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Abstract 

Research has shown that estrogen has vasoprotective properties, however there is conflict 

in the literature regarding whether vascular endothelial function is lower in the low estrogen, 

early follicular (EF) phase and higher in the high estrogen, late follicular phase (LF) of the 

menstrual cycle. This may be due to inter-individual variability in responses to cyclic changes in 

estrogen because, although this has not been systematically examined, studies have shown that 

individuals may exhibit higher, lower or unchanged endothelial function in LF vs. the EF phase. 

It is unknown whether this individual variability reflects important, stable, inter-individual 

differences in responses to estrogen, as research to date has only followed women over one 

cycle. It is hypothesized that women will respond consistently over multiple cycles such that the 

phase changes in conduit and microvascular endothelial function during one cycle, will predict 

the phase change during a subsequent cycle. Fourteen healthy, naturally cycling women (22 ± 3 

years [mean ± SD]) participated in four visits over two menstrual cycles. During each visit 

(EFVisit 1, LFVisit 2, EFVisit 3 and LFVisit 4), conduit and microvascular endothelial function were 

assessed. Blood hormone analysis was used to confirm phase. Data are [mean ± SD]. There was 

no impact of phase or cycle on conduit or microvascular endothelial function at the group level. 

Individual responses varied in each cycle, however the phase changes in endothelial function 

were inconsistent between cycles, such that phase change in endothelial function during cycle 1 

did not predict phase change in cycle 2 (FMD: r = 0.08, p = 0.78, AUC Change LVC: r = 0.002, 

p = 0.99). This study demonstrated for the first time that at the individual level, phases changes 

in endothelial function were inconsistent across two phases. Future research is required to 

investigate potential mechanisms that influence, and the functional relevance of variability, in 

endothelial function changes with menstrual phase. 



 
 

iii 

Co-Authorship 

All chapters of this thesis were written by Kaitlyn Liu, with supervision from Dr. Kyra 

Pyke. Kaitlyn Liu was responsible for reviewing the literature, developing the research question 

and study design, coordinating data collection, running and interpreting statistical analysis, and 

writing the manuscript. Amanda Byrne assisted with data collection, in line with her 

Undergraduate Thesis project. Lindsay Lew and Ellen McGarity-Shipley assisted with data 

collection and blood viscosity analysis. Alyssa Fenuta assisted with acquiring blood draws. 

Hashim Islam assisted with saliva estradiol analysis. Dr. Pyke assisted with the development of 

the research question and study design, interpretation of data and statistical analysis, and editing 

the thesis document. Dr. Pyke was the principal investigator on the research grant funding this 

study.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iv 

Acknowledgements 

  My time in Kingston and studying at Queen’s has been amazing journey, and there are 

several people that I would like to thank for making my experience in the past 2 years incredible. 

First, I would like to thank my supervisor, Dr. Kyra Pyke, for her endless support and 

assistance, it’s been such a pleasure to work with you. You have been such an inspiration to me, 

your passion and commitment to research has inspired me to continue pursuing research in 

cardiovascular and women’s health! Also, a big thank you to all the SKHS Faculty and staff 

members, for assisting me in everyday tasks and providing resources to help support me through 

my Master’s journey. 

 Big thanks to my fantastic CVSRL labmates! To Josh, thank you for all your help over 

the past 2 years, with your endless stream of wisdom about physiology and field research! To 

Jenny, thank you for your guidance during the first year of my Master’s degree, you welcomed 

me to the lab with open arms and gave me amazing advice, whether it be about FMD analysis, 

campus life, spreadsheet organizing or just life in general! To Lindsay and Ellen, thank you for 

all your help during my early morning data collections, especially with all my PLM trials 

#PLMSquad, and helping to make my experience at the CVSRL so enjoyable. I can’t wait to see 

what next year has in store for you guys, as you pursue your degrees! P.s. don’t forget the 

ultrasound gel!  

I am so thankful to have had the opportunity to work with such an amazing group of 

brilliant and passionate undergraduate students. Thank you to Lily, Siobhan and Mario for 

assisting with my pilot work sessions and endless morning data collections. To Tarrah, thank 

you for always volunteering when I had to work on my ultrasounding skills and when I needed to 

brainstorm ideas with someone. And of course I can’t forget our weekly inspection of the lab’s 



 
 

v 

eyewash and shower station, such fun times LOL!!! These past 2 summers have been so amazing 

working with you in the lab, i’m so excited to see the results of your thesis study with your cool 

noodle triangle! Finally to Amanda, thank you for all your support and help with my thesis. You 

were such a trooper for waking up so early to assist in the lab, and thank you for helping to keep 

me awake during those really early morning collections! I wish all of you good luck with the rest 

of the year with your lab projects, and your future endeavors! 

 I would not have been able to complete my Master’s without the love and support from 

my family, who were my rock and personal cheerleaders! Thank you to my parents, Gina and 

Ian, for your constant encouragement with pursuing my studies, and providing unconditional 

love and wisdom throughout my graduate journey! To my big sister Christine, thank you for 

always being there for our late night talks about our favourite TV shows, and helping to take my 

mind of my work, whenever my brain was fried from writing.



 vi 

Table of Contents 

Abstract………………………………………………………….……………………………… ii 

Co-Authorship………………………………………………….……………………………… iii 

Acknowledgements………………………………………………….…………………………. iv 

List of Figures……………………………………...………….……………………………….. ix 

List of Tables………………………………………………….……………………………….... x 

List of Abbreviations………………………………………………….……………………….. xi 

Chapter 1: Introduction………………………………………………………………………... 1 

Chapter 2: Literature Review………………………..………………………………………… 6 

2.1 Background information…….………………………………………….………………. 6 

2.1.1 Vascular endothelial function………………………………..…………………….... 6 

2.1.2 Flow-mediated dilation: an index of conduit endothelial function………………….. 6 

2.1.3 Assessment of microvascular endothelial function……...………………………...… 8 

2.1.4 Inter-individual variability in physiological variables…..…………..………...…... 13 

2.2 Estrogen…………………………………………………….………………………...… 16  

2.2.1 Estrogen and endothelial function………….……………………….....….………...16 

2.2.2 The genomic and non-genomic effects of estrogen……………………………….... 16 

2.2.3 Estrogen receptor alpha polymorphisms………….……………….....……………. 19 

2.3 The menstrual cycle and vascular endothelial function…………….……………….. 20  

2.3.1 Upper limb conduit endothelial function in the EF vs. the LF phase……………… 20   

2.3.2 Microvascular endothelial function in the EF vs. the LF phase………………........ 24 

2.3.3 Smooth muscle function in the EF vs. the LF phase………………....……………..  27 

2.3.4 The systemic nature of the impact of menstrual phase on the vasculature……….... 29 



 vii 

2.4 Summary and conclusions………………………………………….…….……….…... 30 

Chapter 3: Investigating the intra-individual consistency of follicular changes in 

endothelial function across two menstrual cycles.………………………………………...… 31 

3.1 Introduction……………………………………………………………..…….……....... 31 

3.2 Materials and Methods………………………………..………………..…….……....... 34 

3.2.1 Ethical Approval………………………………………………………………….… 34 

3.2.2 Participants and Screening Visit………………………………………………….... 34 

3.2.3 Experimental Design…………………………………………………………….…. 35 

3.3.4 Experimental Procedures……….……………………………………………....….. 37 

3.2.5 Data Analysis…………………………………………………………...……..….... 40 

3.2.6 Statistical Analysis……………………………………………………...………...... 44 

3.3 Results…………………………………………………………………………………... 46 

3.3.1 Participant Characteristics…………………………………………………...……. 46 

3.3.2 Blood Analysis: Hormones and Viscosity……………………………………......… 46 

3.3.3 Baseline Hemodynamics Variables (HR, MAP)..………………………………...… 50 

3.3.4 Baseline SS and SS Stimulus (SS AUC30s)….…………….…………………..…… 50 

3.3.5 Brachial Artery Baseline Diameter and FMD………………………...…………… 50 

3.3.6 Femoral Artery Baseline Diameter and PLM-Induced Vasodilation………..…….. 51 

3.3.7 Consistency of Vascular Responses across the two cycles……………………....… 57 

3.4 Discussion……………………………………………………………………………….. 61 

3.4.1 Impact of menstrual phase on FMD………………………………………...……… 61 

3.4.2 Impact of menstrual phase on PLM-induced vasodilation……………….………… 62 

3.4.3 Classification of Responders and Non-Responders……...………………....……… 65 



 viii 

3.4.4 Methodological Considerations………………………………….………………… 67 

3.4.5 Conclusion…………………………………………………………………….…… 68 

Chapter 4: General Discussion………………………………………………..……………… 70 

4.1 Methodological Considerations……………………………………………………….. 71 

4.1.1 Scheduling Conflicts……………………………………………………………….. 71  

4.1.2 Trial Exclusions……………………………………………………………...…….. 72 

4.1.3 Whole Blood Viscosity Measurements………………………………...…………… 72 

4.1.4 Assessment during Late Follicular Phase………………………………….……… 73 

4.1.5 Challenges with Venipuncture…………………………………………...………… 76 

4.1.6 Thesis Journey……………………………………………………………………… 77 

4.2 Future Directions…………………………………………………...………………….. 78 

4.2.1 Exploring Underlying Mechanisms……………………….…………………………78 

4.2.2 Methodological Extension: Other indices of conduit endothelial function……….... 78 

4.2.3 Saliva Estradiol Levels………………………………………………………………79 

4.3 Conclusions………………………………………………………………………...…… 80 

References…………………………………………...………………………………………..... 81 

Appendix A: Research Ethics Board Approval……………………………………………. 100 

Appendix B: Consent Form………………………………………………………..……...… 103 

Appendix C: Medical Questionnaire for Research Study………………………….……… 112 

Appendix D: Physical Activity Recall Questionnaire……………………………………… 116 

 

 

 



 ix 

List of Figures 

Figure 2.1. Depiction of flow-mediated dilation protocol timeline in minutes..…………………7 

Figure 2.2. Depiction of passive leg movement protocol timeline in minutes..……………….. 10 

Figure 2.3. Peripheral hemodynamic response to passive leg movement with and without inter-

arterial infusion of NG-monomethyl-L-arginine...…………………..………………………….. 13 

Figure 2.4. Schematic of threshold-based dichotomous classification of responders and non-

responders....…………………..………………………….....…………………..……………… 15 

Figure 2.5. The mechanistic pathways of the non-genomic and genomic effects of estrogen… 18 

Figure 2.6. Hormonal profile of a single menstrual cycle....…………………..…………….… 21 

Figure 2.7. Exhibited variability in %FMD between the early and late follicular phase……… 22 

Figure 3.1. Overall study protocol timeline.....…………………..………………….…………. 37 

Figure 3.2. Individual experimental visit timeline.....…………………..……..….……………. 37 

Figure 3.3. Placement of the hinged knee brace, used for each passive leg movement trial…... 40 

Figure 3.4. Viscosity during the four visits………………..……………………...…………… 49 

Figure 3.5. A) %FMD and B) Delta %FMD………………..……………………….………… 54 

Figure 3.6. A) Peak change LBF B) Peak Change LVC and C) Delta PLM………………..….…… 56 

Figure 3.7. A) Linear regression of phase changes in %FMD and B) Linear regression of phase 

changes in PLM-induced vasodilation..…..……………………………………..…………...…. 58 

Figure 3.8. Threshold-based dichotomous classification for %FMD phase responses. A) Cycle 1, 

B) Cycle 2, C) Comparing cycle 1 and 2…..……………………………………..…….………. 59 

Figure 3.9. Threshold-based dichotomous classification for PLM-induced vasodilation phase 

responses. A) Cycle 1, B) Cycle 2 and C) Comparing cycle 1 and 2………………….……….. 60 

 

 

 

 

 

 

 



 x 

List of Tables 

Table 2.1. A summary of studies that have investigated the nitric oxide dependency of 

vasodilation in response to passive leg movement……………………………………………... 12 

Table 2.2. A summary of studies that have investigated the impact of menstrual phase on conduit 

endothelial function.……………………………………………………………………………. 23 

Table 2.3. A summary of studies that have investigated the impact of menstrual phase on 

microvascular endothelial function………………………………………………………….….. 26 

Table 2.4. A summary of studies that have investigated the impact of menstrual phase on smooth 

muscle function...………………………………………………………………………….……. 28 

Table 3.1. Blood analysis: estradiol and progesterone during EF and LF phase..………..……. 48   

Table 3.2. Hemodynamics & FMD variables during the four visits……………………...……. 52 

Table 3.3. PLM hemodynamics & during the four visits………………………………….…… 53 

Table 3.4. PLM variables during the four visits………………………………………..………. 55 

 



 
xi 

List of Abbreviations 

AbsFMD – absolute FMD 

ACh - acetylcholine 

AUC – area under the curve 

BA-FMD - brachial artery flow-mediated dilation  

BK - bradykinin 

BMI – body mass index 

BP – blood pressure  

CBF – calf blood flow 

CV - cardiovascular 

CVD – cardiovascular disease  

E2 - 17β-estradiol  

ECG – electrocardiogram 

EF – early follicular 

EL – early luteal 

eNOS – endothelial nitric oxide synthase 

ER – estrogen receptor 

ERa – estrogen receptor alpha 

ERb – estrogen receptor beta 

ERE – estrogen receptor element 

ESR1 – estrogen receptor gene 



 
xii 

FBF – forearm blood flow 

FMD – flow-mediated dilation 

IR - ischemia-reperfusion 

LBF – leg blood flow 

LF – late follicular 

LH – luteinizing hormone  

LL – late luteal 

L-NMMA - NG-monomethyl-L-arginine 

LVC – leg vascular conductance 

MAP – mean arterial pressure 

NAT – natural menstrual cycle 

NO – nitric oxide 

NTG - nitroglycerin 

OCP – oral contraceptive pill 

PI3K - phosphoinositide 3-kinase 

PLM – passive leg movement 

RA - radial artery flow-mediated dilation 

RH – reactive hyperemia 

SNP – sodium nitroprusside 

sPLM – single passive leg movement 

SS AUC - shear stress area under the curve 

SS AUC30s – shear stress area under the curve in the first 30 seconds, following cuff deflation 

 



 
1 

Chapter 1: Introduction 

The endothelium is a single layer of cells that lines the interior surface of all blood 

vessels. The proper function of the endothelium is critical for the maintenance of vascular health 

and control of vascular tone (Farhat et al., 1996; Gibbons, 1997; Vanhoutte, 1989). Estrogen (E2) 

is a primary female sex hormone which increases the bioavailability of the endothelial-dependent 

dilator nitric oxide (NO); an effect mediated primarily by E2 binding to estrogen receptor alpha 

(ERa) on the endothelium (Chambliss & Shaul, 2002; Chen et al., 1999; Darblade et al., 2002; 

Rubanyi et al., 1997).  

Several studies have demonstrated that menopause, characterized by a decrease in 

circulating endogenous E2, is associated with endothelial dysfunction and increased risk of 

cardiovascular disease (Kannel et al., 1976; Rosano et al., 2007; Taddei et al., 1996). A causal 

role of low E2 in vascular dysfunction is supported by studies that administer endogenous 

estrogen. For example, Lieberman and colleagues (1994) demonstrated that in healthy, 

postmenopausal women, endothelial-dependent vasodilation was significantly greater in those 

who received oral E2, compared to the participants randomized to the placebo condition 

(Lieberman et al., 1996). Circulating E2 concentration also changes over the menstrual cycle 

(Landgren et al., 1980) and the influence of E2 on NO is thought to play a mechanistic role in 

both postmenopausal changes and cyclic fluctuations in endothelial function (Farhat et al., 1996; 

Miller & Duckles, 2008).  

Various tests have been developed to measure both conduit and microvascular 

endothelial function, as they provide different information regarding systemic vascular health 

(Gori et al., 2006; Green et al., 2004; Wray et al., 2005, 2006). The most common non-invasive 

index used to assess endothelial function in conduit arteries is known as reactive hyperemia 
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flow-mediated dilation (RH-FMD). RH-FMD involves a limb occlusion with an inflatable cuff, 

in order to produce a transient increase in arterial shear stress following cuff deflation, and this 

stimulates endothelial-dependent dilation of the vessel (Celermajer et al., 1992). The traditional, 

gold standard assessment of microvascular function is the measurement of vasodilation in 

response to infusion of the endothelial-dependent dilator acetylcholine (ACh) (Rubanyi et al., 

1997). An emerging technique to non-invasively assess NO-dependent endothelial function in 

the microvasculature is passive leg movement (PLM)-induced vasodilation. This test involves a 

passive flexion and extension motion of a leg through a 90- to 180-degree range of motion, 

resulting in an increase in leg blood flow and vascular conductance (Gifford & Richardson, 

2017).  A larger increase in vascular conductance in response to PLM reflects greater NO-

dependent microvascular endothelial function. 

Several studies have reported an effect of menstrual phase on both conduit artery and 

microvascular endothelial function, with lower function exhibited during the early follicular (EF) 

phase when E2 is low, and higher function in the late follicular phase (LF) when E2 is at its peak 

(Adkisson et al., 2010; Arora et al., 1998; Chan et al., 2001; English et al., 1998; Harris et al., 

2012; Hashimoto et al., 1995; Rickenlund et al., 2005; Taddei et al., 1996; M. R. Williams et al., 

2001). Importantly, cyclic fluctuation in endothelial function may have functional implications.  

In women with established coronary heart disease, Lloyd and colleagues (2000) found that when 

E2 levels were lowest during the EF phase, the time to onset of angina was at its lowest, whereas 

when E2 levels were increased during the mid-cycle and late luteal phase, the time to onset of 

angina was significantly higher (Lloyd et al., 2000). Greater EF vulnerability to myocardial 

ischemia may relate to lower coronary endothelial function in the EF, low E2 phase. However, 

when viewing the literature as a whole, there is considerable conflict regarding the impact 
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of the menstrual cycle on endothelial function, as several recent studies have reported no 

impact of phase (D'Urzo et al., 2018; Ketel et al., 2009; Rakobowchuk et al., 2013; Rossi et 

al., 2009; Saxena et al., 2012; Shenouda et al., 2018).  

It has also been observed that there is considerable inter-individual variability in 

the impact of phase on endothelial function, regardless of whether the study reported an 

overall group level effect of phase. For example, while Williams and colleagues (2001) 

reported a significant group level increase in conduit artery and microvascular endothelial 

function from the EF to LF phase, examination of the individual responses revealed that some 

participants improved, others did not change and others had a drop in function from the EF to the 

LF phase (M. R. Williams et al., 2001). D’Urzo and colleagues (2018), found no impact of phase 

on FMD at the group level, but similarly, substantial inter-individual variability in phase changes 

was observed (D'Urzo et al., 2018).  

Studies to date have measured changes in endothelial function over only one cycle, it is 

therefore unknown whether phase changes in endothelial function are consistent within a 

woman over multiple cycles. Specifically, it is unknown if individuals who exhibit an increase 

in endothelial function during the LF (high E2) phase of one cycle, will respond in a similar 

manner during subsequent cycles, and vice versa for individuals who exhibit no change or 

decrease in endothelial function during the LF phase. If responses are consistent over multiple 

cycles, this would suggest the presence of chronic, functionally relevant intra-individual 

differences in the physiological response to cyclic fluctuation in E2.  

Individual variability in phase changes in endothelial function is not explained by 

variability in phase changes in E2 per se (D'Urzo et al., 2018; Shenouda et al., 2018), and so it 

may be dependent on other inter-individual differences including estrogen receptor alpha (ERa) 
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gene polymorphisms. Several studies in humans have identified common ERa gene 

polymorphisms, which have been shown to be highly prevalent in the general population and are 

correlated with long term functional and clinical cardiovascular consequences (Figtree et al., 

2009; Schuit et al., 2004; Shearman et al., 2003). While the causal role of genotype in 

cardiovascular outcomes remains to be established, this evidence may reflect a chronic, 

consistent role of ERa genotype in vasoprotective vascular responses to estrogen, including the 

NO pathway. If ERa genotype (or another stable trait) is involved in determining endothelial 

function changes in response to cyclic fluctuation in estrogen, it can be speculated that an 

individual woman will respond in a similar fashion, across multiple cycles. 

