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Abstract 

The lining (endothelium) of blood vessels regulates vessel health and diameter. Blood flow-

associated shear stress (frictional force) imparted on the endothelium stimulates vasodilation (flow-

mediated dilation, FMD). FMD as an index of endothelial function is stimulated by an uncontrolled 

increase in shear stress created with limb occlusion release [reactive hyperemia (RH)-FMD]. RH-FMD 

interpretation is complicated because differences in RH-FMD between groups/conditions may reflect 

stimulus magnitude variability rather than distinct endothelial function. Moreover, smaller diameter 

arteries tend to have larger FMD responses and it is unclear whether this can be attributed to a larger 

stimulus or other factors related to artery size. The purpose of this thesis was to develop a controlled, 

targeted, transient RH (CTRH) shear stress stimulus and to compare CTRH-FMD to standard RH-FMD. We 

hypothesized that the CTRH test would reduce stimulus and FMD response variability and eliminate any 

relationships between artery size, shear stress, and FMD. Twenty-one healthy adults (ages 22 ± 3) 

participated in two visits each involving three trials of the RH or CTRH test. The CTRH test incorporated 

three minutes of handgrip exercise during the occlusion to create a large RH “reserve”. During 40s of cuff 

release, RH in the brachial artery of the arm was controlled at a target shear stress of 120s-1 by pressing on 

the vessel at the inside of the elbow. The CTRH test reduced stimulus variability compared to the RH test 

[within-subject coefficient of variation (CV) CTRH: 3.4 ± 2.3% vs. RH: 8.9 ± 4.6%; p < 0.001] , while 

FMD response variability remained unchanged (within-subject CV CTRH: 28.9 ± 17.9% vs. RH: 26.8 ± 

26.6%; p = 0.350). Although smaller arteries experienced a larger stimulus in the RH test (r2 = 0.27; p = 

0.0181), there was an unexpected positive relationship between artery size and FMD (r2 = 0.22; p = 

0.0451). The artery size-FMD relationship in the CTRH test was eliminated, however, the importance of 

stimulus control to this elimination is unclear. We demonstrated that a transient shear stress stimulus can 

be controlled and targeted. Future research is needed to assess the utility of CTRH-FMD for investigations 

of vascular function and health in a wider population. 
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Chapter 1 

Introduction 

The endothelium forms the innermost lining of blood vessels and plays a crucial role in 

regulating vascular health and tone. Under normal physiological conditions, the endothelium 

produces factors that promote a non-thrombogenic, anti-proliferative, antioxidant, and anti-

inflammatory environment (Deanfield et al., 2007; Cahill & Redmond, 2016). Positioned 

between the lumen and vascular wall, this single cell layer is in an optimal location to sense 

and respond to a myriad of chemical and mechanical stimuli. For example, an increase in 

blood-flow induced shear stress (a tangential frictional force exerted on the endothelium) 

stimulates the release of endothelial derived vasodilators causing the adjacent vascular smooth 

muscle to relax, widening the vessel (Deanfield et al., 2007). In the microvasculature and in 

conduit arteries with significant atherosclerotic lesions, this endothelium-dependent flow-

mediated dilation (FMD) contributes to the ability of arteries to increase blood flow 

appropriately in order to meet the metabolic demands of local tissues (Gordon et al., 1989; 

Gielen & Hambrecht, 2001; Cahill & Redmond, 2016). Cardiovascular risk factors, such as 

hypertension, diabetes, smoking, and physical inactivity, disturb the balance between 

endothelial derived vasodilators and vasoconstrictors, thereby impairing FMD (Cahill & 

Redmond, 2016). This impairment of normal endothelial function (endothelial dysfunction) has 

been implicated in the initiation and progression of atherosclerosis (Deanfield et al., 2007; 

Gutierrez et al., 2013). Therefore, assessing endothelial function is essential to furthering our 

knowledge of its integral role in healthy function and pathological conditions.  
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The most extensively used, non-invasive assessment of endothelial function is 

performed in conduit arteries. It involves increasing shear stress via creating a transient 

increase in blood flow (reactive hyperemia, RH) to evoke FMD (Celermajer et al., 1993; 

Thijssen et al., 2019). This is accomplished by inflating an occlusion cuff for five-minutes to 

restrict the inflow of blood to tissues distal to the cuff, creating a region of ischemia. During the 

occlusion, by-products of cellular respiration accumulate and stimulate microvasculature in the 

ischemic region to dilate such that RH will occur upon cuff release. The upstream feeding 

artery then experiences an increase in shear stress stimulating the release of endothelial derived 

vasodilators to increase the diameter of the blood vessel (Celermajer et al., 1992; Thijssen et 

al., 2019). Changes in blood flow velocity and artery diameter are measured with ultrasound. 

The RH-FMD response, presented as an absolute and percent difference between baseline and 

peak artery diameter, is then used as an index of endothelial function; a larger RH-FMD 

indicates better function (Inaba et al., 2010; Thijssen et al., 2019). The brachial artery has been 

an attractive site to perform FMD assessments as it is easily accessible and has a strong 

correlation with the clinically relevant coronary artery endothelial function (Takase et al., 

1998). RH-FMD assessed in the brachial artery also has prognostic value in predicting 

cardiovascular events whereby impaired FMD is associated with a greater risk of future events 

(Inaba et al., 2010). 

In the standard RH-FMD test described above, the magnitude of the shear stress stimulus 

is uncontrolled and depends on the degree of microvascular dilation and baseline conduit artery 

diameter (Pyke et al., 2004). Furthermore, within- and between-subject studies have 

demonstrated a positive relationship between the magnitude of the RH shear stress stimulus and 

FMD response such that FMD responses increase in a “dose” dependent manner (Leeson et al., 
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1997; Betik et al., 2004; Pyke et al., 2004; Padilla et al., 2008, 2009). Thus, accurately 

interpreting RH-FMD responses is challenging as differences in RH-FMD between subjects 

may be due to variation in the stimulus magnitude and not differences in endothelial function. 

Attempts have been made to statistically “correct” the RH-FMD response for variations in the 

shear stress stimulus (Harris & Padilla, 2007; Pyke & Tschakovsky, 2007). However, these 

approaches may be applied in situations wherein statistical assumptions are violated, resulting 

in misclassification of responses (Harris & Padilla, 2007; Atkinson et al., 2013). Adding more 

complexity, observation of an inverse baseline diameter-FMD relationship has prompted 

adoption of direct adjustment of FMD for baseline diameter [allometric scaling (Atkinson et 

al., 2013)], however, this approach neglects the potential underlying role of shear stress since 

an inverse relationship between baseline diameter and the shear stress stimulus is also often 

observed (Silber et al., 2001; Joannides et al., 2002; Silber et al., 2005). Currently, there is no 

accepted post hoc correction for differences in the shear stress stimulus, nor is there a 

way to create a controlled, targeted RH stimulus. Furthermore, the interrelationships 

between shear stress, baseline diameter, and FMD remain unclear.  

In addition to transient RH stimulus induced FMD, FMD can be assessed in response to 

sustained increases in shear stress (SS-FMD). SS-FMD methods provide a way to control the 

stimulus such that the magnitude of shear stress can be targeted and maintained for a set period 

of time (e.g., 3 – 10 min) (Tremblay & Pyke, 2018). This is typically achieved using handgrip 

exercise (Shoemaker et al., 1997; Padilla et al., 2006; Pyke et al., 2008b; Findlay et al., 2013) 

or hand heating (Joannides et al., 2002; Bellien et al., 2010) to prolong the vasodilatory 

response of downstream vasculature. By varying exercise intensity or temperature, with or 

without additional compression of the artery to control flow (Mullen et al., 2001; Joannides et 
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al., 2002; Pyke et al., 2004; Bellien et al., 2006; Pyke et al., 2008a; Pyke et al., 2008b; Jazuli & 

Pyke, 2011; Wray et al., 2011), researchers can reliably control the stimulus and directly 

compare SS-FMD responses across participants without having to account for differences in 

stimulus magnitude. Despite the superior stimulus control that SS-FMD offers it cannot act as a 

substitute for RH-FMD due to the endothelium’s sensitivity to the shear stress stimulus profile 

(Tremblay & Pyke, 2018). The endothelium possesses what is termed “stimulus response 

specificity”, meaning that depending on the duration of elevated shear stress (transient or 

sustained) the endothelium will recruit distinct vasodilatory mechanisms (Frangos et al., 1996; 

Pyke et al., 2008a; Figueroa et al., 2013; Slattery et al., 2016; Tremblay & Pyke, 2018). There 

is also evidence from studies on certain populations (e.g., individuals with uncomplicated type 

1 diabetes, smokers, young males with obesity) that RH- and SS-FMD responses are affected 

differently by the presence of cardiovascular risk factors (Bellien et al., 2010; Findlay et al., 

2013; Slattery et al., 2016). Therefore, FMD stimulated by transient (RH) and sustained (SS) 

shear stress stimuli appear to interrogate distinct aspects of endothelial function and a protocol 

to achieve transient shear stress stimulus control is needed. We speculated that using an 

arterial compression technique, which has been used to achieve stimulus control for SS-

FMD (Pyke et al., 2004; Pyke et al., 2008a; Pyke et al., 2008b), we could develop a protocol 

that would allow creation of a controlled, targeted transient stimulus to assess RH-FMD. 

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

develop a protocol that could generate a uniform, targeted, transient RH shear stress stimulus. 

The secondary purpose was to compare the stimulus and FMD response variability of this new 

controlled, targeted RH-FMD test (CTRH-FMD) to that observed in the standard RH-FMD test. 

Lastly, this study used the CTRH-FMD test to investigate the impact of stimulus control on the 
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relationships between shear stress, baseline diameter, and RH-FMD. Control of RH was 

achieved in the brachial artery by creating a large vasodilatory response in the forearm and 

controlling the ensuing hyperemia with brachial artery compression (Pyke et al., 2004; Pyke & 

Tschakovsky, 2007; Tremblay et al., 2019). This is the first attempt to address the problematic 

lack of RH stimulus control via a methodological approach. This new approach has the 

potential to remove current barriers to accurately interpreting RH-FMD responses that are often 

confounded by shear stress stimulus variability. It also provides a tool to apply towards 

understanding the influence of baseline diameter on brachial artery endothelial sensitivity to a 

transient shear stress stimulus. The specific objectives and hypotheses of the study described in 

Chapter 3 are as follows: 

Objective 1 (primary objective): To determine whether the CTRH protocol developed 

for this thesis is able to produce a 40s controlled, transient brachial artery shear rate* stimulus 

that is as large or larger than that produced by a traditional, uncontrolled RH protocol.   

Hypothesis 1: i) (stimulus control) The within-subjects trial-to-trial coefficient of 

variation (CV) for the shear rate stimulus and the distance between the observed shear rate and 

the CTRH target will be smaller with the CTRH-FMD test. ii) (stimulus magnitude) The CTRH 

40s shear rate area under the curve will be similar to or larger than that in the standard RH 

protocol. iii)(response magnitude) As a result of the stimulus magnitude, the CTRH -FMD 

magnitude will be similar to or larger than the RH-FMD magnitude. 

*Shear rate (which excludes blood viscosity) is an accepted surrogate for shear stress in a 

young, healthy population (Padilla et al., 2008; Thijssen et al., 2019).  

Objective 2: To compare the FMD response trial-to-trial reproducibility between the RH 

and CTRH tests.  
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Hypothesis 2: The within-subject and between subject FMD response CV will be smaller 

in the CTRH-FMD test. 

Objective 3: To examine the baseline artery diameter-RH shear rate stimulus and 

baseline artery diameter-RH-FMD relationships in each test.  

Hypothesis 3: A baseline artery diameter-RH shear rate stimulus and baseline artery 

diameter-RH-FMD relationship will only exist in the standard RH-FMD test.  
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Chapter 2 

Literature Review 

2.1 Endothelial function 

The endothelium is a single cell layer that lines the lumen of blood vessels and plays a 

crucial role in maintaining vascular health (Cahill & Redmond, 2016). Positioned between 

blood and the vascular wall, the endothelium acts as a semipermeable barrier that regulates the 

passage of macromolecules into peripheral tissues (Cahill & Redmond, 2016). This layer also 

has immunological functions: 1) acting as a physical barrier, 2) secreting cytokines and growth 

factors, 3) recruiting immune cells to sites of inflammation through the expression of surface 

molecules, and 4) preventing thrombogenesis (Cahill & Redmond, 2016; Khaddaj Mallat et al., 

2017). Blood-borne chemical stimuli and hemodynamic forces act on the endothelium, 

triggering a number of cellular responses that result in changes in cell morphology, cell 

function, and/or gene expression (Deanfield et al., 2007; Cahill & Redmond, 2016). The 

endothelium also controls vascular tone, blood pressure, and perfusion through the release of 

endothelial derived vasodilators and vasoconstrictors in order to meet the metabolic demands 

of tissues (Deanfield et al., 2007).  

2.1.1 Endothelium-dependent flow-mediated dilation 

The pulsatile nature of blood flow exposes the endothelium to the hemodynamic forces 

shear stress and cyclic strain (Cahill & Redmond, 2016). The interaction between these forces 

and the endothelium is fundamental to regulating endothelial cell phenotype and structural 

remodeling of the arterial wall (Davies, 2009). Shear stress is a tangential frictional force that is 

exerted on the endothelium by flowing blood whereas cyclic strain is the perpendicular force 
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that affects both the endothelium and vascular smooth muscle (Davies, 2009; Cahill & 

Redmond, 2016). Both forces modulate cell morphology and function, however, the focus of 

this review will be on shear stress, for further reading on cyclic strain refer to Kakisis et al. 

(2004). When blood flow increases, for instance during exercise or heating, shear stress also 

increases. This mechanical stress is transduced into a biochemical response by the endothelium 

which is characterized by a release of endothelial derived vasodilators that relax vascular 

smooth muscle cells, thus increasing vessel diameter (Davies, 2009). This phenomenon is 

referred as endothelium-dependent flow-mediated dilation (FMD).  

As described above, the endothelium has a number of distinct functions that are 

paramount to maintaining vascular health. Cardiovascular risk factors can result in endothelial 

dysfunction which is a pre-clinical stage of cardiovascular diseases (CVDs) such as 

atherosclerosis (Deanfield et al., 2007; Gutierrez et al., 2013). In turn, the endothelium loses its 

antiatherogenic functions, which leads to a vasoconstrictive and pro-coagulant environment 

culminating in the formation and destabilization of atherosclerotic lesions, increasing risk for 

cardiovascular events (Gutierrez et al., 2013). Moreover, endothelial dysfunction is associated 

with impaired endothelial repair which further exacerbates vascular disease (Deanfield et al., 

2007).  

2.1.2  Assessment of endothelial function 

The identification of endothelial dysfunction as an initial indicator of and contributor to 

the pathogenesis of atherosclerosis has stimulated the development of methods to assess 

endothelial function (Deanfield et al., 2007; Greenland et al., 2010; Gutierrez et al., 2013). The 

most clinically serious site for the development of atherosclerosis is in the coronary arteries, 

however, assessment of endothelial dysfunction in this vascular bed is invasive, requiring 
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catheterization for the infusion of vasodilators and angiogram contrast dyes (Anderson et al., 

1995a). Such tests are both costly and difficult or impossible to conduct depending on the study 

population (Deanfield et al., 2007). Instead, vascular reactivity tests conducted in peripheral 

arteries, such as the brachial artery, have been developed as peripheral arterial function reflects 

endothelial function in the more clinically relevant coronary arteries (Celermajer et al., 1992; 

Anderson et al., 1995b; Broxterman et al., 2019).     

Reactive hyperemia FMD 

Endothelial function is most commonly assessed using ultrasound measurements of FMD 

as a result of experimentally induced increases in shear stress within a peripheral conduit 

artery, such as the brachial artery (Thijssen et al., 2019). The most widely used method of 

increasing blood flow, and therefore shear stress, within the brachial artery involves a 5-minute 

distal limb occlusion (Celermajer et al., 1992; Thijssen et al., 2011a). An occlusion cuff is 

inflated to a suprasystolic pressure (200 – 250 mmHg), creating a region of ischemia distal to 

the cuff. The combination of tissue hypoxia and metabolite accumulation causes the associated 

microvasculature to dilate, such that upon cuff release reactive hyperemia (RH) occurs and the 

upstream conduit artery experiences an increase in shear stress, triggering FMD (Korkmaz & 

Onalan, 2008; Thijssen et al., 2011a). This RH-FMD response is expressed as the percent or 

absolute change in diameter from baseline to peak diameter and serves as an index of 

endothelial function, see Equation 1 below (Celermajer et al., 1992). In this context, 

endothelial dysfunction is defined as an impaired FMD response compared to a control group 

or condition.  

