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Abstract 

Passive leg movement (PLM) elicits rapid vasodilation and an increase in blood flow, 

that is dependent on the function of the endothelial cells that line the small arteries in the leg.  

The increased flow therefore provides an index of endothelial function in the lower-limb 

microvasculature. This index has identified alterations in endothelial function in advanced aging 

and clinical populations, demonstrating that the vasodilatory response to PLM provides a useful 

assessment of vascular responses. Understanding the day-to-day variation in arterial responses is 

important when distinguishing meaningful changes in endothelial function, however, there is 

currently limited information regarding the reliability of PLM-induced vasodilation. It was 

expected that performing three trials of PLM on two separate days would allow for a robust 

quantification of day-to-day reliability. Seventeen, young healthy women (22  3 years) 

participated in two identical experimental visits during the low-estrogen menstrual phase. 

Endothelial function was assessed each visit by conducting three trials of PLM. The reliability of 

PLM-induced vasodilation was quantified by calculating the Pearson correlation coefficient (r 

value), intraclass correlation coefficient (ICC) and coefficient of variation (CV). Additionally, 

typical error (TE) was calculated for future identification of individual differences in response to 

an intervention. The results demonstrated good reliability of the vasodilatory response to PLM 

characterized as peak leg blood flow (LBF; r = 0.84, ICC = 0.84, CV = 13.2%) and leg vascular 

conductance (LVC; r = 0.82, ICC = 0.79, CV = 14.4%), and change from baseline to peak 

(peak) LBF (r = 0.83, ICC = 0.82, CV = 17.8%) and LVC (r = 0.83, ICC = 0.80, CV = 16.5%). 

Characterization of PLM as change in area under the curve (AUC) was less reliable than the 

other PLM measures;  AUC LBF (r = 0.71, ICC = 0.70, CV = 31.2%) and AUC LVC (r = 
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0.78, ICC = 0.74, CV = 27.1%). This is the first full study to evaluate the reliability of PLM-

induced vasodilation, demonstrating that it provides a reliable assessment of lower-limb 

microvascular endothelial function. These findings will support future studies aiming to classify 

meaningful individual vascular responses in women.  
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Chapter 1 

Introduction 

The vascular endothelium encompasses the single layer of cells lining the inside of blood 

vessels. The endothelium plays an integral role in controlling vascular tone and maintaining 

cardiovascular health. Stimulation of endothelial cells results in the release of several molecules 

responsible for dilation of the surrounding vasculature, including nitric oxide (NO), prostacyclin 

and endothelial derived hyperpolarizing factor (EDHF). NO is one of the most highly studied 

vasodilatory molecules released from the endothelium, due to its vasoactive (dilatory) and 

vasoprotective (antiatherogenic) properties (Green, Dawson, Groenewoud, Jones, & Thijssen, 

2014; Joannides et al., 1995; Mullen et al., 2001). A reduction in the endothelium’s ability to 

induce vasodilation with the release of vasodilatory molecules is indicative of endothelial 

dysfunction. Endothelial dysfunction is a precursor of atherosclerosis and associated with an 

increased risk of cardiac events (Halcox et al., 2002; Suwaidi et al., 2000). Therefore, assessing 

endothelial function is important for basic cardiovascular physiology and clinical research.  

There are several methods to measure endothelial function which can assess various 

regions of the body and different points along the vascular tree. Different assessments of 

endothelial function are highly important as endothelial function can vary independently between 

vessels (Gori, Di Stolfo, Sicuro, Dragoni, Lisi, et al., 2006; Gori, Di Stolfo, Sicuro, Dragoni, 

Parker, et al., 2006; Meyer, Lieps, Schatz, & Pfohl, 2008). The most commonly used non-

invasive technique for measuring conduit (large) artery endothelial function is flow-mediated 

dilation (FMD). FMD uses cuff-induced limb occlusion to produce a temporary increase in shear 

stress following deflation of the cuff, resulting in endothelial-dependent dilation of the upstream 
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conduit artery (Celermajer et al., 1992). A commonly used non-invasive method to assess 

microvascular endothelial function involves measuring skin blood flow responses to 

acetylcholine (ACh) iontophoresis, however, this only provides information about the surface 

level arterioles in the skin rather than the deeper microvasculature (Berghoff, Kathpal, Kilo, 

Hilz, & Freeman, 2002; Newton, Khan, & Belch, 2001).   

Passive leg movement (PLM) can elicit an endothelial-dependent increase in blood flow 

in the lower limb, primarily through dilation of the microvasculature (Mortensen, Askew, 

Walker, Nyberg, & Hellsten, 2012). Specifically, the leg is moved by an experimenter, as the 

muscle remains relaxed, at a set pace, from 90 flexion to full extension (180) resulting in an 

increase in blood flow and vascular conductance in the quadriceps microvasculature (Gifford & 

Richardson, 2017). Vasodilation in response to PLM is largely dependent on NO and thus, 

believed to be mainly driven by the endothelium (Mortensen et al., 2012; Trinity et al., 2012). 

Peripheral vascular function changes independently between the arm and leg, therefore, utilizing 

vasodilation in response to PLM as an assessment of lower-limb vascular function offers insight 

into the unique vascular profile of the leg (Donato et al., 2006; Newcomer, Leuenberger, 

Hogeman, & Proctor, 2005; Wray, Nishiyama, Donato, & Richardson, 2010).  

Vasodilation in response to PLM has been used to assess endothelial function in several 

different populations and appears to detect alterations in vascular health, similar to distinctions 

found with other indices of endothelial function, such as FMD. Clinical populations, including 

those with cardiovascular disease or peripheral artery disease, experience reduced PLM-induced 

dilation (Mortensen et al., 2012; Witman et al., 2015). Likewise, aging adults, a population 

known to have impaired vascular function, demonstrate a diminished dilatory response to PLM 

in comparison with their younger counterparts (Groot et al., 2016; Groot et al., 2015; Trinity et 
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al., 2015; Witman et al., 2015). Furthermore, it is widely accepted that physical activity can 

mitigate cardiovascular risk, and vasodilation in response to PLM is attenuated with regular 

physical activity and endurance training (Groot et al., 2016).  

Reliability is the degree to which a measurement is consistent from one day to another 

without an intervention and is important for assessing measurement error (Atkinson & Nevill, 

1998). It is imperative to recognize the amount of measurement error associated with a specific 

index of endothelial function in order to distinguish meaningful physiological changes, such as in 

response to interventions like endurance training, from differences that result from measurement 

error. Measurement error is the result of both measurement and biological noise (Hopkins, 2000). 

Many studies have evaluated the reliability of other widely used non-invasive measures of 

endothelial function, such as the previously mentioned conduit artery FMD (De Roos, Bots, 

Schouten, & Katan, 2003; Shenouda, Skelly, Gibala, & MacDonald, 2015; Sorensen et al., 1995; 

West et al., 2004), and skin microvascular function via iontophoresis of ACh (Kubli, Waeber, 

Dalle-Ave, & Feihl, 2000; Tibiriçá, Matheus, Nunes, Sperandei, & Gomes, 2011). These studies 

have provided an understanding of the measurement error associated with these assessments of 

endothelial function and provide insight for planning studies and results interpretation. However, 

the day-to-day reliability of vasodilation in response to PLM as a measure of lower-limb 

microvascular endothelial function currently remains largely undocumented as it has been 

reported only once, in abstract form.  

Performing three trials of PLM on each of two separate days will allow us to robustly 

quantify day-to-day reliability of vasodilation in response to PLM. While assessing reliability, it 

is important to test a relatively homogenous population that is similar to the sample in which the 

information will be applied. There is a paucity of research regarding cardiovascular function in 
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women and one of the main barriers to inclusion of women is concern about hormonal 

fluctuation (Kim & Menon, 2009; Wilson, Adams, & Pyke, 2020). Our group is interested in 

more clearly defining the impact of hormonal fluctuation over the menstrual cycle on endothelial 

function and currently, there is very little data examining endothelial function across menstrual 

phases in the lower limb. To facilitate interpretation of future assessments of vasodilation in 

response to PLM across the menstrual cycle, we elected to study young, healthy premenopausal 

women in the present thesis research. Therefore, the purpose of the study described in Chapter 3 

of this thesis is to identify the test-retest reliability of  vasodilation in response to PLM as an 

index of microvascular endothelial function in young, healthy women by quantifying common 

indices of reliability including the coefficient of variation (CV), intraclass correlation coefficient 

(ICC) and typical error (TE). Determining TE is of particular interest as it will allow for the 

classification of individual intervention responses, such that responses that exceed a certain 

multiple of the TE (often 2xTE) can be considered ‘responders’ to the intervention or condition. 

In summary, vasodilation in response to PLM offers a non-invasive, largely NO 

dependent index of endothelial function specific to the lower-limb microvasculature. PLM-

induced vasodilation therefore, provides a valuable assessment that can contribute to obtaining a 

more comprehensive representation of vascular function. However, in order to confidently use 

vasodilation in response to PLM to assess endothelial function, it is imperative to evaluate 

reliability of this technique. Quantifying the day-to-day variability of PLM-induced vasodilation 

will allow for determination of the measurement error in lower-limb microvascular responses 

over a short period of time. Furthermore, calculation of the TE of vasodilation in response to 

PLM will allow for the classification of meaningful individual arterial responses of women in 

future interventions. 
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The following chapter reviews the literature regarding PLM-induced vasodilation as a 

NO-dependent index of microvascular endothelial function, different methods used to quantify 

reliability including CV, ICC, Pearson’s correlation coefficient and TE, and the reported 

reliability of other highly utilized indices of conduit and microvascular endothelial function.  
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Chapter 2 

Literature Review 

This chapter reviews the literature regarding: 1) vasodilation in response to passive leg 

movement (PLM) as a method of measuring lower-limb microvascular endothelial function, 2) 

commonly used references of reliability, and 3) the day-to-day reliability of commonly used 

measures of endothelial function.  

2.1 Assessment of endothelial function   

2.1.1 Techniques used to assess conduit and microvascular endothelial function 

The vascular endothelium is the single layer of cells lining the inside of blood vessels and 

plays an integral role in regulating vascular tone. Stimulation of these endothelial cells leads to 

the release of molecules from the endothelium to induce a vasodilatory response. Nitric oxide 

(NO) is one of the most prominent molecules responsible for this dilation (Green et al., 2014; 

Joannides et al., 1995; Mullen et al., 2001), however, other vasodilators that may contribute to 

this phenomenon include endothelial derived hyperpolarizing factor (Rubanyi, Romero, & 

Vanhoutte, 1986) and prostacyclin (Mitchell, Ali, Bailey, Moreno, & Harrington, 2008).  

 Endothelial dysfunction is quantified as a reduction in the ability of the endothelium to 

induce vasodilation through the production of endothelium-dependent vasodilators (Hadi, Carr, 

& Suwaidi, 2005). Dysfunction of the endothelium has been found to precede atherosclerosis and 

indicate risk of cardiovascular disease, making the assessment of endothelial function important 

for clinical research (Halcox et al., 2002; Suwaidi et al., 2000). Endothelial function can be 

assessed in different anatomical regions, including the heart, skin, and limbs. Further, endothelial 

function can be measured at different levels of the vasculature, in both larger upstream conduit 
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vessels and the smaller downstream microvascular vessels. Looking at both microvascular and 

conduit artery endothelial function is important as each may provide unique insights into 

endothelial function (Gori, Di Stolfo, Sicuro, Dragoni, Lisi, et al., 2006; Shamim-Uzzaman et al., 

2002). Likewise, endothelial function in different regions of the body may change independently 

(Donato et al., 2006; Newcomer et al., 2005; Wray et al., 2010). The ability of the cardiovascular 

system to control vascular tone is an indicator of overall vascular health, therefore, it is important 

to establish reliable techniques measuring endothelial function across various regions and vessel 

types.  