With this as a background, the primary purpose of the study presented in Chapter 3 is to 

determine the intra-individual consistency of changes in endothelial function across two 

menstrual cycles in healthy, regularly cycling women. This will be achieved by i) determining 

the correlation of EF to LF phase changes in brachial artery FMD and PLM-induced vasodilation 

across two menstrual cycles and ii) using estimates of error and the smallest worthwhile change 

to categorize participants as responders or non-responders to phase in each cycle, and 

determining the consistency of categorization over the two cycles (Swinton et al., 2018). This 

will be done for both FMD and PLM-induced vasodilation. This study will provide the first 

investigation of the impact of menstrual phase (EF vs. LF) on FMD over two cycles and the first 

investigation of the impact of menstrual phase on NO-dependent microvascular function in the 

lower limb, as assessed by vasodilation in response to PLM. The primary hypothesis of this 

study is that the phase changes in brachial artery FMD and PLM-induced vasodilation in cycle 1 

will predict the phase change in cycle 2, such that the majority of participants will respond 

consistently over the two cycles. Overall, this study will provide significant contributions to 
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understanding the chronic susceptibility of endothelial function to cyclic fluctuations in E2, as 

consistent phase responses over multiple cycles may implicate the presence of stable and 

functionally relevant traits, which may be related to long-term vascular health. 
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Chapter 2: Literature Review 

2.1 Background  

2.1.1 Vascular endothelial function 

The endothelium is a single layer of cells that line the interior surface of blood vessels 

throughout the vascular system. The proper function of the endothelium is critical for the 

maintenance of vascular health and control of vascular tone. Endothelial cells produce and 

release several vasoactive factors (Farhat et al., 1996; Gibbons, 1997; Vanhoutte, 1989). Of 

particular interest is the vasodilatory molecule nitric oxide (NO) which is synthesized from the 

amino acid L-arginine via the enzyme endothelial nitric oxide synthase (eNOS) (Dimmeler et al., 

1999; Rees et al., 1989). NO is released by the endothelium in response to increases in shear 

stress, or muscarinic receptor binding, and is involved in regulating vascular tone, angiogenesis 

and antiatherogenic processes (Dimmeler et al., 1999). Assessment of endothelial function often 

involves assessing endothelial-dependent dilation that is mediated at least in part, by NO. 

 

2.1.2 Flow-mediated dilation: an index of conduit artery endothelial function  

Within the endothelium, there are mechanosensitive membrane structures which are able 

to sense and respond to increases in shear stress (Chatterjee & Fisher, 2014). The primary 

response to this stimulus is an increase in vasodilator production, which results in the relaxation 

of the adjacent vascular smooth muscle. This phenomenon is known as endothelium-dependent 

flow-mediated dilation (FMD). The shear stress stimulus required to produce an FMD response 

is most commonly created by a period of acute limb ischemia, which is produced using an 

inflatable cuff, resulting in a post deflation increase in blood flow known as reactive hyperemia 

(RH), see Figure 2.1. FMD is measured in the feeding conduit artery and thus serves as an index 
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of conduit artery endothelial function (Celermajer et al., 1992; Thijssen et al., 2011). Healthy 

endothelial function is demonstrated by a large FMD response, whereas impaired endothelial 

function is demonstrated by a small FMD response (Celermajer et al., 1992). This index of 

endothelium-dependent dilation provides independent predictive information regarding future 

cardiovascular (CV) events, beyond traditional risk factors (Green et al., 2011; Inaba et al., 

2010) and is the most common method used to assess endothelial function in humans.  

 

 

 

 

 

Figure 2.1. Depiction of flow-mediation dilation (FMD) protocol timeline in minutes. NO = nitric oxide. The 

upward arrow indicates that following cuff deflation, there is an increase in shear stress and subsequent NO release, 

which is responsible for the dilation exhibited during an FMD test (as shown in vessel B with black arrows, 

indicating that the conduit vessel dilates following cuff release). Adapted from Jarrette et al., 2016. 
 
The mechanistic role of NO in FMD 

Several studies have sought to determine whether the FMD response stimulated by RH is 

NO-dependent. One of the first studies conducted to examine the role of NO in FMD of the 

radial artery was performed by Joannides and colleagues in 1995. These authors evaluated FMD 

in young, healthy volunteers before and after an infusion of the NO synthase inhibitor NG-

monomethyl-L-arginine (L-NMMA). The presence of L-NMMA abolished the flow-dependent 

dilation of the radial artery, demonstrating that NO plays an essential role in the endothelial 

mediated dilation (Joannides et al., 1995). Subsequently, several other studies reported similar 

results (Doshi et al., 2001; Lieberman et al., 1996; Mullen et al., 2001). However, recent work 
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has found that FMD may not be entirely or uniformly NO-mediated (Green et al., 2014; Parker et 

al., 2011; K. Pyke et al., 2010; Wray et al., 2013). In 2014, Green and colleagues conducted a 

meta-analysis to analyze the contribution of NO to FMD and found that on average, 

approximately 72% of the dilatory response exhibited with FMD stimulated by RH in conduit 

arteries, is mediated by NO (Green et al., 2014). 

 

2.1.3 Assessment of microvascular endothelial function  

The gold standard assessment of microvascular endothelial function in humans is 

measuring vasodilation in response to an infusion of acetylcholine (ACh) (Rubanyi et al., 1997), 

an endothelial-dependent vasodilator (Furchgott & Vanhoutte, 1989). The binding of ACh to 

muscarinic receptors on the endothelium, stimulates the release of vasodilators, specifically NO 

(Saternos et al., 2018). Therefore, assessing the change in local blood flow in the microvascular 

bed downstream to the infusion site, provides an index of microvascular endothelial function and 

NO bioavailability. In addition, microvascular function can be assessed non-invasively by 

measuring the magnitude of hyperemia following limb occlusion. However, this index may not 

provide information specific to endothelial function and the vasodilation exhibited may not be 

NO-dependent (Adkisson et al., 2010; Bruno et al., 2014; Green et al., 2014; Meredith et al., 

1996; Parker et al., 2011; K. Pyke et al., 2010; Wray et al., 2013). 

 

Assessment of leg microvascular endothelial function via responses to passive leg movement  

Passive leg movement (PLM) is the passive flexion-extension of a leg, through a 90- to 

180- degree range of motion, see Figure 2.2. PLM-induced vasodilation is reflected by the 

resulting increase in leg blood flow (LBF) or leg vascular conductance (LVC) and is used as a 
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non-invasive index of microvascular endothelial function in the lower limb. The recommended 

timeline of a PLM protocol entails measuring femoral artery diameter and blood velocity during 

one minute of baseline with the participant’s leg fully extended (180°), two minutes of 

continuous PLM and at least two minutes of recovery (Gifford & Richardson, 2017), see Figure 

2.2. One cycle of PLM involves passively moving the leg from a fully extended position (180°) 

to a bent, flexed position (90°), and back to the extended position (180°) in an upright or supine 

seated posture, see Figure 2.2. These movements occur at a frequency of 1 Hz, whereby 60 full 

cycles of PLM occur in a minute.  

The main outcome measures assessed during PLM are LBF and LVC (peak increase 

and/or overall area under the curve of the increase) (Gifford & Richardson, 2017). Several 

studies have demonstrated that during leg movement, LBF and LVC peak within the first 30 

seconds of PLM, and return to baseline within 2 minutes, post PLM (Broxterman et al., 2017; 

Mortensen et al., 2012; Trinity et al., 2015; Trinity et al., 2012). Heart rate, mean arterial 

pressure, stroke volume and cardiac output can be measured, in order to differentiate between the 

contribution of peripheral and central hemodynamics to blood flow changes with PLM. 

Specifically, it has been exhibited that there is a significant increase in heart rate, stroke volume 

and cardiac output during PLM, with a significant decrease in mean arterial pressure 

(Broxterman et al., 2017; Hayman et al., 2010; Ives et al., 2013; Trinity et al., 2012; Venturelli 

et al., 2017). Vasodilation in response to PLM is considered an index of microvascular 

endothelial function, specifically due to the evidence that it is primarily dependent on NO 

production (Broxterman et al., 2017; Mortensen et al., 2012; Trinity et al., 2015; Trinity et al., 

2012) (see following section).  
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Similar to FMD, lower limb indices of microvascular endothelial function in response to 

both PLM and ACh infusion, appear to be impaired in individuals with cardiovascular disease 

(CVD) (Hayman et al., 2010; Katz et al., 1992; Mortensen et al., 2012), and in sedentary 

individuals with other CV risk factors (Gifford & Richardson, 2017; Mortensen et al., 2012). In 

addition, there is evidence that microvascular endothelial function as assessed by PLM, declines 

with age in both men and women (Gifford & Richardson, 2017; Groot et al., 2016; Groot, 

Rossman, et al., 2015; Groot, Trinity, et al., 2015; Trinity et al., 2015). 

 
 
Figure 2.2. Depiction of passive leg 

movement (PLM) protocol timeline, 

in minutes. Adapted from Gifford et 

al., 2017. 

 

 

 

Nitric oxide dependence of vasodilation in response to PLM 

Several studies have demonstrated that PLM-induced vasodilation is up to 90% 

dependent on NO bioavailability in the young, healthy, male population (Broxterman et al., 

2017; Mortensen et al., 2012; Trinity et al., 2015; Trinity et al., 2012), see Table 2.1. This has 

been exhibited by demonstrating that the presence of the eNOS inhibitor L-NMMA during PLM 

attenuates the magnitude and duration of the PLM vasodilatory response (Broxterman et al., 

2017), see Figure 2.3. For instance, Mortensen and colleagues performed upright PLM with and 

without L-NMMA infusion, and the results demonstrated that the presence of L-NMMA 

significantly attenuated the peak increase in both LBF and LVC by 90% (Mortensen et al., 

2012). However, posture appears to have an important impact on PLM-induced vasodilation, 
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such that PLM performed in a supine rather than an upright posture, results in a smaller NO-

dependent vasodilatory response (Trinity et al., 2015). 

 Various studies have compared the use of this indicator of lower limb microvascular 

function, to other well-established indices of endothelial function. Mortensen and colleagues 

found that upright PLM-induced hyperemia was strongly related (r = 0.84, p < 0.05) to 

microvascular vasodilation induced by intra-arterial infusion of ACh in the femoral artery 

(Mortensen et al., 2012), whereas Rossman and colleagues found that the upright PLM-induced 

peak change in LBF and LVC, was related to brachial artery FMD (LBF: r = 0.73, LVC: r = 

0.77, p < 0.05) and superficial femoral FMD (LBF: r = 0.7, LVC: r = 0.45, p < 0.05) (Rossman et 

al., 2016).  
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Table 2.1. A summary of studies that have investigated the nitric oxide dependency of vasodilation in response to 
passive leg movement. NO = nitric oxide, PLM = passive leg movement, sPLM = Single PLM; single repletion of 
leg movement through range of motion. L-NMMA = NG-monomethyl-L-arginine; eNOS inhibitor, LBF = leg blood 
flow, LVC = leg vascular conductance, AUC = area under the curve. Sample age is represented in years: mean ± 
SD. 
 

Reference Population PLM Protocol NO Dependency 
of PLM-Induced 

Vasodilation 

Key Result(s) 

Mortensen et al. 
(2012) 

Young, 
healthy 

males (24 ± 
5) and old, 

healthy 
males (65 ± 

1) 

Upright PLM 
with L-NMMA 

infusion 

In young: 
degree of 

attenuation during 
L-NMMA 

infusion = 90% 
LBF peak 

• L-NMMA infusion significantly 
attenuated the peak increase and 
AUC for LBF and LVC, 
compared to control condition in 
young participants 

• PLM-induced LBF was 
significantly greater in young 
compared to old participants 

Trinity et al. 
(2012) 

Young, 
healthy 

males (24 ± 
5) 

Supine PLM with 
L-NMMA 
infusion 

Degree of 
attenuation during 

L-NMMA 
infusion = 39% 
LBF peak; 80% 

LBF AUC 

• L-NMMA infusion significantly 
attenuated the peak increase in 
LBF and LVC, compared to 
control condition 

• Infusion reduced the overall 
vasodilatory and hyperemic 
response by nearly 80%  

Groot, Trinity et 
al. (2015) 

Young, 
healthy 

males (24 ± 
1) and old, 

healthy 
males (74 ± 

3) 

Upright and 
supine PLM with 

L-NMMA 
infusion 

In young, upright 
posture: 

degree of 
attenuation during 

L-NMMA 
infusion = 48% 
LVC peak, 62% 

LVC AUC 

• L-NMMA infusion significantly 
attenuated the peak increase and 
AUC for LVC, in both upright 
and supine-seated posture, but 
this occurred significantly more 
in the upright posture 

• L-NMMA infusion had no effect 
on LVC in the old participants 

Trinity et al. 
(2015) 

Young, 
healthy 

males (24 ± 
1) and old, 

healthy 
males (75 ± 

3) 

Supine PLM with 
L-NMMA 
infusion 

In young: 
degree of 

attenuation during 
L-NMMA 

infusion = 35% 
LBF peak; 57% 

LBF AUC 

• L-NMMA infusion significantly 
attenuated the peak increase and 
AUC for LBF in young, but not 
in old participants 

Broxterman et 
al. (2017) 

Young, 
healthy 

males (27 ± 
5) 

Single PLM (i.e. 
one repetition 

through range of 
motion) with L-
NMMA infusion 

Degree of 
attenuation during 

L-NMMA 
infusion = 32% 
LBF peak; 65% 

LBF AUC 

• L-NMMA infusion significantly 
attenuated the peak increase and 
AUC for LBF and LVC  

• Infusion reduced the sPLM-
induced hyperemic and 
vasodilatory response by 
approximately 65%, based on 
the reduction in LBF AUC 

 

 

 



 
13 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

Figure 2.3. Peripheral hemodynamic response: A) leg blood flow (LBF), B) leg vascular conductance (LVC), C) 

Area under the curve (Hayashi et al.) LBF, D) AUC LVC, to passive leg movement (PLM), with (white symbols) 

and without (black symbols) inter-arterial infusion of NG-monomethyl-L-arginine (L-NMMA). Adapted from 

Broxterman et al., 2017. 

 

2.1.4 Inter-individual variability in physiological variables  

Understanding the inter-individual variability in physiological responses to interventions 

has become a topic of great interest (Atkinson & Batterham, 2015; Hecksteden et al., 2015; 

Swinton et al., 2018). This involves understanding how to interpret individual data and classify 

individuals as responders and non-responders (Swinton et al., 2018). In order to accurately 

interpret responses and classify individuals, it is important to consider the range of factors that 

can contribute to changes in measured physiological variables pre to post intervention. Three 

contributors are: 1) true biological responses to the intervention, 2) biological noise (e.g. effects 

of circadian variation, sleep, noise, stress) and 3) instrumentation noise (e.g. errors in calibration, 

limits of resolution). The latter two can be classified together as measurement error (Hopkins, 

2000; Swinton et al., 2018).  
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A classic approach to examine response variability is using a correlation. Correlations 

provide information regarding how strongly a pair of variables are related. This can include 

responses to interventions. For example, if participants experience a range of responses to an 

intervention and then that intervention is repeated after a wash out period, it can be determined 

whether responses to the first iteration of the intervention, predict responses to the second 

iteration of the intervention. The strength of the relationship between the responses speaks to the 

relative consistency of individual responses. For the study described in Chapter 3, a correlation 

allows us to determine whether changes in endothelial function during one menstrual cycle, 

predict changes in another cycle. Although correlation provides some insight into the consistency 

of responses, it does not allow us to specifically identify responders and non-responders. A 

statistical approach that does allow us to classify individuals as responders and non-responders is 

threshold-based dichotomous classification, which involves identifying a threshold for 

classifying responses with estimates of typical error (TE) or smallest worthwhile change (SWC) 

(Figure 2.4.).  

As previously mentioned, measurement error is an inherent factor in measuring responses 

to interventions and so, an individual’s true biological response can only be estimated (Swinton 

et al., 2018). One way to address this type of error is to quantify TE. TE is calculated as the 

standard deviation (SD) (of all the difference scores for repeated tests, divided by the square root 

of 2 and thus provides an estimate for measurement error (Swinton et al., 2018). Ideally, TE 

should be obtained from the same population of participants as the intervention study, using the 

same test protocols. Another important variable to consider when quantifying responses to an 

intervention is SWC. SWC is a reference value selected by the researcher to represent 

meaningful changes in the study variable, and can thus act as a threshold. This can be estimated 
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as 0.2 x the SD of the baseline measures in the study being conducted, and provides context 

when determining when changes are physiologically or clinically relevant.  

Threshold-based dichotomous classification involves plotting difference scores (i.e. 

changes in %FMD or PLM-induced vasodilation during one cycle) in increasing order, with 

horizontal lines that mark the response threshold in the positive or negative direction (i.e. plus or 

minus 2 x TE or SWC) . By doing so, individuals can be classified as a positive responder, 

negative responder or non-responder if their change in endothelial function lies above, below or 

between the thresholds, see Figure 2.4. A consistent response to two consecutive cycles (or 

interventions) would occur when individuals are classified in the same category during both 

cycles (Figure 2.4.)  

 

 
 

 
 
 
 
 
 

 
 
 
Figure 2.4. Schematic of threshold-based dichotomous classification of responders and non-responders for changes 

in vascular function, over one menstrual cycle.  
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2.2 Estrogen 

2.2.1 Estrogen and endothelial function 

17b-estradiol (E2) is the major form of endogenous, circulating estrogen, which is 

produced by the ovary and is the primary female sex hormone responsible for the development 

and regulation of the female reproductive system. It is well established that the prevalence of 

CVD is significantly lower in regularly, cycling premenopausal women compared to age-

matched men (Chambliss & Shaul, 2002; Gavin et al., 2009). However, CVD risk increases 

strikingly in E2-deficient postmenopausal women, and menopause is accompanied by endothelial 

dysfunction (Chambliss & Shaul, 2002; Gavin et al., 2009; Guetta et al., 1997; Taddei et al., 

1996). A mechanistic role for E2 deficiency in postmenopausal endothelial dysfunction is 

supported by the observation that administration of E2 improves endothelial function in 

postmenopausal women (Gilligan et al., 1994; Sherwood et al., 2007; Vitale et al., 2008). For 

instance, in a double blinded crossover study conducted by Sherwood and colleagues in 2007, 

brachial artery FMD was assessed in a sample of 100 postmenopausal females. The authors 

found that the participants in the E2 patch condition exhibited a significant improvement in FMD, 

compared with the placebo group (Sherwood et al., 2007). The vasoprotective and 

atheroprotective functions of E2 are believed to be partly mediated by enhanced NO 

bioavailability (Chambliss & Shaul, 2002). E2 acts on the endothelium and impacts NO via 

genomic and non-genomic pathways, see Figure 2.5. 

 

2.2.2 The genomic and non-genomic effects of estrogen  

Genomic effects refer to processes involving alterations in gene expression, which are 

more chronic in nature, whereas non-genomic effects are faster acting and involve enzyme 
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activation via phosphorylation. Estrogen receptors (ER) on the endothelium are involved in both 

the genomic and non-genomic effects of E2 on the vasculature (Chambliss & Shaul, 2002). In 

terms of genomic effects, E2 binding to ER influences the expression of various genes related to 

eNOS production, by binding to estrogen receptor elements on DNA sequences, which results in 

transcription regulation and an increase in eNOS expression (Chambliss & Shaul, 2002), see 

Figure 2.5. Furthermore, there is evidence that the short-term, non-genomic effect of E2 on NO 

bioavailability is also mediated by ERs, as E2 binding to these receptors can result in the 

activation of intracellular signalling enzymes such as phosphoinositide 3-kinase, which are 

involved in eNOS phosphorylation (Chambliss & Shaul, 2002; Novella et al., 2012), see Figure 

2.5.  