(1) 𝐹𝑀𝐷% = (
𝑝𝑒𝑎𝑘 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟− 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
) × 100 
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Hyperemic shear stress is the stimulus for FMD and can be calculated using blood 

velocity (V), blood viscosity (η), and vessel diameter (D), see Equation 2 (Gnasso et al., 2001). 

However, its surrogate measure, shear rate (see Equation 3), is presented in most studies since 

blood viscosity is assumed not to differ substantially between participants and/or groups 

(Padilla et al., 2008; Thijssen et al., 2019).  

(2) 𝑊𝑎𝑙𝑙 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 =
𝜂𝑉

𝐷
 

(3) 𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =
𝑉

𝐷
 

RH-FMD is most commonly assessed in the brachial artery as it is easily accessible and 

has been shown to reflect coronary artery endothelial function (Takase et al., 1998). In their 

study, Takase et al. (1998) exposed the coronary and brachial artery endothelium of 

participants with suspected coronary artery disease to a flow stimulus using distal infusion of 

adenosine triphosphate (ATP, an endothelial derived vasodilator) and RH, respectively (Takase 

et al., 1998). They obtained a strong correlation (r = 0.78, p < 0.001) between FMD in the 

coronary and brachial arteries, suggesting that RH-FMD in the brachial artery is a useful, non-

invasive assessment of coronary artery endothelial function (Takase et al., 1998). Recent 

reviews have reported the prognostic value of RH-FMD in the brachial artery (Inaba et al., 

2010; Matsuzawa et al., 2015). Thus, RH-FMD has gained popularity in clinical research 

studies as an early detection system for individuals who may have pre-clinical stages of 

cardiovascular disease.  

While RH-FMD has provided important information regarding endothelial function in 

both healthy and diseased states, it has its limitations. The shear stress profile created with RH 

is transient and reaches a peak ~4-7 seconds following cuff release whereas the peak dilatory 

response occurs ~60 seconds after (Corretti et al., 2002; Pyke & Tschakovsky, 2007). The 
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critical determinant of the peak FMD response is not the peak shear stress stimulus, but rather 

the continuation of the stimulus (i.e., the shear rate area under the curve for 30 seconds post 

cuff release or from cuff release to peak diameter measurement) (Pyke & Tschakovsky, 2007). 

The magnitude of the hyperemic shear stress stimulus varies across individuals and cannot be 

maintained or controlled with this method (Pyke et al., 2004). This stimulus variability occurs 

due to differences in downstream microvascular dilation during ischemia and conduit artery 

baseline diameter (Pyke et al., 2004). The latter varies with participant characteristics such as 

age (Herrington et al., 2001; van den Munckhof et al., 2012), exercise training (Green et al., 

2017), and cardiovascular disease risk (Yeboah et al., 2008). This uncontrolled and transient 

increase in shear stress complicates FMD interpretation since it may be unclear whether 

differences in FMD are the result of stimulus variability or differences in endothelial function. 

Thus, alternative methods that allow shear stress to be increased in a controlled manner have 

been developed.  
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Figure 2.1. RH stimulus variability complicates FMD interpretation. 

Stimulus variability created with RH can result in significantly different FMD responses between 

subjects. It is unclear whether a smaller FMD response (participant B) reflects endothelial dysfunction 

or simply exposure to a smaller shear stress stimulus. The stimulus can be affected by several factors in 

both healthy and clinical populations. Adapted from Thijssen et al. (2011a). 

Sustained stimulus FMD (SS-FMD) 

A number of different approaches have been employed to create sustained increases in 

shear stress. These sustained stimulus FMD (SS-FMD) techniques induce the stimulus via 

distal vasodilator infusion (Mullen et al., 2001), handgrip exercise (Shoemaker et al., 1997; 

Padilla et al., 2006; Pyke et al., 2008b; Findlay et al., 2013), or skin heating (Joannides et al., 

2002; Bellien et al., 2010). Researchers can reliably target both the stimulus magnitude and 

duration for over five or more minutes at a time to create a prolonged vasodilatory response 

that is also proportional to the magnitude of the stimulus (Joannides et al., 2002; Bellien et al., 

2006; Pyke et al., 2008a; Pyke et al., 2008b; Wray et al., 2011; Trinity et al., 2016). Dose-
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response relationships (i.e., shear-FMD relationships) can be obtained by gradually increasing 

vasodilator concentration, temperature, or exercise intensity, depending on the technique used. 

These relationships can then be compared between different arteries (Jazuli & Pyke, 2011), 

conditions (Wray et al., 2011; Trinity et al., 2016), or groups (Mullen et al., 2001; Joannides et 

al., 2002). Between these three techniques, handgrip exercise is more widely used since 

vasodilator infusion is expensive and invasive, and gradual hand heating is a time-consuming 

process. 

2.1.3 Transient versus sustained shear stress mechanotransduction 

Transient (RH) and sustained (SS) shear stress stimuli differ primarily in terms of the rate 

of onset (step or gradual increase) and the duration of shear stress. These stimulus profiles 

recruit distinct FMD mechanisms and can therefore provide information on different aspects of 

endothelial function (Pyke et al., 2008a; Slattery et al., 2016; Tremblay & Pyke, 2018). This 

sensitivity of the endothelium to the nature of the imposed stimulus is termed stimulus response 

specificity (Pyke & Tschakovsky, 2005). This concept was demonstrated in human umbilical 

vein endothelial cells (HUVECs) by Frangos et al. (1996). In this study, HUVECs were 

exposed to three laminar flow profiles (step, ramp, and impulse) and the accumulation of shear 

stress induced nitric oxide (NO) products were measured following each condition. The initial 

increase in shear stress created by a flow impulse or step increase induced a large burst of NO 

production. This was not observed when shear stress was gradually increased in the smooth, 

ramp flow experiments which exhibited a steady and sustained NO production rate. Moreover, 

the magnitude of the burst of NO production was proportional to the rate of change in shear 

stress but not the absolute magnitude of the shear stress stimulus as seen in the ramp condition. 

Interestingly, when shear stress was increased rapidly and continued in the step flow condition, 
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NO production resembled a combination of flow impulse and sustained flow conditions which 

began as an acute burst followed by a steady level of NO production (Frangos et al., 1996). In a 

separate study on HUVECs, it was found that transduction pathways resulting in NO 

production are dependent on G protein activation and intracellular calcium mobilization when 

shear stress is transiently increased (Kuchan & Frangos, 1994; Kuchan et al., 1994). In 

contrast, NO production in response to gradual and sustained increases in shear stress was 

independent of both G protein activation and calcium (Kuchan & Frangos, 1994; Kuchan et al., 

1994). Step increases in shear stress appear to activate G protein dependent mechanisms when 

shear stress is initially increased, followed by the activation of G protein independent 

mechanisms as shear stress is maintained at a steady level (Frangos et al., 1996).  

RH- and SS-FMD provide distinct information on endothelial function 

In keeping with the evidence that shear stress transduction pathways differ between 

transient and sustained increases in shear stress, there is evidence that FMD responses to these 

distinct stimulus profiles (i.e., RH vs. sustained increases in shear stress via exercise, heating or 

drug infusion) provide distinct information about endothelial function. Several studies suggest 

that SS-FMD may have greater sensitivity than RH-FMD in detecting impaired endothelial 

function in some populations. Individuals with type 1 diabetes are at higher risk of developing 

microvascular and macrovascular lesions which contribute to morbidity and mortality (Bellien 

et al., 2010). Early detection of endothelial dysfunction in this population may enable earlier 

intervention to help manage cardiovascular risk factors. Bellien et al. (2010) evaluated FMD in 

the radial artery evoked by RH and hand skin heating (SS-FMD) (Bellien et al., 2010). They 

found that compared to the control group (10.5 ± 0.9%), radial artery RH-FMD and SS-FMD 

were significantly lower in the diabetic group. However, in a subgroup of participants with type 
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1 diabetes without microangiopathy, RH-FMD was no longer reduced compared to controls 

while SS-FMD remained significantly lower in the participants with type 1 diabetes (16.0 ± 

1.4%) relative to the control group (24.3 ± 0.7%, p < 0.05). These results indicate that while 

RH-FMD was unable to detect endothelial dysfunction in participants with less complicated 

type 1 diabetes, SS-FMD may be a more sensitive indicator of endothelial dysfunction prior to 

development of clinically detectable vascular complications (Bellien et al., 2010).  

In another study comparing RH-FMD and SS-FMD, Findlay et al. (2013) examined 

brachial artery FMD of young healthy smokers and non-smokers (Findlay et al., 2013). While 

there is evidence that cigarette smoking impairs RH-FMD (Celermajer et al., 1993; Lekakis et 

al., 1998; Gaenzer et al., 2001), no study had investigated the effects of smoking on SS-FMD 

evoked by handgrip exercise (HGEX). They compared RH-FMD and 10-minute SS-FMD in 

both young, healthy non-smokers and smokers. While RH-FMD was not significantly different 

between groups (smokers: 7.7 ± 2.2% vs. non-smokers: 7.9 ± 2.4%, p = 0.838), SS-FMD was 

significantly impaired in smokers (smokers: 6.1 ± 3.4% vs. non-smokers: 9.6 ± 3.6%, p = 

0.037). In a more recent study, Slattery et al. (2016) compared FMD evoked by brief (5-minute 

occlusion RH-FMD) and sustained (10-minute HGEX SS-FMD) shear stress profiles in young, 

healthy males with obesity (Slattery et al., 2016). They found that only SS-FMD was 

significantly lower in the obese group. Studies in participants with a longer history of smoking 

(Celermajer et al., 1992; Poredos et al., 1999; Barua et al., 2001; Gaenzer et al., 2001) and 

longer standing, or more complicated obesity (Arkin et al., 2008; Doupis et al., 2011) have 

reported impairment in RH-FMD. This may indicate that SS-FMD can detect endothelial 

dysfunction earlier compared to a standard 5-minute RH-FMD test in some circumstances 

(Slattery et al., 2016). Together, human and in vitro studies demonstrate mechanistic and 
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functional differences between FMD stimulated by transient vs. sustained increases in shear 

stress and suggest that the mechanisms recruited in RH-FMD and SS-FMD are affected 

differently by the presence of cardiovascular risk factors. This means that SS-FMD, with its 

superior stimulus control, cannot be used as a substitute for RH-FMD. 

2.2 Interplay between shear stress, baseline diameter, and FMD 

2.2.1 Shear stress and FMD 

It is well established that shear stress is the stimulus for FMD. As previously discussed, 

the endothelium dependent FMD response will differ based on the stimulus profile (Pyke & 

Tschakovsky, 2005). Several studies have demonstrated a positive relationship between shear 

stress and FMD such that a larger stimulus will elicit a larger FMD response (Joannides et al., 

2002; Silber et al., 2005; Padilla et al., 2008). Therefore, the magnitude of FMD is not only an 

index of endothelial function, but also an indicator of the magnitude of the shear stress stimulus 

imposed (Silber et al., 2001; Pyke & Tschakovsky, 2007). This is more important when 

interpreting FMD evoked by RH as it is limited by the variable nature of the stimulus, whereas 

most SS-FMD techniques allow for stimulus control between participants. 
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Figure 2.2. Schematic representation of shear rate stimulus profiles created by different RH (A) 

and HGEX (B) conditions, and the shear rate-FMD% relationship (C). 

The shear rate stimulus created by RH can be manipulated by altering occlusion duration, whereby a 

longer occlusion creates a larger stimulus depicted by the two gray areas which represent the SR 1-min 

AUC (A). In SS-FMD tests, the level of sustained shear can be targeted using different intensities of 

HGEX (B). Endothelial responses to transient and sustained increase in shear are “dose” dependent (C).  

 

One of the first studies to investigate the relationship between shear stress and FMD used 

several modifications of the standard 5-minute RH-FMD test to vary the magnitude of the 

stimulus, and in turn, brachial artery FMD (Betik et al., 2004). Five different RH stimuli were 

created using wrist occlusion, forearm occlusion, proximal occlusion, wrist occlusion + 

exercise, and forearm occlusion + exercise. Across all five different conditions there was a 

significant correlation between FMD% and peak shear rate (r = 0.49, p < 0.002) (Betik et al., 

2004). In accordance with these findings, Padilla et al. (2008) found that brachial artery FMD 

increased incrementally and significantly when the duration of forearm occlusion was gradually 



 

18 

 

increased from one minute to five minutes (Padilla et al., 2008). This was due to the increasing 

magnitude of hyperemic shear stress created with each additional minute of occlusion.  

This shear stress-FMD relationship has also been reported in SS-FMD studies 

(Joannides et al., 2002; Wray et al., 2011). Wray et al. (2011) examined the brachial artery 

vasodilatory response to three minutes of sustained shear rate created over six intensities of 

handgrip exercise (4, 8, 12, 16, 20, and 24 kg) (Wray et al., 2011). At 16, 20, and 24 kg 

exercise intensities there was a strong relationship between changes in brachial artery shear rate 

and the associated change in vasodilation (r = 0.98 ± 0.003). Similarly, Joannides et al. (2002) 

found that gradual hand skin heating from 20 C̊ to 42 ̊C increased shear stress and radial artery 

diameter incrementally (Joannides et al., 2002). 

2.2.2 Shear stress-baseline diameter and baseline diameter-FMD relationships 

Baseline diameter influences the RH shear stress stimulus such that larger arteries tend to 

experience a smaller stimulus, and vice versa (Silber et al., 2001; Joannides et al., 2002; Silber 

et al., 2005). A strong inverse relationship has also been reported between conduit artery 

baseline diameter and RH-FMD, such that individuals with smaller baseline diameters exhibit 

large RH-FMD responses, and vice versa (Celermajer et al., 1992; Schroeder et al., 2000; 

Herrington et al., 2001; Joannides et al., 2002; Pyke et al., 2004; Thijssen et al., 2008). The 

tendency for large arteries to experience a smaller stimulus challenges attributing a smaller RH-

FMD magnitude in large arteries to a stimulus-independent property of larger arteries. Also, 

when trying to understand the isolated influence of arterial dimensions on FMD, between artery 

comparisons [e.g. radial vs. brachial vs. femoral (smallest to largest)] are complicated by 

structural and chronic hemodynamic stimulus exposure differences which may influence 

dilation capacity and endothelial function independent of diameter (Thijssen et al., 2011b).  
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Figure 2.3. An example of the commonly observed inverse relationship between baseline diameter 

and RH-FMD%. 

Each data point represents a single trial from each participant (n = 8) assessed on three separate days. 

Adapted from Pyke et al. (2004). 

 

The relationship between FMD% specifically and baseline diameter has been scrutinized 

due to the fact that baseline diameter is the denominator of the FMD% calculation and is 

therefore mathematically coupled to FMD (Atkinson & Batterham, 2013b; Atkinson et al., 

2013). However, the inverse relationship between baseline diameter and FMD persists even 

when FMD is presented as an absolute change in diameter (Atkinson & Batterham, 2013b; 

Atkinson, 2014). When considering the brachial artery (the most common FMD site), it is 

unclear whether FMD is greater in smaller diameter arteries due to inherent differences in 

endothelial function across varying diameters, a larger shear stress stimulus in smaller arteries, 

or a combination of these factors. Interpreting brachial artery RH-FMD magnitude as a direct 

index of endothelial function becomes challenging when baseline diameter differs between 

groups or conditions (Schroeder et al., 2000; Herrington et al., 2001; Atkinson et al., 2009; 
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Holder et al., 2019). The role of shear stress in the baseline artery diameter and FMD 

relationship generation can be elucidated when examining endothelial function with SS-FMD.   

