high (i.e., polycystic ovarian syndrome) or in women lacking a 

natural menstrual cycle (i.e., oral hormonal contraceptive pills).  

 

Oral contraceptives 

  Over 80% of American women will use OCPs in their lifetime (6, 53). OCPs 

modulate female sex hormone levels by supplementing a combined synthetic estrogen 

(ethinyl estradiol) and progesterone into a once-daily pill. There are several formulations 

of synthetic progesterone that accompany synthetic estrogen and are used to sub-classify 

generation of OCP (i.e., first, second, third and fourth generation). Monophasic OCP 

provide a fixed dose of synthetic estrogen and progesterone for 28 continuous days, as 

opposed to bi- or tri-phasic contraceptives in which the synthetic hormones have two or 

three increasing concentrations, respectively, to be more analogous to a natural menstrual 

cycle. In most cases, 28 days of active (synthetic estrogen hormone containing) pills are 

followed by approximately 7 days of placebo or non-hormone pills to mimic the low 

circulating hormones of the early follicular phase and to induce menstruation. The synthetic 

estradiol found in OCP has been shown to bind to uterine estrogen receptors from rodents 
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with 400 greater relative binding affinity compared to endogenous 17-β estradiol (5). 

Additionally, ethinyl estradiol’s pharmacokinetics are such that blood concentrations peak 

every day, approximately four hours after ingestion of the active (hormone-containing) pill 

(84) – this is in contrast to the twice-a-month peak of 17-β estradiol that occurs in naturally 

cycling women.   

Notably,  MSNA and plasma norepinephrine levels do not differ between naturally 

cycling women and women taking OCPs when studied during the early follicular and 

placebo phase, respectively (33). Despite no difference in resting sympathetic activity 

compared to NC, OCP use has a relatively non-specific, positive impact on peripheral 

vascular function. For example, women taking OCPs exhibit greater β-adrenoreceptor 

mediated vasodilation when compared to naturally cycling women (51). In further support 

of this, OCP use has been shown to enhance basal nitric oxide production and release (42). 

Moreover, endothelial-dependent vasodilation was shown to be greater in women taking 

OCPs compared to naturally cycling women (51). Amongst women taking OCPs, 

researchers also observed greater endothelium-dependent vasodilation (FMD) during the 

active pill (high hormone) phase compared to the placebo (low hormone) phase (56). These 

changes in endothelial function with OCP use appear to occur independent of changes in 

endothelial-independent vasodilation (42, 80). Together these findings suggest endothelial-

mediated vasodilation is greater in women taking OCPs compared to NC women, and this 

difference may be augmented during the active pill phase compared to the placebo pill 

phase.  

Despite widespread use of OCPs and their potential impact on vascular control, 

very little is known about the effect of OCP use on the vascular response to physiological 
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stress. To our knowledge there is only one study which examined the MSNA response to 

hypoxic apnea and results show the rise in MSNA may be attenuated in the active pill phase 

compared to the placebo pill phase (77). It may be concluded that synthetic estradiol may 

limit sympathetic outflow or attenuate the sympathoexcitatory response to stress at the 

level of the vasculature (77), but further research is needed. 

There are many gaps in our understanding of the effects of OCP use on 

neurovascular control, and whether these effects mirror those which occur in NC women, 

is limited. A summary of the current literature can be found in Table 1. Furthering this 

research is extremely important for all women, and especially those currently taking OCPs 

or supplementing estrogen, such as hormone replacement therapy during menopause. 

Additionally, these results may also have clinical implications for synthetic estrogen and 

the vasculature in hypoxic conditions like stroke or peripheral artery disease.     
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CHAPTER 3: METHODS 
 

All proposed experiments were approved by the Institutional Review Board at the 

University of Missouri (IRB #2011312) and conform to the ethical principles of the 

Declaration of Helsinki, including registration with ClinicalTrials.gov (ID: 

NCT04436731).  

 

SCREEN PROCEDURES 

Participants 

Women were recruited from Columbia, MO and surrounding areas using 

advertisements, word-of-mouth, and approved databases of prior research participants. We 

enrolled 16 participants taking OCP, of which 10 women completed both visits and 

compared the data to results from 10 naturally cycling women (see Figure 4). Inclusion 

criteria for all women consisted of: non-obese (BMI<30 kg/m2), normotensive (<140/90 

mmHg), non-nicotine users between the ages of 18-45 years taking no medications known 

to affect autonomic or cardiovascular function.   

All women taking OCPs completed two study visits, once during the placebo pill 

phase (days 4-7) and once during the active pill phase (days 14-20). First generation pills 

were excluded as their high dosage ethinyl estradiol (>50mcg) has been known to cause 

adverse vascular effects (28). Therefore, inclusion criteria for women taking oral hormonal 

contraceptives included 2nd, 3rd, and 4th generation conventional (28-day length) 

monophasic oral contraceptive pills. Women were required to have been consistently 

taking their prescribed formulation for >6 months. The ethinyl estradiol dosage was 

required to be between 15-35μg, as high doses have been linked with adverse 
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cardiovascular events (28). Data were compared to results from naturally cycling female 

participants studied once during the low hormone phase of the menstrual cycle (menstrual 

bleeding, days 2 – 4, self report) and once during the high hormone phase (late follicular, 

days 14 – 20, determined using commercially available ovulation kit). 

 

Screen Visit and Informed Consent 

Women completed one 1-hour virtual screen visit.  Due to the COVID-19 

pandemic, screen visits were held virtually via Zoom.  After completing a verbal waiver of 

informed consent, medical history was evaluated via prescreen questionnaire to confirm 

participants were free from chronic disease or medication affecting autonomic and/or 

cardiovascular function.  

Participants refrained from caffeine, strenuous exercise, alcohol, and non-steroid 

anti-inflammatory agents for 24-hours prior to their scheduled study start. Participants 

arrived to the laboratory after 4-hour fast (no food or drink other than sips of water). Study 

visits were at 8:00am. If a participant was not able to complete the study visit at 8:00am 

(n=2), they were required to complete their second visit at the same chronological time as 

their first visit (11am and 1pm).  

The morning of the study visit participants provided written informed consent, after 

which height, weight, and vital signs (blood pressure, heart rate) were assessed. All 

participants were required to have a negative pregnancy (urine) test. Individuals were then 

familiarized with the lab space and underwent a practice cold pressor test (CPT, described 

below). Following the test participants were asked to rate their perceived thermal and pain 

sensation of the CPT on a modified Borg scale (7). During the CPT, the participant’s left 
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foot was immersed up to the ankle in an ice-water bath maintained at 0-4°C. CPT is a well-

established sympathoexcitatory stimulus used to assess α-adrenergic receptor mediated 

vasoconstriction (18, 47). Notably, the level of sympathetic nervous system activation in 

response to the CPT is reliably repeatable within study visits (15). 