Animal studies have demonstrated that ER alpha (ERa) mediates the beneficial effects of 

E2 on endothelium derived NO production, via eNOS activation (Chen et al., 1999; Darblade et 

al., 2002; Rubanyi et al., 1997). For instance, Darblade and colleagues exhibited that when 

transgenic ERa-knockout, transgenic ERb-knockout and healthy wild-type mice were given E2 

treatment versus placebo, E2 resulted in a significant increase in basal NO release in ERb-

knockout mice and wild-type mice, but not in the ERa knockout mice (Darblade et al., 2002). 

Consequently, E2 binding to ERa results in receptor activation, thus causing an increase in NO 

bioavailability via genomic mechanisms such as increased eNOS expression, as described above 

(Chambliss & Shaul, 2002; Gavin et al., 2009; Pare et al., 2002), see Figure 2.5. In addition, it 

has been demonstrated that E2 binding to ERa also results in ER-dependent activation of G 

protein coupled receptors and mitogen-activated protein kinase, ultimately leading to eNOS 

phosphorylation and increased NO production (Chambliss & Shaul, 2002; Chen et al., 1999).  
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 There is also evidence that ERa expression in vascular endothelial cells (conduit vein 

samples) is modulated by E2  status. It was demonstrated by Gavin and colleagues that 

premenopausal women had greater ERa expression during the late follicular (LF) phase when E2 

is higher than the early follicular (EF) phase, and receptor expression was also greater during LF 

phase in premenopausal women, compared to postmenopausal women (Gavin et al., 2009). In 

addition, a significant correlation between ERa expression and eNOS expression was observed, 

supporting the animal evidence that E2 binding to ERa can result in an increase in NO 

bioavailability. Furthermore, Gavin and colleagues also observed that in a mixed sample of 

postmenopausal and healthy mid-cycle premenopausal women, brachial artery FMD was 

positively related to ERa expression in vascular endothelial cells (r = 0.67, p < 0.001), such that 

elevated endothelial-dependent dilation was associated with higher ERa expression (Gavin et al., 

2009). 

Figure 2.5. The mechanistic pathways of the non-

genomic and genomic effects of estrogen. For non-

genomic effects, E2 binding to ERa leads to in an 

increase in eNOS activation (via phosphorylation) and 

NO bioavailability. For genomic effects, an increase in 

transcription, due to of E2 binding to estrogen receptor 

elements, results in an increase in the level of gene 

expression of eNOS and thus NO bioavailability. ER = 

estrogen receptor, E2 = 17b-estradiol, NO = nitric 

oxide, eNOS = endothelial nitric oxide synthase, FMD 

= flow-mediated dilation, PI3K = phosphoinositide 3-

kinase, ERE = estrogen receptor element. Adapted 

from Novella et al., 2012.  
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2.2.3 Estrogen receptor alpha polymorphisms 

 Polymorphisms are defined as common DNA sequence variations in a gene, where 

multiple forms of the gene can exist (Schuit et al., 2004). There is evidence that in the ERa gene 

(ESR1), there are several different linked single-nucleotide polymorphisms also known as 

haplotypes (Figtree et al., 2009; Herrington et al., 2002; Schuit et al., 2004). By characterizing 

haplotypes, researches are able to identify patterns of genetic variation that are associated with 

different conditions and diseases.  

It is plausible to speculate that genetic variation in ERs can influence an individual’s 

response to endogenous E2, including cyclic fluctuations in E2 during the menstrual cycle 

(Ogawa et al., 2000; Rokach et al., 2005; Schuit et al., 2004). Given the vasoprotective effect of 

E2 binding to ERa on the vascular system (Chambliss & Shaul, 2002; Chen et al., 1999; 

Darblade et al., 2002; Rubanyi et al., 1997), genetic differences in the expression of ERa which 

impact signaling following E2 binding, may contribute to a variation in cardiovascular risk 

associated with different ERα phenotypes. Indeed, several studies have demonstrated that 

common ESR1 gene polymorphisms are related to differences in susceptibility to CVD, 

specifically coronary artery disease, atherosclerosis, myocardial infarction and arterial stiffness 

(Hayashi et al., 2007; Peter et al., 2009; Pollak et al., 2004; Rokach et al., 2005; Schuit et al., 

2004; Shearman et al., 2003). In a study conducted by Shearman and colleagues, the authors 

investigated the proportion of ERa genetic polymorphisms in a subset cohort of 1739 

participants from the Framingham Heart study, and found that the classification prevalence of the 

TT genotype was 30%, CT genotype was 50% and the CC genotype was 20% (Shearman et al., 

2003). In addition, it was observed that individuals with the CC genotype had an increased risk 

of experiencing a myocardial infarction event (Shearman et al., 2003). Rokach and colleagues in 
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2005 demonstrated that carriers of two copies of a specific ESR1 haplotype had a significantly 

higher number of narrowed coronary vessels, compared to carriers of one or no copies of the 

haplotype (Rokach et al., 2005). Similarly, Schuit and colleagues in 2004 showed that 

homozygous carriers of another ESR1 haplotype had the highest risk of myocardial infarction, 

followed by heterozygous carriers and noncarriers, respectively (Schuit et al., 2004). Therefore, 

this suggests that these genetic polymorphisms in ERa expression have functional vascular 

implications, and may represent a chronic, stable trait that influences how an individuals’ arteries 

respond to cyclical fluctuations in E2. This hypothesis awaits experimental testing. 

 

2.3 The menstrual cycle and vascular endothelial function 

2.3.1 Upper limb conduit endothelial function in the EF vs. the LF phase 

The menstrual cycle is characterized by several phases during which E2 and progesterone 

undergo predictable changes. Of particular interest in cardiovascular physiology is E2, which is 

lowest during the EF phase and highest during the LF phase, see Figure 2.7. The menstrual cycle 

provides a model that allows researchers to study the physiological effects of E2 on the 

vasculature. Some studies have demonstrated that the high E2 levels in the LF phase are 

accompanied by elevated endothelial function (e.g. greater brachial artery FMD), relative to 

endothelial function in the EF phase when E2 is low (Adkisson et al., 2010; English et al., 1998; 

Harris et al., 2012; Hashimoto et al., 1995; Rickenlund et al., 2005; Taddei et al., 1996; M. R. 

Williams et al., 2001) (Table 2.2.). For example, in a study conducted by Williams and 

colleagues in 2001, brachial artery FMD was 10% during the LF phase and 8.8% in the EF 

phase, p < 0.05 (M. R. Williams et al., 2001). Furthermore in a study by Adkisson and 

colleagues in 2010, the authors observed similar results, and the improvement in brachial artery 
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FMD was matched by phase changes in NO bioavailability, which was measured via plasma 

nitrate and nitrite concentrations (Adkisson et al., 2010). In studies that have reported significant 

differences in FMD between the EF and LF phase, on average brachial artery FMD is ~41% 

higher during the LF phase compared to the EF phase (range: 14% to 56%) (Adkisson et al., 

2010; English et al., 1998; Harris et al., 2012; Hashimoto et al., 1995; M. R. Williams et al., 

2001). These findings have been influential, leading to recommendations to assess endothelial 

function in women during the EF phase, in order to avoid the confounding effects of hormonal 

fluctuations (Thijssen et al., 2011).  

 

 

 

 

 

 

 

Figure 2.6. Hormonal profile of a single menstrual cycle. Estradiol levels are represented by the orange line. The 

early follicular phase (EF) is characterized by low estradiol levels and the late follicular phase (LF) is characterized 

by high estradiol levels. E2 = 17b-estradiol, EF = early follicular phase, LF = late follicular phase. Adapted from a 

text book. 

 

However, considerable inter-study variability in the impact of phase on FMD has 

emerged in the last decade, such that several recent studies have reported no impact of phase on 

FMD (D'Urzo et al., 2018; Luca et al., 2016; Rakobowchuk et al., 2013; Saxena et al., 2012; 

Shenouda et al., 2018), see Table 2.2. This between study variability may be explained by the 

considerable inter-individual differences in susceptibility to phase changes. Several studies have 

reported individual data and have demonstrated that some females improve, some do not change 
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and others exhibit a decrease in endothelial function, from the EF to LF phase (D'Urzo et al., 

2018; English et al., 1998; M. R. Williams et al., 2001). For instance, Williams and colleagues 

reported a significant group level increase in RH-FMD from the EF to LF phase, but an 

examination of the individual responses revealed that 6 participants exhibited an increase, 3 

participants exhibited no change and 3 participants exhibited a decrease in RH-FMD (M. R. 

Williams et al., 2001). In another study conducted by D’Urzo and colleagues, there was no 

impact of phase on RH-FMD at the group level but similar to the study by Williams and 

colleagues in 2001, inter-individual variability in phase changes were observed: 2 participants 

exhibited an increase, 2 participants exhibited no change and 8 participants exhibited a decrease 

in RH-FMD from the EF to LF phase (D'Urzo et al., 2018), see Figure 2.7.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Exhibited variability in %FMD between the early and late follicular phase. Grey bars represent group 

data and individual superimposed lines represent individual participant data. %FMD = percent change in flow-

mediated dilation, EF = early follicular phase, LF = late follicular phase. 38% of participants exhibited a change in 

%FMD of at least 2%, from the EF to LF phase. Data compiled from (D'Urzo et al., 2018; J. S. Williams et al., 

2019). 
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Table 2.2.  A summary of studies that have investigated the impact of menstrual phase on conduit endothelial 
function. BA-FMD = brachial artery flow-mediated dilation, RA = radial artery flow-mediated dilation, EF = early 
follicular phase, LF = late follicular phase, EL = early luteal phase, LL = late luteal phase, NAT = natural menstrual 
cycle, OCP = oral contraceptive pill.  represents an increase in %FMD between phases, « represents no change in 
%FMD between phases. Sample age is represented in years: mean ± SD. 
 

Reference Population FMD 
Protocol 

Effect of phase on 
vascular function 

Key Result(s) 

Hashimoto et al. 
(1995) 

Young, healthy 
males (25 ± 0.6) 

and premenopausal 
females (25 ± 0.8) 

BA-
FMD 

 
  

• %FMD was significantly higher 
during the LF phase, compared to 
the EF phase and in men 

English et al. 
(1998) 

Healthy 
premenopausal 

females (29 years) 

BA-
FMD  • %FMD was significantly higher 

during the LF phase, compared to 
the EF and luteal phase 

Williams et al. 
(2001) 

Healthy 
premenopausal 

females (23 ± 0.7) 

BA-
FMD  • %FMD was significantly higher 

during the LF phase, compared to 
the EF and LL phase 

Adkisson et al. 
(2010) 

Healthy 
premenopausal 

females (20 ± 1) 

BA-
FMD  • %FMD was significantly higher 

during the LF phase, compared to 
EF, EL and LL phase 

Saxena et al. 
(2012) 

Healthy 
premenopausal 

females (25 ± 0.9) 

BA-
FMD «  • %FMD was not significantly 

different between the EF and EL 
phase 

Harris et al. 
(2012) 

Healthy 
premenopausal 

females (20 ± 0.5) 

BA-
FMD  • Baseline %FMD was significantly 

higher during the LF compared to 
the EF  

Rakobowchuk 
et al. (2013) 

Healthy 
premenopausal 

females (33 ± 10) 

BA-
FMD 

 
«  

• %FMD before prolonged low flow 
stimulus and during recovery from 
stimulus, was not significantly 
different between all menstrual 
cycle phases (EF and LF phase, 
and mid to late luteal phases) 

Brandao et al. 
(2014) 

Healthy 
premenopausal 

females (25 ± 5.5) 

BA-
FMD « • %FMD was significantly higher 

during the LF phase, compared to 
EL and LL phase, but not the EF 
phase 

Luca et al. 
(2016) 

Healthy 
premenopausal 

females (23 ± 1) 

RA-
FMD «  • Baseline %FMD before ischemia 

re-perfusion injury was not 
significantly different between the 
EF and LF phase 

D’Urzo et al. 
(2018) 

Healthy 
premenopausal 

females (21 ± 2) 

BA-
FMD «  • %FMD was not significantly 

different between the EF and LF 
phase 

Shenouda et al. 
(2018) 

Young, healthy 
males (21 ± 1), 
premenopausal 
females with 

natural menstrual 
cycles (22 ± 3) and 

premenopausal 
females taking OCP 

(22 ± 3) 

BA-
FMD 

 
 
«  

• %FMD was significantly higher in 
males compared to female 
participants (both NAT and OCP), 
after adjustment for baseline 
diameter 

• %FMD was not significantly 
different between the EF and LF 
phase and luteal phase 
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2.3.2 Microvascular endothelial function in the EF vs. the LF phase 

The impact of menstrual phase on upper limb microvascular endothelial function has 

been studied somewhat less frequently than FMD, however several studies have identified that 

microvascular vasodilation is greater in the LF vs. the EF phase (Adkisson et al., 2010; Arora et 

al., 1998; Chan et al., 2001; M. R. Williams et al., 2001), see Table 2.3. For example, Arora and 

colleagues found that the vasodilatory response to ACh skin iontophoresis was higher during LF 

phase compared with the EF phase (Arora et al., 1998). Williams and colleagues also 

demonstrated that similar to their FMD results and the findings of Arora and colleagues, the 

blood flow response to ACh iontophoresis varied cyclically, with significant increases exhibited 

from the EF to LF phase (M. R. Williams et al., 2001). 

However similar to FMD as described above, there is also evidence of inter-study and 

inter-individual variability in the impact of phase on microvascular endothelial function. In 

contrast to Williams and colleagues and Arora and colleagues, Ketel and colleagues and Rossi 

and colleagues observed no significant difference in forearm cutaneous dilation in response to 

ACh, between the EF vs. the LF phase, see Table 2.3.  Furthermore, although Williams and 

colleagues reported a group level increase in ACh-induced forearm cutaneous vasodilation as 

described above, at the individual level there were 6 participants who experienced an increase, 3 

participants experienced a decrease and 3 participants experienced no change in microvascular 

function from the EF to LF phase (M. R. Williams et al., 2001).  

Furthermore, the impact of menstrual phase on lower limb microvascular endothelial 

function has been minimally studied. In 2010, Adkisson and colleagues assessed peak calf blood 

flow during RH in four menstrual phases: EF, LF, early luteal (EL) and late luteal (LL) phase 

and found that hyperemia was significantly greater during the LF phase, compared to the other 
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three phases (Adkisson et al., 2010). However as discussed earlier, the NO dependency of RH 

has been shown to be modest (Green et al., 2014; Meredith et al., 1996; Parker et al., 2011; K. 

Pyke et al., 2010; Wray et al., 2013), and thus RH is likely less NO-dependent than vasodilation 

in response to PLM (Broxterman et al., 2017; Groot, Trinity, et al., 2015; Mortensen et al., 2012; 

Trinity et al., 2015; Trinity et al., 2012). Given that the impact of E2 on endothelial function is 

mediated by increased NO bioavailability (Chambliss & Shaul, 2002; Darblade et al., 2002; 

Gavin et al., 2009), it would be useful if future studies assessed PLM-induced vasodilation 

across the menstrual cycle, as this might be more sensitive to E2-induced changes in endothelial 

function compared to RH. To date, only two studies have assessed PLM-induced vasodilation in 

females. Ives and colleagues observed that compared to males, females displayed significantly 

attenuated peak central hemodynamic responses, specifically heart rate, stroke volume and 

cardiac output, but exhibited a similar decrease in mean arterial pressure and increases in peak 

LBF and LVC, in response to a 3 minute bout of PLM (Ives et al., 2013). In addition, Groot and 

colleagues observed that similar to males, females demonstrate attenuated PLM-induced 

vasodilation with increasing age (Groot et al., 2016). However, the impact of cyclic changes in 

E2 was not examined in either study, as the female participants were only studied during the first 

7 days of their menstrual cycle (the EF phase).  
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Table 2.3. A summary of studies that have investigated the impact of menstrual phase on microvascular endothelial 
function. ACh = acetylcholine, BK = bradykinin, EF = early follicular phase, LF = late follicular phase, FBF = 
forearm blood flow, CBF = calf blood flow, RH = reactive hyperemia, AUC = area under the curve.  represents an 
increase in microvascular endothelial function between phases, « represents no change between phases. Sample 
age is represented in years: mean ± SD 
 

Reference Population Protocol Effect of phase on 
microvascular 

endothelial 
function 

Key Result(s) 

Arora et al. 1998 Healthy 
premenopausal 
females (24-50 

years) 

Forearm skin 
iontophoresis 

with ACh 

 
 

• Microvascular 
vasodilation in response 
to ACh was significantly 
higher during the LF than 
EF phase 

Chan et al. 2001 Healthy 
premenopausal 

females (38 ± 3.5) 

Venous 
occlusion 

plethysmography 
with BK 

 
 

• Microvascular 
vasodilation in response 
to BK was significantly 
higher during the LF than 
EF phase 

Williams et al. 
2001 

Healthy 
premenopausal 

females (23 ± 0.7) 

Forearm skin 
iontophoresis 

with ACh 

 
 

• Microvascular 
vasodilation in response 
to ACh was significantly 
higher during the LF 
than EF phase 

Ketel et al. 2009 Healthy 
premenopausal 
females (24 ± 5) 

Forearm skin 
iontophoresis 

with ACh  

 
« 

• No significant 
differences in 
microvascular 
endothelial function was 
exhibited between the EF 
and LF phase 

Rossi et al. 2009 Healthy 
premenopausal 
females (25 ± 4) 

Forearm skin 
iontophoresis 

with ACh 

 
« 

• No significant 
differences in 
microvascular 
endothelial function was 
exhibited between the EF 
and LF phase 

Adkisson et al. 
2010 

Healthy 
premenopausal 

females (20 ± 1) 

Venous 
occlusion 

plethysmography 
with ACh in 

forearm and calf 

 
 

• Peak FBF and CBF 
during RH and total FBF 
and CBF was 
significantly higher 
during the LF than EF 
phase 
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2.3.3 Smooth muscle function in the EF vs. the LF phase 

When investigating vascular function, it is important to make a distinction between the 

endothelium and smooth muscle layer. To study vascular smooth muscle function, drugs such as 

nitroglycerin or sodium nitroprusside can be administered because they provide an exogenous 

source of NO directly to the smooth muscle layer, thus testing endothelium-independent 

vasodilation. Several studies have demonstrated that cyclic changes in E2 during the menstrual 

cycle do not influence vascular smooth muscle function (Chan et al., 2001; English et al., 1998; 

Ketel et al., 2009; Rickenlund et al., 2005; Rossi et al., 2009; Saxena et al., 2012; Shenouda et 

al., 2018; M. R. Williams et al., 2001), with only two studies demonstrating that smooth muscle 

mediated dilation is augmented in the LF phase (Arora et al., 1998; Hashimoto et al., 1995), see 

Table 2.4.  
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Table 2.4.  A summary of studies that have investigated the impact of menstrual phase on smooth muscle function. 
FMD = flow-mediated dilation, SNP = sodium nitroprusside, NTG = nitroglycerin, EF = early follicular phase, LF = 
late follicular phase, EL = early luteal, NAT = natural menstrual cycle, OCP = oral contraceptive pill.  represents 
an increase in smooth muscle function between phases, « represents no change between phases. Sample age is 
represented in years: mean ± SD. 
 