Jazuli and Pyke (2011) used handgrip exercise to create three graded, matched, levels of 

sustained shear rate (shear rates: 40s-1, 60s-1 and 80s-1) in the brachial artery (Jazuli & Pyke, 

2011). Critically, the inverse relationship between baseline diameter and FMD that is observed 

with the RH test was not seen in the brachial artery when using this SS-FMD protocol 

(regardless of whether FMD was characterized as an absolute or % change). These data 

indicate that under conditions where there is no relationship between shear rate and baseline 

diameter (since shear rate was targeted at the same three levels in all brachial arteries regardless 

of size), there is no relationship between baseline diameter and SS-FMD. Similarly, Pyke and 

colleagues (2004) found that targeting shear rate using arterial compression and hand heating 

virtually abolished the baseline diameter-FMD% relationship in the brachial artery (r2 = 0.14, p 

< 0.01) (Pyke et al., 2004). This was in contrast to the significant inverse relationship observed 

between baseline diameter and FMD% in the standard RH-FMD test (r2 = 0.639, p < 0.001) in 

the same participants. Overall, these findings indicate that without the shear stress-baseline 

diameter relationship, the inverse baseline diameter-SS-FMD relationship no longer persists. 

Whether elimination of the RH shear stress-baseline diameter relationship would similarly 

abolish the baseline diameter-RH-FMD relationship is unknown.   

2.3 Post hoc mathematical corrections for shear stress stimulus magnitude and baseline 

diameter 

Recommendations and guidelines for the RH-FMD technique have been published to 

maintain consistency in methods between laboratories (Corretti et al., 2002; Pyke & 

Tschakovsky, 2005; Harris et al., 2010; Thijssen et al., 2011a; Greyling et al., 2016; Thijssen 
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et al., 2019). However, variability in shear stress and baseline diameter continue to pose a 

challenge to accurately interpreting FMD. Accounting for the shear stress stimulus, and 

perhaps baseline diameter, is important in FMD studies to account for variability that may not 

be indicative of endothelial function and to allow for comparisons of endothelial function 

between participants/groups/conditions. The following section reviews methods of correcting 

FMD values and will highlight the benefits and drawbacks of each. 

2.3.1 Accounting for the shear stress stimulus 

Ratio normalization 

One of the first methods of correcting RH-FMD for shear stress used ratio normalization, 

which involves dividing FMD by the shear rate stimulus (Levenson et al., 2001). However, 

when ratio normalization was first implemented there was no consensus on what aspect 

(magnitude vs. duration) of the RH stimulus resulted in a peak FMD response. Most groups 

normalized FMD to either a peak shear rate (Levenson et al., 2001; de Groot et al., 2004; 

McGowan et al., 2006) or to the mean shear rate (de Groot et al., 2004; Rakobowchuk et al., 

2005). Pyke and Tschakovsky (2007) determined that the continuation of the shear stress 

stimulus, rather than the peak, is the critical stimulus component for FMD response magnitude 

(Pyke & Tschakovsky, 2007). Today, the shear rate AUC until peak diameter is most often 

used, with the rationale that this captures the entirety of the stimulus profile that could be 

relevant to development of the response (Pyke & Tschakovsky, 2007; Thijssen et al., 2019). 

While ratio normalization has helped researchers gain further insight on endothelial 

function, it has been highly criticized on statistical grounds (Harris & Padilla, 2007; Atkinson 

et al., 2009). In order for FMD to be ratio normalized for shear rate, it is recommended that the 
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following assumptions are met: 1) there is a linear relationship between FMD and shear rate, 2) 

the intercept between FMD and shear rate is zero for the regression line, 3) both the data and its 

residuals are normally distributed, 4) the variances of the residuals are similar across groups 

(homoscedasticity), and 5) no spurious correlations among the ratio and other variables exist 

(Allison et al., 1995). Violation of the first two assumptions results in over/underestimation of 

the true FMD values and reduces statistical power (Atkinson et al., 2009; Thijssen et al., 

2011a). Violation of assumptions 3 and 4 could lead to falsely rejecting or accepting null 

hypotheses and imprecise estimation of effect sizes. Lastly, violation of assumption five leads 

to incorrect interpretations of the relationship between FMD and other physiological variables 

that may be involved (Atkinson et al., 2009). Atkinson et al. (2009) conducted a study to 

investigate the statistical appropriateness of using ratio normalization in a between-subjects 

study design and found that a majority of the above assumptions were violated (Atkinson et al., 

2009). The validity of ratio normalization remains debated to this day with evidence and 

arguments for (Pyke et al., 2004; Padilla et al., 2008, 2009) and against its use (Atkinson et al., 

2009; Thijssen et al., 2009). 

Covariate analysis 

Another method of accounting for the shear stress stimulus when interpreting FMD that 

has been more recently adopted uses analysis of covariance (ANCOVA) to statistically control 

for the effect of shear stress when comparing FMD between groups and/or over time. Analysis 

of covariance assesses the main effects and interactions of the independent variable after the 

dependent variable has been adjusted for the covariate, which is correlated with the dependent 

variable (Tabachnick & Fidell, 2014). ANCOVA allows researchers to statistically adjust group 

mean FMD values to what they would be if all participants were exposed to the same 
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magnitude of shear stress. With the effects of a variable shear stress stimulus removed, the 

remaining differences between FMD values between groups would be exclusively related to the 

independent variable (e.g. treatment, age, etc.) (Tabachnick & Fidell, 2014). The advantages of 

using ANCOVA to normalize FMD for shear stress are that it reduces the between-subject 

error variance which increases the sensitivity of the test of main effects and interactions 

(Tabachnick & Fidell, 2014). It also reduces the effects of variable shear stress on FMD 

without losing a statistical degree of freedom (Harris & Padilla, 2007). 

However, ANCOVA has its own limitations. First, the covariate (e.g., shear rate) should 

not be related to the independent variable since ANCOVA will remove part of the effect of the 

independent variable on FMD, and in turn, the FMD interpretation may be misleading 

(Tabachnick & Fidell, 2014). For example, in the same study previously discussed by Atkinson 

et al. (2009), they found that their independent variable (age) was related to the shear rate 

stimulus such that children experienced significantly higher levels of shear rate compared to the 

young and older adult age groups (Atkinson et al., 2009). Therefore, ANCOVA would not be 

strictly appropriate for analyzing FMD since it may remove part of the effect of age on FMD. 

Second, if homogeneity of variance assumption is violated for the covariate there are only two 

options: 1) the test of main effects and interactions must be more stringent (lowering the alpha 

level to .025) which makes reaching statistical significance more difficult, or 2) remove the 

covariate in the analysis (Tabachnick & Fidell, 2014). Third, ANCOVA adjusts for the 

covariate based on the assumption that the slope of the regression between FMD and shear rate 

is the same for participants across all groups/treatments. This assumption is known as 

homogeneity of regression slopes and heterogeneity implies that the FMD-shear rate slope 

differs at varying levels of the independent variable such that the adjustment for the covariate 
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will not be the same across all groups (Tschakovsky et al., 2007; Tabachnick & Fidell, 2014). 

For instance, when comparing groups with distinct endothelial function (e.g., individuals at low 

versus moderate risk of cardiovascular disease) the slope of the FMD-shear stress regression 

line is significantly different (Padilla et al., 2009). Currently, there is no consensus on how best 

to account for a variable shear stress stimulus when interpreting FMD (Thijssen et al., 2011a; 

Thijssen et al., 2019). 

2.3.2 Accounting for baseline diameter  

Allometric scaling  

As indicated earlier, there is a complex physiological and mathematical relationship 

between shear stress, baseline artery diameter, and FMD. While the FMD% statistic has been 

used since the origin of the RH-FMD test, it has attracted criticism due to its inherent 

mathematical dependence on baseline diameter (Atkinson & Batterham, 2013a). After re-

analyzing data from the seminal RH-FMD study by Celermajer et al. (1992), Atkinson and 

Batterham (2013a) argued that FMD% did not accurately scale for inter-individual differences 

in baseline diameter (Atkinson & Batterham, 2013a). They claim that FMD% was 

overestimated in small arteries (children) and underestimated in large arteries (adults), and 

suggest that a properly scaled FMD response in children and adults is not substantially different 

(Atkinson & Batterham, 2013a; Atkinson et al., 2013). This would imply that a larger 

‘uncorrected’ FMD% response in children vs. adults reflects similar endothelial function 

between the two age groups. This conclusion has been criticized for failing to acknowledge 

age-related declines in endothelial function (Seals et al., 2011). Atkinson et al. (2013) have 

highlighted that FMD% is a ratio with peak diameter divided by baseline diameter (Dpeak/Dbase) 



 

25 

 

and argue that FMD% represents variability in baseline diameter rather than endothelial 

function (Atkinson et al., 2013). This criticism does not apply to absolute FMD, however, 

Atkinson and colleagues argue that absolute FMD is still an inadequate index and advocate for 

allometric scaling (Atkinson & Batterham, 2013b).  

Atkinson and colleagues have strongly advocated for allometric scaling to become a 

standard part of RH-FMD analysis (Atkinson, 2013; Atkinson & Batterham, 2013a; Atkinson 

et al., 2013; Atkinson, 2014; Atkinson & Batterham, 2015). This approach involves 

logarithmically transforming Dpeak and Dbase data to derive the change in diameter on a log 

scale. The log-transformed change in diameter data is treated as the outcome in a general linear 

model, with log-Dbase entered as a covariate. This provides the mean changes in diameter, 

adjusted for baseline diameter, which can be back-transformed and expressed as percentages 

(Atkinson & Batterham, 2013a; Atkinson et al., 2013). The major, proposed advantage of 

allometric scaling is that it removes the influence of baseline diameter on FMD and provides 

allegedly unbiased estimates of endothelial function. Furthermore, allometric scaling 

theoretically reduces measurement error unlike the FMD% which accumulates measurement 

error from peak diameter and baseline diameter measurements (Atkinson & Batterham, 2013b).  

However, before allometric scaling can be adopted several factors must be considered. 

First, allometric scaling does not consider that the relationship between baseline diameter and 

FMD may originate from the shear stress stimulus which varies inversely with baseline 

diameter. Furthermore, this procedure assumes that a distinct endothelial function-FMD 

relationship exists across baseline artery diameters. If true, the same shear stress stimulus 

should result in smaller FMD responses in healthy large vs. healthy small baseline artery 

diameters, which is not the case for brachial artery SS-FMD (Pyke et al., 2004; Jazuli & Pyke, 
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2011) and is unknown for RH-FMD. Finally, the allometric scaling method is a form of 

covariate analysis in which baseline diameter is the covariate. As previously discussed, if the 

covariate is related to the independent variable [e.g. increasing age which is associated with 

larger baseline brachial artery diameters  (van den Munckhof et al., 2012)] the effects of the 

independent variable on FMD may be partially removed in the analysis, resulting in a 

misrepresentation of the true FMD response. 

 

Figure 2.4. Allometric scaling assumes a distinct endothelial function-FMD relationship across 

varying baseline diameters. 

Hypothetical data illustrating the assumption made in the allometric scaling approach whereby the slope 

of the baseline diameter-RH-FMD relationship in two groups with small (e.g., children 0.25 – 0.30) and 

large (e.g., older adults 0.35 – 0.47) baseline brachial artery diameters will be equal (A). Furthermore, 

this method assumes that endothelial function will be equal in large and small baseline diameter arteries 

such that a large FMD response in a small artery corresponds to the same endothelial function as a small 
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FMD response in a large artery (B). Allometric scaling does not take into account that the RH shear 

stress stimulus varies according to baseline artery diameter, such that smaller arteries experience greater 

RH shear stress compared to larger arteries (C). 

 

For now, the most appropriate representation and normalization of FMD responses 

remains controversial. Before new normalization approaches can be adopted, the influence of 

baseline artery diameter on endothelial sensitivity to transient shear stress exposure (RH) must 

be investigated.  

2.4 Summary 

Assessment of endothelial function using shear stress to elicit FMD has helped expand 

our understanding of the cardiovascular system in healthy and diseased states. While the RH 

test is methodologically simple, its reliability is hindered due to stimulus variability across 

participants and there is continued debate on how to correctly account for this variability. SS-

FMD approaches have presented an alternative approach to removing stimulus variability 

which allows relationships between shear stress, baseline diameter and FMD to be examined in 

greater detail. However, SS-FMD cannot serve as a substitute for RH-FMD due to endothelial 

stimulus response specificity which involves recruitment of distinct FMD mechanisms in 

response to transient vs. sustained stimuli. To date, no study has attempted to create a uniform, 

targeted, transient shear stress stimulus. By developing a technique that would allow us to 

create such a stimulus we will be able to compare how stimulus and FMD response variability 

differs from that observed in the standard RH test. Further investigation into the relationship 

between shear stress, FMD, and baseline diameter will allow us to provide recommendations 

on how to interpret and perform FMD tests and will add to our current understanding of 

endothelial function.   
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Chapter 3 

Developing a technique to create a uniform, targeted, transient shear stress 

stimulus to assess endothelial function 

3.1 Introduction 

The endothelium is a single cell layer that forms the innermost lining of blood vessels 

and plays a crucial role in maintaining vascular health and regulating vessel diameter. Blood 

flow associated increases in shear stress exerted on the endothelium stimulate the release of 

vasodilators causing a flow-mediated dilatory response (FMD) (Cahill & Redmond, 2016). The 

most commonly used non-invasive endothelial function test conducted in peripheral arteries, 

such as the brachial artery, involves imposing a 5-minute distal limb occlusion (Celermajer et 

al., 1992; Thijssen et al., 2019). Upon occlusion cuff release, reactive hyperemia (RH) results 

in an increase in shear stress imparted on the upstream conduit artery, triggering FMD (RH-

FMD). Using ultrasound to measure changes in brachial artery diameter the RH-FMD response 

is expressed as the percent and/or absolute change in diameter from baseline to peak post-cuff 

release diameter (Thijssen et al., 2019). RH-FMD is used as an index of endothelial function, 

and larger responses are indicative of better function (Inaba et al., 2010).  

A limitation of using RH-FMD to assess endothelial function is that the magnitude of the 

shear stress stimulus is uncontrolled and depends on the degree of downstream microvascular 

dilation and baseline conduit artery diameter (Pyke et al., 2004). There is a positive relationship 

between the RH shear stress stimulus magnitude and RH-FMD response, thus observed 

differences in RH-FMD responses may result from stimulus variability, rather than differences 

in endothelial function (Pyke et al., 2004; Padilla et al., 2009; Jazuli & Pyke, 2011). 
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Furthermore, arteries with a smaller baseline diameter tend to experience a larger RH stimulus 

magnitude and a larger RH-FMD response (Herrington et al., 2001; Pyke et al., 2004; Thijssen 

et al., 2008). Due to an inability to create a uniform RH stimulus across a range of diameters it 

is unclear whether RH-FMD is greater in smaller diameter arteries due to inherent differences 

in endothelial function across varying baseline diameters, a larger shear stress stimulus in 

smaller arteries, or a combination of these factors. This uncertainty complicates analysis and 

interpretation of RH-FMD results (Pyke & Tschakovsky, 2007; Atkinson et al., 2013). 

Although methodological approaches to target a uniform shear stress stimulus magnitude 

do exist (e.g., handgrip exercise or limb heating), these procedures create moderate, sustained 

increases in shear stress (Shoemaker et al., 1997; Joannides et al., 2002; Padilla et al., 2006; 

Pyke et al., 2008b; Bellien et al., 2010; Findlay et al., 2013). Transient (e.g., RH) and sustained 

increases in shear stress recruit distinct endothelial transduction and vasodilatory mechanisms, 

therefore, results from these procedures cannot be generalized to RH-FMD (Frangos et al., 

1996; Pyke et al., 2008a; Figueroa et al., 2013; Slattery et al., 2016; Tremblay & Pyke, 2018). 

Whether it is possible to target a uniform, transient RH shear stress stimulus and the degree to 

which minimizing RH stimulus variability can reduce RH-FMD response variability is 

unknown.    