Several methods have been established to measure both conduit and microvascular 

endothelial function in a research setting. The most widely used technique to assess conduit 

artery endothelial function measures flow-mediated dilation (FMD). FMD involves occlusion-

induced hyperemia of the forearm created with release of a pneumatic cuff used to increase 

downstream dilation of arterioles. Upon cuff release, there is an increase in flow in the brachial 

artery resulting in shear stress-stimulated arterial dilation (FMD) (Celermajer et al., 1992). 

Brachial artery FMD has been found to be partially NO mediated (Green et al., 2014) and well 

correlated with coronary vascular function in coronary artery disease patients (Takase et al., 

1998). FMD can also be compared to the endothelial-independent assessment of smooth muscle 

dilation by glyceryl trinitrate (Thijssen, Black, et al., 2011). However, brachial artery FMD is not 

well correlated with microvascular function in the forearm assessed by acetylcholine (ACh) 

induced dilation (Eskurza, Seals, DeSouza, & Tanaka, 2001) or to conduit artery function in the 

lower limbs (Thijssen, Rowley, et al., 2011), indicating that a traditional brachial artery FMD 

test is not an index of systemic vascular function.  
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Assessment of intra-arterial infused ACh-induced dilation is the gold standard to measure 

microvascular endothelial function as infusion of this vasoactive drug can quantify endothelium-

dependent vasodilation in a dose-dependent manner (Anderson et al., 1995; Furchgott & 

Zawadzki, 1980; Kamper, de Craen, Westendorp, & Blauw, 2005). ACh binds to muscarinic 

receptors on the endothelium stimulating the release of NO, ultimately leading to vasodilation. 

ACh-induced dilation is utilized to measure endothelial function in the coronary or peripheral 

limb microvasculature. However, ACh infusion is an invasive and expensive procedure that is 

not practical for most clinical or laboratory settings. Skin microvascular function has been 

measured non-invasively through skin iontophoresis of ACh and sodium nitroprusside (SNP) in 

combination with laser Doppler imaging or flowmetry of skin blood flow (Berghoff et al., 2002; 

Newton et al., 2001). ACh-induced endothelium dependent microvascular dilation can then be 

compared against SNP-induced endothelium independent dilation of the microvasculature, 

however, this technique only provides information about the surface level, cutaneous arterioles 

and not the deeper microvasculature. Passive leg movement (PLM) elicits vasodilation in the 

lower limb, offering a non-invasive and relatively simple method for measuring lower-limb 

microvascular endothelial function.  Vasodilation in response to PLM as an assessment of leg 

microvascular function will be focused on in this review and detailed further in the following 

section.  

2.1.2 Vasodilation in response to PLM as a technique to assess leg microvascular endothelial 

function 

Passive movement induced-vasodilation is a tool to assess lower-limb vascular function, 

offering insight into the unique vascular profile of the leg (Donato et al., 2006; Newcomer et al., 

2005; Wray et al., 2010). Methodology regarding the use of PLM to elicit vasodilatory responses 
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has been detailed previously by Gifford and Richardson (2017). Briefly, PLM requires an 

experimenter to move the leg, while the muscle remains relaxed, from 90 flexion to full 

extension (180). Movement of the leg occurs at a set pace of 60 cycles per min, with one cycle 

representing movement from 90 flexion to 180 extension and back to the original flexion 

position. Blood velocity and diameter of the common femoral artery (CFA) are continuously 

measured via duplex ultrasound to calculate CFA leg blood flow (LBF; ml/min) and vascular 

conductance (LVC; ml/min/mmHg). Blood flow responses to PLM are driven by peripheral 

microvascular vasodilation, therefore changes in flow that occur in the CFA are used to indicate 

changes in conductance of the downstream microvasculature. The vascular response to PLM is 

characterized by several factors; peak LBF and LVC, change from baseline to peak LBF and 

LVC ( peak), and change in area under the curve (AUC), representing the total increase in LBF 

and LVC above baseline over the first minute of PLM.   

2.1.3 Role of NO in PLM-induced vasodilation 

The vasculature in the leg responds to PLM through changes in peripheral LVC that 

mimic the patterns of hyperemia experienced during PLM. Changes in vascular conductance in 

response to PLM are thought to be highly dependent on endothelial function due to the large 

influence of NO on dilation. Trinity and colleagues (2012) and Mortensen and colleagues (2012) 

found that the increase in blood flow induced by PLM is ~80% abolished with administration of 

a NO synthase (NOS) inhibitor, NG-monomethyl-L-arginine (L-NMMA). The large reduction in 

blood flow experienced with NOS inhibition also occurs without reduction in the CFA diameter. 

Characterization of  vasodilation in response to PLM using change in AUC above baseline has 

been found to be particularly meaningful when assessing NO-dependent endothelial function 



 

10 

 

because the magnitude of peak LBF and LVC responses to PLM tend to be less profoundly 

impacted by NO inhibition (Groot et al., 2015; Mortensen et al., 2012).  

The immediate hyperemic response to PLM is primarily driven by peripheral changes in 

microvascular tone and is highly dependent on endothelial NO production. It is thought that the 

mechanical deformation upon movement is one mechanism contributing to the rapid dilation of 

the leg vasculature (Cheng et al., 2009; Jufri, Mohamedali, Avolio, & Baker, 2015). Mechanical 

compression of endothelial cells can trigger a cascade of chemical signaling leading to the 

release of vasodilators, including NO (Clifford, Kluess, Hamann, Buckwalter, & Jasperse, 2006). 

Additionally, further vasodilation likely occurs due to the increases in perfusion and shear stress 

in the microvascular bed resulting in microvascular FMD.  

During PLM, sensory afferents stimulate a response of central hemodynamics (stroke 

volume; SV, heart rate; HR, cardiac output; CO). Trinity and colleagues (2010) found that 

blunting the central hemodynamic response using partial inhibition of sensory afferents (type III  

and IV), attenuated the increase in HR, SV and CO, as well as, the PLM-induced increases in leg 

blood flow and vascular conductance. However, due to the differences in baseline CO and mean 

arterial pressure (MAP) (approaching statistical significance, p=0.09) between the control and 

blocked trials, it is difficult to fully understand the impact of central hemodynamics on blood 

flow responses during PLM. The higher initial MAP in the control condition may have supported 

greater initial flow and therefore a greater FMD response, explaining the higher vascular 

conductance in the control condition. Further, Groot and colleagues (2015) and Trinity and 

colleagues (2015) both found that older adults with cardiovascular disease, compared to their 

healthy counterparts, experienced a similar increase in CO upon PLM, yet a diminished change 

in LBF and LVC, due to a reduced endothelial function and peripheral dilatory capacity. PLM 
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clearly stimulates a central response, however, the role of changes in central hemodynamics on 

the hyperemic response remains unclear. The increase in CO may help offset or reduce the drop-

in MAP during PLM that occurs due to the rapid vasodilation of the leg vasculature. Therefore, 

although central hemodynamic factors are altered at the onset of PLM, hyperemia is driven by 

peripheral vasodilation.  

2.1.4 Other mechanisms potentially contributing to PLM-induced vasodilation  

There are several endothelium-independent factors that may facilitate the magnitude of 

PLM-induced vasodilation that should also be considered. One factor that can influence blood 

flow responses to PLM is thigh muscle mass. Increased muscle mass and vascularization in the 

quadriceps muscle may allow for greater vasodilation and blood flow responses to PLM. 

Venturelli and colleagues (2014) found that differences in blood flow responses to PLM between 

able-bodied and spinal cord injury participants were abolished after normalizing for differences 

in thigh muscle volume, demonstrating that large differences in muscle mass can influence the 

magnitude of the response. Many studies utilizing PLM to assess vascular function do not 

normalize blood flow responses to PLM for thigh volume, with only some rationalizing this 

methodological decision due to non-significant differences in thigh volume between groups 

(Groot et al., 2016; Groot et al., 2015; McDaniel et al., 2010). Additionally, vascular function of 

the smooth muscle may also contribute to the vasodilatory response to PLM. Clifford and 

colleagues (2006) found that the vasodilatory response of compressed isolated arteries was only 

partially abolished with the removal of the endothelium. Therefore, it is likely that some 

vasodilation in response to mechanical deformation of the vasculature during PLM is a vascular 

response of the smooth muscle that is endothelium-independent. Furthermore, dysfunction of the 

smooth muscle could diminish vascular responses to PLM independent from the function of the 
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endothelium (Adams et al., 1998). Lastly, the structural properties of a vessel wall, such as 

distribution of collagen and elastin, may influence the degree of dilation permitted by smooth 

muscle relaxation (Lind, 2007).  

2.1.5 PLM as a measure of endothelial function and indicator of cardiovascular health 

 Vasodilation in response to PLM has been validated against previously established 

methods of testing endothelial function. Mortensen and colleagues (2012) found that the 

magnitude of blood flow in response to PLM is highly correlated to microvascular endothelial 

function measured by invasive ACh-infusion (r2 = 0.70). Additionally, vasodilation in response 

to PLM is related to brachial artery FMD (r2 = 0.44) (Rossman, Groot, Garten, Witman, & 

Richardson, 2016) and femoral artery reactive hyperemia (r2 = 0.46) (Walker et al., 2019).  

Vasodilation in response to PLM has also been utilized to demonstrate reduced 

endothelial function in distinct populations expected to have greater cardiovascular risk 

including older adults and clinical populations (Trinity et al., 2015; Witman et al., 2015). Aging 

is associated with a greater risk of cardiovascular disease, which can be indicated through a 

decline in endothelial function (Celermajer et al., 1994; Seals, Jablonski, & Donato, 2011; 

Taddei et al., 1995). As expected, older adults have been found to have a reduced vasodilatory 

response to PLM, due to a reduced NO bioavailability (Groot et al., 2015; McDaniel et al., 2010; 

Mortensen et al., 2012; Trinity et al., 2015). Physical activity, a known cardiovascular risk 

modifier, attenuates the decline in PLM-induced vasodilation associated with the aging process 

(Groot et al., 2016). Lastly, clinical populations experiencing cardiovascular disease, including 

heart failure and peripheral artery disease patients have demonstrated a lowered or undetectable 

vasodilation in response to PLM in comparison to healthy individuals (Mortensen et al., 2012; 
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Trinity et al., 2012; Witman et al., 2015). In summary, vasodilation in response to PLM is a non-

invasive method to assess NO dependent microvascular function, across a range of populations.  

2.2 Assessing reliability of measures in physiology 

2.2.1 What is reliability?  

The term “reliability” represents the consistency of a measure when it is repeated in 

unchanged conditions (Atkinson & Nevill, 1998). Measurement often involves error, meaning 

the observed score of a measure can differ from the inherent true score. An individual’s true 

score is their current, stable level of the variable of interest, whereas an individual’s observed 

score is the value actually collected. Consequently, the observed score is often a combination of 

an individual’s true score and the measurement error. If there is error within a measurement and 

you could perform a test an infinite number of times, the observed values would follow a normal 

distribution with the mean denoting the true score and the standard deviation representing the 

variability in the measures (Chatburn, 1996). Therefore, the more times you perform a certain 

measurement on an individual, the closer you get to their true score. It is important to understand 

the reliability of measurement tools and whether the variability is considered acceptable to 

observe meaningful changes across an intervention. 