 

Instrumentation 

Participants were instrumented with a three-lead electrocardiogram to measure 

heart rate (Lead II, Bio Amp FE132, ADinstruments, Colorado Springs, CO, USA) and 

finger photoplethysmography for blood pressure (Human NIBP Controller ML282, 

ADinstruments, Colorado Springs, CO, USA) which was calibrated to upper arm blood 

pressure (automatic sphygmomanometer). Oxygen saturation was monitored by finger 

pulse oximetry (Oximeter Pod, Fingerclip ML320/F, ADinstruments, Colorado Springs, 

CO, USA) and respiration by use of a piezo respiratory belt transducer (MLT1132, 

ADinstruments, Colorado Springs, CO, USA). Participants wore a mask connected to a 

non-rebreathing valve (2600 Medium 2-way NRBV, Hans Rudolph, Shawnee, KS, USA), 

and equipped to an air-gas blender (Oxyen/air blender #81-1920, Tri-anim Health Services, 

Dublin, OH, USA). Inspired/expired gases were analyzed at the mouth using a gas analyzer 

(Gemini 14-10000 Respiratory Monitor, CWE Inc., Ardmore, PA, USA). Forearm blood 

flow was assessed via venous occlusion plethysmography on the participant’s left arm 

(D.E. Hokanson Inc, Bellevue, Washington, USA). Briefly, a blood pressure cuff was 

placed around the wrist and inflated to 220 mmHg to exclude hand circulation from the 

measurement. A second blood pressure cuff was placed around the upper arm and 



20 
 

cyclically inflated to 50 mmHg for 7 seconds then deflated for 8 seconds (0 mmHg) to 

obtain one blood flow measurement every 15 s (85).   

 

Blood Sampling 

On each study visit, after a 15-min quiet rest period, individuals had a 40 mL blood 

sample taken via venipuncture. The samples were centrifuged, serum was pipetted off, and 

stored at 4°C prior to assessment of estradiol, progesterone, luteinizing hormone, and total 

testosterone (all immunoassay). For measures of norepinephrine and epinephrine, samples 

were centrifuged, plasma was pipetted off, and samples were stored at -80°C degrees prior 

to assessment (high performance liquid chromatography) (Quest Diagnostics Laboratories, 

Columbia, MO).  

 

Protocol 

Individuals wore a mask covering the nose and mouth connected to an air-gas 

blender for the entirety of the data collection period. All testing was done in the supine 

position. Following blood sampling, hemodynamic and breathing data were collected 

continuously during 5-minutes of quiet rest. After the resting period, participants had their 

left foot passively placed in a bucket of ice water (normoxic CPT) to acutely activate the 

sympathetic nervous system. The normoxic CPT was followed by a minimum 10-minute 

washout period to allow hemodynamic variables to return to baseline.  

Following the washout period and once hemodynamic variables returned to 

baseline (Supplemental Table), participants underwent a 3-minute normoxic baseline. 

After a 3-minute baseline, participants oxygen levels were titrated via blending of room air 
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and 5% oxygen to a target saturation of 80% SpO2 (finger pulse oximeter). Once the 

desired oxygen saturation was achieved, this level of hypoxia was maintained for 3 

minutes, at which time women completed a second CPT (2-min) during the steady-state 

hypoxia (Figure 2).  

 

Data Analysis 

Main outcome variables included forearm vascular conductance and total vascular 

conductance. Measures of forearm blood flow (FBF) are expressed as ml of blood per 100 

ml of forearm volume per minute from an average of 3-5 total flows. FBF was normalized 

for mean arterial blood pressure to determine forearm vascular conductance (Forearm 

blood flow ÷ mean arterial blood pressure x 100 mmHg, FVC) and expressed as mL of 

blood /100 mL of forearm volume/100mmHg/min. FVC is preferential over resistance 

indices, as it linearly relates to flow and is indicative of downstream vascular tone; an 

increase in FVC indicative of peripheral vasodilation and a decrease in FVC signifying 

peripheral vasoconstriction (49). 

Stroke volume was estimated from the finger blood pressure waveform using the 

Modelflow method (LabChart, ADinstruments), which incorporates age and sex. Cardiac 

output was calculated as the product of stroke volume and heart rate. Total vascular 

conductance (TVC) was calculated as the product of stroke volume and heart rate, divided 

by mean arterial blood pressure and expressed as mL/mmHg.min.  

An absolute change in main outcome variables (FVC, TVC) in response to 

physiological stress (Aim 1: hypoxia; Aim 2: cold pressor test) was calculated (e.g., Δ = 

CPT – Baseline). To control for differences in baseline levels, relative changes (% = Δ ÷ 
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Baseline x 100) were also assessed. To determine hypoxia-mediated attenuation of 

sympathetic vasoconstriction (Aim 3), differences in the vascular response between 

normoxia and hypoxia trials (ΔHypoxia – ΔNormoxia) were also calculated. 

 

Statistical Analysis 

Participant demographics were compared within and between groups using a two-

way repeated measures analysis of variance (multiple comparison, Holm-Sidak). The effect 

of hypoxia (Aim 1) and cold pressor test (Aim 2) on main outcome variables was assessed 

within groups using a two-way repeated measures analysis of variance (multiple 

comparison, Holm-Sidak). Comparisons between groups (NC, OCP) and phase (low, high 

hormone) on the change (% change from baseline) in main outcome variables were 

conducted using a two-way repeated measures analysis of variance (multiple comparison, 

Holm-Sidak) test. Normality was assessed using the Shapiro-Wilk and equal variance 

assessed with the Brown-Forsynthe test. Two-tailed p<0.05 was considered statistically 

significant. Data are reported as mean ± standard error of the mean (SEM). 

 

 
 



23 
 

CHAPTER 4: RESULTS 

Subject demographics 

Thirty-four women were enrolled in the present investigation, with complete data 

from ten NC women and ten women taking OCPs presented herein (N=20, Figure 4). Two 

visits for each participant were conducted. NC women were studied during the low 

hormone (early follicular) and high hormone (late follicular) phases of the menstrual cycle. 

Women taking OCPs were studied during low hormone (placebo pill) and high hormone 

phase (active pill) of the pill cycle. Visits were completed in random order.   

All demographic data are reported in Table 2.  NC women and women taking OCPs 

were matched for age (p=0.52) and body mass index (p=0.14). Estradiol was significantly 

higher during the high hormone phase compared to the low hormone phase of the menstrual 

cycle in NC women (p<0.01). There were no differences detected in epinephrine or 

norepinephrine across groups or phase (main effect of group, p=0.48; main effect of phase, 

p=0.59).  

 

AIM 1. The effect of menstrual cycle phase and oral hormonal contraceptive pill 

phase on the vascular response to systemic hypoxia   

 Hypoxia was achieved in both groups of women, shown by a decrease in oxygen 

saturation (SpO2; main effect of hypoxia, p<0.01, Table 3). Hypoxia elicited an increase 

in heart rate in both the NC group (main effect of hypoxia, p<0.01) and the OCP group 

(main effect of hypoxia, p<0.01). In both groups, mean blood pressure and cardiac output 

increased and stroke volume fell during hypoxia (main effect of hypoxia, all p<0.05).  

In both groups, hypoxia elicited an absolute increase in TVC (Main effect of 
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hypoxia: NC p<0.01, OCP, p=0.05). See Table 3. This increase in TVC did not differ by 

phase in either group of women (Main effect of phase, p>0.05; Table 3). Additionally, 

when examined as a relative change (%) in TVC (Figure 5A), this increase from baseline 

during hypoxia did not differ between groups or phases (Main effect of group, p=0.59; 

phase p=0.56).  