With this as a background, the objectives of the present study were to 1) develop a new 

technique to create a uniform, targeted, transient shear stress stimulus, 2) compare the stimulus 

and FMD response variability of this new test to the standard RH test, and 3) determine the 

impact of stimulus control on the expected inverse relationship between baseline diameter and 

RH-FMD. To achieve this, we created a large vasodilatory response in the forearm using 

ischemic handgrip exercise and controlled the ensuing hyperemia with brachial artery 
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compression and cuff-reinflation. We hypothesized that this new controlled, targeted RH 

protocol (CTRH) would reduce stimulus variability and FMD response variability that is 

observed with the conventional RH test. Additionally, we hypothesized that by creating a 

uniform stimulus across a range of baseline diameters, any baseline diameter-shear stress 

stimulus and baseline diameter-RH-FMD relationship would be eliminated with stimulus 

control. 

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). Written informed consent 

was provided by study participants before participating in this study using forms approved by 

the same board. 

3.2.2 Study participants and screening  

Healthy, non-smoking men and women (ages 18 – 30) were recruited from the Queen’s 

University and Kingston community to participate in this study. Each volunteer was initially 

invited to the laboratory for a screening visit during which they completed a medical screening 

questionnaire, underwent a blood pressure assessment (BPTru Medical Devices, Coquitlam, 

BC, Canada), and height and weight assessment. Volunteers were excluded if they reported: 

any contraindications to exercise, a history of cardiovascular and/or metabolic disease, use of 

medications to treat cardiovascular risk factors or any other medication with a vasoactive 

effect, history of smoking within the last 6 months, a clinical diagnosis of depression, or high 
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levels of physical activity (>7 hours of structured exercise sessions per week). Individuals who 

were hypotensive (<90/60 mmHg), hypertensive (>140/90 mmHg), or had a BMI >30 kg/m2 at 

the time of the screening were also excluded. Lastly, self-identified women who reported an 

absence of menstrual periods were excluded as we could not confirm a low sex hormone phase 

for testing. For sex comparisons, participants categorized as female self identified as women 

and reported having menstrual periods. 

Eligible volunteers were introduced to the equipment and protocol. Brachial artery 

diameter and blood velocity were assessed using duplex ultrasound (Vivid i2; GE Medical 

Systems, Mississauga, ON, Canada) to ensure that a clear image of the artery and a strong 

blood velocity signal could be collected. During familiarization with the CTRH-FMD protocol 

volunteers who did not reach the shear rate (SR) target were also excluded.  

3.2.3 Experimental design  

All participants attended two experimental visits. The order in which participants 

completed the visits (RH-FMD visit and CTRH-FMD visit) was counterbalanced. Female 

participants were tested on days 2-5 of the same menstrual cycle or during the placebo phase of 

oral hormonal contraceptive use. Prior to each visit, participants were instructed to fast for 6 

hours, abstain from caffeine and alcohol for a minimum of 12 hours, and refrain from exercise 

for a minimum of 24 hours as these confounding factors have been shown to influence FMD 

(Thijssen et al., 2019). One participant included in the analytical sample fasted and abstained 

from caffeine for only 5 hours before both visits. Each visit was approximately 97 minutes in 

length and conducted in the same temperature-controlled room (19 – 21.5oC) at approximately 

the same time of day (±1 hr) within each participant to avoid the effects of diurnal variation on 
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endothelial function (Gaenzer et al., 2000; Otto et al., 2004). The timeline of the experimental 

procedure can be seen in Figure 3.1. 

Top: RH-FMD tests. Bottom: CTRH-FMD tests. Initial 30 minutes of supine rest, participant 

instrumentation, and verbal completion of a 7-day Physical Activity Recall Questionnaire (PAR-Q) and 

meal log. RH = Reactive Hyperemia; CTRH = Controlled, Targeted Reactive Hyperemia; FMD = Flow 

Mediated Dilation; BSL = Baseline; OCCL = Occlusion; AC = Arterial Compression; HYP = 

Hyperemia; IHGEX = Ischemic Handgrip Exercise.  
 

3.2.4 Experimental protocols 

Upon arrival to the laboratory for each visit, participants rested for 30-minutes in a supine 

position with both arms out to their sides. An occlusion cuff (Welch Allyn FlexiPort Reusable 

Blood Pressure Cuff and sphygmomanometer DS66) was placed on the left forearm distal to 

the area of brachial artery blood velocity and diameter measurement. The top border of the cuff 

was placed at the antecubital fossa. To ensure that the same portion of the brachial artery was 

being imaged each visit, the distance from the antecubital fossa to ultrasound probe placement 

was measured and recorded. Baseline brachial artery images and blood velocity prior to cuff 

inflation were recorded for 1 minute. 

Figure 3.1. Timeline of experimental protocol for each visit. 
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Heart rate and blood pressure. During the 30-minutes of supine rest, participants were 

instrumented with a blood pressure cuff on their right arm (BPTru Medical Devices, 

Coquitlam, BC, Canada) and finger (Finometer PRO; Finapres Medical Systems, Amsterdam, 

the Netherlands) and three-lead ECG to monitor heart rate (HR) and blood pressure. To 

establish baseline blood pressure, six discrete blood pressure measurements were obtained 

using the BPTru device and the average was taken using the last five measurements. Prior to 

each RH-FMD and CTRH-FMD trial, two discrete BPTru blood pressure measurements were 

taken. Throughout the experimental visit, blood pressure was continuously measured using 

photoplethysmography (Finometer PRO). HR and Finometer blood pressure were recorded in 

LabChart (AD Instruments, Colorado Springs, CO, USA) for analysis. 

Brachial artery diameter. Brachial artery diameter was measured using ultrasound 

functioning at 12 MHz in B-mode (Vivid i2; GE Medical Systems, Mississauga, ON, Canada). 

Parameters on the ultrasound were set to optimize longitudinal images of the lumen-arterial 

wall interface. A foam guide was placed around the ultrasound probe and then taped to the 

participant’s skin once an optimal image was obtained. This foam guide acted as a stabilizer for 

the probe and ensured the probe was placed in the same location for all trials. Data was 

collected at an insonation angle of 68o for reasons previously described (Pyke et al., 2008a) and 

remained constant between all trials. Ultrasound images were recorded using a VGA to USB 

frame grabber (Epiphan Systems Inc., Ottawa, ON, Canada) and saved as .avi files on an 

independent computer using commercially available software (Camtasia Studio 7; TechSmith 

Corporation, Okemos, MI, USA) as described in Jazuli and Pyke (2011). 

Brachial artery blood velocity measurements. Brachial artery blood velocity was 

measured using Doppler ultrasound operating at 4 MHz (Vivid i2; GE Medical Systems). The 
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Doppler shift frequency spectrum was analyzed using a Multigon 500P TCD spectral analyzer 

(Multigon Industries, Yonkers, NY, USA) in order to determine the mean blood velocity as a 

weighted mean of the spectrum of Doppler shift frequencies, as described in Jazuli and Pyke 

(2011). Continuous sampling and recording of the voltage output from the Multigon allowed 

for further analysis in LabChart (ADInstruments, Colorado Springs, CO). 

7-day physical activity recall. During the initial rest period, participants’ recent physical 

activity levels were assessed using a 7-day Physical Activity Recall (PAR-Q) questionnaire. 

Energy expenditure was determined using self-reported sleep and activity.   

RH-FMD. Three trials of RH-FMD were carried out during one of the two experimental 

visits, see Figure 3.1. Baseline brachial artery blood velocity and diameter were recorded for 1 

minute prior to cuff inflation. The cuff was then inflated to 250 mmHg for 5 minutes. In the 

final minute of occlusion, blood velocity and vessel diameter recording resumed until 3 

minutes post-deflation. Each trial was separated by a minimum of 20 minutes or until brachial 

artery diameter returned to baseline. 

CTRH-FMD. On a separate experimental visit, three trials of CTRH-FMD were performed, 

see Figure 3.1. Baseline brachial artery blood velocity and diameter were recorded for 1 

minute prior to cuff inflation. The cuff was then inflated to 250 mmHg for 5 minutes. Isometric 

handgrip exercise with a grip force transducer (MLT004/ST, ADInstruments, USA) was 

performed at 30% of participants’ maximum voluntary contraction (MVC, determined prior to 

the 30-minute rest period) with the occluded forearm for 3 minutes (minutes 2-4) during the 5 

minutes of occlusion. This intensity was selected as previous work has demonstrated it is 

tolerable and creates a SR stimulus that is significantly larger than the stimulus created with the 

standard 5 minute RH-FMD test (Ku et al., 2014). Participants followed a duty cycle of 2-
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second contraction, 3-second relaxation guided by a metronome and received visual feedback 

regarding their force target (30% MVC). 

On release of the 5-min forearm occlusion, brachial artery blood velocity, and therefore 

SR, was controlled via arterial compression applied using finger pressure over the brachial 

pulse downstream of the ultrasound probe site (identified and marked during the 30-minute rest 

period), as described previously (Tremblay et al., 2019a; Tremblay et al., 2019b). Mean blood 

velocity was continuously displayed on the data acquisition computer as a 3s moving average. 

This allowed the experimenter to use the velocity feedback to achieve a target SR of 120s-1 by 

varying downstream arterial compression. The following equation was used to determine the 

required velocity: required velocity (cm/s) = target SR (120s-1) / baseline diameter (Pyke et al., 

2008b), where baseline diameter was estimated using ultrasound caliper measurements. The 

120s-1 SR target was selected based on pilot work suggesting that it is the largest target likely to 

be widely achievable in a group of young, healthy males and females. The SR stimulus was 

kept transient by fully compressing the brachial pulse and then reinflating the cuff 40s 

following cuff release. Each trial was separated by a minimum of 20 minutes or until brachial 

artery diameter returned to baseline.   

3.2.5 Data analysis 

Heart rate and blood pressure. Resting HR and MAP were reported 1-minute averages 

during baseline and  the last minute of occlusion for each FMD trial. MAP before each FMD 

trial was calculated using the output from the BPTru and the following equation: MAP = 

[systolic blood pressure + 2 (diastolic blood pressure)]/3.  

Brachial artery blood velocity and diameter. Blood velocity was analyzed offline in 3s 

average time bins using LabChart (LabChart; AD Instruments, Colorado Springs, CO, USA). 
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Vessel diameter was measured offline using automated edge detection and wall tracking 

software (Woodman et al., 2001) (Encoder FMD and Bloodflow version 3.0.3, Reed 

Electronics, Perth, WA, Australia) as previously described (Jazuli & Pyke, 2011). Diameter 

data was compiled into 3s time bins and aligned with the 3s average velocity data for the 

calculation of SR. 

Brachial artery shear rate. SR was calculated by dividing mean blood velocity by vessel 

diameter from 3s velocity and diameter time bins. The SR stimulus was quantified as the 40s 

SR area under the curve (40s SR-AUC) for both the RH- and CTRH-FMD tests (Pyke & 

Tschakovsky, 2007; Thijssen et al., 2019). The absolute distance from target during the first 

40s of hyperemia in each test was determined by calculating the absolute difference between 

the SR target (120s-1) and observed SR (average of the 13 time bins immediately following cuff 

release). CTRH-FMD trials were excluded from the analysis for poor targeting if the observed 

SR was >12s-1 from the 120s1 target. A minimum of 2 acceptable trials for each test was 

required for inclusion.   

Flow-mediated dilation. FMD for both the RH and CTRH tests was reported as an 

absolute change (absFMD) and percent change (FMD%) in diameter. AbsFMD was calculated 

as the difference between the peak 3s average diameter and baseline diameter. FMD% was 

calculated as the percent change in arterial diameter from baseline prior to cuff occlusion to the 

peak 3s average diameter time bin following cuff release (Thijssen et al., 2019).  

3.2.6 Statistical analysis  

Statistical analyses were performed using IBM SPSS software (SPSS Inc., Chicago, IL, 

USA) and SigmaPlot 11 (Systat Software Inc., San Jose, CA, USA). Values are reported as 

means ± standard deviation (SD). The level of significance was set at p < 0.05 for all tests. 
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Significant main effects and interactions from linear mixed models (LMMs) were assessed 

using Bonferonni corrected post hoc tests.  

Stimulus and response variability were assessed by calculating a within-subject 

coefficient of variation (CV) for each test: 3 trial SD / 3 trial mean of the 40s SR-AUC, %FMD 

and absFMD. A paired-samples t-test was used to determine whether there was a significant 

difference in the trial-to-trial CV between tests. Between-subject stimulus and response 

variability was also reported as a CV.  

The baseline brachial artery diameter, SR, HR, and MAP as well as the average absolute 

distance from the SR target, stimulus magnitude (40s SR-AUC) and FMD response magnitude 

(absFMD and FMD%) were analyzed via LMM with factors test (RH- and CTRH) and trial 

(one, two, and three).  

Linear regression analysis was used to examine the relationships between 40s SR-AUC, 

FMD (absFMD and FMD%), and baseline diameter for both tests. For this analysis each 

participant’s data was averaged across all trials of a given test resulting in one data point per 

participant in each test. 

Although not a primary objective of this study, sex comparisons for baseline diameter, 

40s SR-AUC, and FMD (absFMD and FMD%) were done using independent t-tests with data 

pooled over all trials of each test for males and females. 

3.3 Results 

3.3.1 Participant Characteristics  

Thirty-one participants took part in this study. Of the 31 participants, three were excluded 

because the observed SR, with withdrawal of arterial compression, was below the target SR 

during the CTRH-FMD visit in two or more trials (despite meeting the SR target during the 
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screening visit), three were excluded due to poor targeting with arterial compression during the 

CTRH-FMD visit (i.e., the observed 40s average SR was > 12s-1 away from the target in two or 

more trials), two were excluded due to poor quality ultrasound data, and two were excluded due 

to a Camtasia software issue. The final analytical sample includes 21 participants. Table 3.1 

summarizes participant characteristics.  

Table 3.1. Participant characteristics 

  

Age (years) 22 ± 3 

Sex  

Female (n) 10 

Male (n) 11 

BMI (kg/m2) 24.4 ± 3.1  

Weekly energy expenditure (kcal/kg/week) 232.5 ± 10.0 

Values are mean ± SD. BMI = body mass index.  

3.3.2 Baseline Hemodynamic Variables (HR, MAP) 

There was a main effect of test such that baseline HR was significantly higher during the 

CTRH-FMD visit (p < 0.001). There was no effect of trial (p = 0.356). There was no impact of 

test on baseline MAP (p = 0.300), however, there was a significant effect of trial (p < 0.001) 

such that MAP was higher during trials 2 (p = 0.030) and 3 (p < 0.001), in comparison to trial 1 

(Table 3.2).  

3.3.3 Baseline Brachial Artery Diameter 

There was no impact of test (p = 0.189) or trial (p = 0.501) on baseline brachial artery 

diameter (Table 3.2). 
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3.3.4 Baseline SR  

There was a significant interaction between test and trial (p < 0.001). Post hoc analysis 

within each test revealed that baseline SR was significantly lower (p = 0.042) during trial 3 of 

the RH test compared to trial 1 and significantly higher during trial 3 of the CTRH test 

compared to trials 1 (p < 0.001) and 2 (p = 0.023). Baseline SR is presented in Table 3.2 

Table 3.2. Baseline variables 

 HR (bpm) MAP (mmHg) Baseline 

diameter (cm) 

Baseline  

shear rate (s-1) 

RH-FMD 

visit 

Trial 1 57 ± 10 77 ± 6^ 0.38 ± 0.06 18 ± 7 

Trial 2 58 ± 10 79 ± 7 0.38 ± 0.06 16 ± 8 

Trial 3 57 ± 11 80 ± 7 0.37 ± 0.06 14 ± 6* 

CTRH-FMD 

visit 

Trial 1 61 ± 10 78 ± 6^ 0.38 ± 0.06 16 ± 5 

Trial 2 59 ± 10 80 ± 6 0.38 ± 0.06 16 ± 5 

Trial 3 58 ± 10 81 ± 6 0.39 ± 0.05 21 ± 8# 

p-values 

Test p < 0.001 p = 0.300 p = 0.189 p = 0.003 

Trial p = 0.356 p < 0.001 p = 0.501 p = 0.294 

Interaction p = 0.394 p = 0.663 p = 0.775 p < 0.001 

Values are mean ± standard deviation. Significant findings are bolded. p-value denotes main 

effects and interaction factors. RH = Reactive Hyperemia; CTRH = Controlled, Targeted 

Reactive Hyperemia; FMD = Flow Mediated Dilation; HR = Heart Rate; MAP = Mean Arterial 

Pressure. Post hoc analysis of the main effect of trial revealed that MAP during trial 1 was 

significantly different from trial 2 and 3 (^). Post hoc analysis exploring the interaction 

between test and trial (*) indicates a significant difference from trial 1 within the RH test and 

(#) indicates a significant difference from trial 1 and 2 for the CTRH test.  