Reference Population Protocol Effect of 
phase on 
smooth 
muscle 

function 

Key Result(s) 

Hashimoto et 
al. 1995 

Young, healthy males (25 ± 
0.6) and premenopausal 

females (25 ± 0.8) 

Sublingual 
NTG 

administration  

 
 

• NTG-induced vasodilation in the 
brachial artery was significantly 
higher during the LF phase 
compared to the EF phase and men 

• The increase in smooth muscle 
function was smaller than the 
increase in %FMD 

Arora et al. 
1998 

Healthy premenopausal 
females (24-50 years) 

Skin 
iontophoresis 

with SNP  

 
 

• SNP-induced vasodilation in the 
forearm was significantly higher 
during mid-cycle (LF phase) 
compared to the menstrual (EF) 
phase 

English et al. 
1998 

Healthy premenopausal 
females (29 years) 

Sublingual 
NTG 

administration  
« • No significant differences in NTG-

induced vasodilation in the 
brachial artery was exhibited 
between the EF and LF phase 

Williams et al. 
2001 

Healthy premenopausal 
females (23 ± 0.7) 

Skin 
iontophoresis 

with SNP 
« • No significant differences in SNP-

induced vasodilation in the 
forearm was exhibited between the 
EF and LF phase 

Chan et al. 
2001 

Healthy premenopausal 
females (38 ± 3.5) 

NTG infusion « • No significant differences in NTG-
induced vasodilation in the 
forearm was exhibited between the 
EF and LF phase 

Ketel et al. 
2009 

Healthy premenopausal 
females (24 ± 5) 

Skin 
iontophoresis 

with SNP 
« • No significant differences in SNP-

induced vasodilation in the 
forearm was exhibited between 
the EF and LF phase 

Rossi et al. 
2009 

Healthy premenopausal 
females (25 ± 4) 

Skin 
iontophoresis 

with SNP 
« • No significant differences in SNP-

induced vasodilation in the 
forearm was exhibited between 
the EF and LF phase 

Saxena et al. 
2012 

 Healthy premenopausal 
females (25 ± 0.9) 

Sublingual 
NTG 

administration 
« • No significant differences in 

NTG-induced vasodilation in the 
brachial artery was exhibited 
between the EF and LF phase 

Shenouda et 
al. 2018 

Young, healthy males (21 
± 1), premenopausal 
females with natural 

menstrual cycles (22 ± 3) 
and premenopausal 

females taking OCP (22 ± 
3) 

Sublingual 
NTG 

administration  
« 

 
• NTG-induced vasodilation in the 

brachial artery was significantly 
lower in NAT women, compared 
to OCP women and men 

• No significant differences in 
NTG-induced vasodilation in the 
brachial artery was exhibited 
between the EF and LF phase 
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2.3.4 The systemic nature of the impact of menstrual phase on the vasculature 

 To date, only two studies that have examined the impact of menstrual phase on 

endothelial function have included assessments at multiple levels of the vascular tree and/or in 

different limbs. Williams and colleagues observed that both brachial artery FMD and forearm 

cutaneous ACh-induced vasodilation increased in the LF phase compared to the EF phase (M. R. 

Williams et al., 2001). Similarly, Adkisson and colleagues found that brachial artery FMD and 

both forearm and calf blood flow in response to RH, increased in the LF phase compared to the 

EF phase (Adkisson et al., 2010). However despite this limited demonstration of regional 

congruence, there is an established potential for disparate responses between limbs (Wray et al., 

2005, 2006), and between the conduit arteries and microvasculature (Gori et al., 2006; Green et 

al., 2004). With respect to menstrual phase comparisons, Harris and colleagues identified that 

brachial artery FMD improved from the EF to LF phase with no changes in forearm hyperemia, 

suggesting isolated improvement in conduit artery function (Harris et al., 2012). In non-

menstrual phase comparisons, in 2006 Wray and colleagues demonstrated that vascular reactivity 

is dependent on the limb, such that brachial artery FMD improved significantly in response to 

single knee extensor exercise training, whereas FMD in the deep and superficial femoral artery 

did not (Wray et al., 2006). Furthermore, in 2004, Green and colleagues sought to assess the 

changes in vascular endothelial function in response to combined aerobic and resistance exercise 

training, in the conduit and microvascular vessels of the arm. They observed that exercise 

training resulted in improvements in endothelium-dependent function in both the conduit and 

microvascular vessels, however the training induced changes between these two vascular areas, 

did not correlate significantly with each other (Green et al., 2004). Therefore, given this potential 
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for regional differences, it is imperative that future research continues to explore the impact of 

menstrual phase in multiple vascular territories. 

 

2.4 Summary and conclusions 

There is ample evidence supporting the potential for E2 to have a positive impact on NO 

bioavailability. E2 levels undergo cyclic fluctuation across the menstrual cycle and this review 

has examined the influence of menstrual phase on conduit artery and microvascular endothelial 

function, assessed predominantly in the upper limb. There is evidence that inter-study variability 

exists, such that some studies have demonstrated changes in conduit and/or microvascular 

endothelial function across the menstrual cycle, while others have not. Furthermore, some 

studies have observed that inter-individual variability exists in response to E2-induced changes, 

whereby some individuals exhibit improvements in conduit and/or microvascular endothelial 

function in the LF (high E2) phase, compared to the EF (low E2) phase, while others exhibit no 

change or a decrease in function between phases. As no study to date has assessed changes in 

endothelial function over multiple menstrual cycles, it is unknown whether inter-individual 

differences in the impact of phase indicate consistent inter-individual differences, and thus 

reflect on the existence of E2 polymorphisms.  

In addition, the regional agreement of phase induced changes in endothelial function is 

understudied. Vasodilation in response to PLM can be non-invasively assessed and appears to 

provide a predominantly NO-dependent index of lower limb microvascular function, that may be 

sensitive to cyclic changes in E2 during the menstrual cycle. Therefore, the inclusion of PLM in 

future studies that examine the impact of menstrual phase on vascular endothelial function, may 

provide useful information regarding the vascular tree and limb agreement in phase changes. 
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Chapter 3 

Investigating the intra-individual consistency of follicular changes in 

endothelial function across two menstrual cycles 

3.1 Introduction 

The primary female sex hormone estrogen (E2) increases the bioavailability of the 

endothelial-dependent dilator nitric oxide (NO); an effect mediated primarily by E2 binding to 

estrogen receptor alpha (ERa) on the endothelium (Chambliss & Shaul, 2002; Chen et al., 1999; 

Darblade et al., 2002; Rubanyi et al., 1997). Circulating E2 concentration also changes over the 

menstrual cycle (Landgren et al., 1980) and the influence of E2 on NO is thought to play a 

mechanistic role in cyclic fluctuations in endothelial function (Farhat et al., 1996; Miller & 

Duckles, 2008).  

Various tests have been developed to measure both conduit and microvascular 

endothelial function, as they provide different information regarding systemic vascular health 

(Gori et al., 2006; Green et al., 2004; Wray et al., 2005, 2006). The most common non-invasive 

index used to assess endothelial function in conduit arteries is reactive hyperemia flow-mediated 

dilation (FMD). The gold standard assessment of microvascular endothelial function is 

vasodilation in response to infusion of the endothelial-dependent dilator acetylcholine (ACh) 

(Rubanyi et al., 1997), while an emerging non-invasive technique is passive leg movement 

(PLM)-induced vasodilation (Gifford & Richardson, 2017). A larger increase in vascular 

conductance in response to PLM reflects greater NO-dependent microvascular endothelial 

function (Broxterman et al., 2017; Mortensen et al., 2012; Trinity et al., 2015; Trinity et al., 

2012). 
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Several studies have reported an effect of menstrual phase on both conduit artery FMD 

and microvascular ACh-induced dilation, with lower function exhibited during the early 

follicular (EF) phase when E2 is low, and higher function in the late follicular (LF) phase when 

E2 is at its peak (Adkisson et al., 2010; Arora et al., 1998; Chan et al., 2001; English et al., 1998; 

Harris et al., 2012; Hashimoto et al., 1995; Rickenlund et al., 2005; Taddei et al., 1996; M. R. 

Williams et al., 2001). Although these findings are highly cited and incorporated into 

methodological guidelines (Thijssen et al., 2011), there is considerable conflict in the literature 

with regard to the impact of menstrual phase on endothelial function, whereby several recent 

studies have found no impact of menstrual phase (D'Urzo et al., 2018; Ketel et al., 2009; 

Rakobowchuk et al., 2013; Rossi et al., 2009; Saxena et al., 2012; Shenouda et al., 2018). These 

conflicting findings are not explained by methodological, sample population or E2 fluctuation 

differences between studies. Although this has not been systematically investigated, there also 

appears to be considerable inter-individual variability in the impact of phase on endothelial 

function, regardless of whether group level phase differences are detected (D'Urzo et al., 2018; 

M. R. Williams et al., 2001). 

Studies to date have measured changes in endothelial function over only one cycle, it is 

therefore unknown whether phase changes in endothelial function are consistent within a woman 

over multiple cycles. Specifically, it is unknown if individuals who exhibit an increase in 

endothelial function during the LF (high E2) phase of one cycle, will respond in a similar manner 

during subsequent cycles. If responses are consistent over multiple cycles, this would suggest the 

presence of chronic, functionally relevant intra-individual differences in the physiological 

response to cyclic fluctuation in E2.  
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Several studies in humans have identified ERa gene polymorphisms which are correlated 

with long term functional and clinical cardiovascular consequences (Figtree et al., 2009; Schuit 

et al., 2004; Shearman et al., 2003). While the causal role of genotype in the cardiovascular 

outcomes remains to be established, this evidence may reflect a chronic, consistent role of ERa 

genotype in vasoprotective vascular responses to E2, including the NO pathway. If ERa genotype 

or another stable trait with inter-individual heterogeneity is involved in determining endothelial 

function changes in response to cyclic fluctuation in E2, it can be speculated that an individual 

woman will respond in a similar fashion, across multiple cycles. 

With this as a background, the primary purpose of this study is to determine the intra-

individual consistency of changes in endothelial function across two menstrual cycles in healthy, 

regularly cycling women. This will be achieved by i) determining the correlation of EF to LF 

phase changes in brachial artery FMD and PLM-induced vasodilation across two menstrual 

cycles and ii) using estimates of error and effect size to categorize participants as responders or 

non-responders to phase in each cycle, and determining the consistency of categorization over 

two cycles (Bonafiglia et al., 2018; Bouchard et al., 2012; Swinton et al., 2018). This will be 

done for both FMD and PLM-induced vasodilation. This will also be the first study to explore 

changes in PLM-induced vasodilation over the menstrual cycle, extending our limited 

understanding of the impact of menstrual phase on leg microvascular function (Adkisson et al., 

2010).  Exploring the potential for consistent intra-individual differences in endothelial responses 

to phasic E2 fluctuation is important because disparate responses to E2 may have long term, 

functionally relevant cardiovascular consequences (Hayashi et al., 2007; Pollak et al., 2004; 

Rokach et al., 2005; Schuit et al., 2004; Shearman et al., 2003). 
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3.2 Materials and Methods 

3.2.1 Ethical Approval 

All experimental procedures were approved by the Queen’s University Health Sciences 

Research Ethics Board, which conforms to the standards set by the Declaration of Helsinki (with 

the exception that this study was not registered in a database). Prior to participation, volunteers 

provided written consent on forms approved by the same board.  

 

3.2.2 Participants and Screening Visit 

 39 volunteers came to the laboratory for a screening visit to assess their eligibility to 

participate and become familiarized with the study protocol. The visit included completing a 

medical screening questionnaire, a blood pressure assessment and a scan of the brachial artery 

and common femoral artery via ultrasound, to ensure that a clear image of each artery and a 

strong blood velocity signal could be collected. Exclusion criteria included irregular menstrual 

cycles (<10 cycles per year) (n = 1), use of hormonal therapy or self-report of abnormal 

hormonal levels (n = 1), history of cardiovascular or metabolic disease, medication use to treat 

cardiovascular risk factors, and high levels of physical activity (greater than 5 hours of structured 

exercise sessions per week). Blood pressure was assessed, characterized by the average of five 

measurements with an automated blood pressure assessment device (BPTru Medical Devices, 

Coquitlam, BC, Canada). Individuals who were hypotensive (<90/60 mmHg) or hypertensive 

(>140/90 mmHg) (n = 1) at the time of the screening were excluded. Volunteers were also 

excluded if they refused blood draws (n = 1) or could only complete one cycle (n = 8).  Some 

participants dropped out of the study after completing one or more visits due to scheduling 
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conflicts (n = 12) or changes in health status after the screening visit (n = 1). Fourteen women 

completed the study. 

 

3.2.3 Experimental Design  

Participants attended two visits per cycle, for 2 menstrual cycles, such that each 

participant was studied a total of four times over two cycles. Participants completed the same 

protocol in all visits. Each visit corresponded with a specific phase of the menstrual cycle: visits 

1 and 3 occurred during the low estrogen (EF) phase, and visits 2 and 4 occurred during the high 

estrogen (LF) phase (EFVisit 1, LFVisit 2, EFVisit 3, LFVisit 4; see Figure 3.1).  

One complete cycle was defined as the duration between the start of two menstrual 

periods. Day one of menstruation was the first day of the menstrual cycle. After recruitment and 

entry into the study, participants were followed for at least one menstrual cycle, in order to 

derive an estimate of cycle length. The EF experimental visits were scheduled within days 2-6 of 

each cycle, and the LF experimental visits were scheduled 15 days prior to the anticipated last 

day of the participant’s cycle (M. R. Williams et al., 2001). As the luteal phase is predicted to be 

on average 14 days from the time of ovulation to the next onset of menses (the next menstrual 

cycle), this placed the LF visit one day prior to the calculated ovulation date for each participant. 

Ovulation testing occurred using Clearblue Ovulation kits (Swiss Precision Diagnostics 

GmbH, Geneva, Switzerland) according to the manufacturer’s instructions. This test detects the 

spike in urine luteinizing hormone, which signals ovulation. If ovulation occurred prior to the 

scheduled LF visit, the LF visit was re-scheduled to the participant’s next menstrual cycle, in 

order to occur within the correct phase (n = 1). 
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Participants were instructed to abstain from food for 12 hours and to avoid exercise, 

consumption of alcohol and caffeine for 24 hours prior to each experimental visit, as these 

confounding factors have been shown to influence endothelial function (Thijssen et al., 2011). 

Prior to fasting, the participants were also instructed to consume the same meal before each 

experimental visit. In addition, all experimental visits were scheduled to begin in the morning 

(6am-10:30am), in order to control for the diurnal variation in FMD (Ringqvist et al., 2000). 

Upon arrival at the laboratory, participants were instructed to lie supine for 30 minutes. 

Participants then completed three consecutive FMD trials and three consecutive PLM trials, see 

Figure 3.2. The order of FMD and PLM trials were not counterbalanced, as movement between 

different postures, i.e. supine and upright, has been shown to affect central and peripheral 

hemodynamics (Gifford & Richardson, 2017; Trinity et al., 2015). Given the required posture for 

each physiological measure, the experimental visit protocol timeline (Figure 3.2.) provided the 

minimum amount of movement between postures, reducing unnecessary rest periods and 

fluctuations in cardiovascular parameters. At the end of each experimental visit, a single venous 

blood sample and saliva sample were taken to permit analysis of estrogen (blood and saliva), 

progesterone and viscosity (blood only) (saliva data not reported due to equipment failure, 

preventing analysis). 
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Figure 3.1. Overall study protocol timeline. Each participant participated in 4 experimental visits (EFVisit 1, 
LFVisit 2, EFVisit 3 and LFVisit 4), with 2 visits during each menstrual cycle for a total of 2 cycles; one visit each 
cycle occurred during the early follicular phase (between day 2 - 6) and the other visit occurred during the late 
follicular phase (cycle day individually estimated and before ovulation). EF = early follicular phase, LF = late 
follicular phase, E2 = 17b-estradiol, FMD = flow-mediated dilation, PLM = passive leg movement. 
 
 

 
Figure 3.2. Individual experimental visit timeline. During each visit, 3 consecutive FMD tests and 3 
consecutive PLM tests were performed, ending with a venous blood draw and saliva sample for menstrual 
hormone analysis. BSL = baseline, REC = recovery, RH = reactive hyperemia, E2 = 17b-estradiol, FMD = 
flow-mediated dilation, PLM = passive leg movement.  
 
 
3.2.4 Experimental Procedures 
 
Heart Rate and Blood Pressure. A three lead ECG was used to obtain heart rate and was 

recorded continuously with LabChart software (AD instruments, Colorado Springs, CO, USA) 

during each experimental visit. Blood pressure was measured with two different devices. To 

obtain an accurate absolute assessment of baseline blood pressure, six discrete measurements 
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were taken using an automated arm cuff at the beginning of each experiment (BPTru Medical 

Devices, Coquitlam, BC, Canada). Baseline blood pressure was also assessed based on two 

discrete arm cuff measurements before each vascular test (i.e. FMD and PLM). To permit 

continuous assessment of changes in blood pressure throughout each experimental visit, blood 

pressure was assessed via photoplethysmography (Finapres Medical Systems, Arnhem, 

Netherlands).  

 

Brachial and Femoral Arterial Diameter Measurements. Brachial artery diameter was obtained 

using echo ultrasound (12 megahertz [MHz] in B mode, Vivid i2 Medical systems, Mississauga, 

ON, Canada), with an insonation angle of 68° (K. E. Pyke et al., 2008). Ultrasound images were 

recorded with a video graphics array to USB frame grabber (Epiphan systems Inc., Ottawa, ON, 

Canada) and saved as .avi files via Camtasia studio (TechSmith, Michigan, MI, USA) on a 

separate computer, as previously described (Jazuli & Pyke, 2011). 

 

Brachial and Femoral Artery Blood Velocity Measurements. Blood velocity was obtained using 

Doppler ultrasound operating at 4 MHz (Vivid i2 G3 Medical Systems, Mississauga, ON, 

Canada). To determine mean blood velocity, the Doppler shift frequency spectrum was analyzed 

using a Multigon 500P TCD spectral analyzer (Multigon Industries, Yonkers, NY, USA) and the 

voltage output from the Multigon was continuously recorded (Labchart, AD Instruments, 

Colorado Springs, CO, USA) to use for subsequent analysis, as previously described (Jazuli & 

Pyke, 2011). 
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Brachial Artery FMD. FMD is an index of conduit endothelial function, as the vasodilation in 

the brachial artery itself, exhibited in response to an increase in shear stress, has been shown to 

reflect the health of the endothelium of the conduit artery being measured (i.e. the brachial 

artery) (Celermajer et al., 1992; Thijssen et al., 2011). Three trials of FMD were performed 

during each experimental visit, see Figure 3.2. An occlusion cuff was placed on the participant’s 

left forearm at the antecubital fossa, distal to the ultrasound probe, where the brachial artery was 

imaged. Each trial involved a measure of baseline brachial artery diameter and blood velocity for 

1 minute. This was followed by forearm cuff inflation to 250 mmHg for 5 minutes. Brachial 

artery diameter and velocity recording was resumed in the last minute of cuff inflation and 

continued for 3 minutes post-deflation. Each FMD trial was separated by a minimum of 15 

minutes or until the brachial artery diameter returned to baseline between trials. 

 

Passive Leg Movement. Passive leg movement (PLM) is an index of microvascular endothelial 

function, as the increase in quadriceps blood flow and conductance exhibited in response to 

PLM, occurs as a result of the dilation in the downstream microvascular beds of the site of 

measurement (i.e. common femoral artery) (Gifford & Richardson, 2017). Research has shown 

that the femoral artery does not dilate significantly in response to PLM (Gifford & Richardson, 

2017; Trinity et al., 2012) and therefore is an index of microvascular, and not conduit artery 

endothelial function. One cycle of PLM involved passively moving the participant’s leg from a 

fully extended position (180°) to a bent, flexed position (90°), and back to the extended position 

(180°) in an upright seated posture (Gifford & Richardson, 2017). These movements occurred at 

a frequency of 1 Hz whereby 60 full cycles of PLM occurred in a minute. During each PLM trial, 
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the participant’s leg was supported in a hinged knee brace to permit movement through the 90-

degree range of motion, see Figure 3.3. 