2.2.2 Assessing reliability in the research setting 

The two major components of measurement error are: 1) systematic error (e.g. learning 

effect, or fatigue with multiple trials) or 2) random error (encompassing both biological and 

measurement noise). Biological noise is the result of variability due to biological processes such 

as circadian rhythm, sleep, nutritional intake or psychological factors. Measurement noise is 

caused by the measurement technique used to assess the variable (e.g. calibration issues, low 
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quality signals, experimenter error). Systematic error is a trend with repeated measures either in 

the positive or negative direction and can often be minimized with proper experimental design, 

therefore measurement error is usually the result of combined biological and measurement noise 

(Hopkins, 2000; Swinton, Hemingway, Saunders, Gualano, & Dolan, 2018). There are several 

measures of reliability that can be used to represent measurement error; change in mean, retest 

correlations and within-subject variation.  

The most popular method to assess the reliability of a measure is performing a single test-

retest evaluation on a group of individuals (Swinton et al., 2018). This means repeating the test 

of interest in a group of people at two or more different points in time across which their true 

score is expected to be the same. This allows for determination of the amount of error between 

tests. These tests often occur on separate days in order to assess the error that could occur when 

experimental visits fall on different days.  

2.2.3 Quantifying reliability via change in group means (T-test and RM ANOVA) 

Changes in the mean at the group level during a test-retest study allows for determination of a 

statistically significant bias between the two (or more) testing periods. The use of a paired t-test 

or a repeated measures (RM) ANOVA can be used to detect any changes in the mean across the 

tests. If the group means of the test and retest(s) are significantly different this could highlight a 

source of systematic error. However, interpreting systematic error with a t-test or RM ANOVA 

should be done with caution, as high amounts of random error can mask detection of small 

systematic error, meaning that a non-significant finding does not necessarily represent a lack of 

systematic error (Atkinson & Nevill, 1998). Assessing changes in the mean can be useful for 

detecting large systematic error, but it should not be used as the sole method to quantify 
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variability as it does not provide information on the random variability or strength of the 

association between the test and retest(s).  

2.2.4 Quantifying reliability via retest correlations (Pearson’s correlation and ICC) 

Correlations allow for the measure of relative reliability, meaning the degree to which 

individuals sustain their position in comparison to other individuals (Baumgarter, 1989). 

Pearson’s correlation coefficient can be utilized to compare how measures of one test track the 

measures of the retest across individuals (Hopkins, 2000). The lower the measurement error, the 

better one can distinguish inter-individual differences. A Pearson correlation of 1 denotes a 

perfect positive linear relationship between the two variables. This would mean that all 

correlated points fall exactly on the line (y = mx + b; m = slope of the line, b = y-intercept). 

However, a correlation of 1 does not necessarily mean that the two variables are equal. The line 

of identity indicates the line of y=x, in which the absolute value of the two measures are equal. 

Therefore, if there was no measurement error, the Pearson correlation would be 1 and fall along 

the line of identity (y=x), signifying a perfect match between individual measures in both the test 

and retest (Liu et al., 2016). If data does not fall on the line of identity, this indicates that one 

measure differs from the other. However, it is important to be cautious when using Pearson 

correlations as they depend on the range of values in the sample. Larger inter-individual 

heterogeneity can bias towards high correlations, especially in small sample sizes (Atkinson & 

Nevill, 1998).  

Intraclass correlation coefficients (ICCs) offer an alternative to the Pearson correlation 

coefficient and are a commonly used method for assessing the relative reliability of a 

measurement tool. There are several different forms of ICCs, based on the “model” 

(characteristics of the rater(s) and how they will assess the subjects), “type” (single 
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rater/measurement or multiple raters/measurement) and “definition” (consistent or absolute 

relationship between measures) (Koo & Li, 2016). ICCs reflect both the correlation and 

agreement between the two measures as the analysis takes into account the linear relationship of 

the variables as well as the differences in the means (Liu et al., 2016). ICCs are calculated based 

on mean squares derived from ANOVAs, and a general formula to calculate an ICC is the 

between-subject variance divided by the total variance (between-subject and within-subject 

variance) (Liljequist, Elfving, & Skavberg Roaldsen, 2019). However, variations of this equation 

are utilized for the different forms of ICCs including factors such as systematic error and number 

of raters (Liljequist et al., 2019). Unlike a Pearson’s correlation, ICCs can also be used to 

compare more than two measures. For this reason, the ICC presents as an informative index of 

relative reliability. An ICC close to 1 indicates high reliability between the test and retest(s). In 

other words, an ICC close to 1 indicates that there is minimal within-subject variation, meaning 

most of the variation occurs from differences between subjects, allowing for high discrimination 

between individual measures. Clinical research often classifies ICC values >0.9 as “excellent”, 

0.75-0.9 as “good”, 0.5-0.75 as “moderate” and <0.5 as “poor” reliability (Portney, 2020). 

However, acceptable reliability will vary depending on the nature of the measurement and the 

precision needed to detect meaningful changes in the outcome variables.  

2.2.5 Quantifying reliability via within-subject variation (CV and TE)  

 Assessment of within-subject variation is a measure of absolute reliability, which is the 

degree to which measurements of multiple repeated tests differ when performed on an individual 

(Atkinson & Nevill, 1998). The coefficient of variation (CV) is a common measure of absolute 

reliability. CV can be calculated by dividing the SD of the test and retest(s) of an individual by 

the mean of those tests and multiplying by 100. Further, the average of the individual within-
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subject CVs can be used to report the group mean CV. Therefore, CVs might differ from other 

measures of reliability, such as the previously mentioned ICCs, which also take into account 

between-subject variance. For example, in a test-retest evaluation, if there is a high amount of 

within-subject variability between measures, the CV will be high, indicating poor precision 

between measures. However, if there is higher variability between the subjects, this might result 

in a higher ICC value as this measure is able to discriminate well between individuals. 

Additionally, the value of a CV is expressed as a percentage of the mean. Absolute values of 

error often increase with larger values of the measure, however, presenting error as a percentage 

of the mean negates these differences in magnitude (Nevill & Atkinson, 1997). This 

dimensionless measure can be favourable as it allows for the reliability between different 

measurement tools to be directly compared, regardless of other factors (e.g. units, scaling, 

calibration, etc.) (Hopkins, 2000).  

 Typical error (TE) offers another measure of absolute reliability that estimates within-

subject variation, irrespective of a change in group mean. Difference scores are calculated for 

each individual (test 2 score – test 1 score) with the assumption that these differences are 

normally distributed around a mean of zero. TE can be estimated by dividing the standard 

deviation of these difference scores by √2 (Swinton et al., 2018). The use of TE has been 

deemed a preferable way to assess reliability but can also be used to classify individual responses 

to an intervention and it is now being applied this way in sports medicine and exercise 

physiology (Atkinson & Nevill, 1998; Swinton et al., 2018). One commonly used method to 

classify responders and non-responders is using threshold-based dichotomous classification 

against a threshold of 2xTE (Bouchard et al., 2012; Gurd et al., 2016). The TE of a measure 

would be calculated from a separate cohort using a test-retest evaluation of the particular 
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measure of interest. Change scores from the intervention data would then be plotted against this 

threshold of 2xTE. Meaning individuals with a response difference greater than 2xTE would be 

classified as responders (positive or negative) and those with a response difference smaller than 

that as non-responders (Figure 2.1). However, Bonafiglia and colleagues (2018) recently found 

that the using 2xTE may overestimate non-responders in comparison to the use of confidence 

intervals (CI).  

CIs are the range in which the true value falls, with a certain probability. Therefore, CIs 

can be calculated using the values and error of the measured data. Adjusted values of TE 

multiples corresponding to different %CIs and test-retest sample sizes have been determined by 

Swinton and colleagues (2018). An adaptation of this table is provided below (Table 2.1). 

Multiplying the TE (determined from the test-retests of a separate group as previously described) 

by the appropriate pre-determined TE multiple (Table 2.1) can be used to calculate a confidence 

interval width (CI = TE multiple x TE) around an individual’s intervention response to classify 

individuals as positive, or negative responders around a smallest worthwhile change (SWC) or 

zero-based threshold. For example, if a test-retest study was conducted for blood flow responses 

to PLM in a group of 10 subjects and the calculated TE score was 50 ml/min, the 95% CI width 

calculated would be 102.5 ml/min of the intervention change score (CI 95% = 50 ml/min x 

2.05). The SWC can be assigned based on the smallest change value that is deemed clinically or 

practically relevant. Alternatively, 0.2xTE is often used as another appropriate SWC value if 

there is no known clinically meaningful change associated with the measure (Swinton et al., 

2018). Using CIs with a SWC-based threshold, an individual would be considered a positive 

responder if the CI lies completely above the positive SWC, a non-responder if the CI lies 

completely below the positive but above the negative SWC threshold, and a negative responder 
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if the CI falls completely below the negative SWC. However, if the CI falls across the positive or 

negative SWC, the individual would be classified as an uncertain responder (Figure 2.2). If any 

true score change is deemed meaningful, it is appropriate to use a zero-based threshold. Using a 

zero-based threshold, individuals can be classified as positive responders if the CI is completely 

above zero, a negative responder if the CI is below zero and an uncertain responder if the CI 

crosses zero (Figure 2.3). Calculating TE and utilizing the classification approaches mentioned 

above, offers a tool for analysis of meaningful individual responses while accounting for the 

presence of measurement error.  

 

Table 2.1. Sample of TE multiples used to calculate confidence intervals adjusted for sample size.  

 Confidence interval width 

TE multiple 

adjusted 

50% 75% 90% 95% 99% 

n = 30 0.68 1.17 1.70 2.05 2.76 

n = 20 0.69 1.19 1.73 2.10 2.86 

n = 10 0.70 1.23 2.13 2.78 4.60 

 

Adapted from a table by Swinton and colleagues (2018). Values presented in the table above should be 

multiplied by TE in order to calculate confidence intervals accordingly. Confidence interval width = % 

certainty of true score change, n = sample size used to calculate typical error.  
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Figure 2.1. Schematic of classifying positive responders, non-responders and negative responders 

using a threshold of 2xTE. TE= typical error. 

 

 

 

Figure 2.2. Schematic of classifying positive responders, negative responders, non-responders and 

uncertain responders using a SWC-based threshold. 
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Figure 2.3. Schematic of classifying positive responders, negative responders and uncertain 

responders using a zero-based threshold. 
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2.3 Reliability of measures of endothelial function  

2.3.1 Reliability of FMD and ACh skin iontophoresis 

As previously described in Section 2, understanding the reliability and associated error of 

a measurement tool is extremely important for interpreting results. The random measurement 

error that can occur from one day to the next as a result of biological and instrument variability 

can greatly influence the application and interpretation of data derived from these techniques. 

Several different methods are used to assess endothelial function but the most commonly used in 

a research setting are conduit artery FMD and microvascular blood flow response to ACh 

iontophoresis. The day-to-day reliability of both of these measures has been assessed in several 

studies, allowing researchers to confidently use these tools to assess meaningful changes in 

endothelial function in response to an intervention.   