Systemic hypoxia resulted in an increase in FBF in NC women (Main effect of 

hypoxia, p=0.03), with a trend for an increase in FBF in women taking OCPs (Main effect 

of hypoxia, p=0.059). There was no observable increase in FVC in either group with 

hypoxia (Main effect of hypoxia, p>0.05). FVC did not differ by phase in women taking 

OCPs (Main effect of phase, p=0.11), but increased from the low to high hormone phase 

in NC women (main effect of phase, p=0.03) (Table 3). The relative rise from baseline in 

FVC with hypoxia (%) was found to be greater during the high hormone phase compared 

to the low hormone phase in both NC women and women taking OCPs (Main effect of 

phase, p<0.01) and this response did not differ between groups (Interaction of group and 

phase, p=0.30) (Figure 5B).  

 

AIM 2. The effect of menstrual cycle phase and oral hormonal contraceptive pill 

phase on the peripheral vascular response to acute sympathetic activation 

As expected, sympathetic activation via CPT produced a significant increase in 

mean blood pressure and heart rate in both groups (Main effect of CPT, p<0.01, Table 4). 

Heart rate was greater at rest and in response to the CPT in the OCP group during the high 

hormone phase compared to the low hormone phase of the pill cycle (OCP, main effect of 

phase, p<0.03). In the NC women, CPT elicited an increase in heart rate that was not 
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different between phases (NC, main effect of phase, p=0.58). There were no differences in 

perceived cold or pain scores in response to CPT both between groups and phases within 

groups (low hormone, high hormone) (p>0.05, Supplemental Tables). 

In contrast to FVC, both NC women (Main effect of CPT, p<0.01) and women 

taking OCPs (Main effect of CPT, p=0.067) tended to decrease TVC during the CPT (See 

Table 4) and conclusions were maintained when assessed as a relative (%) change (Main 

effect of group, p=0.40; Figure 6A). Contrary to our hypothesis, there was no effect of 

menstrual cycle or pill phase on the local (FVC) or systemic (TVC) vascular response to 

acute sympathetic activation in either group (Both groups, main effect of phase, p>0.05).  

See Table 4 and Figure 6. 

Acute sympathetic activation resulted in a significant decrease in FVC in NC 

women (Main effect of CPT, p<0.01). In women taking OCPs, there was a trend for an 

increase in FVC during CPT that did not reach statistical significance (Main effect of CPT, 

p=0.07). When examined as a relative (%) change in FVC, conclusions were maintained.  

Specifically, NC women exhibited a reduction in FVC to CPT, whereas women taking 

OCPs exhibited a paradoxical increase in FVC (%) (Main effect of group, p<0.01; Figure 

6B). 

 

AIM 3: The effect of menstrual cycle phase and oral hormonal contraceptive pill 

phase on the peripheral vascular response to concomitant hypoxia and sympathetic 

activation 

In both groups, concomitant hypoxia and sympathetic activation resulted in 

significant increases in mean blood pressure (both groups, interaction effect of gas and 
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CPT, p<0.01, Tables 5 and 6). Perceived cold scores following the hypoxic CPT were 

lower compared to the normoxia CPT trial in both groups (NC and OCP, main effect of 

hypoxia, p<0.05). Additionally, perceived pain scores were lower in the OCP group in 

response to the hypoxic CPT compared to the normoxic CPT (p<0.05), with no change in 

the NC group between hypoxia and normoxia CPT (p>0.05, Supplemental Tables).  

Acute sympathetic activation via CPT elicited a decrease in TVC that did not differ 

between normoxia and hypoxia in NC women (Main effect of CPT, p<0.01; Interaction of 

hypoxia and CPT, p>0.05; Table 5). Similarly, when examined as a relative (%) change 

from steady-state, the fall in TVC with the CPT did not differ between normoxia and 

hypoxia in NC women (Main effect of hypoxia, p=0.44; Figure 5A). These responses were 

not specific to menstrual cycle phase in the NC women (Interaction of hypoxia and phase, 

p=0.88; Figure 7A). 

In women taking OCPs, acute sympathetic activation via CPT elicited a decrease 

in TVC that did not differ between normoxia and hypoxia during the high hormone portion 

of the pill cycle phase (Main effect of CPT, p=0.04; Interaction of hypoxia and CPT, 

p=0.84; Table 6). When examined as a relative (%) change from steady-state, the fall in 

TVC with the CPT also did not differ between normoxia and hypoxia (Main effect of 

hypoxia, p=0.23) nor across pill cycle phase (Main effect of phase, p=0.67; Interaction of 

hypoxia and phase, p=0.60; Figure 7B). 

Because the CPT elicited vasodilation in women taking OCPs, it cannot be used a 

model of sympathetic vasoconstriction and therefore, we cannot interpret the results in 

comparison to NC. However, for transparency, the results have been included herein. 

Concomitant hypoxia and CPT cause an absolute reduction in FVC in NC women during 
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the high hormone phase only and no change during the low hormone phase (Main effect of 

CPT, high hormone p = 0.02; low hormone p=0.24; Supplemental Table 1). Women on 

OCPs had a significant increase in FVC in response to CPT while hypoxic, that did not 

differ between low and high hormone phases (Main effect of CPT, all p<0.05; 

Supplemental Table 1). When expressed as a relative percent change from baseline the 

NC women had a reduction in FVC that did not differ from normoxic CPT or between 

hormone phases (Interaction of hypoxia and phase, p=0.18; Supplemental Figure 1). 

Conversely, women on OCPs had an increase in FVC in response to a hypoxic CPT that 

was no different compared their normoxic CPT or between pill phases (Interaction of  

phase and hypoxia, p=0.181; Supplemental Figure 1).   
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        Hypoxia 

  MSNA MSNA 
Transduction 

β-
adrenergic 
vasodilation 

Nitric 
Oxide 

Endothelial 
dependent 
vasodilation 

Endothelial 
independent 
vasodilation 

MSNA 

 
Naturally 
Cycling 

Low 
hormone 

↓60 ↔60 ↓51  ↓1,23 ↓35 ↑63 

High 
hormone 

↑60 ↔60 ↑48 ↑68 ↑1,23 ↑35 ↓63 

 
Oral 
Contraceptives 

Low 
hormone 

↔34  ↑52 ↑44 ↑52 ↔34,65 ↔77 

High 
hormone 

    ↑57 ↔34,65 ↓77 

 
Table 1: Influence of Hormone and Concentration on the Vascular Response to Autonomic, Pharmacologic, and 
Environmental Stimuli. Muscle sympathetic nerve activity (MSNA), ↑ = an increase relative to the other phase of the 
menstrual or pill cycle; ↓ = a decrease relative to the other phase of the menstrual or pill cycle; ↔ = no change relative to 
the other phase of the menstrual or pill cycle; numbers correlate to reference number.  
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 Naturally Cycling 
(NC) 

Oral Contraceptive 
(OCP) 