Three trials of PLM were performed during each experimental visit, see Figure 3.2. Each 

PLM trial involved continuous measurement of femoral artery diameter and blood velocity via 

ultrasound (12MHz, Vivid i2 Medical Systems, Mississauga, Canada ) during a 1 minute 

baseline, 2 minutes of PLM and 2 minutes of recovery. Each PLM trial was separated by a 

minimum of 10 minutes or until the participant’s blood velocity returned to baseline between 

trials.  

 

 

 

 

 

 

 

 

 

Figure 3.3. Placement of the hinged knee brace, used for each passive leg movement (PLM) trial. FA = 

femoral artery. 

 

3.2.5 Data Analysis 

Hormone Analysis. 17b-estradiol and progesterone levels in blood samples were analyzed in the 

CORE laboratory at Kingston General Hospital Laboratory (Kingston, ON, Canada). Both 

estradiol and progesterone were assessed using a chemiluminescent microparticle immunoassay 
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(Abbott Diagnostics, Abbott Park, IL, USA), per manufacturer instructions. All samples were 

same-day tested.  

 

Whole Body Viscosity Analysis. Whole body viscosity was measured in duplicate or triplicate, 

and the average of the two or three values was reported. Viscosity was measured in triplicate if 

the difference in the first two measures was greater than 1.5 centipoise. Analysis was performed 

following experimental visits at a shear rate of 225 s-1 at 37 °C with a cone-and-plate viscometer 

(Brookfield DV-II+ Pro, Brookfield AMETEK, USA). 

 

Mean Arterial Pressure and Heart Rate. Resting mean arterial pressure (MAP) was calculated 

using the following equation: MAP = [systolic blood pressure + 2 (diastolic blood pressure)/3], 

with SBP and DBP measurements from the BPTru (BPTru Medical Devices, Coquitlam, BC, 

Canada). Resting heart rate and MAP were reported as the 1-minute average during baseline for 

each FMD and PLM trial.  

 

Brachial and Common Femoral Artery Blood Velocity. For FMD calculations, blood velocity 

was analyzed in three second average time bins using data acquisition software (Labchart, AD 

Instruments, Colorado Springs, CO, USA), as previously described (Pyke et al. 2008). For PLM 

calculations, femoral artery blood velocity was collected on a beat-by-beat basis, using data 

acquisition software (Labchart, AD Instruments, Colorado Springs, CO, USA), as previously 

described (Gifford & Richardson, 2017). 
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Brachial and Common Femoral Artery Diameter. Brachial and superficial femoral artery 

diameter was analyzed using automated edge-detection software (Encoder FMD and blood flow 

v3.0.3, Reed Electronics, Oxford, United Kingdom), as previously described (Jazuli & Pyke, 

2011). The resulting diameter data from the FMD trials was compiled into 3 second time bins 

over the course of the trial and was used for FMD calculations. Femoral artery diameter was 

characterized as the average diameter during baseline. 

 

Brachial Artery Shear Stress. Shear stress (SS) was calculated using the following equation: 

[(4*whole blood viscosity*blood velocity)/vessel diameter)], using the time aligned 3 second 

average velocity and diameter time bins. Baseline shear stress was reported as a 1-minute 

average before cuff inflation and the shear stress stimulus for FMD was quantified as the shear 

stress under the curve (SS AUC) in the first 30 seconds post cuff deflation (SS AUC30s). If 

blood was not acquired in a visit, the missing viscosity values were substituted with the mean, 

group level viscosity for that visit, to calculate both baseline SS and SS AUC30s. 

 

Leg Blood Flow and Vascular Conductance.  LBF (ml/min) was calculated using the following 

equation: (v x p x [femoral artery radius]2) x 60, where v = blood velocity and femoral artery 

radius = femoral artery baseline diameter/2. LVC (ml/min/mmHg) was calculated using the 

following equation: LBF/MAP. Baseline blood flow and conductance were reported as a 1-

minute average. 

 

Flow-Mediated Dilation. FMD was reported as absolute change (AbsFMD) and percent change 

(%FMD) in diameter from baseline, to the peak 3 second average diameter time bin, post cuff 
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deflation. In cases where the tracking was superior in the last minute of occlusion, that value was 

used in place of the baseline value to calculate FMD (10 trials). Three trials of FMD were 

conducted (Figure 3.2) for each participant during each visit and the average of the trials with 

good quality scans (minimum of 2) was reported, to produce a single response value per 

participant, per visit. 

 

Responses to Passive Leg Movement. The response to PLM was reported as the change in LBF 

and LVC from baseline to the peak response (Peak Change), and as the change in the area under 

the curve (AUC Change) of LBF and LVC during the first 60s of PLM (Gifford & Richardson, 

2017). Three trials of PLM were conducted (Figure 3.2.) for each participant during each visit, 

and the average of the trials with a good quality velocity signal (minimum of 2 with the 

exception of one visit for one participant, where only 1 trial was used) was reported, to produce a 

single response value per participant. 

 

Consistency of Vascular Responses. In order to classify participants as positive responders, non-

responders or negative responders to phase, threshold-based dichotomous classification with 2 x 

typical error (TE) threshold was used for %FMD (Bonafiglia et al., 2018; Gurd et al., 2016; 

Swinton et al., 2018). However due to the absence of data required for calculating PLM TE in 

healthy, naturally cycling women for PLM, the threshold used for category classification was 

smallest worthwhile change (SWC). SWC was calculated as 0.2 x the standard deviation (SD) of 

baseline measures (i.e. AUC Change LVC in EFVisit 1) (Bonafiglia et al., 2018; Swinton et al., 

2018). LVC AUC Change was chosen as the measure of microvascular endothelial function for 

classification, as it has been shown to best reflect NO-dependent vasodilation (Broxterman et al., 
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2017; Gifford & Richardson, 2017; Groot, Trinity, et al., 2015). Consistent/non-consistent 

positive responders, negative responders and non-responders for both %FMD and PLM-induced 

vasodilation were identified by comparing the classification in each cycle. 

 

3.2.6 Statistical Analysis 

All statistical analysis was performed using SigmaPlot 11 Software (Systat Software Inc., 

San Jose, CA, USA) or IBM SPSS Version 24 (SPSS Inc., Chicago, IL, USA). All values were 

expressed as the mean ± SD. Statistical significance was set at p < 0.05. A linear mixed model 

with factors menstrual cycle (cycle 1 and cycle 2) and phase (EF and LF phase) was used to 

examine HR, MAP, whole blood viscosity, %FMD, AbsFMD, SS baseline, SS AUC30s, 

Baseline LBF/LVC, Peak Change LBF/LVC and AUC Change LBF/LVC. Linear regression 

analysis was used to determine whether phase changes in %FMD and PLM-induced vasodilation 

(AUC Change LVC) in cycle 1 predicted responses in cycle 2. A linear mixed model with factor 

cycle (cycle 1 and cycle 2) was used to compare menstrual cycle length, days from LF visit to 

ovulation, day of ovulation, LF estrogen, phase delta %FMD and phase delta PLM (AUC 

Change LVC) between cycles. In addition, linear regression analysis was used to determine the 

correlation between cycles for the following parameters: menstrual cycle length, days from LF 

phase and ovulation and E2 levels during the LF phase. Threshold-based dichotomous 

classification was plotted as changes in conduit and microvascular endothelial function (%FMD 

and AUC  LVC Change, respectively) with ± 2 x TE and ± SWC thresholds,  respectively. In a 

separate cohort of young healthy women (n = 12), %FMD TE was calculated as the SD of 

%FMD trial 1 and trial 2 difference scores divided by the square root of 2 (both visits in EF, 3 

days apart) (Tremblay et al., 2019). SWC was calculated as 0.2 x the SD of AUC Change LVC 
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in EFVisit 1 (Bonafiglia et al., 2018; Hopkins, 2000; Swinton et al., 2018). If an individuals’ 

endothelial function change score (LF - EF phase) laid above, below or between the thresholds (± 

2 x TE or ± SWC), they were categorized as a positive responder, negative responder or non-

responder, respectively (Bonafiglia et al., 2018; Bouchard et al., 2012). Consistent responses 

were identified when individuals were classified in the same category (positive responder, 

negative responder or non-responder) in both menstrual cycles. For some variables, the full n of 

14 for each cycle was unavailable due to technical issues or trial exclusions; therefore, the n 

included in the analysis for each variable is provided in the table or figure legend.  
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3.3 Results 

3.3.1 Participant Characteristics 

Participants were 22 ± 3 years old with a BMI of 26.1 ± 4.4 kg/m2. The average cycle 

length was 29 ± 4 days in cycle 1 and 30 ± 5 days in cycle 2 (p = 0.55). On average, ovulation 

was detected on day 16 ± 3 in cycle 1 and day 17 ± 5 in cycle 2 (p = 0.57), with an average of 3 

± 2 days between LFVisit2 and ovulation (cycle 1) and 3 ± 3 days between LFVisit 4 and ovulation 

(cycle 2) (p = 0.69). Ovulation wasn’t detected in n = 3 participants in cycle 1 and n = 5 

participants in cycle 2. Linear regression analysis revealed that cycle parameters were not 

significantly correlated between cycles. This included E2 levels in the LF phase between cycle 1 

and cycle 2 (r = 0.02, p = 0.96), menstrual cycle length in cycle 1 and cycle 2 (r = 0.40, p = 0.16) 

and the number of days between the LF visit and ovulation in cycle 1 and cycle 2 (r = 0.17, p = 

0.69). 

 

3.3.2 Blood Analysis: Hormones and Viscosity 

Blood samples for estradiol and progesterone were obtained and analyzed in 10 of 14 

participants for cycle 1 and 12 of 14 participants for cycle 2. Due to many samples falling below 

the detectable limits of the assay, descriptive, rather than statistical analysis was performed. In 6 

participants during the EFVisit 1 and 9 participants during the EFVisit 3, estradiol levels fell beneath 

the detectable limit of the assay (100 pmol/L), and the remaining 4 participants in EFVisit 1 and 3 

participants in EFVisit 3 had detectable levels (Table 3.1.). In 10 participants during the EFVisit 1 and 

12 participants during the EFVisit 3, progesterone levels fell beneath the detectable limit of the 

assay (1 nmol/L). In 1 participant during LFVisit 2 and 1 participant during LFVisit  4 estradiol levels 

fell beneath the detectable limit (100 pmol/L), but in the remaining 9 participants in LFVisit 2 and 
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11 participants in LFVisit4, estradiol concentrations were well above 100 pmol/L, indicating a 

substantial increase in circulating estradiol in the LF phase (Table 3.1.). In 7 participants during 

LFVisit 2, and 9 participants during LFVisit 4, progesterone levels fell beneath the detectable limit of 

the assay (1 nmol/L), and the remaining 3 participants in each visit (LFVisit 2 and LFVisit 4) had 

detectable levels (Table 3.1.). Overall, blood progesterone levels were low and appeared to 

change little across both phase and cycle. Estradiol levels during the LF phases (LFVisit 2 and 

LFVisit 4) were not significantly different (p = 0.55) and were poorly correlated (r = 0.02, p = 

0.96). Whole blood viscosity was unchanged across phase and cycle (Figure 3.4.). 
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Table 3.1. Blood analysis: estradiol and progesterone during EF and LF phases. 

 
Values are mean ± SD. EF phase = early follicular phase, LF = late follicular phase. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Cycle 1 (n = 10) Cycle 2 (n = 12) 
 EF Phase LF Phase EF Phase LF Phase 

Estradiol 
(pmol/L) 

n = 6: <100 
n = 4: 124.0 ± 15.9 

n = 1: <100 
n = 9: 493.7 ± 229.5 

n = 9: <100 
n = 3: 194.7 ± 140.1 

n = 1: <100 
n = 11: 399.1 ± 328.5 

Progesterone 
(nmol/L) 

n = 10: <1 
 

n = 7: <1 
n = 3: 21.8 ± 33.6 

n = 12: <1 
 

n = 9: <1 
n = 3: 10.3 ± 11.9 
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Figure 3.4. Viscosity during the four visits. EF Cycle 1: n = 10, LF Cycle 1: n = 13, EF Cycle 2: n = 12 
and LF Cycle 2: n = 13. Black bars  = EF phase, grey bars = LF phase. EF = early follicular, LF = last 
follicular, P = phase, C = cycle, cP = centipoise. Error bars reflect the SD. 
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3.3.3 Baseline Hemodynamic Variables (HR, MAP) 

Baseline HR during the FMD trials remained unchanged across phase and cycle (Table 

3.2.). Baseline MAP was unchanged across cycle for FMD, but was significantly elevated during 

the EF compared to LF phase (~2 mmHg, Table 3.3.). Baseline MAP remained unchanged 

across phase and cycle, but there was an impact of cycle on MAP during PLM, whereby it was 

significantly elevated in cycle 2 compared to cycle 1 (Table 3.3.). There was a significant 

interaction between phase and cycle for baseline HR. Post hoc analysis revealed that Baseline 

HR for PLM trials was significantly lower during the LF phase in cycle 2, compared to the LF 

phase in cycle 1 (Table 3.3.).  

 

3.3.4 Baseline SS and SS Stimulus (SS AUCs30) 

There was a significant interaction between phase and cycle (p = 0.02; Table 3.2.) for 

baseline SS. Post hoc analysis revealed that baseline SS was significantly higher during the LF 

phase compared to the EF phase, during cycle 1 (Table 3.2.). The SS stimulus (SS AUC30s) 

remained unaltered across phase and cycle (Table 3.2.). 

 

3.3.5 Brachial Artery Baseline Diameter and FMD 

Baseline diameter for FMD remained unchanged across phase and cycle (Table 3.2.). 

There was no impact of phase or cycle on %FMD or AbsFMD (Figure 3.5.; Table 3.2.). Delta 

%FMD (LF%FMD – EF%FMD) was not significantly different between cycles (p = 0.35, 

Figure 3.5.B.). 
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3.3.6. Femoral Artery Baseline Diameter and PLM-Induced Vasodilation 

Femoral artery baseline diameter, baseline LBF and baseline LVC remained unchanged 

across phase and cycle (Table 3.4.). All other PLM response parameters also remained 

unchanged across phase and cycle (Table 3.4.; Figure 3.6.). Delta PLM (AUC Change LVC) 

was not significantly different between cycles (p = 0.08, Figure 3.6.C.) 
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Table 3.2. Hemodynamics & FMD variables during the four visits.  

 
Values are mean ± SD. Significant findings are bolded, p-value denotes main effects and interactions of 
factors: Phase (P), Cycle (C), and Phase and Cycle interaction (P*C). # p < 0.05 vs. EF Phase. EF phase = 
early follicular phase, LF = late follicular phase, HR = heart rate, MAP = mean arterial pressure, SS = 
shear stress, AUC = area under the curve, SS AUC30s = area under the curve in the 30 seconds following 
cuff release, AbsFMD = absolute flow-mediated dilation. Post hoc analysis exploring the interaction 
between phase and cycle for baseline SS revealed that baseline SS was significantly higher during the LF 
phase compared to the EF phase, during cycle 1 (#). *Baseline SS and SS AUC30s (cycle 1 EF and LF 
phase): n = 13, ^Baseline diameter = brachial artery diameter. 
 
 
 

 

 

 

 

 

 

 

 
 
 
 

 HR (bpm) MAP 
(mmHg) 

*Baseline SS 
(dynes x cm2) 

*SS AUC30s  
(dynes x cm2) 

^Baseline 
Diameter 

(cm) 

AbsFMD 
(cm) 

Cycle 1  
(n = 14) 

EF 
Phase 

57.7 ± 6.9 78.1 ± 7.1 2.7 ± 1.5 575.0 ± 199.4 0.326 ± 
0.03 

0.024 ± 0.01 

LF 
Phase 

57.4 ± 4.1 75.9 ± 8.4# 3.5 ± 1.6#  549.2 ± 159.3  0.330 ± 
0.04 

0.029 ± 0.01 

Cycle 2  
(n = 14) 

EF 
Phase 

57.5 ± 4.9 77.0 ± 5.9 3.0 ± 1.2 526.6 ± 176.1 0.322 ± 
0.03 

0.026 ± 0.01 

LF 
Phase 

56.0 ± 4.3 74.8 ± 6.7# 2.8 ± 1.5 479.2 ± 143.1 0.322 ± 
0.04 

0.025 ± 0.01 

 
p-values 

P: p = 0.41 
C: p = 0.45 
P*C: p = 

0.57  

P: p = 0.02 
C: p = 0.24 
P*C: p = 

0.96 

P: p = 0.27 
C: p = 0.57 

P*C: p = 0.02 

P: p = 0.28 
C: p = 0.13 

P*C: p = 0.68 

P: p = 0.56 
C: p = 0.11 
P*C: p = 

0.68 

P: p = 0.40 
C: p = 0.50 
P*C: p = 

0.07 
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Table 3.3. PLM hemodynamics during the four visits. 

 
Values are mean ± SD. p-value denotes main effects and interactions of factors: Phase (P), Cycle (C), and 
Phase and Cycle interaction (P*C).  #p < 0.05 vs. cycle 1 LF phase, &p < 0.05 vs. cycle 1. EF phase = 
early follicular phase, LF = late follicular phase, HR = heart rate, MAP = mean arterial pressure, PLM = 
passive leg movement. Post hoc analysis exploring the interaction between phase and cycle for HR 
revealed that HR was significantly lower during LF phase in cycle 2, compared to LF phase in cycle 1(#). 
PLM MAP = mean arterial pressure during the first minute of leg movement. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  HR (bpm) MAP (mmHg) PLM MAP (mmHg) 

Cycle 1 (n = 14) EF Phase 65.7 ± 9.9 78.3 ± 6.8 77.1 ± 7.6 
LF Phase 69.1 ± 7.0 77.0 ± 7.6 75.9 ± 8.8 

Cycle 2 (n = 14) EF Phase 67.4 ± 5.7 79.3 ± 6.3 79.4 ± 6.6& 
LF Phase 64.7 ± 7.1# 78.0 ± 6.7 77.5 ± 7.3& 

 
p-values 

P: p = 0.82 
C: p = 0.37 

P*C: p = 0.04 

P: p = 0.09 
C: p = 0.21 

P*C: p = 0.99 

P: p = 0.10 
C: p = 0.05 

P*C: p = 0.71 
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Figure 3.5. A) %FMD and B) Delta %FMD. N = 14 for both A) and B). Panel B: symbols and lines 
reflect individual responses and the bars depict the group means. For A) black bars  = EF phase, grey bars 
= LF phase. Delta FMD was calculated as LF FMD – EF FMD. FMD = flow-mediated dilation, EF = 
early follicular phase, LF = late follicular phase, P = phase, C = cycle. Error bars reflect the SD. 
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Table 3.4. PLM variables during the four visits. 