One of the most widely used non-invasive measures of conduit artery endothelial 

function is FMD. FMD is often reported as a percent change in brachial artery diameter from 

baseline (%FMD). The uncontrolled nature of the shear stress stimulus and the precision in 

ultrasound skills needed to perform the assessment are of particular concern when considering 

the reliability of this tool. Additionally, the desire to utilize FMD in clinical studies requires 

information on the biological and instrument variability of the measure. Several studies report 

within-subject day-to-day variability of %FMD (Table 2.2). As seen in Table 2.2, reliability of 

%FMD ranges from a CV of 1.4% to 50.3%. The majority of the studies (8/13) reported an intra-

observer day-to-day CV of <23%. However, there was great variability in the reporting of CV, as 

many of the manuscripts presented in Table 2.2 did not specify the equation used to calculate 

CV. Specifically, the studies reporting the lowest CVs of less than 2%, did not include 

information about the calculation, therefore a large amount of the variability could be the result 
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of differences in methods used to obtain these values. Only three of the reliability studies 

included ICC values, however those varied greatly as well from 0.01-0.99. There are several 

factors that can influence measurement reliability of FMD such as stimulus variability, 

sonographer skill, and image and velocity analysis variability, highlighting the importance of 

using a highly standardized procedure to reduce error as much as possible. 
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Table 2.2. A summary of reliability of percent change in brachial artery dimeter from baseline 

(%FMD).  

Reference Population  Study design  CV (%) CV equation  ICC 

(Sorensen et 

al., 1995) 

Young, healthy 

males and 

females (22-51 

years) 

N= 40 (20M, 

20F) 

FMD 

measured on 

4 occasions. 

Intervals 

between 

scans (1-2 

days, 1-2 

wks, 2-4 

months) 

CVdays= 1.8% 

(F:1.6%, M: 

1.9%) 

 

CVweeks= 1% 

 

CVmonths= 8%  

 

Not specified. Not 

reported. 

(Hashimoto 

et al., 1995) 

Healthy males 

(22-31yrs). 

N=7 

FMD 

measured on 

3 occasions, 1 

week and 3 

weeks apart. 

 

CV= 9.7% Not specified. Not 

reported. 

(Uehata et 

al., 1997) 

Healthy adults.  

N=5 

FMD 

measured on 

2 separate 

occasions, 2 

weeks apart. 

 

CV= 1.4% Not specified. Not 

reported. 

(Liang et 

al., 1998) 

Healthy adult 

males and 

females 

(~46.5yrs). 

N=50 (20M, 

20W) 

FMD 

measured on 

2 separate 

occasions, 

~2.5 weeks 

apart.  

CV= 10.3% SD/mean x100 

 

Not 

reported. 

(Herrington 

et al., 2001) 

Adult male and 

females 

(79.3±4.8yrs). 

N=127 (54M, 

73F) 

 

FMD 

measured on 

2 separate 

occasions, at 

least 1 week 

apart. 

CV= 45.3% SD/mean x100 

 

Not 

reported. 

(Herrington 

et al., 2001) 

Adult males 

and females 

(44.7±17.5yrs). 

N=30 (14M, 

16F) 

 

FMD 

measured on 

2 separate 

occasions, 1 

week apart. 

CV= 26.3% SD/mean x100 

 

Not 

reported.  

(De Roos et 

al., 2003) 

Young, healthy 

males and 

FMD 

measured on 

2-6 occasions 

CV= 50.3% SD/mean x100 

 

Not 

reported. 
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females 

(~24yrs) 

N=13 (3M, 

10F) 

(~5.4 days 

apart).  

(West et al., 

2004) 

Adults w Type 

2 Diabetes, 

otherwise 

healthy (41-73 

yrs). 

N=18 (15M, 

3F) 

FMD 

measured 3 

separate 

occasions, 

separated by 

1 week. 

CV= 29.7% SD/mean x 100 Not 

reported.  

(Donald et 

al., 2008) 

Healthy adults 

(~43yrs). 

N=42 

 

FMD 

measurements 

taken 1 week 

and 1 month 

apart. 

 

CVweek= 15% 

 

CVmonth= 

9.3% 

SD/mean x 100 

 

Not 

reported. 

(Ghiadoni 

et al., 2012) 

Young, healthy 

males and 

females 

(31.56.7yrs) 

N=135 (70M, 

65F) 

FMD 

measured 30 

days apart. 

Participants 

spread across 

7 different 

research 

centres. 

 

CV= 12.9  

11.6% 

Not specified. Not 

reported. 

(Onkelinx 

et al., 2012) 

Male patients 

with CAD.  

N=18 

FMD 

measured 2 

days apart.  

CV= 11% SD/mean x100 

 

ICC= 0.99 

(Charakida 

et al., 2013) 

Patients with 

coronary artery 

disease  

N=67 

FMD 

measured 2 

days apart. 

CV= 22.1% SD/mean x100 

 

ICC= 0.8 

(Shenouda 

et al., 2015) 

Young, healthy 

males 

(22±3yrs) and 

females 

(21±2). 

N=17 (10M, 

1F) 

FMD 

measured 

24hrs apart. 

CVmales= 43% 

 

CVfemales= 

55% 

Not specified. ICCmales= 

0.01 

ICCfemales= 

0.07 

 

FMD = flow-mediated dilation, CV = coefficient of variation, ICC = intraclass correlation coefficient, M 

= male, F = female. 
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Another commonly used non-invasive index of microvascular endothelial function is 

measuring the skin blood flow response to ACh iontophoresis. There are two different ways to 

measure skin microvascular blood flow, one being laser doppler imaging (LDI) and the other 

being laser doppler flowmetry (LDF). Both of these methods report the continuous perfusion in 

the skin, encompassing the number and velocity of blood cells moving in the microvasculature. 

However, LDF can only assess the perfusion of a small area of skin and LDI can measure larger 

areas of skin (Morris & Shore, 1996). Therefore, the reduced spatial heterogeneity of skin 

microvasculature using LDI may contribute to improved reliability of the measure (Agarwal, 

Allen, Murray, & Purcell, 2010). Studies of reliability using LDI to measure skin microvascular 

vasodilation in response to iontophoresis of ACh have reported a wide range of CVs from 4.6% 

to 25% (Table 2.3). Moreover, studies assessing reliability of using LDF have reported CVs 

ranging from 24.3% to 34% (Table 2.3). The ICC of assessing blood flow response to ACh 

iontophoresis via LDF was only reported in one study and that value of 0.338 corresponded with 

poor reproducibility (Portney, 2020). It appears that studies measuring microvascular skin blood 

flow responses to ACh iontophoresis with both LDI and LDF encompass a range of CV values, 

however this range does appear to be smaller than that of FMD.  
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Table 2.3. A summary of reliability of skin blood flow response to ACh iontophoresis using laser 

doppler imaging and laser doppler flowmetry.  

Reference Population  Study design  CV (%) CV 

Equation 

ICC 

LDI 

(Kubli et al., 

2000) 

Healthy male 

adults (20-

28yrs) 

N=16 

Measured 

maximal 

response to 

ACh at 2 

forearm 

locations on 2 

separate 

occasions, 48-

72hrs apart.  

CVproximal= 

4.6% 

CVdistal= 5.9% 

SD/mean 

x100 

Not 

reported.  

(Henricson, 

Tesselaar, 

Persson, 

Nilsson, & 

Sjöberg, 2007) 

Healthy male 

and female 

adults (~28yrs). 

N=10 (6M, 4F) 

Measured 

maximal 

response to 

ACh on 2 

separate 

occasions, 

24hrs apart. 

CV= 25% Not 

specified. 

Not 

reported. 

(Klonizakis, 

Manning, & 

Donnelly, 

2011) 

Healthy adults. 

N=26 

Measured 

maximal 

response to 

ACh on 2 

separate days 

in the lower 

limb.  

CV=17.6% Not 

specified. 

Not 

reported. 

LDF 

(Morris & 

Shore, 1996) 

Healthy male 

and female 

adults 

(36.69.1yrs). 

N=7 (4M, 3F) 

Measured 

maximal 

response to 

ACh, on 2-3 

separate 

occasions, ~13 

days apart. 

CV=34% Not 

specified. 

Not 

reported. 

(Agarwal et 

al., 2010) 

Healthy male 

and female 

adults. 

N=10 (7M, 

3F). 

Measured 

maximal 

response to 

ACh on 2 

separate 

occasions, 11-

42 days apart.  

CV= 25.5% Not 

specified. 

Not 

reported. 

(Tibiriçá et al., 

2011) 

Healthy adults. 

N=24 

Measured 

AUC response 

Not reported. N/A. ICC= 0.338 
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to ACh on 2 

separate 

occasions, 7 

days apart. 

LDF 

(Klonizakis et 

al., 2011) 

Healthy adults. 

N=26 

Measured 

maximal 

response to 

ACh on 2 

separate days 

in the lower 

limb.  

CV=24.3% 

 

Not 

specified. 

Not 

reported. 

 

ACh = acetylcholine, CV = coefficient of variation, ICC = intraclass correlation coefficient, LDI = laser 

doppler imaging, LDF = laser doppler flowmetry, AUC = area under the curve, M = male, F = female. 
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2.3.2 Reliability of PLM-induced vasodilation 

There has only been one published abstract reporting the day-to-day reliability of PLM-

induced vasodilation. This abstract was published by Groot and colleagues (2017), a group that 

has published the majority of information surrounding vasodilation in response to PLM as an 

index of endothelial function. PLM-induced vasodilation was assessed in 17 healthy participants 

(age 24-37 yrs; sex not reported) on three separate days. Change to leg blood flow peak ( 

LBFpeak) was the only vascular response to PLM that was reported. It was found that  LBFpeak 

was significantly correlated between days (r = 0.73-0.85; p<0.001). The between day ICC value 

for  LBFpeak was 0.93, indicating excellent reliability (Portney, 2020). Additionally, in the 

abstract, authors reported the CV of PLM responses to be ~20%.   

The data presented by Groot and colleagues (2017) suggest that change to peak LBF 

responses to PLM have similar reliability to FMD and blood flow responses to ACh 

iontophoresis. However, future investigation is warranted to determine the reliability of other 

commonly used outcomes to characterize vasodilation in response to PLM such as change to 

peak LVC and change in AUC above baseline LBF and LVC, which has been associated with 

high NO dependency (Groot et al., 2015; Mortensen et al., 2012; Trinity et al., 2012). 

Furthermore, this study only performed one trial of PLM each day. Increasing the number of 

trials per day to provide an average response might better capture an individual’s true vascular 

response to PLM, further reducing variability. As seen above with other measures of endothelial 

function, there can be a wide range of reliability reported between research groups. Therefore, 

having multiple assessments of reliability for vasodilation in response to PLM is of high 

importance for continued use of the measure to assess vascular function, and having values 

specific to our group will be helpful in future studies.   
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2.4 Conclusion  

Endothelial function is an important indicator of vascular health and specifically, 

dysfunction of the endothelium can indicate risk of cardiovascular disease. The ability of the 

cardiovascular system to control vascular tone is an indicator of overall vascular health, 

therefore, it is important to establish reliable techniques measuring endothelial function across 

various regions and vessel types. There are many ways to quantify reliability, the most common 

measures being CV, ICC and TE. Each reliability statistic offers different information about the 

absolute and relative reliability of a measure. Due to the dimensionless nature, CVs have been 

the most frequently used way to quantify reliability in methods of widely used non-invasive 

measures of endothelial function such as conduit artery FMD and microvascular blood flow 

responses to skin iontophoresis of ACh. PLM-induced vasodilation offers unique insight into 

lower-limb microvascular endothelial function. However, in order for more widespread use of 

vasodilation in response to PLM and for classification of individual results, it is essential to 

understand the reliability of this measure moving forward.  
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Chapter 3 

Reliability of passive leg movement as an index of microvascular endothelial 

function in young, healthy women 

3.1 Introduction  

 

Vasodilation in response to passive leg movement (PLM) is a non-invasive method for 

measuring lower-limb microvascular endothelial function (Mortensen et al., 2012). Similar to 

other indices of endothelial function, vasodilation in response to PLM seems to be an important 

indicator of vascular function and cardiovascular health. Vascular responses to PLM are 

diminished in aging and clinical populations (Groot et al., 2015; Trinity et al., 2015; Witman et 

al., 2015) and an attenuation of this age-related decline in vasodilation in response to PLM 

occurs with physical activity, a known cardiovascular risk modifier (Groot et al., 2016). 