3.3.5 Hemodynamic variables in the last minute of occlusion (HR, MAP) 

There was a main effect of test such that HR in the last minute of occlusion was 

significantly higher during the CTRH-FMD test (p < 0.001). HR during the last minute of 

occlusion did not differ across trials (p = 0.469), see Table 3.3. There was a main effect of test 

such that MAP in the last minute of occlusion was significantly higher during the CTRH-FMD 
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test (p < 0.001). There was also a main effect of trial such that MAP in the last minute of 

occlusion was higher during trial 3 than trial 1 (p = 0.003) (Table 3.3).  

Table 3.3. Hemodynamic variables in the last minute of occlusion 

 HR (bpm) MAP (mmHg) 

RH-FMD visit 

Trial 1 57.2 ± 9.8 78.4 ± 7.0 

Trial 2 59.0 ± 9.8 78.6 ± 8.0 

Trial 3 58.3 + 11.1 81.0 ± 10.0* 

CTRH-FMD visit 

Trial 1 67.9 + 9.6 97.0 ± 8.1 

Trial 2 68.9 + 13.5 103.4 ± 13.5 

Trial 3 68.0 + 12.0 106.8 ± 14.5* 

p-values 

Test p < 0.001 p < 0.001 

Trial p = 0.469 p = 0.004 

Interaction p = 0.952 p = 0.278 

Values are mean ± standard deviation. Significant findings are bolded. p-value denotes main 

effects and interaction factors. RH = Reactive Hyperemia; CTRH = Controlled, Targeted 

Reactive Hyperemia; FMD = Flow Mediated Dilation; HR = Heart Rate; MAP = Mean Arterial 

Pressure. Post hoc analysis of the main effect of trial revealed that MAP in the last minute of 

occlusion was significantly different during trial 3 compared to trial 1 (*).   

 

3.3.6 SR stimulus  

There was a main effect of test (p < 0.001) such that the 40s average SR was significantly 

greater in the CTRH test compared to the RH test (40s average SR: RH = 89.6 ± 20.4s-1, CTRH = 

119.3 ± 5.0s-1). There was no impact of trial on the 40s average SR (p = 0.905). The 40s SR 

profiles for the RH and CTRH tests are shown in Figure 3.2. There was a main effect of test 

such that the 40s SR-AUC created with the CTRH test was significantly greater compared to 

that created with the RH test (p < 0.001) (Figure 3.3A). There was no effect of trial on the 40s 

SR-AUC (p = 0.828). There was a main effect of test such that the 40s absolute distance from 
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target in the CTRH test was significantly lower compared to the RH test (p < 0.001) (Figure 

3.3B). There was no effect of trial on the 40s absolute distance from target (p = 0.504).  

 

 

Figure 3.2. RH and CTRH shear rate profiles during the first 40s of cuff release. 

Dotted line represents the 120s-1 shear rate target. Each data point is the mean 3s shear rate for all 

participants and trials. Error bars represent SD.  
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There was no significant effect of trial. Data are presented pooled across trials. RH = Reactive 

Hyperemia; CTRH = Controlled, Targeted Reactive Hyperemia; SR = Shear Rate; AUC = Area Under 

the Curve; (*) = significantly different from the RH test. Error bars represent SD. 

  

Figure 3.3. The 40s SR-AUC (A) and absolute distance from target (B) during the first 40s of cuff 

release. 
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3.3.7 SR stimulus variability (CV) 

The within-subject CV for the 40s SR-AUC was significantly lower for the CTRH test in 

comparison to the RH test (p < 0.001) (Figure 3.4A). The between-subject CV for the 40s SR-

AUC was 22.7% and 4.3% for the RH and CTRH tests, respectively (Figure 3.4B). 

 

Figure 3.4. Within- (A) and between-subject (B) 40s SR-AUC variability. 

RH = Reactive Hyperemia; CTRH = Controlled, Targeted Reactive Hyperemia; SR = Shear Rate; AUC = 

Area Under the Curve; CV = Coefficient of Variation; (*) = significantly different from the RH test. 

Error bars represent SD. There are no error bars for the between-subject CVs as these are single values. 

 

3.3.8 FMD response (absFMD and FMD%) 

There was a main effect of test such that absFMD (p < 0.001) and FMD% (p = 0.001) 

were significantly greater in the CTRH test compared to the RH test (Figure 3.5A and 3.5B). 

There was no significant effect of trial for either absFMD or FMD%.  
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Figure 3.5. absFMD (A) and FMD% (B). 

Bars represent the group mean for each test. There was no significant effect of trial and data are 

presented pooled across trials. The circle and square symbols represent the 3-trial average of individual 

female and male participants, respectively. RH = Reactive Hyperemia; CTRH = Controlled, Targeted 

Reactive Hyperemia; FMD = Flow Mediated Dilation; (*) = significantly different from the RH test.  
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3.3.9 FMD variability (CV) 

The within-subject CVs were similar in the RH and CTRH tests when the responses were 

expressed as either absFMD (p = 0.404) or FMD% (p = 0.350) (Figure 3.6A and 3.6B). The 

between-subject CVs for absFMD and FMD% were also similar between the two tests, see 

Figure 3.6C and Figure 3.6D. 

 

Figure 3.6. Within-subject CVs for absFMD (A) and FMD% (B), and between-subject CVs for 

absFMD (C) and FMD% (D). 

There are no error bars for the between-subject CVs as these are single values. RH = Reactive 

Hyperemia; CTRH = Controlled, Targeted Reactive Hyperemia; FMD = Flow Mediated Dilation; CV = 

Coefficient of Variation. Error bars represent SD.  
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3.3.10 Stimulus-Response Relationships 

Linear regression analysis revealed a significant, positive stimulus-response relationship 

in the RH test (Figure 3.7A and 3.7B). In contrast, in the CTRH test, there was a significant 

negative relationship between the stimulus and the response (Figure 3.8A and 3.8B).  

 

Figure 3.7. Simple linear regression of the 40s SR-AUC versus absFMD (A) and FMD% (B) 

relationships in the RH test. 

Cook’s distance was used to identify outliers which are circled. Regression lines were plotted without 

the outliers. RH = Reactive Hyperemia; FMD = Flow Mediated Dilation; SR = Shear Rate; AUC = Area 

Under the Curve.  
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Figure 3.8. Simple linear regression of the 40s SR-AUC versus absFMD (A) and FMD% (B) 

relationships in the CTRH test. 

Cook’s distance was used to identify outliers which are circled. Regression lines were plotted without 

the outliers. CTRH = Controlled, Targeted Reactive Hyperemia; FMD = Flow Mediated dilation; SR = 

Shear Rate; AUC = Area Under the Curve.  
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3.3.11 Baseline Diameter-Shear Rate Relationship 

A significant negative relationship between baseline diameter and 40s SR-AUC was 

identified for the RH test (p = 0.018), see Figure 3.9A. In contrast, there was no relationship 

between baseline diameter and 40s SR-AUC for the CTRH test (p = 0.459), see Figure 3.9B.  

Figure 3.9. Simple linear regression of the baseline diameter versus 40s SR-AUC relationship in 

the RH (A) and CTRH (B) tests. 

Cook’s distance was used to identify outliers which are circled. Regression lines were plotted without 

outliers. RH = Reactive Hyperemia; CTRH = Controlled, Targeted Reactive Hyperemia; SR = Shear 

Rate; AUC = Area Under the Curve.  
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3.3.12 Baseline diameter-FMD response relationship  

A significant negative relationship between baseline diameter and FMD was identified in 

the RH test (Figure 3.10A and 3.10 B). In contrast, there was no relationship between baseline 

diameter and FMD in the CTRH test (Figure 3.10C and  3.10D) 

 

Baseline diameter versus A) absFMD and B) FMD% in the RH test. Baseline diameter versus C) 

absFMD and D) FMD% in the CTRH test. Cook’s distance was used to identify outliers which are 

circled. Regression lines were plotted without outliers. RH = Reactive Hyperemia; CTRH = Controlled, 

Targeted, Reactive Hyperemia; FMD = Flow Mediated Dilation. 

  

Figure 3.10. Baseline diameter-response relationships in the RH and CTRH tests. 
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3.3.13 Sex comparisons 

Baseline diameter was significantly greater in males versus females in both the RH (p < 

0.001) and CTRH tests (p < 0.001) (Table 3.4). There was no effect of sex on the 40s SR-AUC 

(RH: p = 0.579; CTRH: p = 0.777), abs FMD (RH: p = 0.212; CTRH: p = 0.098), or FMD% 

(RH: p = 0.868; CTRH: p =0.600) in either test. 

Table 3.4. Sex comparisons 

Visit Females (n = 10) Males (n = 11) p – values 

RH-FMD    

Baseline diameter (cm) 0.33 ± 0.03 0.42 ± 0.05 p < 0.001 

40s SR-AUC (s-1) 3391.5 ± 721.8 3204.4 ± 791.6 p = 0.579 

absFMD (cm) 0.02 ± 0.01 0.02 ± 0.01 p = 0.212 

FMD% (%) 5.5 ± 3.0 5.7 ± 2.1 p = 0.868 

CTRH-FMD    

Baseline diameter (cm) 0.34 ± 0.02 0.42 ± 0.04 p < 0.001 

40s SR-AUC (s-1) 4329.5 ± 237.6 4305.5 ± 136.5 p = 0.777 

absFMD (cm) 0.02 ± 0.01 0.03 ± 0.01 p = 0.098 

FMD% (%) 6.8 ± 3.0 7.4 ± 2.5 p = 0.600 

Values are mean ± standard deviation. Significant findings are bolded. p-values denote 

significant difference between males and females. RH = Reactive Hyperemia; CTRH = 

Controlled, Targeted Reactive Hyperemia; FMD = Flow Mediated Dilation; SR = Shear Rate; 

AUC = Area Under the Curve. 
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3.4 Discussion 

This is the first study to demonstrate creation of a uniform, targeted transient SR stimulus 

for RH-FMD. With the CTRH test stimulus control was demonstrated by a small distance from 

the SR target, substantially lower within and between participant stimulus variability, and an 

elimination of the negative relationship between baseline diameter and stimulus magnitude that 

was observed in the standard RH test. However, despite significantly reduced stimulus 

variability using the CTRH test, the individual and group level FMD response variability was 

not reduced in the CTRH test compared to standard RH test. This suggests that shear stress-

independent variables are an important contributing factor to FMD response variability in 

young, healthy adults (e.g., vascular wall morphology, endothelial function, smooth muscle 

function, experimental error). As hypothesized, there was no relationship between baseline 

diameter and shear stress or baseline diameter and FMD in the CTRH test. However, despite the 

presence of an inverse relationship between baseline diameter and the shear stress stimulus in 

the RH test, the expected inverse relationship between FMD and baseline diameter was not 

found. This limits our ability to draw conclusions regarding the role of the shear stress stimulus 

in the commonly observed pattern of smaller FMD responses in larger arteries (Celermajer et 

al., 1992; Schroeder et al., 2000; Herrington et al., 2001; Joannides et al., 2002; Pyke et al., 

2004; Thijssen et al., 2008). The current work establishes that the CTRH test offers a way to 

control and target a transient SR stimulus and further research is required to rigorously assess 

its utility in a larger sample. 

3.4.1 SR and FMD in the RH vs CTRH tests  

In the present study a controlled, targeted (120s-1), transient (40s) SR stimulus in the 

brachial artery was created using the CTRH test. Ischemic handgrip exercise augments 
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microvascular vasodilation in the forearm during cuff occlusion. By incorporating ischemic 

exercise into the CTRH test, we created a large hyperemic “reserve” during the 5-minute 

occlusion. Arterial compression with real time velocity feedback, a technique developed by our 

group (Pyke et al., 2004; Pyke & Tschakovsky, 2007; Pyke et al., 2008a; Pyke et al., 2008b; 

Tremblay et al., 2019a; Tremblay et al., 2019c), allowed us to consistently target the stimulus 

over the 40s of cuff release. This was evident by the significantly lower absolute distance from 

the SR target during the first 40s of cuff release compared to the RH test (Figure 3.3B). The 

40s SR stimulus profile created with the CTRH test was stable in comparison to the RH test in 

which the SR stimulus peaked at ~12s post cuff release and then substantially decayed (Figure 

3.2). Furthermore, because the same level of SR was maintained over the 40s of cuff release in 

the CTRH test, the magnitude of the stimulus (40s SR-AUC) was significantly greater compared 

to the RH test (Figure 3.3A). In CTRH test the FMD response magnitude (absFMD and 

FMD%) was also significantly greater than that observed with the RH test (Figure 3.5). The 

ability to create a larger stimulus and response with the CTRH test is notable as this is better 

suited to use in interventions where small RH-FMD responses can introduce concerns 

regarding floor effects (i.e., a small initial response limiting the capacity for reduction by an 

intervention). 

There continues to be debate on how to mathematically correct for stimulus variability 

with the RH test. Ratio normalization (dividing the FMD response by the SR-AUC) is simple 

but violates several, fundamental statistical assumptions (Harris & Padilla, 2007; Atkinson et 

al., 2009) and analysis of covariance (ANCOVA) with SR as a covariate may remove part of 

the effect of the independent variable on FMD if the independent variable and SR are related 

(e.g., age, cardiovascular risk) (Mitchell et al., 2004; Atkinson et al., 2009; Tabachnick & 
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Fidell, 2014). Here we have presented an experimental protocol that can a priori remove the 

impact of SR variability on RH-FMD eliminating the need for post hoc mathematical 

corrections.  

3.4.2 Impact of SR variability on FMD response variability  

As mentioned above, the CTRH test provided superior stimulus control in comparison to 

the RH test. This in turn significantly reduced the individual and group level stimulus 

variability as demonstrated by the reduced within- and between-subject 40s SR-AUC CV 

(Figure 3.4). It is well established that shear stress is the stimulus for FMD and the magnitude 

of the FMD response increases proportionally to the stimulus imposed on the vessel (Joannides 

et al., 2002; Silber et al., 2005; Pyke & Tschakovsky, 2007; Padilla et al., 2008; Ku et al., 

2014). Although all participants experienced a similar magnitude of SR in the CTRH test 

(between-subject 40s SR-AUC CV = 4.3%), contrary to our hypothesis, this did not reduce 

between-subject FMD response variability compared to the RH test. Similarly, despite lower 

within-subject, trial to trial stimulus variability, within-subject FMD response variability was 

not reduced with the CTRH test. Pyke et al. (2004) compared RH-FMD to a 6-minute heating 

induced SS-FMD that had a targeted stimulus and low within- and between-subject stimulus 

variability. In line with the present study, FMD variability was similar between the two 

protocols despite lower SS-FMD stimulus variability (Pyke et al., 2004). The present study 

extends these findings, specifically isolating the comparison to the unique transduction of a 

transient shear stress stimulus (Frangos et al., 1996; Figueroa et al., 2013) and seems to suggest 

that the degree of stimulus variability present in young healthy participants in a standard RH 

test does not have a substantial impact on FMD response variability. Importantly, this may not 

be true in study samples with a greater stimulus range [e.g., comparing healthy young 
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participants to elderly participants (Wray et al., 2006; Thijssen et al., 2009) or those with 

cardiovascular risk factors (Mitchell et al., 2004)]. Also, there was a positive relationship 

between SR and RH-FMD in the RH test (Figure 3.7) suggesting that RH stimulus variability 

did predict RH-FMD variability at the group level. Therefore, it is also possible that the failure 

to reduce response variability in the CTRH test was due to the introduction of another source of 

response variability [e.g., through increased sympathetic nervous activity (see below) or 

consequences of arterial compression].   