P-value 

Low High Low High Group Phase Interaction 

Count 10 10 10 10 --- --- --- 
Age (years) 25±1 24±1 0.518 --- --- 
Height (cm) 166±1 164±2 0.429 --- --- 
Weight (kg) 62±2 56±2 0.087 --- --- 
Body mass index (kg/m2) 23±1 21±1 0.143 --- --- 
Estradiol (pg/mL) 28±4 185±51* 35±5 17±1† 0.005 0.004 <0.001 
Progesterone (ng/mL) 0.6±0.1 1.1±0.2* 0.5±0.0 0.5±0.0† 0.006 0.017 0.017 
Luteinizing Hormone (pg/mL) 4±1 21±9* 4±1 2±1† 0.049 0.059 0.027 
Testosterone (Total) (ng/dL) 28±3 42±4* 37±6 27±4*† 0.554 0.442 <0.001 
Epinephrine (pg/mL) 30±6 25±2 25±2 24±4 0.483 0.302 0.481 
Norepinephrine (pg/mL) 237±87 184±12 200±25 190±14 0.717 0.430 0.586 
Testing day  3.1±0.4 14.9±0.9* 5.2±0.4 16.6±0.6*† 0.003 <0.001 0.774 

 
Table 2: Participant Demographics. Data are reported as Mean±SEM from NC (n=10) or OCP (n=10) unless otherwise 
noted. NC (Progesterone/Estradiol/Testosterone/LH, n=8; Norepinephrine/Epinephrine, n=6); OCP 
(Progesterone/Estradiol, n=10; Testosterone/LH, n=8; Norepinephrine/Epinephrine, n=6). Demographics compared using 
a two-way repeated measures analysis of variance and multiple comparison with Holm-Sidak test. *p<0.05 Low Hormone; 
†p<0.05 vs NC. Testing day = number of days since start of self-report menstrual or pill cycle.  
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 Naturally Cycling Oral Contraceptive P-value 

Low High Low High Phase Hypoxia Interaction 

Oxygen saturation (% SpO2)        
     Normoxia 98±0 98±0 99±0 99±0 NC:   0.416 <0.001 0.828 
     Hypoxia 81±1† 81±1† 81±1† 81±1† OCP: 0.984 <0.001 0.647 

Mean blood pressure (mmHg)        

     Normoxia 82±3 82±2 84±1 82±1 NC:   0.962 0.005 0.850 

     Hypoxia 87±3† 88±3† 89±2† 88±2† OCP: 0.206  0.003 0.414 

Heart rate (beats/min)        
     Normoxia 64±2 69±2* 69±3 74±2* NC:   0.019 <0.001 0.237 
     Hypoxia 82±4† 86±3†* 87±4† 93±5†* OCP: 0.028 <0.001 0.968 

Stroke volume (mL/beat)        

     Normoxia 78±3 71±4 83±4 84±3 NC:   0.124 0.020 0.311 

     Hypoxia 72±2† 69±4† 78±4† 79±4† OCP: 0.903 0.017 0.891 

Cardiac output (L/min)        
     Normoxia 4.9±0.3 4.7±0.3 5.7±0.4 6.2±0.4 NC:   0.149 <0.001 0.607 
     Hypoxia 5.8±0.3† 5.5±0.3† 6.9±0.5† 7.2±0.6† OCP: 0.277 0.003 0.566 

Total vascular conductance 
(mL/mmHg.min) 

       

     Normoxia 59±2 58±3 73±6 75±4 NC:   0.238 0.008 0.909 

     Hypoxia 66±2† 64±3† 81±8† 81±7† OCP: 0.783 0.050 0.562 

Forearm blood flow (mL/dL/min)        
     Normoxia 2.1±0.2 2.4±0.2* 2.0±0.2 2.4±0.2 NC:   0.022 0.031 0.066 

     Hypoxia 2.3±0.2† 3.0±0.3†* 2.3±0.3 2.9±0.4 OCP: 0.126 0.059 0.434 

Forearm vascular conductance 
(mL/dL/100 mmHg/min) 

       

     Normoxia 2.6±0.3 3.0±0.3* 2.4±0.3 2.9±0.3 NC:   0.029 0.171 0.104 

     Hypoxia 2.7±0.3 3.5±0.3* 2.6±0.3 3.3±0.5 OCP: 0.109 0.214 0.547 

 
Table 3: Hypoxic Vasodilation.  Data are reported as Mean±SEM from NC (n=10) or OCP (n=10). Two-way repeated 
measures analysis of variance and multiple comparison with Holm-Sidak test within groups. *p<0.05 low hormone; 
†p<0.05 vs normoxia. 
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 Naturally Cycling Oral Contraceptive P-value 

Low High Low High Phase CPT Interaction 

Mean blood pressure (mmHg)        

     Steady-state 83±3 80±2 81±1 93±1 NC:   0.699 <0.001 0.070 

     CPT 106±5† 107±4† 107±4† 106±3† OCP: 0.923 <0.001 0.453 

Heart rate (beats/min)        
     Steady-state 66±3 68±2 69±3 75±2* NC:   0.576 0.005 0.180 

     CPT 76±2† 76±3† 85±1† 90±3†* OCP: 0.032 <0.001 0.543 

Stroke volume (mL/beat)        

     Steady-state 79±3 71±4* 83±4 82±4 NC:   0.235 0.039 0.038 

     CPT 67±3† 67±4 74±6 75±5 OCP: 0.962 0.055 0.755 

Cardiac output (L/min)        
     Steady-state 5.0±0.3 4.7±0.3 5.7±0.4 6.2±0.4 NC:   0.523 0.354 0.129 

     CPT 5.1±0.3 5.0±0.3 6.3±0.5 6.8±0.6 OCP: 0.128 0.123 0.572 

Total vascular conductance 
(mL/mmHg.min) 

       

     Steady-state 61±2 60±3 74±6 74±4 NC:   0.962 0.003 0.754 

     CPT 48±3† 48±4† 63±7 66±7 OCP: 0.680 0.067 0.528 

Forearm blood flow (mL/dL/min)        
     Steady-state 2.4±0.3 2.6±0.3 2.0±0.2 2.6±0.2 NC:   0.278 0.308 0.646 

     CPT 2.1±0.2 2.5±0.3 3.8±0.4† 4.1±0.7† OCP: 0.174 0.007 0.629 

Forearm vascular conductance 
(mL/dL/100 mmHg/min) 

       

     Steady-state 2.9±0.3 3.2±0.3 2.5±0.3 3.1±0.2 NC:   0.188 0.008 0.890 

     CPT 2.0±0.2† 2.4±0.3† 3.7±0.5 3.9±0.7 OCP: 0.150 0.072 0.384 

 
Table 4: Sympathetic Vasoconstriction. Data are reported as mean±SEM from NC (n=10) or OCP (n=10) from the last 
minute of steady-state or CPT. Two-way repeated measures analysis of variance and multiple comparison with Holm-
Sidak test within groups.  *p<0.05 vs low hormone; †p<0.05 vs steady-state.  
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Table 5: Effect of Acute Hypoxia and CPT on Hemodynamic Variables in Naturally Cycling Women. Data are 
reported as Mean±SEM from n=10 from the last minute of steady-state and of the CPT. The effect of hypoxia and CPT 
within phase (low hormone, high hormone) was assessed using a two-way repeated measures ANOVA. Normality 
(Shapiro-Wilk), Variance (Brown-Forsynthe), Multiple comparison (Holm-Sidak). *p<0.05 vs steady-state, †p<0.05 vs 
normoxia.  