Moreover, utilizing vasodilation in response to PLM to assess lower-limb vascular function also 

offers insight into the unique vascular profile of the leg (Donato et al., 2006; Newcomer et al., 

2005; Wray et al., 2010).  

In order to better understand meaningful outcomes indicative of endothelial function, it is 

important to know the biological and measurement variability in arterial responses that can occur 

on a day-to-day basis. Several studies have assessed the reliability of other widely used non-

invasive measures of endothelial function, such as conduit artery flow-mediated dilation (FMD) 

(De Roos et al., 2003; Shenouda et al., 2015; Sorensen et al., 1995; West et al., 2004), and skin 

microvascular function via iontophoresis of acetylcholine (ACh) (Kubli et al., 2000; Tibiriçá et 

al., 2011). However, the day-to-day reliability of vasodilation in response to PLM as a measure 

of microvascular endothelial function is currently unknown.  
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We expect that performing three trials of PLM on each of two separate days will allow us 

to robustly quantify day-to-day reliability of vasodilation in response to PLM. Standardized trials 

of PLM will be performed following the detailed methodology recently outlined by Gifford and 

Richardson (2017). Therefore, the purpose of this study is to identify the test-retest reliability of 

vasodilation in response to PLM as an index of microvascular endothelial function, specifically 

in young, healthy women. The data collected will allow for the calculation of commonly used 

references of reliability such as the Pearson correlation coefficient, coefficient of variation, 

intraclass correlation coefficient and the typical error of vasodilation in response to PLM.  

It is important to understand the reliability of the measurement indices used to assess 

vascular function. Understanding the variability of PLM-induced vasodilation will allow for 

determination of the measurement error in lower-limb microvascular responses over a short 

period of time. As well, calculation of typical error of vasodilation in response to PLM will allow 

for the classification of meaningful individual arterial responses of women in future 

interventions.  
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3.2 Methods 

3.2.1 Ethics 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 

Premenopausal women (age 19-29 years) were recruited from Queen’s University and the 

Kingston community to participate in this study. Prior to data collection, all volunteers came into 

the laboratory for a screening visit to determine eligibility. Volunteers were asked to complete a 

medical screening questionnaire, including information about their menstrual cycle history. 

Volunteers who reported use of a hormonal intrauterine device (IUD) were deemed ineligible for 

the study, as they do not experience a phase of low estrogen. Volunteers who reported a history 

of cardiovascular and/or metabolic disease, or who reported actively taking medication, were 

excluded. Self-identification as a smoker or reporting moderate-to-vigorous physical activity 

levels of > 5hrs/week also resulted in exclusion. In the laboratory, height and weight 

measurements and an automated blood pressure assessment (BPTru Medical Devices, 

Coquitlam, BC, Canada) were conducted. Individuals with a BMI > 30 kg/m2, or who were 

hypotensive (<90/60 mmHg) or hypertensive (>140/90 mmHg) were also excluded. During 

familiarization with the experimental protocol the common femoral artery (CFA) was assessed 

using duplex ultrasound to ensure that a clear image and velocity signal could be obtained.  

Eighteen women participated in the study. 
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3.2.3 Experimental design  

All participants attended two identical experimental visits (Figure 3.1). Visit 1 and visit 2 

occurred two days apart during the low estrogen phase of the menstrual cycle; 2-6 days 

following the onset of menstruation for naturally menstruating women or during the placebo 

phase for women on oral contraceptive pills. Estrogen can upregulate estrogen receptor alpha 

(ER) expression and endothelial nitric oxide synthase (eNOS) expression and activation, which 

can result in an increase in NO bioavailability (Mendelsohn, 2002; Mendelsohn & Karas, 1999). 

Therefore, reliability was assessed during the menstrual phase in which estrogen remains low 

and stable, in order to avoid any potential changes in NO bioavailability that might influence the 

vasodilatory response to PLM. Prior to each experimental visit, participants abstained from food 

consumption for 12 hours, and caffeine, alcohol and physical activity for 24 hours. Both visits 

occurred at the same time of day (2 hrs) to avoid the effects of diurnal variation in endothelial 

function. Visits began with 20 minutes of rest in the upright seated position followed by three 

trials of PLM, each trial separated by at least 10 minutes of rest, or until blood velocity returned 

to baseline. The velocity trace was visually inspected throughout the trials. If a loss in velocity 

signal was detected or a muscle contraction occurred, the trial was halted. Additional trials of 

PLM were conducted as necessary to ensure a total of three high-quality trials of PLM (8 visits 

out of the 34 conducted included one additional trial of PLM).  
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Figure 3.1. Individual experimental timeline for visit 1 and 2. PLM = passive leg movement, BP = 

blood pressure. 
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3.2.4 Experimental procedures  

Heart Rate and Blood Pressure. Heart rate (HR) measured in beats per minute (bpm) was 

monitored continuously using a three-lead electrocardiogram (ECG). Blood pressure (BP) was 

measured five times and averaged (first measure discarded) with an automated 

sphygmomanometer (BpTRU BPM-100; BpTRU Medical Devices). BP was taken at the end of 

the rest period just prior to each of the three PLM trials. During the PLM trials, mean arterial 

pressure (MAP;mmHg) was continuously monitored with an automated blood pressure finger 

cuff (Finometer PRO, Finapres Medical Systems, Amsterdam, The Netherlands). Continuous HR 

and BP signals were recorded in LabChart (AD Instuments, Colorado Springs, CO) for analysis.  

 

Common Femoral Artery Diameter and Velocity Measurements. Diameter measurements of the 

common femoral artery were captured using 2D ultrasound in B mode (12 MHz; Vivid i2; GE 

Medical Systems, Mississauga ,Canada) with an insonation angle of 68, as explained previously 

(Pyke, Hartnett, & Tschakovsky, 2008). Ultrasound images were recorded with a VGA to USB 

frame-grabber (Epiphan Systems Inc., Ottawa, Canada), and saved as avi files using Camtasia 

Studio (TechSmith, Okemos, MI, USA), as previously described by Jazuli and Pyke (2011). 

Blood velocity of the common femoral artery was measured using Doppler ultrasound operating 

at 4MHz (Vivid i2; GE Medical Systems) at an insonation angle of 68 (Pyke et al., 2008). A 

Multigon 500P TCD (Multigon Industries, Yonkers, N.Y., USA) was used to determine mean 

blood velocity and this signal was recorded for analysis in LabChart (AD Instuments, Colorado 

Springs, CO).  
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Passive Leg Movement. PLM was performed as previously described in detail by Gifford and 

Richardson (2017). The participants were in a seated position against a backrest with a slight 

incline (<110) to allow for better access to the inguinal area (Figure 3.2). The leg was moved 

passively from 90 flexion to 180 extension using a knee brace to decrease variability in 

movement between subjects. Movement from 90 to 180 and back was considered one cycle 

and the participant’s leg was moved at a pace of 1 cycle/s. During PLM, blood velocity of the 

common femoral artery was measured via duplex ultrasound. Each PLM trial consisted of 1 

minute of baseline, 2 minutes of PLM and 2 minutes of recovery.  

 

Figure 3.2. Visual of set up for all PLM trials, including placement of hinged leg brace and 

ultrasound probe on the common femoral artery (CFA). 
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3.2.5 Data analysis 

Common Femoral Artery Diameter and Blood Velocity. Diameter analysis was conducted by a 

single observer (LL). Common femoral artery diameter (CFA) was analyzed using automated 

edge-tracking software (Encoder FMD and Bloodflow v3.0.3, Reed Electronics, Perth, 

Australia), as previously described (Jazuli & Pyke, 2011). Frame by frame diameters were 

compiled into three-second time bins throughout baseline. The average of these bins was used to 

characterize CFA diameter. Blood velocity was analyzed using LabChart Software in three-

second time bins, as previously described (Pyke et al., 2008).  

 

Leg Blood Flow and Leg Vascular Conductance. The CFA baseline diameter and continuous 

blood velocity measures allowed for the calculation of the main outcome variables, leg blood 

flow (LBF) and leg vascular conductance (LVC) in three-second averages. LBF (ml/min) was 

calculated using the CFA baseline diameter and mean blood velocity (MBV) using the following 

equation:  LBF = (diameter/2)2 X MBV. LVC (ml/min/mmHg) was calculated by dividing 

blood flow by MAP (LVC = LBF/MAP).  

 

Responses to Passive Leg Movement. The response to PLM was characterized by three factors: 

1) peak LBF and LVC, 2) peak change above baseline LBF ( LBFpeak) and LVC ( LVCpeak), 

and 3) area under the curve above baseline ( AUC) during the first 60s of PLM for LBF and 

LVC (Gifford & Richardson, 2017). Each experimental visit included three trials of PLM with a 

high-quality velocity signal (with the exception of one visit for two participants where only two 

trials were included). The average of the three trials was used to report a single value for each 

variable, for every participant.  



 

39 

 

3.2.6 Statistical analysis 

Statistical analyses were performed using SPSS v25 (IBM Corp, Armonk, NY, 2017). 

Values are expressed as mean  SD. Statistical significance is set at p < .05. Paired t-tests were 

used to assess differences in baseline measures, as well as, peak, ∆ peak and ∆ AUC LBF and 

LVC responses to PLM between visit 1 and visit 2.  Reliability of all characterizations of PLM 

responses between visit 1 and visit 2 were examined with Pearson’s correlation coefficients, 

intraclass correlation coefficients (ICC; two-way random-effects, absolute agreement, single 

rater, 95% confidence intervals), and within-subject coefficients of variation (CV). The strength 

of the Pearson correlation coefficients was determined as follows; <0.19 = very weak, 0.20-0.39 

= weak, 0.40-0.59 = moderate, 0.60-0.79 = strong and >0.80 = very strong (Evans, 1996). The 

ICC values classified reliability as follows; <0.50 = poor, 0.50-0.75 = moderate, 0.75-0.90 = 

good, and >0.90 = excellent (Portney, 2020). Typical error (TE) of measurement for PLM was 

calculated as previously described by Hopkins (2000): 

 𝑇𝐸 =
𝑆𝐷𝑑𝑖𝑓𝑓

√2
 

Additional reliability analyses of vascular responses to PLM were conducted between the first 

trial of visit 1 and 2 to better facilitate comparison of results to other reliability studies that only 

completed one trial each day. As mentioned previously, reliability was assessed for all 

characterization of PLM responses using Pearson’s correlation coefficient, ICC, CV and TE. 

 

 

 

 

 



 

40 

 

3.3 Results  

3.3.1 Participant characteristics 

A total of eighteen participants completed the study however, data from one participant 

were excluded due to low-quality velocity signals during multiple trials. Therefore, the results 

include the data from seventeen premenopausal women (N=17). Participants were 22  3 years 

old with a BMI of 23.3  2.3 kg/m2. Twelve of the women were naturally menstruating (n=12) 

and five were on oral contraceptive pills (n=5).  

