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Abstract 

A single layer of cells, called the endothelium, lines the arteries of the human body. In 

response to an increase in blood flow-associated shear stress, these cells stimulate an endothelial-

dependent, flow-mediated dilation (FMD). FMD resulting from a transient vs. a sustained 

stimulus may provide distinct information regarding endothelial function. Previous findings have 

shown that repeated, isolated increases in shear stress via forearm heat training improve brachial 

artery FMD in response to a transient shear stress stimulus (TS-FMD). However, the effects of 

heat training on FMD assessed in response to a sustained shear stress stimulus (SS-FMD) in the 

lower limb vasculature has not been examined. Therefore, the purpose of this thesis was to 

determine the impact of heat training on superficial femoral artery (SFA) shear stress on SFA 

FMD, assessed via TS-FMD (created via reactive hyperemia following release of thigh occlusion) 

and SS-FMD (created via plantar flexion exercise). Thirteen healthy female participants (23 ± 2 

years) underwent 8 weeks of unilateral lower limb heat training in 42.5C water for five 35-min 

sessions/wk. Biweekly assessments of TS- and SS-FMD were conducted in both the heated and 

unheated limbs. SFA diameter and blood velocity (for determination of FMD and the shear stress 

stimulus) were assessed using echo and Doppler ultrasound, respectively. The stimulus for TS-

FMD and SS-FMD was stable over the 8 weeks of training (p = 0.113 and p = 0.540, 

respectively) and not different between limbs (p = 0.705 and p = 0.073, respectively). In the 

control limb, TS-FMD was lower at weeks 4 (p = 0.012) and 8 (p = 0.011) vs. week 0. SS-FMD 

did not change over time (p = 0.220) in either limb (p = 0.246). The main findings of this study 

suggest that 8 weeks of heat training and the associated shear stress stimulus in the SFA: 1) may 

have prevented a decline in %TS-FMD, and 2) did not affect the FMD response to a sustained 

increase in shear stress. This suggests that 8 weeks of repeated lower limb heating does not 

increase shear stress to levels that improve SFA endothelial function in healthy, young females. 
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Chapter 1 

General Introduction 

Each year, 19 million deaths around the world are attributed to atherosclerotic 

cardiovascular disease (Naghavi et al. 2003). Endothelial cell health is a vital component of 

vascular function and structure (Vita and Keany 2002) that, when compromised, may play a role 

in the pathogenesis of atherosclerosis (Celermajer 1992). The endothelium is comprised of a 

single layer of cells that lines the arteries. Endothelial cells respond to an increase in blood flow-

associated shear stress by releasing vasoactive substances, which cause an endothelial-dependent, 

flow-mediated dilation (FMD) (Celermajer 1992). Non-invasive assessment of FMD in response 

to an experimenter imposed shear stress stimulus is currently used as an index of endothelial 

function (Thijssen et al. 2011a).  

The nature of the shear stress stimulus however, may alter the mechanism of FMD 

(Mullen et al. 2001). As such, evaluating FMD in response to a transient shear stress stimulus 

versus a sustained shear stress stimulus may elucidate different aspects of endothelial function. 

Understanding how the endothelium responds to a sustained stimulus is important as these stimuli 

are common in vivo (e.g. during exercise) and may play a role in perfusion (Delp and Laughlin 

1998). 

Exercise training is a potent physiological stimulus which has been shown to be effective 

in both the prevention and treatment of cardiovascular disease (Tanasescu et al. 2002, Taylor et 

al. 2004, Thompson et al. 2003). There has been growing interest in elucidating the mechanisms 

by which exercise training reduces the risk of atherosclerosis and evidence suggests that 

improvements in endothelial function play a role (Hambrecht et al. 2000). During exercise, shear 

stress increases in both active and inactive vascular beds and recent findings suggest that exercise 

training improves endothelial function through shear stress-dependent mechanisms (Tinken et al. 
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2010). The majority of this research however, has been conducted in the upper limb (Birk et al. 

2012, Carter et al. 2014, Clarkson et al. 1999, Naylor et al. 2011, Thijssen et al. 2007, Tinken et 

al. 2008, Tinken et al. 2010), while relatively few studies have focused on the lower limb 

(Rakobowchuk et al. 2008, Thijssen et al. 2007, Tinken et al. 2008). 

Although recent studies suggest shear stress is the dominant mechanism by which 

exercise improves endothelial function, exercise is a complex stimulus and there are many non-

shear stress mediated mechanisms through which endothelial function may be affected. For 

example, hypercholesterolemia, obesity, glucose tolerance, and hypertension (risk factors 

associated with endothelial dysfunction) have all been reported to improve with exercise training 

(Blair 1993, Blair et al. 1984, Holloszy et al. 1986, Tran and Weltman 1985) and there is 

evidence to indicate that these adaptations have a beneficial impact on endothelial function in the 

absence of exercise training (and therefore changes in shear stress) (O’Driscoll et al. 1997a; 

O’Driscoll et al. 1997b). Therefore, the relative contribution of shear stress and non-shear shear 

stress mediated mechanisms in stimulating endothelial adaptation to exercise remains unclear. 