 Naturally Cycling P-value 
 Low High 
 Steady-state CPT Steady-state CPT Hypoxia CPT Interaction 

Mean blood pressure (mmHg)        
      Normoxia 83±3 106±5* 80±2 107±4* Low:  0.557 <0.001 0.040 
      Hypoxia 87±3 104±4* 88±3† 106±4* High: 0.076 <0.001 0.004 
Heart rate (beats/min)        
      Normoxia 66±3 76±2* 68±2 76±3* Low:  <0.001 0.002 0.190 
      Hypoxia 82±4† 89±3†* 86±3† 92±3†* High: <0.001 0.006 0.547 
Stroke volume (mL/beat)        
      Normoxia 79±3 67±3* 71±4 67±3 Low: 0.043 0.014 0.227 
      Hypoxia 72±2† 63±2†* 67±4 60±3 High: 0.100 0.083 0.354 
Cardiac output (L/min)        
      Normoxia 5.0±0.3 5.1±0.3 4.7±0.3 5.0±0.3 Low: 0.004 0.985 0.562 
      Hypoxia 5.8±0.3† 5.7±0.4† 5.5±0.3† 5.5±0.3† High: 0.009 0.344 0.126 
Total vascular conductance 
(mL/mmHg.min) 

       

      Normoxia 61±2 48±3* 60±3 48±4* Low: 0.032 0.002 0.758 
      Hypoxia 66±2† 54±3†* 64±3 52±3* High: 0.088 0.003 0.853 
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Table 6: Effect of Acute Hypoxia and CPT on Hemodynamic Variables in Women Taking Oral Contraceptives. Data 
are reported as Mean±SEM from n=10 from steady-state normoxia/hypoxia and minute 2 of the cold pressor test (CPT). 
The effect of hypoxia and CPT within phase (low hormone, high hormone) was assessed using a two-way repeated 
measures ANOVA. Normality (Shapiro-Wilk), Variance (Brown-Forsynthe), Multiple comparison (Holm-Sidak). *p<0.05 vs 
steady-state, †p<0.05 vs normoxia.  
  

 Oral Contraceptive P-value 
 Low High  
 Steady-state CPT Steady-state CPT Hypoxia CPT Interaction 
Mean blood pressure (mmHg)        
      Normoxia 81±1 107±4* 83±1 106±3* Low: 0.305 <0.001 0.002 
      Hypoxia 89±2† 103±3* 89±2† 102±3* High: 0.370 <0.001 0.002 
Heart rate (beats/min)        
      Normoxia 69±3 85±1* 75±2 90±3* Low: <0.001 <0.001 0.148 
      Hypoxia 87±4† 100±3*† 93±5† 102±3*† High: <0.001 <0.001 0.060 
Stroke volume (mL/beat)        
      Normoxia 83±4 74±6 82±4 75±5* Low: 0.312 0.109 0.267 
      Hypoxia 78±4 74±5 79±4 75±5* High: 0.318 0.005 0.221 
Cardiac output (L/min)        
      Normoxia 5.7±0.4 6.3±0.5 6.2±0.4 6.8±0.6 Low: 0.004 0.154 0.976 
      Hypoxia 6.9±0.5† 7.4±0.6† 7.2±0.6† 7.5±0.5† High: <0.001 0.078 0.457 
Total vascular conductance 
(mL/mmHg.min) 

       

      Normoxia 74±6 63±7 74±4 66±7* Low: 0.024 0.176 0.019 
      Hypoxia 81±8 78±9† 81±6† 74±5*† High: 0.022 0.037 0.836 
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Supplemental Table 1: Effect of Acute Hypoxia and CPT on Forearm Blood Flow. Data are reported as Mean±SEM 
from n=10 from the last minute steady-state and of the CPT. The effect of hypoxia and CPT within phase (low hormone, 
high hormone) was assessed using a two-way repeated measures ANOVA. Normality (Shapiro-Wilk), Variance (Brown-
Forsynthe), Multiple comparison (Holm-Sidak). *p<0.05 vs steady-state, †p<0.05 vs normoxia.  
 
 
 
 
 

 Naturally Cycling P-value 
 Low High 
 Steady-state CPT Steady-state CPT Hypoxia CPT Interaction 

Forearm blood flow (mL/dL/min)        
      Normoxia 2.4±0.3 2.1±0.2 2.6±0.3 2.5±0.3 Low:  0.172 0.702 0.080 
      Hypoxia 2.3±0.2 2.9±0.5 3.5±0.3 2.8±0.3 High:  0.079 0.569 0.820 
Forearm vascular conductance 
(mL/dL/100 mmHg/min) 

       

      Normoxia 2.9±0.3 2.0±0.2 3.2±0.3 2.4±0.3* Low: 0.233 0.238 0.067 
      Hypoxia 2.7±0.3 2.8±0.4 3.5±0.3 2.8±0.3* High: 0.176 0.021 0.802 

 Oral Contraceptive P-value 
 Low High  
 Steady-state CPT Steady-state CPT Hypoxia CPT Interaction 
Forearm blood flow (mL/dL/min)        
      Normoxia 2.0±0.2 3.8±0.4* 2.6±0.2 4.1±0.7* Low: 0.705 0.001 0.182 
      Hypoxia 2.3±0.3 3.6±0.4* 2.9±0.4 4.9±0.7* High: 0.089 0.005 0.526 
Forearm vascular conductance 
(mL/dL/100 mmHg/min) 

       

      Normoxia 2.5±0.3 3.7±0.5* 3.1±0.2 3.9±0.7* Low: 0.950 0.013 0.706 
      Hypoxia 2.6±0.3 3.6±0.4* 3.3±0.4 4.9±0.8* High: 0.141 0.027 0.276 
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 Naturally Cycling Oral Contraceptive P-value 

Low High Low High Phase Hypoxia Interaction 

Thermal Scale (scale)        
     Normoxia 7.5±0.5 7.7±0.4 7.6±0.6 7.8±0.4 NC:    0.775 0.042 0.820 
     Hypoxia 7.1±0.4† 7.1±0.7† 7.3±0.4† 7.1±0.4† OCP: 1.000 0.023 0.373 

Pain Scale (scale)        

     Normoxia 9.4±0.8 10.4±0.7 11.7±0.7 11.4±0.7 NC:     0.787 0.909 0.067 

     Hypoxia 10.3±0.7 9.6±0.6 10.8±0.7† 10.3±0.3† OCP : 0.558 0.013 0.876 

 
Supplemental Table 2: Thermal and Pain Scales Following Normoxic and Hypoxic CPT. Data are reported as 
Mean±SEM from n=10 immediately following the CPT.  The effect of phase (low/high hormone) and trial 
(normoxia/hypoxia) within group (naturally cycling, oral contraceptive) was assessed using a two-way repeated measures 
ANOVA.   Normality (Shapiro-Wilk), Variance (Brown-Forsynthe). *p<0.05 vs low-hormone, †p<0.05 vs normoxia.  
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 Naturally Cycling Oral Contraceptive P-value 

Low High Low High Phase Trial Interaction 

Mean Blood Pressure (mmHg)        
    Trial 1 Baseline 83±3 80±2 81±1 83±1 NC:    0.393 0.964 0.424 
    Trial 2 Baseline 82±3 82±2 84±1 83±2 OCP: 0.833 0.074 0.073 
Heart Rate (beats/min)        