Apart from variability in the shear stress stimulus, FMD variability may arise from 

methodological factors or differences in endothelial function between participants. This study 

adopted a within participants study design to minimize the impact of individual differences in 

endothelial function on FMD responses across the two tests. Within participants, each visit took 

place at approximately the same time of day (± 1 hour) to avoid the effects of diurnal variation 

on FMD (Gaenzer et al., 2000; Otto et al., 2004) and the second visit took place no more than 

48 hours after the first. Prior to each visit every participant was given the same instructions for 

preparation based on the most recent guidelines (i.e., consume the same meal before each visit, 

fast for a minimum of 6 hours, refrain from drinking alcohol or caffeine for a 12 hours, and 

avoid exercise for 24 hours prior to the visit) (Thijssen et al., 2019). Although only one 

participant revealed that they did not fully adhere to these instructions (this participant had 

fasted and abstained from caffeine for only 5 hours before both visits), it is possible that other 

participants may have failed to do so without our knowledge.  

3.4.3 Relationship between SR and FMD  

We found a significant positive relationship between the stimulus magnitude (40s SR-

AUC) and FMD (absFMD and FMD%) in the RH test (Figure 3.7). In contrast, we found a 
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significant inverse relationship between stimulus magnitude and FMD in the CTRH test (Figure 

3.8). This finding is unexpected both because of the inverse direction of the relationship and the 

narrow stimulus range in the CTRH test. It is possible that some other factor related to both 

stimulus and response magnitude is responsible for this negative relationship in the CTRH test. 

The ischemic handgrip exercise employed in this test elevated HR and MAP in the final minute 

of occlusion which may indicate elevated sympathetic nervous activity (SNA) through the 

muscle metaboreflex (Cornett et al., 2000). Increased SNA may have blunted FMD via the 

combined effects of systemic vasoconstriction and retrograde shear stress (Hijmering et al., 

2002; Lind et al., 2002; Thijssen et al., 2014), although evidence supporting a negative impact 

of elevated SNA on FMD is not universal (Dyson et al., 2006). If those who experienced a 

larger shear stress stimulus in the CTRH test also experienced a larger increase in SNA, it is 

possible that this could explain the inverse stimulus response relationship. However, 

examination of the data revealed no relationship between CTRH stimulus magnitude and the 

change in MAP from baseline to the last minute of occlusion (r2 = 0.032, p = 0.454) [there was 

also no relationship between the change in MAP and the FMD response (data not shown)].  

Although increases in MAP do not directly correspond to increases in SNA (Incognito et al., 

2018), this analysis does not provide support for the hypothesis that exaggerated SNA 

responses accompanied larger stimuli in the CTRH test. Therefore, a physiological explanation 

for the unexpected inverse stimulus-response relationship remains elusive. 

3.4.4 Relationship between baseline diameter and the SR stimulus  

The findings of the present study are in agreement with previous research that has 

demonstrated an inverse relationship between artery size and the SR stimulus in the standard 

RH test (Herrington et al., 2001; Silber et al., 2001; Joannides et al., 2002; Pyke et al., 2004; 
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Silber et al., 2005). In line with our second hypothesis, by creating a uniform stimulus in the 

CTRH test, the relationship between baseline diameter and SR was eliminated (diameter range: 

0.31 – 0.49 cm) (Figure 3.9). This corroborates the findings of Pyke et al. (2004) who found 

that by targeting a uniform sustained SR stimulus in all participants, the relationship between 

baseline diameter and SR was eliminated (Pyke et al., 2004). While the present study used a 

40s SR-AUC, analysis using the SR-AUC from cuff deflation to the time of peak diameter 

yielded the same results for both tests (data not shown).  

3.4.5 Relationship between baseline diameter and FMD 

In the RH test, we found an unexpected significant, positive relationship between 

baseline diameter and FMD (absFMD and FMD%) after the removal of outliers (Figure 3.10A 

and 3.10B). There was no significant relationship between baseline diameter and FMD in 

CTRH test (Figure 3.10C and 3.10D). The positive relationship between baseline diameter and 

RH-FMD was unexpected considering 1) the common previous finding of an inverse 

relationship between baseline diameter and FMD (Celermajer et al., 1992; Schroeder et al., 

2000; Herrington et al., 2001; Pyke et al., 2004; Thijssen et al., 2008), and 2) we observed an 

inverse relationship between baseline diameter and stimulus magnitude (Figure 3.9). This 

discrepancy with previous findings suggests that perhaps participants with larger baseline 

brachial artery diameters had better endothelial function. However, exploration of several 

additional factors that could be related to endothelial function (e.g., BMI, baseline MAP, and 

weekly energy expenditure) did not support this hypothesis (i.e., baseline diameter did not vary 

positively with energy expenditure or negatively with MAP or BMI). Furthermore, if those 

with larger baseline diameters had better endothelial function, we would expect that the 

positive relationship between baseline diameter and FMD would persist in the CTRH test and 
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this was not observed. Further, there was no relationship between baseline diameter and change 

in MAP from baseline until the final minute of occlusion in the CTRH test (r2 = 0.18 and p = 

0.0616). Again, acknowledging the limitation that MAP is not a direct reflection of SNA, this 

analysis does not support the hypothesis that a positive baseline diameter-endothelial function 

relationship was masked by an exaggerated increase in SNA in larger arteries in the CTRH test. 

An explanation for the positive baseline diameter to FMD relationship in the RH test remains 

elusive. Although the relationship between baseline diameter and FMD was absent in the CTRH 

test and shear rate and baseline diameter were inversely related in the RH test, this occurred 

without reproduction of the typical negative relationship between baseline diameter and FMD 

in the RH test. This limits our ability to provide insight on the role of shear stress in the more 

typical response pattern and suggests that the determinants of endothelial response magnitude 

can be variable and complex, even within a young healthy population. 

3.4.6 Consideration of baseline HR, MAP, and SR 

Baseline HR was slightly (~2 bpm) but significantly greater during the CTRH-FMD visit 

than the RH-FMD visit despite the same amount of rest (30 minutes) allocated prior to the first 

FMD trial (Table 3.2). We speculate that this difference could be attributed to participant 

anticipation of exercise. Feed forward mechanisms from central command centers in the brain 

allow for immediate increases in HR and MAP prior to the onset of exercise, such that even 

without muscle efferent or afferent input these cardiovascular variables can increase 

(Williamson et al., 2002; Williamson et al., 2006). It is also possible that prior to each CTRH-

FMD trial participants may have felt anxious owing to their familiarity with the CTRH test and 

the discomfort/pain that ischemic handgrip exercise can cause. We did not obtain any 
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subjective measures of discomfort or pain during each visit, therefore a direct causal link 

between participants’ experience with the CTRH test and HR could not be ascertained.  

Baseline MAP did not differ between the two tests, however, over the course of each trial 

MAP gradually rose (increase of ~3 mmHg from trial 1 to 3) (Table 3.2). Previous studies by 

our group (Pyke & Jazuli, 2011; McPhee et al., 2018) have also demonstrated this upward drift 

in MAP with supine rest. The cool temperature of the laboratory may have resulted in 

vasoconstriction of cutaneous blood vessels leading to an increase in MAP (Wilson et al., 

2007). 

Interestingly, we saw opposite trends in baseline SR across the two tests. During the RH-

FMD visit baseline SR gradually decreased from trial 1 to trial 3 (~3s-1), whereas baseline SR 

gradually increased from trial 1 to trial 3 (~5s-1) in the CTRH-FMD visit. These changes in 

baseline SR occurred independent of baseline diameter as no difference in baseline diameter 

was observed between tests or across trials. In the case of the RH-FMD visit, baseline SR likely 

decreased due to reductions in cutaneous blood flow as the duration of time that participants 

were exposed to the cool temperature of the lab increased. We speculate that the increase in 

baseline SR in the final trial of the CTRH-FMD visit was likely the residual effects of ischemic 

handgrip exercise on forearm vascular resistance. 

3.4.7 Sex comparisons 

We explored whether sex differences in baseline diameter, stimulus magnitude, and FMD 

were present. We found that males had significantly larger baseline diameters compared to 

females in both the RH (p < 0.001) and CTRH (p < 0.001) tests, a finding that is consistent with 

the literature (Herrington et al., 2001; Nishiyama et al., 2008; Shenouda et al., 2018; Holder et 

al., 2019; Tremblay et al., 2019b). Despite the larger diameters observed in males, the 40s SR-
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AUC (RH: p = 0.579; CTRH: p = 0.777), absFMD (RH: p = 0.212; CTRH: p = 0.098), and 

FMD% (RH: p = 0.868; CTRH: p =0.600) did not differ between sexes in either test. In young 

healthy adults the impact of sex on brachial artery RH-FMD% (when females are assessed 

during the low-estrogen phase of the menstrual cycle to mitigate the potential effects of 

estrogen on FMD) is unclear. Several studies have demonstrated no impact of sex on RH-

FMD% (Hashimoto et al., 1995; Pyke & Jazuli, 2011; Shenouda et al., 2018) whereas others 

have found that females have larger RH-FMD% responses (Nishiyama et al., 2008; Holder et 

al., 2019) before correcting for differences in stimulus magnitude or baseline diameter. After 

adjusting for differences in these variables larger RH-FMD% responses have been reported in 

males versus females (Herrington et al., 2001; Shenouda et al., 2018; Tremblay et al., 2019b), 

although this finding is not universal (Nishiyama et al., 2008). Conflicting findings have also 

been observed for the magnitude of SR imparted on the brachial artery with some evidence 

suggesting that females experience a greater stimulus magnitude (Nishiyama et al., 2008) and 

other evidence suggesting that the stimulus magnitude does not differ between sexes (Pyke & 

Jazuli, 2011; Tremblay et al., 2019b). The findings of the present study suggest that although 

baseline diameter differed between females and males, sex did not have a significant impact on 

stimulus magnitude or FMD responses in this sample. 

3.4.8 Limitations 

Inasmuch as ischemic handgrip exercise can increase the duration of hyperemia, at higher 

intensities it can elicit a pain response (King et al., 2015). Exposure to an acute painful 

stimulus increases SNA (Schlereth & Birklein, 2008) which may impair FMD. Although the 

literature on pain and FMD is scarce, a majority of studies have demonstrated that pain impairs 

FMD (Lind et al., 2002; Jambrik et al., 2005; King et al., 2015). Moreover, there is evidence to 
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suggest that the method by which pain, and therefore increased SNA, is stimulated may also 

induce a distinct influence on FMD responses (Dyson et al., 2006). In the present study the 

intensity and duty cycle for the ischemic handgrip exercise used in the CTRH test (30% MVC, 

2-second contraction, 3-second relaxation) were determined based on pilot work suggesting 

that it would be tolerable for participants. However, we did not obtain subjective measures of 

pain, nor did we take any physiological measures of SNA (e.g., plasma norepinephrine and 

epinephrine). If the CTRH-FMD responses were impacted by participant experience of pain, 

these measures would provide insight on whether this impact was directly the result of 

increased SNA during ischemic handgrip exercise. 

Given the unexpected positive relationship between baseline diameter and FMD in the 

RH test we could not make a clear conclusion regarding the role of shear stress in the typical 

inverse relationship between baseline diameter and FMD within this sample. We originally 

hypothesized that by controlling the stimulus any relationship between baseline diameter, SR, 

and FMD would be eliminated. This would provide some insight on whether endothelial 

function is inherently different (i.e., a difference that is independent of shear stress) across 

varying baseline diameters. While we eliminated the relationship between baseline diameter 

and FMD in the CTRH test, it is unclear what role shear stress control played because in the RH 

test large diameters experienced a smaller stimulus, but a larger response.  

3.4.9 Conclusion 

We demonstrated that it is possible to create a uniform, targeted transient shear stress 

stimulus across a wide range of brachial artery diameters, thus eliminating the need to 

mathematically adjust FMD responses for differences in stimulus magnitude. However, the 

unexpected inverse stimulus-response relationship in the CTRH test and positive baseline 
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diameter-response relationship in the RH test obscure our ability to make definitive conclusions 

regarding the isolated influence of baseline diameter on FMD/endothelial function. We 

speculate that in this study, shear stress-independent factors are contributing to these 

unexpected relationships and the variability observed in the CTRH-FMD responses. Future 

research is needed to assess the utility of the CTRH test in a broader population and determine 

whether there are intrinsic differences in endothelial function across varying artery diameters.  
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Chapter 4 

General Discussion 

The study outlined in Chapter 3 was the first to experimentally control and target a 

transient SR stimulus to evoke FMD in a wide range of brachial artery diameters. We 

demonstrated that compared to the standard RH test, the CTRH test had superior stimulus 

control and removed the significant influence of baseline diameter on the SR stimulus and 

FMD responses. Interestingly, although we substantially reduced stimulus variability in the 

CTRH test compared to the RH test we did not see a corresponding decrease in FMD variability 

in the CTRH test. We speculated that in a young healthy population stimulus variability is not 

the major source of FMD response variability and shear-independent factors are influencing 

FMD. Furthermore, due to unexpected relationships between baseline diameter and FMD that 

were observed in the standard RH test, we could not elucidate a role of shear stress in the more 

commonly observed inverse relationship between baseline diameter and FMD. Overall, this 

study has provided a foundation for future research to explore the effects of artery size on 

endothelial function using stimulus control. Moreover, controlled hyperemia offers a way for 

experimenters to create a uniform stimulus across participants removing the need for 

mathematical adjustments of FMD responses to differences in stimulus magnitude. The 

following sections of this chapter will address the methodological considerations of the study in 

Chapter 3 and propose future directions.  
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4.1 Methodological Considerations 

4.1.1 Screening and scheduling participants 

Over the course of this study 54 volunteers were screened and 31 of these volunteers 

participated. The sample size required to adequately power this study and allow us to detect a 

3% difference in the within-subject SR trial to trial CV between the RH and CTRH tests was 

calculated as 28. However, as described in Chapter 3, the final analytical sample was 21. At the 

time of screening we excluded 23 volunteers for a variety of reasons. Eleven volunteers were 

excluded after their answers to the medical screening questionnaire revealed that they did not 

meet all the required criteria for participation. Four were excluded as they frequently left the 

Kingston, Frontenac, Lennox and Addington (KFL&A) area when the University was 

enforcing a 14-day waiting policy for anyone to visit campus after leaving KFL&A (regardless 

of exposure and symptom status) due to the COVID-19 pandemic. An additional four 

volunteers had been screened in but were never scheduled due to limited availability. Lastly, 

during the familiarization with the CTRH test in the screening visit, two volunteers were 

excluded because the observed SR in their brachial artery was well below the required SR 

target and one volunteer chose not to participate due to discomfort experienced with the CTRH 

test. 

4.1.2 Training to perform arterial compression 

A key component of the CTRH test was the arterial compression during the 40s of cuff 

release as this allowed us to control and target SR. Two members of our group were selected as 

“compressionists” who were responsible for applying compression to the brachial pulse. As 

described in Chapter 3, a live (3s average) velocity readout was provided to allow for 
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adjustments in the amount of pressure applied to the brachial pulse in order to achieve the 

target velocity, and therefore, SR. Through four months of practicing and pilot work, the 

compressionists optimized the arterial compression technique. The accuracy of SR targeting 

using the arterial compression technique is demonstrated well by the average SR during the 40s 

of cuff release (observed SR: 119.3 ± 5.0s-1, target SR: 120s-1) and low CVs for the 40s SR-

AUC within- (3.3 ± 2.3%) and between-subjects (4.2%).  

4.1.3 Trial exclusions 

Across the 21 participants included in the final analytical sample, 65 trials for each test 

were completed (two participants completed four trials of both the RH and CTRH tests). After 

each trial, image and velocity data were qualitatively assessed by two reviewers (Kralj and 

Pyke) to determine if the trial should be excluded. CTRH trials were also assessed based on the 

targeting accuracy by the compressionist. If there was no compression applied the trial was 

excluded. Of the 65 trials completed in the RH test, five were excluded due to poor quality 

ultrasound data (final number of trials included in analysis: 60). Five CTRH trials were excluded 

because the compressionist was unable to control the SR stimulus at the specified target, four 

more were excluded due to poor quality ultrasound data, and three trials were excluded as no 

arterial compression was applied because the observed velocity was well below the target 

velocity needed to achieve the target SR (final number of trials included in analysis: 53; a 

minimum of two trials was included for each participant in each test).  