3.3.2 Baseline hemodynamic variables (HR and MAP) 

Baseline HR did not change between visit 1 and visit 2 (p = 0.477). Similarly, baseline 

MAP remained unaltered from visit 1 to visit 2 (p = 0.890). Average baseline hemodynamic 

variables are presented in Table 3.1.  

3.3.3 Baseline femoral artery diameter and PLM-induced vasodilation measures 

Femoral artery baseline diameter remained unchanged between visits (p = 0.521; Table 

3.1). There were also no differences between visit 1 and visit 2 baseline LBF (p = 0.906) and 

LVC (p = 0.885; Table 3.1).  There were no significant differences between visit 1 and visit 2 for 

any of the PLM response measures (Figure 3.3); AUC LBF,  AUC LVC, peak LBF, peak 

LVC, LBFpeak, and  LVCpeak.  
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Table 3.1. Baseline hemodynamics, femoral artery diameter, and PLM responses during V1 and V2 

(N=17).  

 Visit 1 Visit 2 p-values 

HR (bpm) 71.8  9.6 70.3  9.4 p = 0.477 

Systolic BP (mmHg) 99.7  6.5 100.6  7.6 p = 0.429 

Diastolic BP (mmHg) 69.8  6.4 69.4  7.5 p = 0.695 

MAP (mmHg) 79.8  5.9  79.7  7.1 p = 0.890 

Baseline diameter (cm) 0.756  0.083 0.757  0.084 p = 0.521 

Baseline LBF (ml/min) 139.3  78.7 137.3  73.1 p = 0.906 

Baseline LVC 

(ml/min/mmHg) 
1.75  0.88 1.74  0.90 p = 0.885 

 

Values are mean  standard deviation. HR = heart rate, BP = blood pressure, MAP = mean 

arterial pressure, LBF = leg blood flow, LVC = leg vascular conductance.  
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Figure 3.3. Change in AUC above baseline LBF, B) Change in AUC above baseline LVC, C) Peak 

LBF D) Peak LVC, E) Change to peak LBF from baseline, and F) Change to peak LVC from 

baseline. Bar = mean response, Black circles = individual responses, Lines = connect individual V1 and 

V2 responses. AUC = area under the curve, LBF = leg blood flow, LVC = leg vascular conductance, V1 

= visit 1, and V2 = visit 2. All differences between V1 and V2 PLM measures were non-significant.  

A) B) 

C) D) 

E) F) 
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3.3.4 Reliability of baseline measures  

The reliability of baseline diameter, LBF and LVC ranged from moderate to excellent. 

The Pearson correlation coefficients, CVs and ICCs of all baseline measures are presented in 

Table 3.2.  

3.3.5 Reliability of PLM-induced vasodilation measures  

The Pearson correlations of LBF and LVC PLM measures are presented in Figures 3.4 

and 3.5, respectively. Visit 1 and 2 were strongly correlated for both AUC LBF (r = 0.71, p < 

0.05) and AUC LVC (r = 0.78, p < 0.001). Visit 1 and 2 peak and ∆peak LBF and LVC were 

very strongly correlated; peak LBF (r = 0.84, p < 0.001), peak LVC (r = 0.82, p < 0.001), 

LBFpeak (r = 0.83, p < 0.001), and LVCpeak (r = 0.83, p<0.001).  

The ICCs of AUC LBF (ICC = 0.70) and AUC LVC (ICC = 0.74) indicated moderate 

reliability. The ICCs of peak LBF (ICC = 0.84), peak LVC (ICC = 0.79), LBFpeak (ICC = 0.82), 

and LVCpeak (ICC = 0.80) indicated good reliability.  

In agreement with the correlation and ICC analysis, the CVs were the highest for AUC 

LBF (CV = 31.2%) and AUC LVC (CV = 27.1%) and lower for peak LBF (CV = 13.2%), peak 

LVC (CV = 14.4%), LBFpeak (CV = 17.8%), and LVCpeak (CV = 16.5%). ICCs, CVs and TEs 

of all PLM measures are presented in Table 3.3.  
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Table 3.2. Visit 1 and 2 Pearson’s correlations, ICCs, CVs and TEs for baseline femoral artery 

parameters. 

 r value  ICC (95% CI) CV TE 

Baseline Diameter 

(cm) 

0.99** 0.99 (0.98-0.99) 0.79% 0.008 

Baseline LBF 

(ml/min) 

0.60* 0.61 (0.19-0.84) 14.6% 48.1  

Baseline LVC 

(ml/min/mmHg) 

0.91** 0.92 (0.78-0.97) 7.61% 0.27  

 
ICC = intraclass correlation coefficient, CI = confidence interval, CV = coefficient of variation, LBF = 

leg blood flow, LVC = leg vascular conductance. *Statistically significant p<0.05, **highly statistically 

significant p<0.001.  
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Figure 3.4. A) Change in AUC above baseline LBF, B) Peak LBF, and C) Change to peak LBF from 

baseline. Black circles = individual responses, Solid lines = lines of best fit. The Pearson correlation 

coefficient (r value) with corresponding p values are presented with each graph. AUC = area under the 

curve, LBF= leg blood flow, V1 = visit 1, and V2 = visit 2.  

 

A) 

B) 

C) 
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Figure 3.5. A) Change in AUC above baseline LVC, B) Peak LVC, and C) Change to peak LVC 

from baseline. Black circles = individual responses, Solid lines = lines of best fit. The Pearson 

correlation coefficient (r value) with corresponding p values are presented with each graph. AUC = area 

under the curve, LVC = leg vascular conductance, V1 = visit 1, and V2 = visit 2. 

A) 

B) 

C) 
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Table 3.3. ICCs, CVs and TEs of LBF and LVC PLM responses.   

 ICC (95% CI) CV TE 

LBF 

AUC LBF (ml) 0.70 (0.34-0.88) 

 

31.2% 59.1 

Peak LBF (ml/min) 0.84 (0.61-0.94) 13.2% 111.1 

 Peak LBF (ml/min) 0.82 (0.57-0.93) 17.8% 88.3 

LVC 

AUC LVC 

(ml/mmHg) 

0.74 (0.43-0.90) 27.1% 0.67 

Peak LVC 

(ml/min/mmHg) 

0.79 (0.51-0.92) 14.4% 1.67 

 Peak LVC 

(ml/min/mmHg) 

0.80 (0.53-0.92) 16.5% 1.23 

 
ICC = intraclass correlation coefficient, CI = confidence interval, CV = coefficient of variation, AUC = 

area under the curve, LBF = leg blood flow, LVC = leg vascular conductance.  
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3.3.6 Reliability of single trial PLM-induced vasodilation measures 

Single trial reliability, comparing trial 1 of visit 1 and 2, indicated moderate reliability. 

The Pearson correlations, ICCs, CVs and TEs of single trial reliability of AUC and peak LBF 

and LVC are presented in Table 3.4.  

 

Table 3.4 Pearson correlations, ICCs, CVs and TEs of single trial LBF and LVC PLM responses.  

 r value  ICC (95% CI) CV TE 

AUC LBF (ml) 0.64* 0.63 (0.25-0.85) 40.7% 68.9 

 Peak LBF 

(ml/min) 

0.73** 0.72 (0.37-0.89) 31.1% 126.4 

AUC LVC 

(ml/mmHg) 

0.64* 0.60 (0.21-0.83) 36.6% 1.60 

 Peak LVC 

(ml/min/mmHg) 

0.55* 0.55 (0.10-0.81) 34.2% 0.83  

 
ICC = intraclass correlation coefficient, CI = confidence interval, CV = coefficient of variation, LBF = 

leg blood flow, LVC = leg vascular conductance, AUC = area under the curve. *Statistically significant 

p<0.01, **Highly statistically significant p<0.001.  
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3.4 Discussion 

 This is the first full study to investigate the day-to-day reliability of PLM-induced 

vasodilation as an index of microvascular endothelial function in young, healthy women. We 

assessed the between-day variability of vasodilation in response to PLM by completing three 

trials of PLM on two separate days during a period of low estrogen. The reliability of PLM-

induced dilation was quantified by calculating the Pearson correlation coefficient (r value), ICC 

and CV. Additionally TE was calculated for future identification of individual differences in 

response to an intervention. These results indicated good between-day reliability of PLM 

responses, however, characterization of the PLM vasodilatory response as peak and ∆peak LBF 

and LVC were more reliable than characterization by AUC LBF and LVC. This information 

provides support for utilizing PLM-induced vasodilation as an assessment of lower-limb 

microvascular endothelial function in order to evaluate vascular responses between populations 

or the effect of an intervention.  

3.4.1 Reliability of PLM-induced vasodilation  

The results of the present study indicate that PLM-induced vasodilation has good day-to-

day reliability. This reliability is comparable to the only other report on reliability of PLM-

induced vasodilation in an abstract by Groot and colleagues (2017). Our data demonstrates a 

very strong between-day correlation for ∆peak LBF (r = 0.83), which is consistent with the 

between-day correlations found by Groot and colleagues (2017) for ∆peak LBF (r = 0.73-0.85). 

The ICC of ∆peak LBF indicates good reliability (ICC = 0.82) which is slightly lower than the 

value reported previously for PLM ∆peak LBF (ICC = 0.93) indicating excellent reliability 

(Groot et al., 2017). Lastly, the CV of ∆peak LBF was 17.8% and this is comparable to the value 

reported by Groot and colleagues (2017) indicating a CV of ~20%. Overall it appears that our 
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results on the reliability of PLM-induced vasodilation are similar to the results from the 

aforementioned abstract. However, the results from that abstract only included information about 

the reliability of PLM responses characterized by ∆peak LBF, therefore comparisons from our 

data can only be made for that one variable.  

The results of this study are also comparable to the reliability of other widely used 

measures of endothelial function such as conduit artery FMD (r = 0.71-0.88, ICC = 0.01, 0.80 

and 0.99, and CV = 1.4-55%) (Charakida et al., 2013; Ghiadoni et al., 2012; Herrington et al., 

2001; Liang et al., 1998; Onkelinx et al., 2012; Shenouda et al., 2015; Uehata et al., 1997; West 

et al., 2004) and microvascular skin blood flow in response to ACh iontophoresis (ICC = 0.338, 

CV = 4.6-34%) (Kubli et al., 2000; Morris & Shore, 1996; Tibiriçá et al., 2011). The PLM 

responses characterized as AUC were consistently less reliable than the PLM responses 

characterized as peak and ∆peak LBF and LVC. Several other studies have also observed this 

increased variability in endothelial function when expressed as the AUC compared to peak 

responses. Both Donald and colleagues (2008), and Herrington and colleagues (2001) found 

higher CVs for the AUC of FMD compared to peak %FMD (46.6% vs. 10.6%, and 52.2% vs. 

42.5%). Additionally, Klonizakis and colleagues (2011) found that lower-limb microvascular 

function assessed via LDF of skin blood flow in response to ACh iontophoresis had a higher CV 

when quantifying AUC vs. peak blood flow responses (28.4% vs. 17.6%). Characterization of 

PLM vascular responses as AUC LBF and LVC has been found to be particularly meaningful 

when assessing NO-dependent endothelial function (Groot et al., 2015; Mortensen et al., 2012). 

However, characterization of PLM vascular responses as peak and peak LBF and LVC offers a 

more reliable, albeit less tightly linked to NO, measure of PLM-induced vasodilation that might 

better detect more subtle changes in vascular function due to an intervention or across 
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populations. The above comparisons with the literature are derived from reliability measures 

calculated from a 3 trial average in this study. Of course, all previous literature has not employed 

multiple trial averages, and for context, the reliability based on a single trial (the first trial) each 

day is discussed in a section below. 