    Trial 1 Baseline 
    Trial 2 Baseline 

66±3 
64±2 

68±2 
69±2 

69±3 
69±3 

75±2 
74±2 

NC:    0.051 
OCP: 0.013  

0.276 
0.336 

0.167 
0.529 

Forearm Blood Flow  
(mL/dL/min) 

       

    Trial 1 Baseline 2.4±0.3 2.6±0.3 2.0±0.2 2.6±0.2 NC:    0.357 0.188 0.736 

    Trial 2 Baseline 2.1±0.2 2.5±0.3 2.0±0.2 2.4±0.2 OCP: 0.064 0.230 0.264 

Forearm Vascular Conductance  
(mL/dL/100 mmHg/min) 

       

    Trial 1 Baseline 2.9±0.3 3.2±0.3 2.5±0.3 3.1±0.2 NC:    0.243 0.256 0.973 

    Trial 2 Baseline 2.6±0.2 3.0±0.3 2.4±0.3 2.9±0.3 OCP: 0.061 0.141 0.576 

Total Vascular Conductance 
(mL/mmHg.min) 

       

    Trial 1 Baseline 61±2 60±3 74±6 74±4 NC:   0.761 0.367 0.416 

    Trial 2 Baseline 59±2 58±3 73±6 75±4 OCP: 0.688 0.890 0.293 

 
 
Supplemental Tables 3: Normoxic Baseline Before and Following Washout. Data are reported as Mean±SEM from 
n=10 from steady-state normoxic conditions before each trial.  The effect of phase (low/high hormone) and trial (1/2) 
within group (naturally cycling, oral contraceptive) was assessed using a two-way repeated measures ANOVA. Normality 
(Shapiro-Wilk), Variance (Brown-Forsynthe).   
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CHAPTER 5: DISCUSSION 

 
Overview 

The main findings from the present study are three-fold. First, we show for the first 

time that hypoxic vasodilation in the forearm, but not in the systemic circulation, is greater 

during the high hormone phase compared to the low hormone phase of the menstrual cycle 

and/or oral contraceptive pill use (Figure 5). Second, we found acute sympathetic 

activation elicits forearm vasoconstriction in NC women, but paradoxical vasodilation in 

forearm circulation in women taking OCP (Figure 6B). Despite these observed differences 

in the forearm circulation, acute sympathetic activation elicits systemic vasoconstriction in 

both NC women and women taking OCP (Figure 6A). Last, we show sympathetic 

activation elicits similar levels of systemic vasoconstriction under normoxic and hypoxic 

conditions (Figure 7) and this effect is independent of group (NC, OCP) and cycle phase 

(low hormone, high hormone) (Figure 8); however women on OCP only exhibit peripheral  

dilation of the forearm to sympathetic activation during both normoxia and hypoxia CPT, 

whereas NC women constrict (Supplemental Figure 1). Together, these findings add to a 

growing body of evidence highlighting the modulatory effect of endogenous and 

exogenous hormones on the vascular response to physiological stress in healthy young 

women.   

 

Aim 1. The effect of menstrual cycle phase and oral hormonal contraceptive pill phase 

on the vascular response to systemic hypoxia. 

Systemic hypoxia creates a metabolic inequality of oxygen supply and oxygen 

demand, resulting in vascular adjustments to compensate and restore the system to 
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equilibrium. In response to hypoxia, a chemoreflex-driven increase in sympathetic nervous 

system activity and release of norepinephrine by postganglionic sympathetic nerve 

terminals occurs. During hypoxemia, despite this increase in sympathetic activity, vascular 

tone is maintained or decreased in order to preserve oxygen delivery (16). Given that  

norepinephrine mediated vasoconstriction in the periphery would limit blood supply during 

systemic hypoxia, opposition by local vasodilators within the skeletal muscle must occur 

to preserve blood flow. 

There is precedence in the literature for sex-related differences in hypoxic 

vasodilation which have been attributed to differences in circulating estrogen. Specifically, 

Miller and colleagues examined hypoxic dilation in a cohort of young women and older 

postmenopausal women (57) where they showed hypoxic vasodilation measured in the 

femoral artery was greatest in young, premenopausal women compared to postmenopausal 

women. Of note, their cohort of young, premenopausal women was a mixture of naturally 

cycling women (n=4) and women taking oral contraceptives (n=8).  Furthermore, the study 

did not control for pill or menstrual cycle phase. Although confounded by age differences 

between the groups and a varied group of pre-menopausal women, these data suggest 

female sex hormones contribute to greater hypoxic vasodilation and inversely, the lack 

thereof may be deleterious to the ability to dilate in response to hypoxia. Additionally, 

other studies have shown that while young women have a greater compensatory hypoxic 

dilation relative to age-matched men (11), these differences in hypoxic vasodilation are not 

observed in between older men and women, which may again be in part due to the loss of 

estrogen following menopause.  

In the context of our data, we show that systemic vasodilation during hypoxia in 
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women and the relative magnitude of this vasodilation (% change from baseline) is no 

different between NC or OCP women or respective hormone phases. Second, when 

expressed as absolute values, we did not observe a significant hypoxia-mediated localized 

vasodilatory response of the forearm (FVC). Interestingly, when examining the relative 

increase in forearm blood flow (% change from baseline), we found a greater increase in 

hypoxic dilation during the high hormone phase of both NC and OCP groups compared to 

the low hormone phase. As such, these data demonstrate that hypoxic dilation occurs 

systemically in women irrespective of whether hormones are exogenous or endogenous, 

but the concentrations of these (low hormone vs high hormone) may be important when 

examining the magnitude of the local skeletal muscle vascular response to hypoxia.   

Two plausible explanations for greater dilation of the skeletal muscle during the 

high hormone phase exist: 1) any hypoxia-mediated increase in sympathetic outflow is 

attenuated during the high hormone phase or 2) greater local vasodilation during the high 

hormone phase opposes sympathetic vasoconstriction during hypoxia. A pair of studies in 

NC (76) and women taking OCPs (77) observed greater increases in sympathetic nervous 

system activity in response to hypoxic apneas during low hormone phases compared to 

high hormone phases of the menstrual and/or pill cycle. These data suggest the lower local 

vasodilatory response to hypoxia during the low hormone phase may be due to a greater 

rise in MSNA and thus more sympathetically-mediated restraint of peripheral blood flow 

relative to the high hormone phase.   

     The mechanisms responsible for hypoxic vasodilation are primarily attributed 

to nitric oxide and β-adrenergic receptors within the vascular smooth muscle (11). Data 

suggest estrogen may enhance both nitric oxide bioavailability (26) and either β-receptor 
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expression, sensitivity or both (64). Based on this and in combination with our data, we 

speculate that the high hormone phase of the menstrual or pill cycle may enhance these 

pathways within the skeletal muscle vasculature. Furthermore, it is reasonable to speculate 

the β-receptor mechanism has a greater propensity to oppose sympathetic vasoconstriction 

as it proportionally causes norepinephrine or other adrenergic ligands to non-selectively 

bind to β-receptors, thereby offsetting α-mediated vasoconstriction. Conversely, an 

increase in nitric oxide during the high compared to low hormone phase (56) would 

augment the local dilatory capacity of the endothelium or vascular smooth muscle in 

response to hypoxia.   