The number of trials excluded for each test as a result of poor ultrasound data quality was 

similar to that reported in previous FMD studies by our group (King et al., 2013; Szijgyarto et 

al., 2013; Slattery et al., 2016; Plotnick et al., 2017; D'Urzo et al., 2018; McPhee & Pyke, 

2018; Tremblay et al., 2019; McGarity-Shipley et al., 2021). The issue of excluding trials due 
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to poor targeting in the CTRH test could be resolved by increasing the number of arterial 

compression “training” trials prior to commencing a study using this technique. Although, the 

additional time and resources required to train the compressionists is likely to impact feasibility 

of widespread adoption of the CTRH test. Another limitation to widespread adoption of the 

CTRH test is the necessity of a large hyperemic response. Two volunteers at the time of 

screening and three trials during the CTRH-FMD experimental visit were excluded because the 

observed SR was below the required target SR. This indicates that it is not possible to achieve a 

large enough hyperemic response to allow for control of the SR stimulus at the selected target 

with the CTRH test in every young, healthy individual. Furthermore, it might not be feasible to 

use the CTRH test in other populations that exhibit small hyperemic responses [e.g., older 

individuals (Aizawa et al., 2019) and individuals with cardiovascular disease risk factors 

(Mitchell et al., 2004)].  

4.1.4 Measurements of pain and muscle sympathetic nervous activity  

A major strength of the study outlined in Chapter 3 was the accurate and precise targeting 

of SR achieved with the CTRH test. However, despite a narrow stimulus range, we detected an 

inverse relationship between 40s SR-AUC and FMD (absFMD and FMD%). Furthermore, the 

similar degree of FMD response variability between the RH and CTRH test was unexpected and 

raises questions regarding what the source of variability in the CTRH test could be if not the SR 

stimulus. We speculated that elevations in SNA, indicated by a rise in MAP during the final 

minute of occlusion in the CTRH test, may have influenced the observed FMD responses, as 

some (Hijmering et al., 2002; Lind et al., 2002; Thijssen et al., 2014) but not all (Dyson et al., 

2006) work has identified a negative impact of acutely elevated SNA on FMD. Ischemic 

handgrip exercise stimulates SNA through the muscle metaboreflex (Cornett et al., 2000), 
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perceived pain (Maixner et al., 1990), or a combination of these factors. Perhaps SNA varied 

with the magnitude of stimulus imparted on the brachial such that participants who experienced 

a larger 40s SR-AUC had greater SNA than those who experienced a smaller 40s SR-AUC. 

While this could explain the inverse stimulus-response relationship this brings into question 

whether there was variability in SNA. Obtaining measurements of perceived pain and muscle 

sympathetic neural activity (MSNA, using microneurography) could provide insight on this 

hypothesis.  

As described in Chapter 3, the selected intensity and duty cycle for the ischemic handgrip 

exercise used in the CTRH test were chosen based on pilot work that indicated participants 

could tolerate the associated discomfort. King et al. (2015) tested RH-FMD in the brachial 

artery of young, healthy women before and 15 minutes following completion of a pain task 

involving three minutes of ischemic, isometric handgrip exercise at 40% MVC. RH-FMD was 

significantly impaired 15-minutes post-pain task after the pain and hemodynamic responses had 

fully abated. Although the exercise in the CTRH test was at a slightly lower intensity and 

rhythmic, and the CTRH-FMD response was measured immediately following the release of 

occlusion, it is possible that pain experiences blunted and/or contributed to variability in CTRH-

FMD.  

Sympathetically driven cardiovascular changes to an acute painful stimulus may be 

influenced by the perception of pain during the exposure. Huang et al. (2021) hypothesized that 

due to the apparent link between neural systems modulating pain and blood pressure, initial 

MSNA responses in a group of healthy, young men and women would correspond to their 

perception of pain (pain rating) and blood pressure during a 2-minute cold pressor test (CPT) 

(Huang et al., 2021). Interestingly, based on the MSNA profiles from baseline until 30s of the 
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CPT, Huang et al. (2021) identified two groups: positive (increased MSNA burst frequency) 

and negative (decreased MSNA burst frequency) responders (Huang et al., 2021). The positive 

responders reported greater pain scores in comparison to the negative responders and the 

magnitude of change in blood pressure and MSNA corresponded with participants’ perception 

of pain. There appear to be distinct initial MSNA responses during exposure to an acute painful 

stimulus and these responses are linked to perceived pain and changes in blood pressure. 

Extending these findings to the present study it is possible that our sample also demonstrated 

these distinct MSNA responses during the CTRH test. Thus, the degree of influence on FMD 

may have varied with differing levels of pain and MSNA. 

MSNA responder types have also been identified for static handgrip exercise. Incognito 

et al. (2018) identified three responder types (positive, non-responders, and negative 

responders) in a group of young, healthy men based on the change in MSNA from baseline 

until the first minute of static handgrip exercise at 30% of maximum voluntary contraction 

(Incognito et al., 2018). In contrast to the findings of Huang et al. (2021), differences in MSNA 

responder types, and therefore sympathetic outflow, were not paralleled by the magnitude of 

blood pressure changes (Incognito et al., 2018). In relation to our study, these findings suggest 

that the presence of MSNA responder types could have contributed to response variability in 

the CTRH test. We hypothesized that the magnitude of change in MAP from baseline until the 

last minute of occlusion might reflect MSNA increases and predict FMD responses, but linear 

regression analysis revealed no significant relationships. When considering the findings of 

Incognito et al. (2018), it becomes apparent that MAP cannot be used as a reliable surrogate 

indicator of MSNA responses. The absence of a relationship between MAP and FMD does not 

rule out the potential influence of MSNA on FMD. Rather, more direct measures of MSNA 
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(e.g., microneurography) are needed in order to understand how MSNA varied across 

participants, and in turn, whether FMD was affected differently across responders. However, 

cardiovascular responses (e.g., alterations in vascular conductance and blood pressure) to 

changes in MSNA differ substantially between individuals and sexes (Fairfax et al., 2013; 

Briant et al., 2016; Hissen & Taylor, 2020). Thus, it cannot be assumed that the degree of 

vasoconstriction for a given increase in MSNA (neurovascular transduction) and magnitude of 

SNA induced FMD impairment will be consistent between individuals.  

4.2 Future Directions 

As previously described, we could not make clear conclusions regarding the isolated 

influence of baseline diameter on the typically observed inverse relationship between baseline 

diameter and FMD due to the unexpected positive relationship between baseline diameter and 

FMD in the RH test. Repeating this study in a larger sample could help validate the findings 

and confirm that the unexpected relationships we observed were not spurious or the result of 

sampling bias.  

We utilized 3-minutes of rhythmic (2s-contraction, 3s-relaxation) ischemic handgrip 

exercise at 30% MVC as pilot work demonstrated that this intensity and duty cycle were 

tolerable for participants and would evoke a large hyperemic response. Unfortunately, we did 

not obtain any subjective or physiological measures of pain. From conversations with 

participants during each visit it was unanimous that the CTRH test was more uncomfortable than 

the RH test. Future studies should consider alternative methods of augmenting microvascular 

vasodilation that minimize the amount of discomfort experienced by participants. This could 

involve shortening the duration of the exercise or lowering the intensity to a level that would 

reduce discomfort without compromising the ‘hyperemic reserve’. Alternatively, using a longer 
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occlusion (Joannides et al., 1997; Mullen et al., 2001; Pyke et al., 2010) or passive hand 

heating (Mullen et al., 2001; Joannides et al., 2002; Pyke et al., 2004; Bellien et al., 2006) with 

arterial compression to maintain baseline SR while the cuff is not inflated could be viable 

options to create sufficient ‘hyperemic reserve’ to allow stimulus control. These methods could 

help minimize or eliminate elevations in SNA that may influence FMD (possibly contributing 

importantly to FMD variability) and make the CTRH test accessible to populations that may be 

unable to perform ischemic handgrip exercise at the required intensity (e.g., young children, 

older adults, individuals with exercise intolerance).  

4.3 MSc Thesis Journey 

When I began my MSc under the supervision of Dr. Pyke I did not have a set project idea 

in mind, however, this meant that I had plenty of flexibility. Over the course of an independent 

study with Dr. Pyke, I gained an understanding of the crucial role that the endothelium plays in 

regulating vascular health, methods to evoke FMD in order to assess endothelial function, and 

the value that these tests offer. As my knowledge of the field expanded, I began to identify gaps 

and questions in the literature that remained. Dr. Pyke proposed a project idea that aimed to 

control a transient SR stimulus and isolate the impact of baseline diameter on endothelial 

function, and I was immediately intrigued. This study could help further our understanding of 

endothelial function across varying brachial artery diameters and could introduce a new, more 

reliable way of increasing SR across participants without the need for complicated and 

potentially erroneous mathematical corrections.  

Unfortunately, the COVID-19 pandemic brought our lab and the world to a standstill. 

Losing access to the lab for four months due to imposed lockdowns meant that I could not 

continue improving my ultrasound skills or conduct pilot work to develop and optimize the 
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methods for my thesis project. A silver lining of the lockdowns was the opportunity it gave me 

to immerse myself in the literature on FMD and focus on developing my thesis proposal. When 

we were finally allowed back into the lab with the appropriate safety measures in place, it 

became clear that completing my MSc in a timely manner would be challenging. Most of the 

advertising for this study was done through Facebook posts on specific Queen’s University 

student groups and flyers posted around campus. However, the transition from in-person to 

online learning meant that a majority of students had left KFL&A which made recruitment 

slow and challenging. Furthermore, we did not have any undergraduate interns or thesis 

students in the lab to aid with data collection during this time which meant that, as graduate 

students, we had to rely solely on one another for help. This emphasized the importance of 

teamwork and collaboration in the lab and I am forever grateful for each of my lab members 

who made this thesis project possible. Despite the limitations that the pandemic has posed to 

conducting human participant research, I am extremely proud that I was able to develop and 

refine my ultrasound skills, conduct a pilot study, screen 54 volunteers, and collect on 31 

participants.  

Over the course of my MSc I have gained an incredible amount of appreciation for the 

level of organization, time management, collaboration, and critical thinking needed to plan and 

conduct a research study. I have grown professionally and personally and have learned more 

about my abilities and limits. The multidisciplinary nature of the School of Kinesiology and 

Health Studies and graduate seminar series have helped me develop new perspectives and gain 

a more holistic understanding of health and well-being. I cannot thank Dr. Pyke enough for the 

guidance and assistance that she has provided over the past two years and for continuously 

motivating and believing in me even when I doubted myself. Although my future remains 
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unknown, I look forward to implementing the skills and perspectives I have developed during 

this experience in future endeavors.  

4.4 Conclusion 

The study in Chapter 3 is the first to demonstrate that a uniform, targeted transient shear 

stress stimulus can be created across a wide range of brachial artery diameters. However, 

unexpected relationships revealed in the RH and CTRH test pose a challenge to making 

definitive conclusions regarding initial hypotheses around the interrelationships between 

baseline diameter, the shear stress stimulus and FMD. Despite this limitation, this study offers 

promise for developing a new method to control a transient shear stress stimulus, eliminating 

the need to mathematically adjust FMD responses for differences in stimulus magnitude. Future 

studies can assess the utility of a CTRH test in a broader population exploring alternative ways 

to increase the hyperemic reserve.  
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Appendix B: Consent Form 

School of Kinesiology and Health Studies 
Queen’s University 

 
Kyra E. Pyke, Ph.D., Principle Investigator 

Study performed in Room 400 D, Kinesiology Building, 28 Division 
  

 
CONSENT FORM 

FOR RESEARCH PROJECT ENTITLED: 
  

Flow mediated dilation variability : reactive hyperaemia vs. exercise induced 
increases in shear stress.  Developing a technique to control reactive hyperemia 
 
This is an important form.  Please read it carefully.  It tells you what you 
need to know about participation in this laboratory session.  If you agree to 
take part in this laboratory session, you need to sign this form.  Your 
signature means that you have been told about the laboratory session and 
what the risks are.  Your signature on this form also means that you want 
to take part in this laboratory session. 
 
Purpose of the laboratory session: 
 
You are being invited to participate in a laboratory session directed by Dr. 
Kyra Pyke and Olivera Kralj to evaluate the variability of the measured 
arterial response to different patterns of increased blood flow. Olivera Kralj 
will read through this consent form with you and describe the procedures 
in detail and answer any questions you may have.  These procedures have 
been reviewed for ethical compliance by the Queen’s University Health 
Sciences and Affiliated Teaching Hospitals Research Ethics Board. 
 
The purpose of this study is to develop a new technique for controlling and 
targeting the magnitude and duration of brachial artery (large artery in the upper 
arm) blood flow following 5 minutes of forearm occlusion (reduced blood flow) 
combined with 3 minutes of occluded handgrip (squeezing) exercise.  
 
Benefits For You: There are no direct benefits to you by participating in this 
study.  
 
Description of Experiment and Risks: 

There is a remote possibility that during your research activities you could 
come into contact with someone with COVID-19. If this highly unlikely 
event were to occur, we are required by the Public Health Unit to retain on 
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file your email address or phone number to share with them for contact 
tracing purposes. 

 
What will happen?   During this study, you will take part in the specific 
experimental procedures outlined below.  You will only be asked to participate 
in procedures marked with a tick mark in the adjacent box. 
 
 

❑ HEART RATE MEASUREMENTS:  
Heart rate is continuously monitored by an electrocardiogram (EKG) 
through 6 spot electrodes on the skin surface.  The electrodes are placed 
on the chest and abdomen and they can detect the electrical activity that 
makes your heart beat.  
RISKS:  This procedure is entirely safe.  In a very small group of 
individuals, a skin rash might occur from the adhesive on the electrodes.  
There is no way of knowing this ahead of time.  The rash, if it develops, 
will resolve itself within a day or so.  Avoid scratching the rash and keep 
clean. 

 
❑ BLOOD PRESSURE MEASUREMENTS:  

A small cuff is fit around your finger.  This cuff inflates to pressures that 
match the blood pressure in your finger, so you feel the cuff pulsing with 
your heart beat.  It shines infrared light through your finger to measure 
changes in the size of your finger with each heart beat. An upper arm cuff 
will be placed on the right arm and will also be inflated periodically. This 
procedure is similar to what is experienced when blood pressure is taken 
at the doctor’s office. 
RISKS: This technique is non-invasive and poses no risk. 

 
❑ LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER 

MEASUREMENTS: The blood flowing through your brachial (above the 
elbow) artery can be detected, and your artery size measured using 
Doppler and imaging ultrasound.  A probe will be placed on the skin over 
your artery and adjustments in its position will be controlled by hand by the 
investigator.  High frequency sound (ultrasound) will penetrate your skin.  
The returning sound provides information on blood vessel size and blood 
flow.   
RISKS: This technique is non-invasive and poses no risk.  

 
❑ HANDGRIP EXERCISE:  You will be asked to perform handgrip 

squeezing exercise.  You will be asked to perform maximal contractions 
(duration ~2s) and up to 6 min of rhythmic contractions at an intensity that 
is 10-60% of your maximal force.   
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RISKS  You may experience muscle soreness in the muscles of your 
forearm for 24-72 hours after performing the handgrip exercise, much as 
you would if you had been lifting weights. Your heart rate and blood 
pressure will increase somewhat during the exercise, but the risks 
associated with this are no greater than for other forms of aerobic 
exercise.  Participation in aerobic exercise has a very low risk of 
cardiovascular complications in young healthy participants. 

 
❑ OCCLUDED HANDGRIP EXERCISE: 

A blood pressure cuff will be placed on your left forearm and inflated to 
250 mmHg to decrease your forearm blood flow. You will be asked to 
perform handgrip (squeezing) exercise at 30% of your maximal 
contraction force (duration ~2s) for up to 3 min with the same hand. The 
cuff will remain inflated for 5 minutes with ultrasound measures of brachial 
artery blood flow and diameter performed throughout the exercise.  
RISKS: You will feel some discomfort in the forearm, a sensation that is 
similar to what you may feel when carrying a heavy bag, but it should not 
be painful. If the handgrip exercise becomes painful at any point, the trial 
will be terminated. When you perform ischemic handgrip exercise it is 
likely that your heart rate and blood pressure will increase.  This should 
pose no more risk than the similar heart rate and blood pressure 
increases that occur when engaging in strenuous exercise.  Exercise is 
low risk for healthy individuals and you will be screened for participation 
with a physical activity readiness questionnaire. 
 