 
Values are mean ± SD. p-value denotes main effects and interactions of factors: Phase (P), Cycle (C), and 
Phase and Cycle interaction (P*C). EF phase = early follicular phase, LF = late follicular phase, LBF = 
leg blood flow, LVC = leg vascular conductance, AUC = area under the curve. *AUC Change LBF and 
AUC Change LVC: n = 13, ^Baseline diameter = superficial femoral artery diameter. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 ^Baseline 
Diameter (cm) 

Baseline LBF 
(ml/min) 

Baseline LVC 
(ml/min/mmHg) 

*AUC Change 
LBF (ml) 

*AUC Change 
LVC (ml/mmHg) 

Cycle 1  
(n = 14) 

EF 
Phase 

0.793 ± 0.1  134.8 ± 80.1 1.7 ± 1.0 170.8 ± 86.9 2.2 ± 1.0 

LF 
Phase 

0.784 ± 0.1  152.1 ± 48.5 2.0 ± 0.7 167.4 ± 83.8 2.3 ± 1.3 

Cycle 2  
(n = 14) 

EF 
Phase 

0.780 ± 0.1 162.6 ± 102.1 2.1 ± 1.4 181.2 ± 71.7 2.4 ± 0.9 

LF 
Phase 

0.794 ± 0.1 150.9 ± 70.6 1.9 ± 0.9 131.6 ± 80.0 1.7 ± 0.9 

 
p-values 

P: p = 0.76 
C: p = 0.82 

P*C: p = 0.18 

P: p = 0.86 
C: p = 0.39 

P*C: p = 0.34 

P: p = 0.68 
C: p = 0.49 

P*C: p = 0.27  

P: p = 0.12 
C: p = 0.44 

P*C: p = 0.18 

P: p = 0.24 
C: p = 0.24 

P*C: p = 0.09 
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Figure 3.6. A) Peak change LBF, B) Peak Change LVC and C) Delta PLM (AUC Change LVC). N 
= 14 for both A), B) and C). Black bars  = EF phase, grey bars = LF phase. Delta PLM was calculated as 
LF phase AUC Change LVC – EF phase AUC Change LVC. EF = early follicular, LF = last follicular, 
LBF = leg blood flow, LVC = leg vascular conductance, P = phase, C = cycle. Error bars reflect the SD. 
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3.3.7 Consistency of Vascular Responses across the two cycles 

There was no correlation between phase change in %FMD in cycle 1 vs. cycle 2 (r = 

0.08, p = 0.78, Figure 3.7.A). Similarly, phase change in PLM response parameters (AUC 

Change LVC) did not correlate between cycles (r = 0.002, p = 0.99, Figure 3.7.B).  

There was 1 consistent positive FMD responder (FMD increased from EF to LF in both 

cycles) (7% sample), 3 consistent non-responders (FMD did not change from EF to LF in both 

cycles) (21% of sample), and the remaining 10 participants did not have a consistent FMD 

response classification (71% of sample) (Figure 3.8.C). There was 1 consistent positive PLM 

responder (AUC Change LVC increased from EF to LF in both cycles) (8% sample), 1 consistent 

PLM non-responder (AUC Change LVC did not change from EF to LF in both cycles) (8% of 

sample), 3 consistent negative PLM responders (AUC Change LVC decreased from EF to LF in 

both cycles) (23% of sample), and the remaining 8 participants did not have a consistent PLM 

classification (62% of sample) (Figure 3.9.C).   
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Figure 3.7. A) Linear regression of phase changes in %FMD and B) Linear regression of phase 
changes in PLM-induced vasodilation (AUC Change LVC). N = 14 for A) and N = 13 for B). FMD = 
flow-mediated dilation, PLM = passive leg movement, AUC = area under the curve, LVC = leg vascular 
conductance. Phase change refers to the change in endothelial function from the EF to LF phase. 
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Figure 3.8. Threshold-based dichotomous classification for %FMD phase responses. A) Phase 
changes in %FMD during cycle 1, B) Phase changes in %FMD during cycle 2 C) Comparing phase 
changes in %FMD during both cycles. N = 14 for A), B) and C). For C) black bars  = cycle 1, grey bars 
= cycle 2. FMD = flow-mediated dilation, TE = typical error. Black solid lines represent ± 2 x TE 
thresholds. Thick solid box indicates a consistent non-responder and thin dashed box indicates a 
consistent positive responder. 
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Figure 3.9. Threshold-based dichotomous classification for PLM (AUC Change LVC) phase 
responses. A) Phase changes in PLM-induced vasodilation during cycle 1, B) Phase changes in 
PLM-induced vasodilation during cycle 2, C) Comparing phase changes in PLM-induced 
vasodilation during both cycles. N  = 13 for A) and C), N = 14 for B). For C) black bars  = cycle 1, grey 
bars = cycle 2. AUC = area under the curve, LVC = leg vascular conductance, SWC = smallest 
worthwhile change. Black solid lines represent ± SWC threshold. Thick solid box indicates a consistent 
non-responder, thin dashed box indicates a consistent positive responder and thin solid box indicates a 
consistent negative responder.  
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3.4 Discussion 
 

This is the first study to investigate the intra-individual consistency of changes in conduit 

and microvascular endothelial function over multiple menstrual cycles, and the impact of 

menstrual phase on PLM-induced vasodilation in healthy, regularly cycling women. The results 

demonstrated that there was no group level impact of phase on conduit or microvascular 

endothelial function, as assessed by FMD and PLM-induced vasodilation. At the individual level 

several participants were identified as positive or negative responders in each phase (EF to LF 

phase), but contrary to our hypothesis, phase changes in endothelial function were largely 

inconsistent over two cycles at the individual level. This provides limited support for the 

existence of chronic, functionally relevant intra-individual differences in the physiological 

response to cyclic fluctuation in E2. Future research is required to further investigate the 

existence of trait-like, physiologically relevant responses to phase over a greater number of 

cycles, the factors that drive cycle to cycle variability in responses, and how this may impact 

long-term vascular health and cardiovascular risk. 

 

3.4.1 Impact of menstrual phase on FMD 

 In the present study, we found no effect of phase on FMD at the group level (Figure 

3.5.), despite substantially higher E2 in the LF phase. This is consistent with other studies that 

have found no impact of cyclic fluctuations in E2 on brachial artery endothelial function (D'Urzo 

et al., 2018; Rakobowchuk et al., 2013; Saxena et al., 2012; Shenouda et al., 2018). Also, at the 

individual level, there was significant inter-individual variability in the change in %FMD 

between phases, consistent with previous findings (D'Urzo et al., 2018; M. R. Williams et al., 

2001).  However, as mentioned above, contrary to our hypothesis, phase changes in FMD were 
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not consistent at the individual level between cycle 1 and cycle 2. Specifically, phase changes in 

conduit endothelial function (FMD) were not significantly correlated between cycles (r = 0.08, p 

= 0.78; Figure 3.7.A) and classification of FMD responses in cycle 1 and cycle 2 indicated that 

71% of individuals did not have a consistent categorization (Figure 3.8.C), supporting the idea 

that at the individual level, responses were not consistent between cycles. Putative factors 

contributing to variability are discussed below. 

 

3.4.2 Impact of menstrual phase on PLM-induced vasodilation 

Menstrual phase at the group level did not impact PLM-induced vasodilation and this is 

consistent with other studies that have found no impact of menstrual phase on microvascular 

endothelial function, as assessed with acetylcholine iontophoresis in the forearm (Ketel et al., 

2009; Rossi et al., 2009). As previously mentioned, this current study is the first to investigate 

the impact of menstrual phase on PLM-induced vasodilation, a relatively novel, non-invasive 

index of microvascular endothelial function. This is also only the second study to compare leg 

microvascular function between menstrual phases. The only other study was conducted by 

Adkisson and colleagues (2010), and in contrast to the present study, they demonstrated that 

reactive hyperemic peak calf blood flow, assessed with venous occlusion plethysmography, was 

greatest in the LF phase (high E2) compared to the EF, early luteal and late luteal phases 

(Adkisson et al., 2010), indicating superior microvascular function in the LF phase. Adkisson et 

al., (2010) also found enhanced brachial artery FMD in the LF phase in the same sample of 

women. The reasons for the conflict with the present study are unclear but may relate to NO 

dependence of the tests (see discussion below). Similar to the FMD findings, phase changes in 

PLM-induced vasodilation during cycle 1, did not predict phase changes in cycle 2 (Figure 
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3.7.B). In addition, classification of PLM responses in cycle 1 and cycle 2 indicated that 62% of 

individuals did not have a consistent categorization (Figure 3.9.C), once again indicating that 

responses were not highly consistent between cycles at the individual level.  

 

Putative explanations for a lack of effect of phase on vascular function at the group level 

The NO dependence of both FMD and reactive hyperemia have been shown to be 

variable (Green et al., 2014; Parker et al., 2011; K. Pyke et al., 2010; Wray et al., 2013) and it is 

possible that Adkisson and colleagues (2010) recruited a sample with vascular responses that 

were overall highly NO-dependent (although the reported basic characteristics of the samples of 

Adkisson and the present study are similar). In the present study, our sample may have had FMD 

that was less NO-dependent and thus less susceptible to E2-induced improvements. Furthermore, 

studies that have investigated the NO dependence of PLM-induced vasodilation have only been 

conducted in men (Table 2.1.). Therefore, it is possible that PLM-induced vasodilation is less (or 

more variably) NO-dependent in women and thus again, less susceptible to E2-induced 

improvements. 

Estrogen receptors (ER), ligand activated receptors that can be found on the endothelium, 

are involved in the genomic and non-genomic effects of E2 (Chambliss & Shaul, 2002). Evidence 

has shown that E2 binding to ER alpha (ERa, an ER subtype) results in receptor activation, 

resulting in an increase in eNOS expression and subsequent NO bioavailability (Chambliss & 

Shaul, 2002; Gavin et al., 2009; Pare et al., 2002). In addition, Gavin and colleagues 

demonstrated that ERa expression in endothelial cells is influenced by E2 status, and that E2 

binding to ERa influences NO bioavailability. Specifically, the authors found that during the LF 

(high E2) phase, ERa expression was greater compared to the EF (low E2) phase and that ERa 
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and eNOS expression were strongly correlated (Gavin et al., 2009). Given this evidence, it is 

possible that the lack of effect of phase at the group level demonstrated in this study, could also 

have been caused by recruiting a sample of individuals that had a low overall capacity to 

upregulate ERa, with E2 exposure. 

 

Putative etiology of phase response inconsistency at the individual level (between cycles) 

At the group level, LF E2 levels and the number of days between the LF visit and 

ovulation, did not differ between cycles. However, there was a poor correlation between E2 

levels in the LF phase of cycle 1 and cycle 2 (i.e. LFVisit 2 and LFVisit 4). This demonstrates that 

there was substantial intra-individual variability in peak E2 between the two cycles. Given that E2 

is thought to be the physiological driver of the influence of phase on vascular function, 

inconsistent exposure to E2 between phases may have contributed to the lack of consistency in 

vascular responses to phase between cycles. Synthetic E2 in the form of oral contraceptives can 

also improve endothelial function, such that endothelial function is greater in the active phase 

(estrogen at a constant dose) vs. the placebo phase (no estrogen administered) (Thompson et al., 

2011). Therefore in order to provide further insight into the mechanisms of E2-induced changes 

in endothelial function in women, future studies should assess the consistency of vascular 

function responses to synthetic E2, under conditions of controlled doses.  

 In addition to menstrual cycle characteristics, there are other external variables that may 

have contributed to the exhibited variability in endothelial function. In this study, we controlled 

for diet with meal logs and diurnal variation in vascular measures, but we did not control for 

other possible factors that could influence endothelial function and might have been altered 

between cycles, such as sleep patterns (Behl et al., 2014; Weil et al., 2010) and stress levels 
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(Ghiadoni et al., 2000). Therefore, it is possible that these variables may have acted differently 

between the two menstrual cycles, and may have masked some consistency of the effects of 

menstrual phase on endothelial function. In future studies, assessing additional factors that could 

influence endothelial function and testing across more than two cycles, may provide greater 

insight into consistency of vascular responses to phase. 

   

3.4.3 Classification of Responders and Non-Responders 

There is evidence that ERa gene polymorphisms exist and are involved in influencing 

cardiovascular risk (Hayashi et al., 2007; Peter et al., 2009; Pollak et al., 2004; Rokach et al., 

2005; Schuit et al., 2004; Shearman et al., 2003), suggesting that this genetic variation can 

influence an individual’s vascular response to endogenous E2. We speculated that if genotype 

was driving variability in responses to cyclic fluctuation in E2, this fluctuation would be 

consistent across multiple cycles. As the results demonstrated that at the individual level, only a 

small fraction of participants (n = 3) responded consistently across the two cycles for both 

conduit and microvascular endothelial function (i.e. responded consistently for both FMD and 

PLM), but since these participants responded dissimilarly between FMD and PLM, this provides 

limited support for this hypothesis. Although, there are limitations associated with the statistical 

approach of threshold-based classification. Identification of positive responders, negative 

responders and non-responders is heavily dependent on the certainty of the threshold and 

therefore, inaccurate estimation of the threshold can result in participant misclassification 

(Bonafiglia et al., 2018). Future studies that quantify genotype and measure responses over more 

than two cycles (to derive a better estimate of an individual’s typical response to phase), are 
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required to clearly identify whether there is a role of genotype in determining cyclic responses to 

E2 fluctuation.  

 Although we did not detect a group level change in endothelial function between phases 

and there was little evidence that responses over two cycles were consistent, we did identify a 

number of positive and negative responders for both FMD and PLM in each cycle. Regarding the 

positive responders, we may have been successful in detecting the positive effects of estradiol on 

endothelial-dependent dilation. However with the negative responders, explaining the exhibited 

decreased endothelial function when estradiol was high, is more difficult. One possible 

explanation for lower endothelial function during the LF phase is the presence of progesterone, 

which could have interfered with the beneficial effects of estradiol. Indeed, some studies have 

shown that the synthetic progesterone found in earlier generations of oral contraceptive pills can 

counteract the beneficial effects of estradiol (Meendering et al., 2009; Thompson et al., 2011; 

Torgrimson et al., 2007). The luteal phase occurs after the LF phase and ovulation in the 

menstrual cycle, and is characterized by high levels of progesterone and estrogen (Stricker et al., 

2006). Some studies have demonstrated that during the luteal phase (high progesterone), 

endothelial function is lower compared to the LF (high E2) and even the EF phase (Adkisson et 

al., 2010; M. R. Williams et al., 2001). However, our blood hormone analysis revealed that in 

the total 19 FMD or PLM negative responders in a cycle, only 3 participants had progesterone 

levels above the detection limit (1 nmol/L) during the LF phase.  This therefore does not support 

a clear mechanistic role of progesterone in negative responses.  

As mentioned above, it is possible that changes in external factors (i.e. factors unrelated 

to phase) that have been shown to influence endothelial function, such as changes in sleep 

patterns or stress levels (Behl et al., 2014; Ghiadoni et al., 2000; Weil et al., 2010), may have 
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contributed to the exhibited lower (or higher) LF vs. EF endothelial function. Future studies are 

needed to further explore and identify the mechanisms that may contribute to substantially lower 

LF phase endothelial function. 

 

3.4.4 Methodological Considerations 

The minimum detectable limits in the estradiol and progesterone assays contributed to a 

lack of resolution when detecting low levels of circulating hormones (Table 3.1.). It also 

prevented the calculation of estradiol change scores from EF to LF. As the majority of blood E2 

were below the detectable limits during the EF phase (EFVisit 1 and EFVisit 3), another method to 

assess hormones during the menstrual cycle should also be considered.  

We did not measure NO dependence of vasodilation, ERa expression or ER genotypes in 

our sample, and so we are not able to provide insight with respect to the role of these factors in 

our observed responses (Figtree et al., 2009; Ogawa et al., 2000; Rokach et al., 2005; Schuit et 

al., 2004; Shearman et al., 2003).  

Typical error (TE) was used for the analysis of threshold-based dichotomous 

classification for phase changes in conduit artery endothelial function (FMD) while smallest 

worthwhile change (SWC) was used as the threshold for identifying responders and non-

responders to PLM-induced vasodilation (AUC Change LVC). This decision was made as there 

was no previously published research or research from our group, with PLM data over two test 

days that could be used to calculate TE. To strengthen the use of this classification model for the 

PLM method, a future study should be conducted to produce such data required for TE 

calculation (i.e. estimation of the SD of the change scores of repeated PLM trials). It is also 

possible to calculate confidence intervals based on the three trials conducted for each vascular 
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test, in order to better describe the individual variability in the endothelial function change scores 

and provide more perspective on our classification. On average, the SD of the 3 FMD trials 

performed in each participant was 2.68 ± 1.29 in the EF phase cycle 1, 2.12 ± 1.22 in the LF 

phase cycle 1, 2.73 ± 1.60 in the EF phase cycle 2, 2.01 ± 0.95 in the LF phase cycle 2. On 

average, the SD of the 3 PLM trials (AUC Change LVC) performed in each participant was 0.55 

± 0.53 in the EF phase cycle 1, 0.73 ± 0.51 in the LF phase cycle 1, 0.80 ± 0.83 in the EF phase 

cycle 2, 0.62 ± 0.65 in the LF phase cycle 2.  

 Given the variability of menstrual cycle characteristics, another limitation with measuring 

physiological variables during the menstrual cycle is the timing of the LF visit and capturing the 

time period immediately prior to ovulation when estrogen is at its peak. It is also difficult to 

schedule visits such that women are assessed at a consistent time point between multiple cycles. 

In the present study, ovulation was not detected in all participants and our analysis demonstrated 

that for those who did receive a positive ovulation result, the days from the LF phase to ovulation 

between cycles, were not significantly correlated. Future studies should consider other 

techniques for scheduling these time sensitive visits. For example, the use of the Advanced 

Digital Ovulation test, which can detect the spike in estradiol and luteinizing hormone, permits 

scheduling between these signals or on the day of the estrogen spike.   

 

3.4.5 Conclusion 

There was no group level impact of phase on conduit and microvascular endothelial 

function, as assessed by FMD and PLM-induced vasodilation. At the individual level, phase 

changes in endothelial function were largely inconsistent between phases and the intra-individual 

variability in LF E2 levels between cycles, may have played a role. Future research exploring 
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consistency of responses to synthetic E2 (controlled dose), alongside measures of NO 

dependence, ERa genotypes and phase changes in ERa and eNOS expression/activation, will 

provide greater insight regarding intra-individual differences in vascular responses to cyclic 

fluctuation in E2. 
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Chapter 4: General Discussion 

 Estrogen (E2) is a primary female sex hormone which fluctuates cyclically during the 

menstrual cycle, and thus provides a natural model to study the physiological effects of E2 on the 

vasculature. Research has shown that estrogen has vasoprotective properties, partly mediated by 

an increase in the endothelial dependent vasodilator, nitric oxide (NO) (Chambliss & Shaul, 

2002). This is supported by evidence that has demonstrated that the prevalence of cardiovascular 

disease (CVD) is significantly lower in healthy, regularly cycling premenopausal women 

compared to postmenopausal women, whereby menopause is characterized by a decrease in 

circulating endogenous E2 and endothelial dysfunction (Kannel et al., 1976; Rosano et al., 2007; 

Taddei et al., 1996). Circulating E2 concentration and its influence on NO bioavailability is also 

believed to play a mechanistic role in cyclic fluctuations in endothelial function over the 

menstrual cycle. Given the importance of E2 for vascular health, studying the chronic 

susceptibility of endothelial function to changes in response to cyclic fluctuations in E2 over the 

menstrual cycle, may provide a better understanding of traits related to long-term vascular 

health, which is of great importance. 

As mentioned in Chapter 3 there is evidence that inter-study variability exists, whereby 

some studies have shown an impact of menstrual phase on conduit and microvascular function 

(Adkisson et al., 2010; Arora et al., 1998; Chan et al., 2001; English et al., 1998; Harris et al., 

2012; Hashimoto et al., 1995; Rickenlund et al., 2005; Taddei et al., 1996; M. R. Williams et al., 

2001), while others have not (D'Urzo et al., 2018; Ketel et al., 2009; Rakobowchuk et al., 2013; 

Rossi et al., 2009; Saxena et al., 2012; Shenouda et al., 2018). Significant inter-individual 

variability in response to E2-induced changes has also been demonstrated (D'Urzo et al., 2018; 

M. R. Williams et al., 2001). Research prior to this thesis has not examined changes in 
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endothelial function over multiple menstrual cycles in healthy, regularly cycling premenopausal 

women, and therefore it is unknown whether phase changes during one cycle, are consistent 

within a woman over multiple cycles. 