 

Aim 2. The effect of menstrual cycle phase and oral hormonal contraceptive pill phase 

on the vascular response to sympathetic activation  

Use of CPT is well described as a noninvasive tool to increase activity of the 

sympathetic nervous system and assess α-adrenergic mediated vasoconstriction (18, 47) 

and has been shown to be reliably reproducible within human subjects (15).  

If we start first with our measures of systemic vasoconstriction, we see results are 

contrary to our hypothesis. In both NC and OCP women, CPT elicited systemic 

vasoconstriction (TVC %) that did not differ between groups nor hormone phases. In 

contrast to the systemic circulation, when examining the local FVC response to acute 

sympathetic activation with CPT, we observed differing responses between women with 

circulating endogenous hormones (NC) and exogenous hormones (OCP).   

First, as expected, we observed a reduction in FVC in NC women during the CPT 

and this reduction in FVC was to a level consistent with what has been published previously 
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(61).  This sympathetically-mediated vasoconstriction did not differ between low and high 

hormone phases – suggesting circulating endogenous estrogen does not influence vascular 

responsiveness to CPT in naturally cycling women. 

Quite surprisingly, and in contrast to results from NC women, women taking OCPs 

exhibited paradoxical vasodilation and increased FVC during CPT, irrespective of pill 

phase. There was no change in cardiac output in response to CPT during either pill phase 

therefore the increase in blood flow during CPT does not appear to be a result of changes 

in central hemodynamics (i.e., cardiac output). This lack of central hemodynamic effect is 

further supported by a reduction in TVC during CPT similar to NC (Figure 6A). With this, 

we speculate any sympathetically mediated increase in FVC in women taking OCPs is 

likely driven by local vasodilation in the forearm. However, the specific tissues (e.g., 

muscle, adipose, skin) in which this vasodilation is occurring is more difficult to discern.  

Because the methodology of VOP requires occlusion on the hand, acral skin is not 

likely to contribute to vasodilation observed during CPT (85). Additionally, VOP has 

historically not been thought to detect changes in skin blood flow of the forearm when 

performed in a thermoneutral environment (85). All of our studies were completed in a 

temperature-controlled room and the acute, localized cold stress to the foot of the 

participant has not been shown to significantly alter core body temperature (88) and thus 

conclude it is not skin where vasodilation of the forearm occurs.  Alternatively, there are 

some data to suggest subcutaneous adipose tissue does contribute a percentage to total 

blood flow of the forearm, and linearly increases with obesity (4); however, adrenergic 

influences do not appear to significantly modulate adipose tissue blood flow (24). 

Combined with the relatively low body mass index of women taking OCPs, it is unlikely 
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adipose tissue significantly contributed to the vasodilation that occurred in response to 

CPT.  

Taken together, we speculate the vasodilatory response to sympathetic activation 

(CPT) observed only in the OCP group is likely due to local mechanisms within the skeletal 

muscle vasculature. For example, nitric oxide and/or β-receptors mediated vasodilation 

within the skeletal muscle vasculature are enhanced in women taking OCPs (42, 51), 

possibly due to the influence of estrogen on the β-receptors (64). This notion is supported 

by data demonstrating women taking OCPs having significantly greater β-receptor 

sensitivity  compared to naturally cycling women (51). It is therefore reasonable to 

speculate the more biologically potent synthetic ethinyl estradiol (5) has a greater influence 

on β-receptors and would in theory, further augment nitric oxide-mediated vasodilation 

compared to endogenous estrogen. Thus, in the setting of sympathetic activation, the 

potential for a relative greater β-receptor mediated dilation and an increase in flow may 

occur. Given paradoxical vasodilation in response to sympathetic activation was observed 

during both phases of OCP use, our results indicate any contributing mechanisms are the 

result of a chronic, rather than acute effect of synthetic estrogen. In a short term 

supplementation model, postmenopausal women (whom experience chronically low 

endogenous estrogen) were treated for three days with transdermal exogenous estrogen 

(70). The transdermal estrogen did not attenuate norepinephrine spillover or 

sympathetically mediated hemodynamic responses to CPT following treatment. This 

suggests exogenous estrogen needs to be ingested orally and circulated systemically to 

potentiate any putative effects in response to sympathetic activity (70). 
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Aim 3. The effect of menstrual cycle phase and oral hormonal contraceptive pill phase 

on the peripheral vascular response to concomitant hypoxia and sympathetic 

activation  

Hypoxic sympatholysis is the concept that during systemic hypoxia, local 

vasodilators within the peripheral skeletal muscle vasculature in order to oppose post-

junctional α-adrenergic constriction in order to preserve or increase blood flow. In the 

context of exercise, sympatholysis is an important mechanism which helps to preserve or 

maintain oxygen delivery and blood flow during systemic sympathoexcitation.  Data 

suggest that hypoxic sympatholysis does not exist, as vasoconstriction during hypoxia was 

preserved (17) or augmented (73) in response to norepinephrine or sympathetic activity, 

respectively. However, controversy exists (35). Specifically, intra-arterial forearm 

infusions of tyramine to evoke norepinephrine release elicited the same sympathetically-

mediated vasoconstriction during normoxia as it did during moderate hypoxia (17). The 

authors concluded from this study that post-junctional α-adrenergic responsiveness is 

preserved in the setting of hypoxia (i.e. the absence of hypoxic sympatholysis) (17). 

Contrary to our hypothesis, but consistent with prior studies from primarily men, we show 

hypoxic sympatholysis is also not present in healthy young women irrespective of hormone 

or pill phase (Figure 7). Specifically, we show that the systemic vasoconstriction elicited 

by CPT is similar under normoxic and hypoxic conditions in all groups studied. These 

conclusions are maintained when total vascular conductance is represented as a relative 

change from baseline (Figure 7A and 7B) and when comparing the magnitude of 

difference between normoxic and hypoxic CPTs (Figure 8). Notably, although not directly 

tested statistically- all women have positive values (hypoxia CPT – normoxia CPT) 
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indicative of a hypoxia-mediated attenuation of sympathetic vasoconstriction across all 

groups and conditions (Figure 8), confirming our hypothesis for Aim 3. Due to 

methodological limitations, definitive conclusions in the forearm may not be made using 

current methods. However, as we observed the CPT elicited robust and paradoxical 

forearm vasodilation in the OCP group during both hypoxia and normoxia, it appeared 

hypoxic sympatholysis (Aim 3) was also appeared to be present in the forearm of women 

taking OCPs only. These data are presented within the Appendix. Further work is needed 

using gold-standard, targeted approaches such as pharmacological injection to either 

confirm or refute our data.      

In regards to systemic circulations, we confirm the reduction in TVC does not differ 

between NC and women taking OCPs or their respective circulating hormone 

concentrations. A potential reason we did not observe sympatholysis may be the rate at 

which sympathetic activity is increased. For example, data show increasing local dilatory 

factors may inhibit norepinephrine release at low levels of sympathetic activity, but not 

proportionally to increases in sympathetic activity (78), such that with a rapid increase in 

sympathetic activity (such as with CPT) any previous inhibition is lost and a large amount 

of norepinephrine is released. Additionally, norepinephrine is more rapidly cleared from 

circulation during hypoxia (48). Hypoxia elicits a low level of sympathetic activation.  