❑ FOREARM OCCLUSION: A blood pressure cuff will be secured just 
above or below your elbow on your left arm.  This cuff will be inflated to 
250mmHg for 5 min to limit blood flow into your forearm.  You may feel a 
strong pressure and some mild tingling with cuff inflation but it should not 
be uncomfortable.  If there is pain, immediately notify the investigator and 
the cuff will be deflated and repositioned.  Upon cuff release there will be a 
large rush of blood into your forearm.  This may feel warm and you may 
experience mild tingling but no discomfort.    
RISKS: This technique is non-invasive and poses no risk. 
 

❑ ARTERIAL COMPRESSION: Arterial compression is used to control the 
velocity of blood passing through an upstream artery by compressing the 
same artery downstream from the area of interest. An experimenter will 
locate the brachial pulse on the inside of your left elbow and mark it with a 
non-toxic, washable marker. Then they will use their fingers to apply some 
pressure to this area. You will experience some mild pressure but no 
discomfort. 
RISKS: This technique is non-invasive and poses no risk.  
 

 
❑ LOWER LIMB BLOOD FLOW AND VESSEL DIAMETER 
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MEASURMENTS: The blood flowing through your common femoral 
arteries (inner portion of the top thigh) can be detected using Doppler 
and imaging ultrasound. A probe will be placed on the skin over your 
artery and the investigator will control adjustments in its position by hand. 
High frequency sound (ultrasound) will penetrate your skin. The returning 
sound provides information on blood flow. 

 RISKS: This technique is non-invasive and poses no risk. 
 

❑ PASSIVE LEG MOVEMENT: A hinged knee brace will be secured on your 
left leg, spanning from your upper thigh to mid-calf. This will permit 
flexion and extension of your leg through a 90- to 180-degree motion. An 
experimenter will support your leg and move it through this range while 
you relax in a semi-recumbent seated position. During movement of your 
leg if you feel any pain, immediately notify the investigator and the test 
will be stopped and the brace will be repositioned. 
RISKS: This technique is non-invasive and poses no risk. 
 

❑ ARTERIAL PRESSURE MEASUREMENTS: A small pencil like pressure 
transducer will be placed over your pulse on the left side of your neck, on 
your femoral artery pulse in your upper left thigh, the inner portion of your 
left ankle or at your elbow and wrist. These recordings will be used to 
measure how quickly the pressure wave created by your beating heart 
travels through your arteries. This tells us about the stiffness of your 
arteries. These measurements will be performed periodically while you 
rest. 
RISKS: This technique is non-invasive and poses no risk. 
 

❑ 7 DAY PHYSICAL ACTIVITY RECALL:  
This is a questionnaire that will ask you to report your physical activity 
levels over the past 7 days.  
RISKS: This poses no risk. 
 

 
How long will it take? 
 

❑ SCREENING AND EXPERIMENTAL VISITS:  
 

❑ On an initial visit you will be asked to lie down while we will use 
ultrasound to get an image of the brachial artery (in your upper arm) to 
make sure that we can get clear pictures. You will also be asked to fill out 
a medical screening form and answer some questions about physical 
activity. Your height, weight and blood pressure will be taken as well. 
These questions and measures will allow us to determine whether or not 
you meet the study inclusion and exclusion criteria. If you meet these 
inclusion criteria, you will also be asked to perform 3 maximal voluntary 
handgrip contractions (squeezing, separated by 1 min rest) and some 



 

93 

 

repeated occluded handgrip contractions to allow you to practice and to 
allow us to determine if you can reach the required magnitude of blood 
flow for the subsequent visits.  This visit will take approximately 20-30 
min 

 
❑ Experimental visits 1 and 2 will take a maximum of 120 min. Both 

visits will begin with you laying down and resting, while being 
instrumented for heart rate, blood pressure and blood flow 
(ultrasound) measurements. During the 30 minutes of rest we will 
ask you questions about what you ate for your last meal and your 
physical activity for the past 7 days. After the 30 min rest period 
the blood pressure cuff placed below your elbow. Using a tape 
measure, we will measure the distance from the inside of your 
elbow to the location of the ultrasound probe, this is to ensure that 
we are imaging the same part of your brachial artery during the 
following experimental visit.  

 
❑ Standard arm occlusion protocol visit: We will record brachial 

artery blood flow and diameter via ultrasound for 1 minute prior to 
cuff inflation. The cuff will then be inflated for 5 minutes. Once 
these 5 minutes have passed the cuff will be released while we 
continue to ultrasound for 3 minutes following cuff release. This will 
be done 3 times with 20 min of rest between each trial.  

 
❑ Occluded handgrip exercise protocol visit: During the 30 

minutes of rest a lab member will locate your brachial pulse (inside 
of elbow) and mark it with a non-toxic, washable marker. We will 
record brachial artery blood flow and artery diameter via ultrasound 
for 1 minute prior to cuff inflation. The cuff will be inflated for 5 
minutes during which you will perform 3 minutes of handgrip 
(squeezing) exercise at 30% of your maximum voluntary 
contraction. For each contraction you will hold it for 2 seconds and 
release/relax for 3 seconds. The exercise will begin 1 minute after 
the cuff is inflated and will end 1 minute before the cuff is deflated. 
Once the cuff is released, we will continue to ultrasound for 3 
minutes. This will be done for 3 trials with 20 min of rest between 
each trial. 

 

 

❑ METHODS PRACTICE VISIT: 
 

❑ This practice visit will take approximately 75 minutes. You will be 
asked to answer several questions from a medical screening form 
and physical activity readiness questionnaire to assess safety of 
participation. You will then lay down and perform 3 maximal 
voluntary handgrip contractions (squeezing, separated by 1 min 
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rest). While still laying down you will be instrumented with a blood 
pressure cuff placed below your elbow and we will use ultrasound 
to get an image of the brachial artery to make sure that we can get 
clear pictures. You will rest for 15 minutes after performing the 
maximum handgrip contraction. During this time, a lab member will 
also locate your brachial artery pulse (inside of the elbow) and mark 
it with a non-toxic, washable marker. You will perform 1 trial of each 
protocol listed below, with 15 minutes of rest between the 2 trials. 

 
❑ Standard arm occlusion protocol practice: We will record 

brachial artery blood flow and diameter via ultrasound for 1 minute 
prior to cuff inflation. The cuff will then be inflated for 5 minutes. 
Once these 5 minutes have passed the cuff will be released while 
we continue to ultrasound for 3 minutes following cuff release.  

 

❑ Occluded handgrip exercise protocol practice: We will record 
brachial artery blood flow and artery diameter via ultrasound for 1 
minute prior to cuff inflation. The cuff will be inflated for 5 minutes 
during which you will perform 3 minutes of handgrip (squeezing) 
exercise at 30% of your maximum voluntary contraction. The 
exercise will begin 1 minute after the cuff is inflated and will end 1 
minute before the cuff is deflated. Once the cuff is released, we will 
continue to ultrasound for 3 minutes.  

 
Talking and Movements: 
 

Talking or moving during the times that we are taking measurements will 
cause variations in the measurements we are making  If you have any 
discomfort, please let us know immediately and we can temporarily break 
from data collection.  However, if everything is comfortable, please 
maintain a very quiet posture.  Even very slight movements interfere with 
our experiments. 

 
Special Instructions: 

❑ Participants are asked to not exercise, drink alcohol or caffeine 
during the 24 hours prior to the study.  Also, we ask that you do not 
consume any food during the 6 hours preceding the experiments 
(consuming water during this period is fine).  

❑ If you are attending the two experimental visits please make sure 
that the last meal/snack that you consume before your visit is 
typical for you and repeat the same meal/snack prior to each visit 
(we will ask you to describe this meal/snack each visit via a meal 
log). 

❑ You should empty your bladder immediately prior to starting the 
test.   

❑ When the study is finished, we will have you sit in the laboratory for 
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a short time to allow you to readjust to the upright posture.  These 
precautions should be enough to prevent any sensations of 
dizziness.  Please be aware that sensations of dizziness are not 
normal and you should let us know if you experience any 
discomfort before you leave the laboratory. 

 
 
❑ Attached Medical Screening Form: 

This questionnaire asks some simple questions about your health.  This 
information is used to guide us regarding the safety of your participation in 
handgrip exercise. Current health problems indicated on this form which 
are related to cardiovascular diseases exclude you from the study.   

 
Safety Precautions: 
 
Safety precautions for the study will include the following: 
 

 
❑ Before entering the study you will be screened using a medical screening 

form if you will be participating in handgrip exercise.  You will not be able 
to enter the study if anything is found which indicates that it is dangerous 
for you to participate. 

 
Confidentiality: 
 

All information obtained during the course of the study is strictly 
confidential and will not be released in a form traceable to you, except to 
you and your personal physician.  Your data and any personal health 
information reported on the health questionnaire, will be kept in locked 
files which are available only to the investigators and research assistants 
who will perform statistical analysis of the data.  There is a possibility that 
your data file, including identifying information, may be inspected by 
officials from the Health Protection Branch in Canada in the course of 
carrying out regular government functions.  The study results will be used 
as anonymous data for scientific publications and presentations, or for the 
education of students in the School of Kinesiology and Health Studies at 
Queen’s University. 
 

Study Compensation 
❑ You will receive a $ 40 gift certificate to thank you for your participation in 

the two experimental visits of this study.  If you are only able to attend 
one experimental visit you will receive a $20 gift certificate. 

 
 
Freedom to Withdraw  
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Your participation in this laboratory session is voluntary.  You may refuse 
to participate or you may discontinue participation at any time without 
penalty and without affecting your future academic or other commitments 
in the School of Kinesiology and Health Studies. 

 
Participant Statement and Signature Section 
I have read and understand the consent form for this study.  I have had the 
purposes, procedures and technical language of this study explained to me.  I 
have been given sufficient time to consider the above information and to seek 
advice if I choose to do so.  I have had the opportunity to ask questions which 
have been answered to my satisfaction.  I am voluntarily signing this form.  I will 
receive a copy of this consent form for my information. 
 
If at any time I have further questions, problems or adverse events, I will 

contact: 
  Kyra E. Pyke, Ph.D. 
  pykek@queensu.ca 

(Principal Investigator) 
Room 206, Kinesiology building, 28 Division St. 
Queen’s University, Kingston, ON, K7L 3N6 

Student Investigators: 
  Olivera Kralj 19olk@queensu.ca 

Rm 400D, Kinesiology building 28 Division St. 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: (613) 533-6000, ext, 79377 

 
If I have any questions concerning research subject’s rights, I will contact: 

Dr. Albert F. Clark, Chair of the Queen’s University Health Sciences 
and Affiliated Teaching Hospitals Research Ethics Board 
Office of Research Services 
Fleming Hall, Jemmett Wing 301 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: 1-844-535-2988 

 
By signing this consent form, I am indicating that I agree to participate in this 

study. 
 
______________________  _________________________ 
Participant Signature   Person obtaining consent Signature 
 
________________________          _________________________ 
Participant Name (please print)  Person obtaining consent Name (please 

print) 
 
______________________  ______________________ 
Date (day/month/year)   Date (day/month/year) 

mailto:19olk@queensu.ca
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Appendix C: Medical Screening Questionnaire 

School of Kinesiology and Health Studies 

 

 

 

 

 

 

MEDICAL QUESTIONNAIRE FOR RESEARCH STUDY 

 

Flow mediated dilation variability: reactive 

hyperaemia vs. exercise induced increases in shear 

stress Developing a technique to control reactive 

hyperemia 
(consent v. 29) 

 
Faculty Investigator: 

Kyra E. Pyke, PhD, School of Kinesiology and Health Studies 

Graduate student investigator: Olivera Kralj  

 

 

To the study participant:  Please answer all questions in sections 1 and 2 of this 

form.   
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SECTION 1:  PERSONAL DATA (please print) 

 

Participant number:  ____________________________________________ 

 

Year of birth:  ______________________________________ 

 

Date:_________________________________________ 

 

SECTION 2:  GENERAL HEALTH  

Please read the 7 questions below carefully and answer each one 

honestly: check YES or NO. 
 

YES  NO 

1. Has your doctor ever said that you have a heart condition 

OR high blood pressure? 

 

  

2. Do you feel pain in your chest at rest, during your daily 

activities of living, OR when you do physical activity? 

 

  

3. Do you lose balance because of dizziness OR have you lost 

consciousness in the last 12 months? Please answer NO if 

your dizziness was associated with over-breathing 

(including during vigorous exercise). 

 

  

4. Have you ever been diagnosed with another chronic medical 

condition (other than heart disease or high blood pressure)? 

 

  

5. Are you currently taking prescribed medications for a chronic 

medical condition? 

 

  

6. Do you have an upper limb bone or joint problem (i.e. 

shoulder, elbow, wrist, and/or fingers) that could be made 

worse by becoming more physically active/doing handgrip 

exercise? Please answer NO if you had a joint problem in 

the past, but it does not limit your current ability to be 

physically active.  

  

7. Has your doctor ever said that you should only do medically 

supervised physical activity? 
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8. Do you have, or have you ever had, problems with any of the following? 

 Yes No 

         i. Heart or blood vessels   ___ ___ 

(these might include but are not limited to: heart attack, stroke, heart 

murmur angina, coronary artery disease, high blood pressure, high 

cholesterol, congenital heart disease, any heart operation, bleeding or 

clotting disorders) 

         ii. Nerves or brain     ___ ___ 

         iii. Breathing or lungs      ___ ___ 

         iv. Hormones, thyroid, or diabetes     ___ ___ 

         v. Muscles, joints, or bones  ___ ___ 

         

         vi. Other (please list) __________________________________________ 

9. Please list the diagnosis or/or briefly describe any problems identified in #8 

     
 

 
   
  
 
 
 
 
 
Are you presently taking any medications?  If yes, please list. 
 
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
10.  Do you have any allergies, adhesive tape ? 
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11. Do you currently smoke? ________ yes/no     

If previous smoker date of last cigarette_______________ (year, month) 

 

Men please stop here. 

 

For women only:  Hormonal fluctuations during the menstrual cycle can impact 

vascular function.  We need to schedule your two visits so that they are in the 

same phase of your menstrual cycle, specifically, days 1-5 of the menstrual phase. 

Please answer the following questions (i - vi) regarding your menstrual cycle 

history: 

i. Are you currently having menstrual periods?  

 

____ No (skip rest of form). 

____ Yes 

                      Date of the start of last menstrual period __________ 

 

ii. Have you given birth in the last 12 months? 

 

____ No 

____ Yes (skip rest of form). 

 

iii. Are you currently taking oral or any other form of hormonal 

contraceptives (e.g. intrauterine devices)? 

 

_____ Yes Brand ______________________________ 

_____ No  

 

 

iv. Currently, what is the average duration of your menstrual cycle (A 

full cycle goes from the start of menstrual flow [menses] to the 

start of the next menstrual flow [menses])? The average cycle 

length is 28 days. 

  

____ days. 
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v. How many days do you typically experience menstrual flow each 

cycle? Please check the correct response below: 

 

❑ 0 days         

❑ 1 day         

❑ 2 days       

❑ 3 days        

❑ 4 days        

❑ 5+ days 

 

vi.    Please estimate the number of menstrual cycles you have had in 

the past 12 months: 

____ (number) menstrual cycles.  
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Appendix D: Meal Log 

Please record information about your last meal before each experimental visit 
below. 
Remember: 

1) Do not drink alcohol or consume caffeine during the 12 hours prior to your 
experimental visit 

2) Have your last meal or snack (including liquids) at a minimum of 6 hours 
preceding your experimental visit – Water consumption during this time 
is fine 

3) Attempt to eat the same meal before each of your experimental visits.  
This will be easier if you eat a meal which you enjoy, and that you eat 
often 

 
Experimental Visit 1 Date: ___________ 
 
Meal time: ______________Time of experimental visit: __________________ 

Contents of meal (list all food and beverages): 

________________________________________________________________ 

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

________________________________________________________________ 

 

Experimental Visit 2 Date: ___________ 

 

Meal time: ______________Time of experimental visit: __________________ 

Contents of meal (list all food and beverages): 

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

________________________________________________________________ 
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Appendix E: Physical Activity Recall Questionnaire 
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