The study outlined in Chapter 3 examined the changes in conduit and microvascular 

function, as assessed with flow-mediated dilation (FMD) and passive leg movement (PLM)-

induced vasodilation respectively, during the early follicular (EF) and late follicular (LF) phase 

over two menstrual cycles, to determine if phase responses were consistent. This study found that 

there was no impact of menstrual phase and cycle on conduit and microvascular function at the 

group level and that phase changes in endothelial function during cycle 1, did not predict phase 

changes in cycle 2. We also identified individuals who were classified as positive responders 

(increased function in LF relative to EF), negative responders (decreased function in LF relative 

to EF) and non-responders (no important difference between LF and EF responses), to phase 

during each menstrual cycle. The following sections of this chapter will address the 

methodological considerations of the study described in Chapter 3, and discuss proposed future 

directions. 

 

4.1 Methodological Considerations 

4.1.1 Scheduling Conflicts 

 The initial goal of the study was to measure women during a total of 4 visits (EFVisit 1, 

LFVisit 2, EFVisit 3, and LFVisit 4). However, due to scheduling conflicts and changes in time 

commitments with participants during the course of the study, 8 of the 22 participants who were 

screened into the study were only able to complete 1 full cycle (EFVisit 1 and LFVisit 2). Therefore, 
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the final sample size was n = 14, representing participants that completed the entire study (i.e. 2 

cycles). 

 

4.1.2 Trial Exclusions 

 As multiple trials of FMD and PLM were performed, decisions were made to exclude 

certain trials based on time constraints with participants during a visit, poor diameter image 

quality or poor velocity data. This was done to ensure that when averaging the FMD and PLM 

trials for each participant per visit, only trials that better reflected physiological responses were 

included for representing a participant’s response. Conducting multiple trials provides a better 

estimate of an individual’s true biological response because increasing the number of trials 

performed, decreases the possibility that the observed values are due to chance or random 

variability (Swinton et al., 2018). Therefore, we can be more confident that the mean value 

obtained from multiple trials, reflects an individual’s true score. Thus for the study described in 

Chapter 3, it would have been beneficial to perform more trials per visit. However for pragmatic 

reasons, we were only able to perform a maximum of three trials for each vascular test during 

each visit. 

 

4.1.3 Whole Blood Viscosity Measurements 

 A strength of the study in Chapter 3 was the inclusion of whole blood viscosity 

measurements. As previously described, shear stress is the stimulus for FMD and is calculated as 

the following: shear stress (SS) = ((4*whole blood viscosity*blood velocity)/vessel diameter) 

(Padilla et al., 2008). This is important as quantifying the stimulus (SS) is vital to determining 

and interpreting the response (%FMD) (Pyke & Tschakovsky, 2005). As some studies have 
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demonstrated that blood viscosity changes with the menstrual cycle (Dapper & Didia, 2002; 

Solerte et al., 1988), we decided to include measurements of whole blood viscosity in the study 

design. We were able to complete whole blood viscosity analysis in the majority of participants 

(missing data was due to the inability to obtain a blood sample in some visits), which indicated 

that viscosity was not impacted by menstrual phase or cycle (Figure 3.4.).  

 

4.1.4 Assessment during Late Follicular Phase 

4.1.4.1 Scheduling of the LF visit  

Previous research has showed that estradiol levels are predicted to peak around day 12-14 

of the menstrual cycle, with day 1 represented by the onset of menses. Various studies have 

assessed endothelial function in the LF phase on a fixed date, during this predicted range 

(Adkisson et al., 2010; D'Urzo et al., 2018; Harris et al., 2012; Luca et al., 2016; Rakobowchuk 

et al., 2013). However given the inter-individual variability in menstrual cycle length and 

ovulation day, using this method introduces the potential to miss the peak estradiol levels in 

several participants (Cole et al., 2009).  

As described in Chapter 3, the method that was employed in this study to align the LF 

phase visits with the peak in estradiol levels, involved the use of ovulation kits. Each 

participant’s menstrual cycle length was calculated as the length of their monitored cycle(s) after 

study recruitment. As recommended by Williams and colleagues (2001) the luteal phase was 

predicted to be 14 days from the time of ovulation to the next onset of menses. In Chapter 3 we 

decided to schedule the LF phase visits 15 days prior to the anticipated last day of their current 

cycle (one day before expected ovulation day), in order to capture the peak in estradiol during 

the LF phase. This method recognizes the importance of inter-individual variability in menstrual 
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cycle length, when predicting the surge in estradiol levels (Cole et al., 2009). As described in 

Chapter 3, if a participant received a positive ovulation result prior to their scheduled LF phase 

visit (i.e. LFVisit 2 or LFVisit 4), this visit was re-scheduled to their next menstrual cycle, in order to 

capture them in the correct menstrual phase. In cycle 1, no early ovulation results occurred but in 

cycle 2, 1 participant ovulated early, which resulted in re-scheduling of their LFVisit 4. Analysis of 

menstrual cycle characteristics revealed that there was variability in the days from the LF visit to 

ovulation, and it was demonstrated that between the two cycles, the days from the LF visit to 

ovulation was not significantly correlated (r = 0.17, p = 0.69). Therefore this indicates that the 

method employed in our study was relatively poor at estimating ovulation day. Another method 

to schedule LF visits is the use of the Clearblue Advanced Digital Ovulation test kit, which can 

measure both the spike in E2 and luteinizing hormone during the menstrual cycle. Therefore by 

directly measuring both these hormones with this kit, this may provide a better estimate of when 

ovulation occurs and would allow for more accurate scheduling of visits at the end of the LF 

phase, just prior to ovulation, when E2 is high. 

 

4.1.4.2 Variability in Estrogen in the LF visit and other putative explanations for inconsistent 

endothelial responses to phase 

At the group level there was no difference in E2 levels in the LF visit between cycles.  

However, there was no significant correlation in E2 between the LF phase of cycle 1 and cycle 2 

(r = 0.02, p = 0.96). In addition, as previously described, there was variability in the days from 

the LF visit to ovulation, between cycles. Therefore, this variability in the timing of the LF visits 

may have contributed to the overall variability in E2 that was demonstrated in this study. 

Subsequently, the inconsistent E2 levels in cycle 1 and 2 may at least partially explain why, at the 
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individual level, there was a minimal amount of consistency in phase changes in endothelial 

function across the two cycles. This is because the expected driving force for altered LF 

endothelial function is higher levels of E2, as described in Chapter 2. 

There are a number of other confounding factors that have been shown to influence 

endothelial function. These factors include diurnal variation of measures, exercise, diet, 

consumption of alcohol and caffeine, stress and sleep (Behl et al., 2014; Weil et al., 2010). In 

our study, we attempted to control for several of these variables, including the diurnal variation 

of FMD, and participant’s immediately pre-study exercise levels, and meal, alcohol and caffeine 

consumption. However, we could not control for all factors that might influence endothelial 

function. It is possible that these factors unrelated to phase could have introduced variability into 

our study’s vascular measures (i.e. they may have impacted our EF to LF change scores), which 

may have contributed to the lack of consistency between cycles. Therefore, these factors make it 

difficult to differentiate between biological variability and true physiological responses to phase 

and thus, may make it difficult to isolate for the effect of phase on endothelial function.  

 Difficulty in characterizing the ‘true’ effect of phase relates to our threshold 

classification.  Specifically for FMD we identified 9 responders (5 positive and 4 negative) in 

cycle 1 (Figure 3.8.A) and 4 responders (2 positive and 2 negative) in cycle 2 (Figure 3.8.B). 

For PLM, we identified 10 responders in both cycles (5 positive and 5 negative in cycle 1; 

Figure 3.9.A, and 2 positive and 8 negative in cycle 2; Figure 3.9.B). As previously described, 

classification of responders and non-responders to FMD involved assessing changes in FMD in 

each cycle with ± 2 x TE threshold. The data for this TE calculation was derived from another 

study conducted in our laboratory (Tremblay et al., 2019), which was obtained from two visits 

that were separated by ~3 days. However for the study described in Chapter 3, visits within a 
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cycle were separated by ~10 days and by about 30 days for the between cycle visits. Therefore, 

given this difference in the days between measurements for the TE calculation data and our study 

data, it is possible that the TE may have underestimated the biological variability (due to factors 

other than phase) in our vascular measurements. 

 

4.1.4.3 Consequences of not detecting ovulation 

In this study, ovulation was not detected in all participants in both cycles. Three 

participants in cycle 1 and five participants in cycle 2 did not observe a positive ovulation result, 

which could either be explained by technical error in the ovulation kit (either in the kit reaction 

or usage) or physiological causes (i.e. an anovulatory cycle). In participants where ovulation was 

not detected, it is possible that their LF visit occurred post-ovulation, in the early luteal phase. 

We successfully obtained blood samples in 5 of the 8 instances, in which ovulation was not 

detected, and this analysis revealed that progesterone levels were below detectable limit (1 

nmol/L) in the LF visit. This suggests that these participants were indeed measured in the LF 

phase, as the surge in progesterone (above detection limit of 1 nmol/L) during the natural 

menstrual cycle occurs following the spike in luteinizing hormone, which is the trigger for 

ovulation (Stricker et al., 2006). However, for the participants in which ovulation was not 

detected and blood was not analyzed, we cannot confirm the phase of visit 2 and 4 placement 

within the menstrual cycle, and this is a limitation. 

 

4.1.5 Challenges with Venipuncture 

 At the start of the study, it was apparent that performing venipuncture on female 

participants would be challenging. This issue was improved by bringing a more experienced 
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phlebotomist (Alyssa Fenuta) to assist with blood draws during data collection. Despite initial 

difficulties, we were successful in acquiring blood estradiol and progesterone levels in 10/14 

participants in EFVisit 1, 13/14 participants in LFVisit 2, 12/14 participants in EFVisit 3 and 13/14 

participants in LFVisit 4. In addition to obtaining blood samples for menstrual hormonal analysis, 

saliva samples were also collected to provide another measure of estradiol. Saliva can be more 

consistently sampled, as it is easier to obtain in participants, given the non-invasive nature of the 

collection technique. Using saliva sampling for estradiol analysis is a good option to increase the 

likelihood of obtaining a full data set (see further discussion of saliva sampling below). 

 

4.1.6 Thesis Journey 

 Development of this project required an extensive amount of research and pilot work, 

prior to the start of data collection. This was required as this was the first study in our laboratory 

to use PLM-induced vasodilation as a non-invasive index of microvascular function. In order to 

assess the trial and trial variability in both endothelial function indices, i.e. FMD and PLM-

induced vasodilation, two mini studies were developed and performed prior to the study outlined 

in Chapter 3. In addition, the feasibility of the protocol timeline had to be established, as the goal 

was to conduct multiple trials of each vascular test in each visit, which resulted in a data 

collection session of 3 1/2 hours in duration. Fortunately, we were successful in collecting data 

in a total of 14 participants over 2 cycles, despite the substantial time commitment (4 visits of 3 

½ hours each), in addition to another 8 participants who successfully completed 1 cycle (EFVisit 1 

and LFVisit 2). Therefore, we were able to collect data on a total of 22 participants for one cycle, 

which given the circumstances and nature of this project, is a large sample size. 
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4.2 Future Directions 

4.2.1 Exploring Underlying Mechanisms 

 A limitation of the study presented in Chapter 3 was that the potential mechanisms which 

may be underlying the inconsistency in endothelial function changes (i.e. the substantial intra-

individual variability in endothelial function phase changes), were not explored. As discussed in 

Chapter 2, research has demonstrated that several common gene polymorphisms exists for ESR1, 

the estrogen receptor alpha (ERa) gene, and are related to differences in susceptibility to 

cardiovascular risk (Hayashi et al., 2007; Peter et al., 2009; Pollak et al., 2004; Rokach et al., 

2005; Schuit et al., 2004; Shearman et al., 2003). We speculated that genetic variation in ERs, 

i.e. ERa polymorphisms, could drive consistent, heterogeneous inter-individual vascular 

responses to cyclic fluctuation in endothelial function. Future studies that aim to investigate the 

consistency of changes in endothelial function during multiple menstrual cycles should consider 

performing measurements over more than two cycles, in order to provide a better estimate of a 

women’s typical response to cyclic fluctuations in E2. In addition, studies should also include 

measures of NO dependency, changes in eNOS levels, ER expression and genotyping of ERa 

polymorphisms, as these variables may explain E2-induced changes in endothelial function, over 

the menstrual cycle. 

 

4.2.2 Methodological Extension: Other indices of conduit endothelial function 

 In order to assess the change in conduit function in response to cyclic fluctuations in E2 

during the menstrual cycle, the endothelium-dependent reactive hyperemia FMD (RH-FMD) test 

was chosen, as this is the most common method used to assess conduit endothelial function. As 

previously described, the FMD response that is exhibited is created in response to a period of 
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acute ischemia, which is traditionally produced with an inflatable cuff (Celermajer et al., 1992; 

Thijssen et al., 2011). Another index of conduit endothelial function involves a sustained 

increase in the shear stress stimulus, in order to elicit an FMD response, and is known as exercise 

flow-mediated dilation (SS-FMD) (Tremblay & Pyke, 2018). This prolonged stimulus is often 

produced using handgrip exercise or skin heating (Bellien et al., 2010; Findlay et al., 2013) and 

therefore is physiologically relevant to everyday living, as such shear patterns are experienced on 

a daily basis. Research has shown that SS-FMD and RH-FMD provide different information 

regarding endothelial health, such as the early detection of smoking-induced impairments, 

endothelial dysfunction in risk factor populations and NO-dependent and independent pathways 

(Bellien et al., 2010; Findlay et al., 2013; Mullen et al., 2001). As such, assessing the 

consistency of changes in conduit endothelial function, assessed with SS-FMD over multiple 

menstrual cycles, could provide a more comprehensive and holistic view of the impact of 

menstrual phase on endothelial function. 

 

4.2.3 Saliva Estradiol Levels 

Salivary E2 has been shown to be highly correlated with blood (serum) E2 (Fiers et al., 

2017; Lu et al., 1999; Wong et al., 1990) and provides better resolution for lower levels of 

salivary E2, as more samples in our study were above the detection limit (1 pg/mL) in the LF 

phase, compared to blood E2. In addition to blood saliva, saliva samples were collected from all 

participants in the study described in Chapter 3. Subsequent analysis of a portion of the saliva E2 

levels (n = 9, cycle 1 EF and LF; performed by Hashim Islam), yielded a strong correlation with 

blood E2 levels that were above detection limit (100 pmol/L) (r = 0.72, p < 0.001). Therefore, 

this provides evidence that the collection of saliva samples can be an alternative, non-invasive 
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method for assessing menstrual hormones. Due to technical difficulties with laboratory 

equipment required to perform the ELISA analysis, the remaining saliva samples have yet to be 

analyzed and will be completed in the following weeks.  

 

4.3 Conclusion 

This thesis describes the first study to assess the consistency of changes in endothelial 

function, across multiple menstrual cycles, and also reports the first investigation of the impact 

of menstrual phase on microvascular endothelial function assessed via PLM-induced 

vasodilation. There was no group level impact of menstrual phase on FMD or PLM-induced 

vasodilation in this sample of healthy, regularly cycling women. In addition, contrary to our 

original hypothesis, phase changes in endothelial function between cycles did not correlate, 

demonstrating a lack of consistency in endothelial responses to phase. In keeping with the 

correlation analysis, dichotomous classification of participants as ‘responders’ or ‘non-

responders’ to phase identified few consistent responses across cycles. Inconsistent changes in E2 

levels between cycle 1 and 2 may have contributed to the overall inconsistent changes in 

endothelial function between cycle 1 and 2.  

Given the variability in endothelial function responses, further research is required to 

investigate the variables that drive these changes in endothelial function during the menstrual 

cycle, specifically factors that might elicit a lower endothelial function in the LF phase (high E2) 

vs. EF phase (low E2). In addition, future studies should assess vascular function over more than 

two menstrual cycles and, as stated above, further investigate and attempt to control for potential 

factors unrelated to phase that might influence endothelial function, in order to fully understand 

the nature of cyclic E2-induced changes in endothelial function. 
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Appendix A: Research Ethics Board Approval 

 

QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS RESEARCH ETHICS 
BOARD (HSREB) HSREB Amendment Acknowledgment/Ethics Clearance 
September 12, 2018  

Dr. K. E. Pyke 
School of Kinesiology and Health Studies Queen’s University  

ROMEO/TRAQ #:6004461 
Department Code: PHE-090-09 
Study Title: Flow Mediated Dilation Variability: Reactive Hyperaemia vs. Exercise Induced Increases in 
Shear Stress (NSERC project title: Shear Stress and the Regulation of Human Arterial Function and 
Structure) 
Review Type: Delegated 
Date Ethics Clearance Issued: September 12, 2018  

Dear Dr. Pyke,  

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) 
has reviewed the amendment application and granted ethics approval/acknowledgement for the 
documents listed below.  

•	Request to change to 4 rather than 2 experimental visits. These will occur during the menstrual phase 
of cycle 1 and cycle 2 and near ovulation (the late follicular phase) of cycle 1 and cycle 2.  

•	Request to add a new measure involving passive leg movement with simultaneous ultrasound on the 
femoral artery to each experimental visit.  

•	Notification to have 3 trials (rather than only 2 as previously approved) of the approved RH-FMD test 
each visit as per the Timeline of Study Protocol (uploaded 2018SEP05)  

• Consent Form clean version 2018SEP04 	
• Revised recruitment information (Facebook, In classes, Lab website) uploaded 2018SEP05 	
• Revised recruitment poster (uploaded 2018SEP05) 	
• Revised pre-study meal log (uploaded 2018SEP05) 	
• Revised medical screening form (uploaded 2018SEP05) 	
• Perceived stress scale (uploaded 2018SEP05) 	
• Request to add Kaitlyn Liu, MSc student, to the project team 	
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Yours sincerely,  

Albert F. Clark, PhD 
Chair, Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board  

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of the 
Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the International 
Conference on Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5 
of the Food and Drug Regulations; Part 4 of the Natural Health Products Regulations; Part 3 of the 
Medical Devices Regulations, Canadian General Standards Board, and the provisions of the Ontario 
Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations. The HSREB is 
qualified through the CTO REB Qualification Program and is registered with the U.S. Department of 
Health and Human Services (DHHS) Office for Human Research Protection (OHRP). Federalwide 
Assurance Number: FWA#:00004184, IRB#:00001173  

HSREB members involved in the research project do not participate in the review, discussion or decision.  
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Review Type: Delegated 
Date Ethics Clearance Issued: January 03, 2019  

Dear Dr. Pyke,  

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) 
has reviewed the amendment application and granted ethics approval/acknowledgement for the 
documents listed below.  

•	Consent Form v.2018DEC20 Yours sincerely,  

Albert F. Clark, PhD 
Chair, Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board  

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of the 
TriCouncil Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the International 
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Appendix B: Consent Form 
 

School of Kinesiology and Health Studies 
Queen’s University 

 
Kyra E. Pyke, Ph.D., Principal Investigator 

Study performed in Room 400D, School of Kinesiology and Health Studies 
 
 

CONSENT FORM 
FOR RESEARCH PROJECT ENTITLED: 

 
Flow mediated dilation variability: reactive hyperaemia vs. exercise induced increases in 

shear stress 
 
This is an important form. Please read it carefully. It tells you what you need to 
know about this study. If you agree to take part in this research study, you need 
to sign this form. Your signature means that you have been told about the study 
and what the risks are. Your signature on this form also means that you want to 
take part in this study. 
 
Purpose of the Study: 
 
You are being invited to participate in a research study directed by Dr. Kyra Pyke 
and Kaitlyn Liu to evaluate the menstrual cycle associated variability of the 
arterial response to increased blood flow and passive leg movement. The two 
phases of the menstrual cycle studied are characterized by high and low levels of 
the hormone estrogen. This hormone can influence vascular function. 
Specifically, we are examining the magnitude of brachial artery (large artery in the 
upper arm) widening (dilation) and the magnitude of blood flow changes in the 
common femoral artery (large artery in the upper thigh). Kaitlyn Liu will read 
through this consent form with you and describe the procedures in detail and 
answer any questions you may have. This study has been reviewed for ethical 
compliance by the Queen’s University Health Sciences and Affiliated Teaching 
Hospitals Research Ethics Board. 
 