When hypoxia is coupled with a CPT, a rapid and large increase in norepinephrine will 

occur.  In this context, it may be that clearance of norepinephrine is not sufficient thus 

resulting in binding to adrenergic receptors and vasoconstriction.  

It may be that as with functional sympatholysis attenuation of sympathetic 

vasoconstriction during exercise a blunted vasoconstrictor response is due to actively 
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contracting muscle creating localized tissue hypoxia. A study found that when sympathetic 

activation by use of lower body negative pressure was combined with hypoxia, 

vasoconstriction was preserved i.e. absence of hypoxic sympatholysis (29). However, 

when the researchers repeated the measurements with the addition of handgrip exercise, 

the vasoconstrictor response to hypoxia and sympathetic activation was abolished and 

attributed to local tissue hypoxia (29). It could be that, in our study we did not achieve a 

significant or not low enough localized PO2 to observe blunted vasoconstriction with 

hypoxia alone and/or muscle contraction is required to further reduce this local PO2. 

Nonetheless, our data suggest the systemic vasoconstrictor response is indeed preserved 

during sympathetic activation and concomitant hypoxia in women.    

     

Perspectives 

Foremost, it should be noted that our findings were from acute conditions and 

whether these observations are maintained during either chronic conditions (hypoxia or 

sympathetic activation) is currently unknown. However, because we found during lower 

circulating estrogen concentrations, women had a lower relative vascular increase in 

hypoxia, these data may have practical and translational implications for women. For 

example, lower local blood flow in response to hypoxia (or an individual living at altitude) 

with chronically low estrogen (i.e. menopause) may potentiate a greater risk of conditions 

where impaired blood flow is observed, like peripheral artery disease.  

Second, we observed a paradoxical dilation in women taking OCPs in response to 

acute sympathetic activation. This could be interpreted as an abnormal vascular response 

to autonomic stimulation, which inherently is the etiology of many syndromes and 
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conditions. Specifically, dilating instead of constricting peripheral vascular beds in the 

wrong context could lead to postural blood pooling, reduced perfusion to the brain, and 

ultimately syncope. This could potentially explain the higher prevalence of syncope and 

orthostatic hypotension in women relative to men (9), but further research is needed.   

      

 

 

Conclusion 

Main findings are 3-fold. First, both women who take OCPs and NC women exhibit 

similar levels of systemic vasodilation, but an augmented local peripheral blood flow 

response to hypoxia during the high hormone phase compared to the low hormone phase 

of the pill/menstrual cycle, respectively. Second, despite systemic vasoconstriction, 

women on OCPs have a paradoxical local peripheral vasodilatory response to acute 

sympathetic activation. The local vascular response to sympathetic activation in women 

taking OCPs is also contrary to vasoconstriction observed in NC women, regardless of 

menstrual/pill cycle phase. Lastly, there is no difference in systemic blood flow between 

OCP and NC in response to concomitant hypoxia and sympathetic activation; however, 

only women on OCPs exhibit sympathetically mediated dilation in the both settings of 

normoxia and hypoxia. Together these data highlight hormone-related differences in 

neurovascular control mechanisms and has potential implications for disease states in 

which hypoxia and sympathetic activation are observed.   
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CHAPTER 6: LIMITATIONS AND FUTURE DIRECTIONS  

Although there are many strengths to our study, there are several limitations that 

should be acknowledged. First, CPT is widely accepted as a stimulus to activate the 

sympathetic nervous system (79). Furthermore, CPT shows good reliability and 

repeatability within human subjects (15). Despite its reproducible nature within 

participants and study days, the level of sympathetic activation achieved may vary between 

individuals (40). Because we did not use microneurography to directly quantify the level 

of sympathetic activation achieved, we cannot confirm that the sympathetic stimulus was 

the same between subjects and/or conditions (i.e., normoxia, hypoxia). Pain scores were 

lower during hypoxia CPT in women on OCPs, but no different in NC women and 

perceived thermal scores were lower during the hypoxia trial in all groups (Supplemental 

Tables). Although this suggests hypoxia may alter the perception of pain and/or cold, 

neither thermal nor pain scores have been associated with the level of sympathoexcitation 

achieved with a CPT (20, 21). Indeed, there are data to suggest hypoxia alters 

thermoperception (27, 74) but the  implications on peripheral vascular control are currently 

unknown and warrants further investigation. Alternatively, because we did not randomize 

trial order, the lower thermal scores during hypoxia could have been an effect of repeated 

exposure to CPT. In the future, quantifying sympathetic activity with microneurography 

will allow for more specific analytics to determine the relationship between sympathetic 

activity and the influence on vascular tone.  

Intra-arterial infusion of vasoactive drugs, such as phenylephrine or isoprenaline 

would allow for pharmacologic dissection to determine the relative contributions of α- and 

β- adrenergic receptors to vascular tone. In addition, the forearm has been shown to exhibit 
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lesser vasoconstriction in response to MSNA compared to the leg (23). Therefore, our 

results may be strengthened by examining blood flow in both the upper and lower 

extremities. This is especially important given differences observed between systemic and 

local (forearm) vascular responses to the environmental stressors applied herein. 

Due to our inclusion of 2nd, 3rd and 4th generation oral contraceptives, the synthetic 

progesterone used may be an unknown confounder. Each generation of OCP uses a 

different formulation of synthetic progesterone. Direct effects of progesterone on the 

vasculature may be both dilatory or constrictive depending on location and concentration 

(19). Data also shows progesterone antagonizes the effects of exogenous estradiol on 

endothelial function (58). While several studies have examined the effect of differing doses 

of synthetic progesterone on vascular function (39, 55), to the best of our knowledge, none 

have compared the effects of formulation/generation of progesterone, thus leaving a gap in 

the literature. This notion of controlling for and examining the effects of formulations and 

dosages of synthetic progesterone used in oral contraceptives on vascular physiology 

studies has been recently proposed by other researchers as well (87). Also related to OCP 

use, we did not control for the time the active pill was taken in women taking OCPs and as 

plasma levels of synthetic estrogen peak ~4 hours following ingestion (84), this should be 

taken into consideration for future studies.  

Last, although we put in great effort to quantify and control for hormones, we did 

not focus on the effects of testosterone on the vasculature. Testosterone is an independent 

negative predictor for developing arterial stiffness or hypertension in men (38), but whether 

this is the same in women is unknown. Our data show a reduction in circulating testosterone 

during their active pill phase compared to the placebo phase in women taking OCPs, 
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opposite of that in NC women. As the implications of testosterone’s impact on endothelial 

function has shown both positive and negative effects (19), it is difficult to discern the 

specific role of testosterone on our data. More research is required to determine 

testosterones impact on the vasculature in women.   

Although OCP use has a clinical role as a pregnancy preventative, the vascular 

effects of OCP remain incompletely understood. Whether OCP can be cardioprotective in 

some populations like postmenopausal women or how OCP use in healthy young 

individuals may increase risk of cardiovascular disease is currently unknown. Our data 

provide the cornerstone for this future investigation into the role female sex hormones play 

in modulating the vasculature’s response to environmental stressors.       
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