3.4.2 Typical error of PLM-induced vasodilation 

In the current literature, vascular responses to PLM are most often reported as AUC and 

peak LBF and LVC. The corresponding TE values observed in this present study were 59.1 ml 

and 0.67 ml/mmHg for AUC LBF and LVC, respectively, and 88.3 ml/min and 1.23 

ml/min/mmHg for peak LBF and LVC, respectively (Table 3.3). TE values are used to classify 

individual responses to an intervention and one commonly used threshold to identify a 

meaningful change is 2xTE (Bouchard et al., 2012; Hopkins, 2000).  

The threshold of twice the TE value can also be used to identify meaningful changes in 

PLM-induced vasodilation. To distinguish if the threshold determined from this current study is 

reasonable, we have compared it against the significant differences in PLM-induced vasodilation 

across several distinct populations found in other studies. The group differences in the AUC 

and peak LBF and LVC PLM responses between young and aging populations of both males 

and females fall well above the 2xTE threshold observed in the present study (Groot et al., 2016; 

Groot et al., 2015; Mortensen et al., 2012; Trinity et al., 2015). Additionally, the difference in 

group PLM vascular responses between healthy adults and clinical populations, including 

individuals with heart failure and peripheral artery disease, also fall above the 2xTE threshold 

from the current study (Mortensen et al., 2012; Witman et al., 2015). Finally, the observed 

differences in PLM vascular responses, peak LBF and LVC, between trained and untrained 
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older adults are also larger than the 2xTE threshold (Groot et al., 2016). Therefore, since the 

changes in PLM responses of these distinct populations are much larger than the threshold of 

2xTE, it is predicted that the TEs calculated from this current study will be a useful tool to 

distinguish changes in PLM-induced vasodilation of an even smaller magnitude.  

3.4.3 Single trial reliability of PLM-induced vasodilation 

Single trial reliability of PLM-induced vasodilation was also assessed in order to 

facilitate a better comparison between reliability studies that utilized a single trial design. The 

results of this present study indicate that single trial reliability of vasodilation in response to 

PLM is comparable to single trial FMD reliability reported (CV = 10.3% - 55%) (Donald et al., 

2008; Ghiadoni et al., 2012; Herrington et al., 2001; Liang et al., 1998; Shenouda et al., 2015), 

but higher than the single trial reliability reported for blood flow responses to ACh iontophoresis 

(CV = 4.6% - 25.5%) (Agarwal et al., 2010; Herrington et al., 2001; Klonizakis et al., 2011; 

Kubli et al., 2000). Furthermore, the reliability of peak LBF in response to PLM in this present 

study is generally less reliable than the values reported in the abstract by Groot and colleagues 

(2017) (r = 0.73 vs. 0.73-0.85; ICC = 0.72 vs. 0.93; CV = 31.1% vs. ~20%, respectively). 

However, the abstract by Groot and colleagues (2017) provides limited information on the 

characterization of participants, specifically failing to acknowledge the sex of the participants. 

Differences in the population of the two studies may contribute to discrepancies between our 

results.  Overall, it is unsurprising that the day-to-day reliability between single trials was higher 

compared to the average of three trials. As single trial day-to-day reliability of PLM-induced 

vasodilation falls within the higher range of variability reported for commonly used indices of 
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endothelial function, it might be particularly important to include multiple trials of PLM in an 

experimental design.  

3.4.4 Methodological considerations  

 Vasodilation in response to PLM has been deemed a particularly meaningful measure of 

endothelial function due to the high dependence of PLM-induced vasodilation on NO, the 

endothelium-derived vasodilator (Groot et al., 2015; Mortensen et al., 2012). The dependence of 

PLM on NO was not assessed in this study, therefore we are not able to provide insight into the 

variation of NO dependence in this population of young, healthy women.  

 Additionally, Hopkins and colleagues (2000) recommend that test-retest study designs 

include at least three trials each visit. However, it is known that the more trials completed, the 

closer the average response will be to an individual’s true score (Chatburn, 1996). Therefore, the 

estimates of reliability in the current study might represent a higher range of error in PLM 

responses. By including more trials within a testing session, the reliability of PLM-induced 

vasodilation may have been improved.   

 Further, reliability of vasodilation in response to PLM was assessed specifically in a 

population of young, healthy females. This was intentional as it is a population of particular 

interest to our group. However, the results from this study should not be generalized to other 

populations. Future research including more widespread investigation into the variability of PLM 

in other populations, such as aging, male and clinical populations is warranted.  

3.4.5 Conclusion  

In this study, vasodilation in response to PLM has been determined to be a reliable index 

of lower-limb microvascular endothelial function in young, healthy women. After analyzing day-
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to-day correlations, ICCs and CVs, characterization of PLM responses as peak and peak LBF 

and LVC were observed to have better day-to-day reliability than characterization of PLM 

responses as AUC LBF and LVC. Furthermore, the observed 2xTE threshold suggests that 

PLM responses can be used to detect meaningful changes in endothelial function that are smaller 

than those observed with advanced aging and clinical conditions. These TE scores provide 

valuable information for future studies allowing for the classification of individual PLM 

responses. Future research is needed to assess the reliability of vasodilation in response to PLM 

in a range of populations.  
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Chapter 4 

General Discussion 

The study outlined in Chapter 3, examined the day-to-day reliability of PLM-induced 

microvascular vasodilation in young, healthy, premenopausal women. This study found that 

overall, day-to-day reliability of PLM is good, however, there is more variation in AUC LBF 

and LVC compared to peak and peak LBF and LVC. Moreover, the reliability of the CVs and 

ICCs of PLM responses are comparable to values reported for other widely used methods of 

assessing endothelial function. The findings of this study provide support for utilizing 

vasodilation in response to PLM as a reliable technique to assess lower-limb microvascular 

endothelial function. The following sections of this chapter will further discuss the importance of 

assessing lower-limb and microvascular endothelial function, and how the information reported 

in Chapter 3 will be utilized by our group in future research.    

4.1 Importance of lower-limb microvascular endothelial function  

The function of both the lower-limb and microvascular endothelium individually provide 

unique information about vascular function and health, emphasizing the usefulness of PLM-

induced vasodilation as an alternative method to assess endothelial function. Endothelial function 

of the lower limb can change independently from endothelial function in the upper limb. This 

was demonstrated by Thijssen and colleagues (2011) when they found no correlation between 

brachial artery FMD and superficial femoral artery FMD in healthy adults. Similarly, Nishiyama 

and colleagues (2008) found that popliteal artery FMD was significantly attenuated in aging 

adults compared to young adults, whereas brachial artery FMD was not. Furthermore, measuring 

endothelial function in the lower limb is of particular clinical importance as the development of 
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atherosclerosis and peripheral artery disease are much more prevalent in the lower limbs 

compared to the upper limbs (Sanada et al., 2005; Tendera et al., 2011). Despite the distinctive 

information provided through assessment of the lower limb, brachial artery FMD remains the 

most commonly used method to assess endothelial function. However, it is important to avoid 

generalization of results found in the upper arm and to collect information on endothelial 

function utilizing techniques specific to the lower limb, such as vasodilatory responses to PLM.  

Not only does PLM-induced vasodilation provide unique information regarding vascular 

function in the lower limb, it is also specific to the microvasculature. The microvasculature 

encompasses the smallest vessels in the hierarchy of circulation. As with all blood vessels, they 

are lined by the endothelium, however, endothelial function is not universal across all vessel 

types. It has been found that conduit and microvascular endothelial function are not well 

correlated with each other (Gori, Di Stolfo, Sicuro, Dragoni, Lisi, et al., 2006; Hamburg et al., 

2011) and that the function of the microvasculature provides different information about vascular 

health and disease progression in comparison to the function of larger arteries. Microvascular 

endothelial dysfunction has been associated with several cardiovascular diseases and risk factors 

including coronary artery disease, peripheral artery disease, hypertension, heart failure and 

dyslipidemia (Hellmann, Roustit, & Cracowski, 2015; Igari, Kudo, Toyofuku, & Inoue, 2016). 

Although conduit artery endothelial function has also been correlated with clinical 

cardiovascular outcomes, there are many discrepancies that exist from the microvasculature. For 

example, skin microvascular endothelial function better predicted the presence of coronary artery 

disease in comparison to brachial artery conduit endothelial function (Shamim-Uzzaman et al., 

2002). Additionally, Hamburg and colleagues (2011), found that skin microvascular endothelial 

function was associated with cardiovascular risk factors distinct from those associated with 
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conduit endothelial function. It also appears that endothelial dysfunction of the two different 

vessel types represent different levels of disease progression, with macrovascular dysfunction 

indicating the process of existing atherosclerosis and microvascular dysfunction better indicating 

earlier risk, potentially acting as an earlier prognostic biomarker of adverse cardiovascular 

outcomes (Flammer et al., 2012).  

Investigating the microvasculature is also of particular interest because this vascular bed 

is responsible for fine control of blood flow and delivery of oxygen to tissues. In the context of 

exercise physiology, control of microvascular blood flow is of great importance due to the 

influence of oxygen delivery on exercise performance (Andersen & Saltin, 1985; Brechue, 

Ameredes, Andrew, & Stainsby, 1993; Richardson et al., 1993). Therefore, if an individual 

experiences microvascular endothelial dysfunction and has a limited capacity to vasodilate, it is 

likely that they will also have a reduced exercise capacity (Burtscher, 2013; Hambrecht et al., 

1998; Roche, Edmunds, Cable, Didi, & Stratton, 2008).  

Overall, it is clear that investigating both microvascular and lower-limb endothelial 

function presents unique clinical and physiological perspectives compared to conduit artery 

investigations. Thus, inclusion of lower-limb microvascular assessments is warranted to provide 

a more comprehensive understanding of vascular function. PLM-induced vasodilation, 

conveniently, provides a reliable, and non-invasive method to assess both.  

4.2 Future directions 

4.2.1 Follow-up study  

The study described in Chapter 3 was not the original plan for my full thesis project. 

Early on in my MSc I decided that I wanted to focus on cardiovascular physiology, specifically 

in the female body. Briefly, the original proposed thesis was to investigate the impact of 
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menstrual phase on endothelial function of the lower-limb microvasculature and to consider the 

protein-level changes in certain enzymes and receptors in response to these fluctuations in 

estrogen, that may ultimately contribute to alterations in endothelial function.  

Estrogen, the primary female sex hormone, undergoes natural fluctuations throughout the 

menstrual cycle, with the early follicular (EF) phase being characterized by low estrogen levels 

and the late follicular (LF) phase by high estrogen levels (Allen et al., 2016). There is evidence 

supporting a beneficial impact of estrogen on the vascular endothelium (Arora, Veves, Caballaro, 

Smakowski, & LoGerfo, 1998; Harris, Tedjasaputra, Zhao, & Richardson, 2012) that is 

attributed to an estrogen-mediated increase in NO bioavailability (Mendelsohn, 2002; 

Mendelsohn & Karas, 1999). However, there is now evidence of substantial variability in the 

impact of phase on both conduit and microvascular endothelial function and the mechanisms 

resulting in this variability remain unknown (D'Urzo, King, Williams, Silvester, & Pyke, 2018; 

Ketel et al., 2009).  

Estrogen binds to and increases expression of estrogen receptor subgroup alpha (ER), 

resulting in an increase in endothelial nitric oxide synthase (eNOS) activity and expression 

(Mendelsohn, 2002). We speculate that variation in the impact of phase on endothelial function, 

might be influenced by variation in the impact of estrogen on the expression of these proteins 

that directly influence NO bioavailability (Gavin, Seals, Silver, & Moreau, 2009; Pinna, 

Cignarella, Sanvito, Pelosi, & Bolego, 2008; Rubanyi et al., 1997). Therefore, it is thought that 

individuals with increases in endothelial function across phase will also experience increases in 

ER and eNOS.  