Benefits For You: 
There are no direct benefits to you by participating in this study. 
 
 
 
 
 
____________ 

 
 
 
 
 
____________ _____________ 

 
Participant Initials 

 
person obtaining consent initials 

 
Day/Month/Year 

 
Version 19 12/20/2018 
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Description of Experiment and Risks: 
 
What will happen? During this study, you will take part in the specific experimental 
procedures outlined below. 
 

HEART RATE MEASUREMENTS:  
Heart rate is continuously monitored by an electrocardiogram (EKG) through 3 
spot electrodes on the skin surface (chest or abdomen), or via a strap around 
your chest. These devices can detect the electrical activity that makes your 
heart beat.  
RISKS: This procedure is entirely safe. In a very small group of individuals, a 
skin rash might occur from the adhesive on the electrodes. There is no way of 
knowing this ahead of time. The rash, if it develops, will resolve itself within a day 
or so. Avoid scratching the rash and keep clean. 

 
BLOOD PRESSURE MEASUREMENTS:  
A small cuff is fit around your finger. This cuff inflates to pressures that match the 
blood pressure in your finger, so you feel the cuff pulsing with your heart beat. It 
shines infrared light through your finger to measure changes in the size of your 
finger with each heart beat. An upper arm cuff will be placed on the right arm and 
will also be inflated periodically. This procedure is similar to what is experienced 
when blood pressure is taken at the doctor’s office.  
RISKS: This technique is non-invasive and poses no risk. 

 
 

UPPER LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER 
MEASUREMENTS: The blood flowing through your brachial (above the 
elbow) artery can be detected, and your artery size measured using Doppler 
and imaging ultrasound. A probe will be placed on the skin over your artery 
and adjustments in its position will be controlled by hand by the investigator. 
High frequency sound (ultrasound) will penetrate your skin. The returning 
sound provides information on blood vessel size and blood flow. RISKS: This 
technique is non-invasive and poses no risk. 

 
 

FOREARM OCCLUSION: A blood pressure cuff will be secured just above or 
below your elbow on your left arm. This cuff will be inflated to 250mmHg for 5 min 
to limit blood flow into your forearm. You may feel a strong pressure and some 
mild tingling with cuff inflation but it should not be more than mildly 
uncomfortable. If there is pain, immediately notify the investigator and the cuff will 
be deflated and repositioned. Upon cuff release there will be a large rush of blood 

 
____________ 

 
____________ _____________ 

 
Participant Initials 

 
person obtaining consent initials 

 
Day/Month/Year 

 
Version 19 12/20/2018 
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into your forearm. This may feel warm and you may experience mild tingling 
but no discomfort.  
RISKS: This technique is non-invasive and poses no risk. 

 
LOWER LIMB BLOOD FLOW AND VESSEL DIAMETER MEASURMENTS: 
The blood flowing through your common femoral arteries (inner portion of the 
top thigh) can be detected using Doppler and imaging ultrasound. A probe will 
be placed on the skin over your artery and the investigator will control 
adjustments in its position by hand. High frequency sound (ultrasound) will 
penetrate your skin. The returning sound provides information on blood flow. 
RISKS: This technique is non-invasive and poses no risk. 

 
PASSIVE LEG MOVEMENT: A hinged knee brace will be secured on your left 
leg, spanning from your upper thigh to mid-calf. This will permit flexion and 
extension of your leg through a 90- to 180-degree motion. An experimenter will 
support your leg and move it through this range while you relax in a semi-
recumbent seated position. During movement of your leg if you feel any pain, 
immediately notify the investigator and the test will be stopped and the brace 
will be repositioned.  
RISKS: This technique is non-invasive and poses no risk. 

 
ARTERIAL PRESSURE MEASUREMENTS: A small pencil like pressure 
transducer will be placed over your pulse on the left side of your neck, on the 
inner portion of your left wrist, on your femoral artery pulse in your upper left 
thigh and on the inner portion of your left ankle. These recordings will be used 
to measure how quickly the pressure wave created by your beating heart travels 
through your arteries. This tells us about the stiffness of your arteries. These 
measurements will be performed periodically while you rest. RISKS: This 
technique is non-invasive and poses no risk. 

 
VENOUS BLOOD DRAW: To measure the levels of estrogen and progesterone 
in your blood a blood sample will be taken from a vein at your elbow or in your 
hand following standard venipuncture technique. In order to make the vein easy 
to identify, a non-latex tourniquet will be briefly applied to your upper arm. A 
needle will be inserted into the identified vein to collect the sample the same way 
that it is done if you donate blood or have blood taken for medical tests. Once the 
sample is collected the needle will be removed and a bandage will be applied. 
This test will be performed at the very end of each experimental visit.  
RISKS: Brief discomfort will be associated with the needle prick itself and a 
modest amount of soreness may persist at the site for 1-2 days. As with any 

 
____________ 

 
____________ _____________ 

 
Participant Initials 

 
person obtaining consent initials 

 
Day/Month/Year 

 
Version 19 12/20/2018 
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break in the skin there is risk of infection although it is very small in this case. 
This skin will be cleaned prior to the venipuncture and a bandaid will be 
applied immediately following collection of blood. Some bleeding may occur 
under the skin resulting in the formation of a bruise. Application of pressure 
directly following sample collection will minimize this risk. Puncturing a blood 
vessel increases the risk of clot formation, but this is very rare with this type of 
venous sampling. 

 
SALIVA SAMPLE: In order to also perform an assessment of estrogen in your 
saliva, a saliva sample will be taken by a passive drool technique. You will be 
asked to lean forward to allow saliva to pool at the bottom of your mouth and 
then you will be given an assist device specially designed to allow you to direct 
your saliva into a small tube.  
RISKS: This technique is non-invasive and poses no risks. 

 
7 DAY PHYSICAL ACTIVITY RECAL: This is a questionnaire that will ask 
you to report your physical activity levels over the past 7 days. RISKS: This 
poses no risk 

 
PERCEIVED STRESS SCALE: this is a questionnaire that will ask you to 
rate the degree to which certain situations in your life are perceived as 
stressful RISKS: This poses no risk 

 
HOME OVULATION TESTS: You will be given ovulation tests (ClearBlue 
Ovulatory Kits) to take home. These tests assess the level of a hormone 
(luteinizing hormone) in your urine to estimate when you are likely to ovulate. 
Ovulation corresponds to the ‘high estrogen’ phase of your menstrual cycle 
and this is when we want to schedule your 2nd and 4th experimental visits. 

 
To enable ovulation testing you will be asked to record the details of your last 1-
2 menstrual periods. Based on the timing of your last period we will determine 
when you should start ovulation testing (i.e. your ovulation testing ‘start date’). 
Beginning on your ‘start date’ you will be asked to perform one ovulation test 
each morning for up to ~ten mornings to determine what day of your cycle you 
are likely to ovulate. We will use this to schedule your 2nd and 4th visits. 

 
For each ovulation test, you are asked to follow the kit instructions provided by the 
manufacturer (and given to you with the tests). Briefly you will be required to 
remove the protective cap from the test and hold the absorbent tip in your urine 
stream for ten seconds. Once complete, you will need to replace the cap and lay 
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the test on a flat surface with the reading window facing up. Within three 
minutes the test results will appear in the reading window, with a positive result 
indicating high likelihood of ovulation. Once ovulation is confirmed, you are 
asked to send an e-mail to the lead student investigator (Kaitlyn Liu) noting only 
the date, with no personal information regarding your test results, to protect your 
privacy. From there, the high estrogen phase experimental visit (visit #2 and 4) 
will be booked. You may be asked to perform ovulation testing again around 
these visits to confirm that they occurred just prior to ovulation.  
RISKS This test is non-invasive and no risks are identified in the manufacturer 
instructions. It is possible that ovulation will not be detected. Occasional cycles 
without ovulation do occur in healthy women. If the luteinizing hormone surge is 
not detected, we will not schedule the 2nd and 4th visit. 

 
 
 
How long will it take? 
 

On an initial visit you will be asked to lie down while we will use ultrasound to get 
an image of the artery in your upper arm to make sure that we can get clear 
pictures. We will also run through the experimental procedures so that they are 
familiar on visit 1. You will also be asked to fill out a medical screening form and 
answer some questions about physical activity. We will also measure your height 
and weight and blood pressure. These questions and measures will allow us to 
determine whether or not you meet the study inclusion and exclusion criteria. 
This visit will take approximately 20-30 min. 

 
Experimental Visit #1, 2, 3 & 4 
 
Visit 1 and 2 will take place during your first menstrual cycle, with visit 1 occurring 

during the menstrual (low estrogen) phase and visit 2 occurring during the 
ovulation (high estrogen) phase. These 2 visits will then be repeated for your 
subsequent menstrual cycle; visits 3 and 4, totaling 4 experimental visits. Visits 2 
and 4 during the ovulation phase will be scheduled based on the ovulation kit 
results, as previously described. 

 
These visits will take a maximum of 3 ½ hours each. While lying down and resting, you 

will be instrumented for heart rate, blood pressure and blood flow (ultrasound) 
measurements. After this rest period, we will be taking the arterial pressure wave 
measurements. You will then undergo three trials of 5-minute cuff inflation and 
release on the forearm, while we measure the blood flow in your upper arm 
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(brachial artery). Each cuff inflation trial will be separated by a 10-minute rest 
period. We will also assess arterial stiffness for a second time and you will then 
undergo three trials of passive leg movement, while we measure blood flow in 
your leg (common femoral artery). Each leg movement trial will be separated by 
a 10-minute rest period. This will be followed by a blood draw and taking a saliva 
sample at the end of each experimental visit. 

 
 
Talking and Movements: 
 

Talking or moving during the times that we are taking measurements will 
cause variations in the measurements we are making. If you have any 
discomfort, please let us know immediately and we can temporarily break from 
data collection. However, if everything is comfortable, please maintain a very 
quiet posture. Even very slight movements interfere with our experiments. 

 
Special Instructions:  

Participants are asked to not exercise , or drink alcohol or caffeine during the 
24 hours prior to the study. Also, we ask that you do not consume any food 
during the 12 hours preceding the experiments. Participants are asked to 
consume the same meal prior to each experimental visit and we will provide 
you with a meal log to record that. You should empty your bladder immediately 
prior to starting the test. When the study is finished, we will have you sit in the 
laboratory for a short time to allow you to readjust to the upright posture. These 
precautions should be enough to prevent any sensations of dizziness. Please 
be aware that sensations of dizziness are not normal and you should let us 
know if you experience any discomfort before you leave the laboratory. It is also 
important that you maintain your pre-study physical activity levels and diet 
throughout this study.  

Attached Medical Screening Form:  
This questionnaire asks some simple questions about your health, menstrual 
status and any medical conditions. This information is used to guide us with your 
entry into the study. Certain criteria that relate to menstrual status and hormonal 
fluctuation must be met for participation and current health problems indicated 
on this form which are related to cardiovascular diseases exclude you from the 
study. 

 
Safety Precautions: 
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Safety precautions for the study will include the following: 
 
 

q Before entering the study you will be screened using a medical screening form. 
You will not be able to enter the study if anything is found which indicates that it 
is dangerous for you to participate.

  
q We will continuously monitor your heart rate and blood pressure, and you will 

either be laying on your back or sitting semi-recumbent. These precautions allow 
us to quickly identify if you are experiencing an unusual response and simply 
stopping the experimental manipulation will allow you to quickly recover.

 

 
Confidentiality: 
 

All information obtained during the course of the study is strictly confidential and 
will not be released in a form traceable to you, except to you and your personal 
physician at your request. Your data and any personal health information 
reported on the health questionnaire will be kept in locked files which are 
available only to the investigators and research assistants who will perform 
statistical analysis of the data. There is a possibility that your data file, including 
identifying information, may be inspected by officials from the Health Protection 
Branch in Canada in the course of carrying out regular government functions. 
Also, the Queen’s University Health Sciences Research Ethics Board may review 
the records as part of their research audit responsibilities. The study results will 
be used as anonymous data for scientific publications and presentations, or for 
the education of students in the School of Kinesiology and Health Studies at 
Queen’s University. 

 
Study Compensation 
 

You will receive a gift certificate for $25 for each experimental visit attended, to 
thank you for your participation. 

 
 
Freedom to Withdraw from the Study 
 

Your participation in this study is voluntary. You may refuse to participate or you 
may discontinue participation at any time during the duration of the study without 
penalty and without affecting your future medical care or academic evaluation. 
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Participant Statement and Signature Section  
I have read and understand the consent form for this study. I have had the purposes, 
procedures and technical language of this study explained to me. I have been given 
sufficient time to consider the above information and to seek advice if I choose to do so. 
I have had the opportunity to ask questions which have been answered to my 
satisfaction. I am voluntarily signing this form. I will receive a copy of this consent form 
for my information. 
 
If at any time I have further questions, problems or adverse events, I will contact: 
 

Kaitlyn Liu (Student Investigator) 
kaitlyn.liu@queensu.ca 
Room 400, SKHS 28 Division St. 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: (613) 533-6000, ext, 79377 

 
Kyra E. Pyke, Ph.D. (Principal Investigator) 
pykek@queensu.ca 
Room 301C, SKHS 28 Division 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: (613) 533-6000, ext, 79631 

 
Jean Cote, Ph.D. (School of Kinesiology and Health Studies Director) 
Room 206, KHS 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: (613) 533-6601 
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If I have any questions concerning research participant’s rights, I will contact: 
Dr. Albert F. Clark, Chair of the Queen’s University Health Sciences and 
Affiliated Teaching Hospitals Research Ethics Board  
Office of Research Services 
Fleming Hall, Jemmett Wing 301 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: 1-844-535-2988 

 
 
By signing this consent form, I am indicating that I agree to participate in this study. 
 
______________________ 
Participant Signature 

 
_________________________ 
Person obtaining consent Signature 

 
______________________ 
Participant Name (please print) 

 
_________________________  
Person obtaining consent Name (please print) 

 
______________________ 
Date (day/month/year) 

 
_________________________ 
Date (day/month/year) 
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Appendix C: Medical Questionnaire for Research Study 
 

School of Kinesiology and Health Studies 
 
 
 
 
 
 
 
 

MEDICAL QUESTIONNAIRE FOR RESEARCH STUDY 
 

Investigating the consistency of endothelial 
function changes across multiple menstrual 

cycles 
 
Faculty Investigator: 
Kyra E. Pyke, PhD, School of Kinesiology and Health Studies 
 
Student Investigator: 
Kaitlyn Liu 
 
To the study participant:  Please answer all questions in sections 1 and 2 of this 
form.   
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SECTION 1:  PERSONAL DATA (please print) 
 
Year of Birth:  ______________________________________ 
 
SECTION 2:  MEDICAL HISTORY 

1. Do you currently smoke? ________ yes/no (If yes, please stop completing the form and return 
it to the student investigator)   

 
 

If previous smoker date of last cigarette_______________ (year, month) 
 
2. Please answer the following questions regarding your menstrual cycle history: 
 
a) Are you currently taking oral contraceptive pills or using any other form of hormonal 
contraception? 

 
____ Yes     ______ No  (If yes, please stop completing form and return to student 
investigator) 
 
 

b) Have you given birth in the last 12 months? 
 
____ Yes     ______ No 
 

c) How old were you when you first menstruated? 
 
______________ years old 
 

d) Are you currently having regular menstrual cycles? 
 

____ Yes     ______ No 
 
 

e) Currently, what is the average duration of your menstrual cycle (A full cycle goes from 
the start of menstrual flow [menses] to the start of the next menstrual flow [menses])? 
The average cycle length is 28 days. 

 
_____ days. 
 

f) How many days do you typically experience menstrual flow each cycle? Please check 
the correct response below: 
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____ 0 days 
____ 1 day 
____ 2 days 
____ 3 days 
____ 4 days 
____ 5+ days 
 

g) Please estimate the number of menstrual cycles you have had in the past 12 months: 
 
______ (number) menstrual cycles 
 

h) Have you had any of the following procedures? 
______ Hysterectomy 
______ Oophorectomy (removal of the ovaries) 
 

3. Do you have, or have you ever had, problems with any of the following? 

 Yes No 

         i. Heart or blood vessels   ___ ___ 

(these might include but are not limited to: heart attack, stroke, heart murmur 

angina, coronary artery disease, high blood pressure, high cholesterol, congenital 

heart disease, any heart operation, bleeding or clotting disorders) 
        ii. Kidney          ___  ___    

  

         iii. Nerves or brain     ___ ___ 

         iv. Breathing or lungs      ___ ___ 

         v. Hormones, thyroid, or diabetes      ___ ___ 

         vi. Muscles, joints, or bones  ___ ___ 

         vi. Other (please list) __________________________________________ 

 

4. Please list the diagnosis or/or briefly describe any problems identified in #3 
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5.  Are you presently taking any medications?  If yes, please list.   
  
 
   
 
 
 
6.  Do you have any allergies to medications, adhesive tape, latex, sweeteners etc.? 
  
 
   
 
 
 
7.  Have you previously had an adverse reaction to a blood draw?  (e.g. fainting, severe 
anxiety)  
 
____Yes   _____No 
 
I acknowledge that the study investigators completed this form according to my 
specifications; this information is true to the best of my knowledge. 
 
______________________________  ______________________________ 
Participant Name  Participant Signature 
 
Date (dd/mm/yyyy):  ______________



  month         day             year 

 
ID# _______________  Interviewer Initials: ____________  
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 Date:  ____ / ____ / ________ 
                 month       day              year 

 Appendix D: Physical Activity Recall Questionnaire 
 

 

 

Day of the week form completed: 

 
q Sunday 

q Monday 

q Tuesday 

q Wednesday 

 
q Thursday 

q Friday 

q Saturday 

Physical Activity Recall 
 

1.  Were you employed in the last seven days (paid or volunteer)? q YES q NO                  

 

2.  How many days of the last seven did you work?  

 

(round to nearest day) 

  

 

3.  How many total hours did you work in the last seven days? 

   

hours 

 

4. What days of the week do you consider to be your weekend or non-work days?  For most people, this would be Saturday and Sunday, but it may be 

different for you. 

 

 q Sunday          q Monday          q Tuesday          q Wednesday          q Thursday         q Friday          q Saturday 

 

 

**********************Explain Moderate, Hard, and Very Hard Intensity levels ************************* 

 

At the end of the interview: 
 
5.  Compared to your physical activity over the past three months, was last week’s physical activity more, less or about the same? 

  q More 

  q Less 

  q About the same 

Go to question 4 
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 Yesterday      One Week Ago 

       

Sleep - - - - - - - 

Moderate 
       

Hard 
       

Very Hard 
       

Moderate 
       

Hard 
       

Very Hard 
       

Moderate 
       

Hard 
       

Very Hard 
       

Rounding: 10-22mins = .25hrs 23-37mins = .50hrs 38-52mins= .75hrs 53-1:07mins=1.0hrs  1:08-1:22= 1.25hrs 
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7-Day PAR: Interview Evaluation Form 

Were there any problems with the 7-Day PAR interview? (circle one) 

1. Yes 2.       No 

Explain: 

_________________________________________________________________________________________________________

_________________________________________________________________________________________________________ 

Do you think this was a valid 7-Day PAR interview? 

1. Yes 2.       Maybe     3.       No 

Please list below any activities reported by the participant that you don’t know how to classify: 

_________________________________________________________________________________________________________

_________________________________________________________________________________________________________ 

Other comments/concerns: 

________________________________________________________________________________________________________

________________________________________________________________________________________________________



 

 

 