The PLM-induced vasodilation technique quantifies NO dependent microvascular 

endothelial function in the quadriceps. Assessment of endothelial function in the quadriceps is 
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ideal as this is also a common site to conduct muscle biopsies (Bergstrom, 1975). Therefore, 

PLM-induced vasodilation as a method to assess endothelial function is desirable as it allows for 

the assessment of both endothelial function and protein expression in the same vascular bed. 

Using vasodilation in response to PLM as a measure of vascular function also provides 

information regarding endothelial function in the less studied lower-limb microvasculature, with 

only one study to date having investigated the impact of menstrual phase in the lower limb 

(Adkisson et al., 2010). As well, PLM provides a time-efficient test (only 5 minutes compared to 

a 9-minute FMD). This allows for more trials of PLM to be conducted per session, in order to 

decrease random error as much as possible.   

Determining the reliability of vascular responses to PLM was an important first step for 

this proposed study as that information has not been previously reported in the literature. 

Specifically, calculation of TE will allow for the classification of individuals as responders or 

non-responders using the methodology described by Swinton and colleagues (2018) and in 

Chapter 2 of this thesis. Using the results from Chapter 3 we will be able to identify individuals 

that experience meaningful changes in endothelial function across menstrual phase, over the 

measurement error associated with PLM-induced vasodilation. Unfortunately, due to the 

circumstances of the COVID-19 pandemic, I was not able to finish data collection for this main 

part of my project investigating the impact of menstrual phase on lower-limb microvascular 

endothelial function (data collection completed on 6 out of a planned 25 participants). As, I had 

already fully completed the reliability study of vasodilatory responses to PLM, we decided to 

utilize this preliminary study as the entirety of my MSc thesis and to follow up with this 

PLM/biopsy study after the research restrictions are removed (description and proposal 

committee approval of changes provided in Appendix A).  
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4.2.2 Importance of inclusion of women in cardiovascular research  

Investigating the physiology of women is an important theme in both the study described 

in Chapter 3, as well as the PLM/biopsy study described in the previous section. Throughout 

history and currently to this day, there is a large discrepancy in the inclusion of women in human 

research (Geller, Koch, Pellettieri, & Carnes, 2011; Phillips & Hamberg, 2016; Wilson et al., 

2020). Women are often underrepresented or fully excluded as participants in both clinical and 

basic science research, including, but not limited to, cardiovascular research (Institute of 

Medicine, 2012). Heart disease remains the second leading cause of death in Canada for both 

males and females (Public Health Agency of Canada, 2018), however, approximately two thirds 

of the clinical research investigating heart disease include only male participants (Heart and 

Stroke Foundation, 2018). With regard to basic science, our group recently investigated the 

inclusion of women, specifically in NSERC-funded basic human cardiovascular research 

conducted in Ontario Universities (Wilson et al., 2020). It was found that women were 

underrepresented or excluded from 63% of studies, revealing a concerning dilemma in our field 

of research. 

One of the major barriers of inclusion of women in cardiovascular research is the female 

reproductive system and cyclic fluctuations in hormones experienced by premenopausal women. 

Many researchers opt to exclude women in order to avoid the methodological “complications” 

needed to account for hormone fluctuations, particularly estrogen, in cardiovascular research 

(Auerbach & Figert, 1995; Read & Gorman, 2010; Wilson et al., 2020). The reliability study 

presented in Chapter 3 is essential to understand the variability in endothelial function, 

specifically in women, so we can best interpret meaningful changes in endothelial function that 

may occur due to female-specific hormones in our future studies. Ultimately, gaining a better 
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understanding of how these female-specific hormone fluctuations influence vascular function is 

of great importance to remove/manage this perceived barrier currently contributing to the 

underrepresentation and exclusion of women in cardiovascular research.  

4.3 MSc thesis journey  

Development of my intended MSc project, the PLM/biopsy, involved an extensive 

amount of research and coordination, as well as the completion of the PLM reliability study 

described in Chapter 3, before data collection could begin. A previous MSc student (KL) had 

done an extensive amount of work to introduce PLM-induced vasodilation as a novel assessment 

of endothelial function in our lab. Thus, I was able to learn from her pilot work and collection 

experiences to refine the procedure, making slight alterations to optimize the quality of the 

arterial velocity signals during PLM. Due to the inconsistency in the current literature 

surrounding the impact of menstrual phase on endothelial function, we sought to investigate 

individual responses to phase using the TE method suggested by Swinton and colleagues (2018). 

With no suitable data available from the previous PLM study in our lab or in the current PLM 

literature in either males or females, we developed a preliminary PLM reliability study that we 

could tailor to our specific population of interest, young, healthy, premenopausal females.  

It is clear that completing this PLM reliability study, described in Chapter 3, was an 

invaluable aspect of my MSc. Firstly, it provided me the opportunity to refine my ultrasound 

skills and improve my technical ability to independently troubleshoot the equipment and 

software in the lab when needed to ensure efficient and successful collections. Additionally, the 

experience of independently orchestrating a project with a simpler study design, greatly prepared 

me for the challenging logistics of my second study, the PLM/biopsy study. Scheduling 

experimental visits for the PLM/biopsy study was quite difficult, especially in the high-estrogen 
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(late follicular; LF) phase of the menstrual cycle, primarily due to the variability in timing of 

peak estrogen levels for each participant, as well as, the combined efforts to coordinate the 

schedule of the participant, our lab and Dr. Brendon Gurd’s Muscle Physiology Lab. Managing 

the logistics of these two projects substantially improved my ability to make informed decisions 

about the timing of the LF visit and to communicate a high volume of information with the 

participants and my colleagues in an efficient and timely manner.   

Lastly, and most importantly with regard to the current circumstances, the PLM 

reliability study provided an alternative thesis topic allowing for my continued efforts towards 

degree completion amidst the pandemic. Although the PLM reliability project was not intended 

to be the focus of my MSc thesis, I have learned a great deal from writing up this thesis, 

primarily, the importance of understanding and accounting for measurement error while 

interpreting results. Moreover, this project has emphasized the importance of scientific rigour. 

Exploring the literature regarding the reliability of endothelial function, as well as, analysis of 

my own data has highlighted all of the seemingly small but highly important methodological 

decisions we make in every study to reduce variability between visits. Similarly, this has 

provided a better understanding of the importance of selecting an appropriate sample size and the 

inclusion of multiple trials to ensure that the observed value collected is as close as possible to 

the participant’s true value. Overall, the skills that I have developed through these MSc projects 

will serve me well in future scientific pursuits and have instilled a true appreciation for high-

quality experimental design and meticulous data collection.  

After investing an extensive amount of time into planning, recruiting and collecting for 

the PLM/biopsy study, stopping the project due to the COVID-19-related human research 

restrictions was very disappointing. However, I feel extremely grateful to have had the flexibility 
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to adjust my project and for the continuous support and guidance that I received to finish my 

thesis at home during the pandemic. Although this was not the conventional end to my MSc 

journey that I envisioned, I am excited to move forward and complete my PhD with my 

supervisor, Dr. Kyra Pyke, allowing for the opportunity to follow through with the PLM/biopsy 

study and continue exploring cardiovascular physiology in women.  

4.4 Conclusion 

The study described in Chapter 3 is the first to extensively evaluate the reliability of 

PLM-induced vasodilation in young, healthy, premenopausal women. The results from Chapter 

3, identified that measures of vasodilation in response to PLM have good reliability with CVs, 

and ICCs similar to the values reported for highly used indices of endothelial function. 

Furthermore, the observed TE threshold for classifying responders and non-responders (2xTE) 

was well below the magnitude of differences in endothelial function observed with advanced 

aging and clinical populations vs. controls, suggesting that vasodilation in response to PLM is a 

sufficiently sensitive tool to detect smaller changes in endothelial function. Future studies can 

use this information for classification of meaningful individual arterial responses of women in 

future interventions, contributing to a better understanding of female cardiovascular physiology, 

and inclusion of women in cardiovascular research.  
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Summary of approved thesis proposal (Abstract- up to 250 words):  

Estrogens are the primary female sex hormone and 17 estradiol (E2) is the most potent form of the 

hormone in premenopausal women. Endothelial dependent dilation has been reported to improve during 

the high (late follicular; LF) vs low (early follicular; EF) E2 phase of the menstrual cycle, presumably due 

to E2-mediated increases in NO bioavailability. However, it appears that there is considerable inter-

individual variability in the impact of menstrual phase on endothelial function. The impact of menstrual 

phase has been examined only once in the lower limb microvasculature. E2 binds to estrogen receptor 

alpha (ER) resulting in an increase in endothelial nitric oxide synthase (eNOS) expression. The impact 

of menstrual phase on ER and eNOS expression has been examined only once (in arm conduit veins).  

Variability in the impact of phase on ER and eNOS might explain the variable impact of phase on 

endothelial function. Therefore, the primary purpose of my originally proposed MSc research was to 

investigate 1) the impact of menstrual phase E2 fluctuation on microvascular endothelial function 

assessed via vasodilation in response to passive leg movement. Secondary objectives were to 1) examine 

the impact of phase on quadriceps microvascular ER and eNOS expression, and 2) determine whether 

phase changes in microvascular function are related to phase changes in ER and eNOS expression. 

 
Summary of Proposed Changes (list and provide rationale): 

Due to the current circumstances surrounding the COVID-19 pandemic, I have had to stop all data 

collection for my thesis. Although I had 25 women screened in and scheduled for collection, I had only 

finished fully collecting (both the EF and LF visit) on six participants. Since it is unclear when in-person 

data collection will begin again, I am proposing to alter my MSc thesis. Earlier this term, as a precursor to 

my planned MSc study, I assessed the day-to-day variability of microvascular vasodilation in response to 

passive leg movement (PLM) in a sample of 18 women. Each participant underwent two identical 

experimental visits including three trials of PLM. Both visits occurred during the EF phase (days 2-6) of 

the menstrual cycle and were separated by one day. This information will allow for a better understanding 

of the test-re-test reproducibility of PLM as an assessment of microvascular endothelial function. Typical 

error (TE) of measurement for PLM will be calculated which can be used in future studies to classify 

individual responses. To the best of my knowledge, no other studies have investigated the test-re-test 

reliability of PLM in any population. However, there are several studies that have assessed the variability 

of other widely used measures of endothelial function, such as flow-mediated dilation (FMD). 

 

Problem statement: 

Principal proposition: PLM is a technique used to assess lower-limb microvascular endothelial function. 

Microvascular vasodilation in response to PLM seems to be an important indicator of vascular function 

and cardiovascular health, as seen with a diminished response in aging and clinical populations.  

Interacting proposition: The day-to-day variability in PLM as a measure of microvascular endothelial 

function is currently unknown.  

Speculative proposition: We expect that performing three high quality trials of PLM on each of two 

separate days will allow us to robustly quantify day-to-day variability in vasodilation in response to PLM.   

Purpose: To identify the test-re-test reproducibility of PLM as an index of microvascular endothelial 

function, specifically in women.  

Significance: It is important to understand the variability/ reproducibility of the measurement indices used 

to assess vascular function. This within-subject variability of lower limb microvascular vasodilation in 

response to PLM will also allow for calculation of a typical error score to classify individual responses in 

future studies. 
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