Limb heating is a technique which can be used to induce exercise-independent increases 

in shear stress in vessels feeding the heated limb. Repeated exposure to heating or ‘heat training’ 

can therefore be used to isolate regular exposure to increased shear stress as a mechanism of 

endothelial adaptation (Naylor et al. 2011, Tinken et al. 2009). In 2011, Naylor et al. found that 

brachial artery FMD stimulated by a transient increase in shear stress (TS-FMD) increased in 

response to heat training, indicating that shear stress exposure alone can stimulate positive 

adaptation. However, the impact of heat training on conduit arteries in the lower limb has yet to 

be assessed. In addition, as mentioned above, the majority of exercise training studies in healthy 

participants have also only assessed upper limb adaptations. This is an important gap in the 

literature because 1) shear stress stimuli differ in the upper (inactive) limbs and the lower (active) 

limbs during exercise (Padilla et al. 2011a), 2) upper and lower limb blood vessels have been 
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shown to respond differently to endothelium-dependent vasodilator agents (Newcomer et al. 

2004), suggesting limb specific endothelial function and 3) atherosclerosis occurs in the lower 

limb, therefore the lower limb may be a clinically relevant site for evaluating endothelial function 

(Tendera et al. 2011). 

In addition to limited evidence in the lower limb, the impact of heat training on FMD 

stimulated by sustained increases in shear stress (SS-FMD) has not been investigated and the 

impact of exercise training on SS-FMD is unclear. This is important because, as stated above, 

sustained increases in shear stress are often encountered in vivo and the FMD that they stimulate 

may play a role in perfusion (Delp and Laughlin 1998). In addition, unlike the transient shear 

stress stimulus for TS-FMD, a uniform, sustained conduit artery shear stress stimulus for SS-

FMD assessment can be created at all testing points: pre, during, and post-intervention (Pyke and 

Jazuli 2011, Szijgyarto et al. 2013). This stimulus control may facilitate greater insight regarding 

the effects of chronically elevated shear stress on endothelial function than has previously been 

provided by examining TS-FMD responses alone. This is important as previous training studies 

have observed transient improvements in TS-FMD (a very brief stimulus) (Birk et al. 2012, 

Naylor, et al. 2011, Tinken et al. 2008, Tinken et al. 2010), while more stable improvements have 

been observed when assessing endothelial function using a more prolonged transient shear stress 

stimulus (Naylor et al. 2011, Tinken et al. 2008, Tinken et al. 2010). 

With this as a background, the overall purpose of the investigation described in chapter 3 

of this thesis was to determine the impact of repeated, isolated increases in superficial femoral 

artery (SFA) shear stress on SFA TS- and SS-FMD. Specifically, it was hypothesized that: 1) 

repeated exposure to isolated increases in SFA shear stress, via lower limb-heat training, would 

increase SFA TS-FMD and SS-FMD, and 2) the time course and magnitude of heat training-

induced changes would differ between TS- and SS-FMD such that TS-FMD would increase from 

baseline but return to baseline levels after 8 weeks, whereas SS-FMD would progressively 
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increase from baseline throughout the 8 weeks. To achieve this, participants underwent 8 weeks 

of unilateral lower limb heat training and biweekly assessments of TS- and SS-FMD in both the 

heated (experimental) and unheated (control) SFA. 
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Chapter 2 

Literature Review 

This literature review will summarize the results of key interventional studies that have 

examined conduit artery endothelial adaptations to exercise, the time course of these adaptations, 

as well as the mechanisms by which these adaptations may occur. 

2.1 Exercise Training and Endothelial Function 

Exercise training is a potent physiological stimulus which has been shown to be effective 

in both the prevention and treatment of atherosclerotic cardiovascular disease (Green 2009, Green 

et al. 2008, Laughlin et al. 2008, Newcomer et al. 2011). In 1993, Hambrecht et al. conducted a 

randomized controlled trial to determine the effects of different levels of leisure time physical 

activity on the progression of coronary atherosclerotic lesions in patients with coronary artery 

disease (CAD) (Hambrecht et al. 1993). Patients in the intervention group participated in 12 

months of regular physical exercise, while patients in the control group received usual care. The 

authors found that progression of CAD ceased when patients expended approximately 1,500 kcal 

per week in leisure time physical activity, and that it regressed when patients expended an 

average of 2,200 kcal per week. These findings suggest that progression of CAD is negatively 

correlated with amount of leisure time physical activity. Moreover, several epidemiological 

studies have suggested that regular exercise exerts beneficial effects on cardiovascular morbidity 

and mortality (Blair et al. 1995, Lakka et al. 1994, Leon et al. 1987). Given these results, there 

has been growing interest in elucidating the mechanisms by which exercise training reduces the 

risk of atherosclerosis. 

 The endothelium, a thin layer of cells that lines the arteries, plays a key role in vascular 

homeostasis via several vasoprotective effects. These effects include, but are not limited to: 

regulation of vascular tone, smooth muscle cell growth suppression, and regulation of 

inflammation in the vessel wall (Kinlay et al. 2001, Lüscher and Barton 1997, Melkumyants et al. 
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1989). Conduit artery endothelial dysfunction disrupts these homeostatic effects, precedes and 

plays a role in the pathogenesis of atherosclerosis, and has been shown to predict future 

cardiovascular events (Ross 1993, Rossi et al. 2008, Shechter et al. 2009, Yeboah et al. 2009, 

Zeiher et al. 1991). Therefore, a beneficial impact of exercise on endothelial function would be 

expected to contribute to a reduction in atherosclerotic risk. 

In 2000, Hambrecht et al. examined the effect of exercise training on endothelial function 

in patients with CAD and found that four weeks of cycle ergometry improved FMD in epicardial 

coronary vessels. Brachial artery TS-FMD, assessed via a reactive hyperemia (RH)-mediated 

increase in shear stress (created via the release of a brief limb occlusion; RH-FMD), has been 

shown to strongly correlate with coronary artery FMD (Takase et al. 1998) and in 2011, Green et 

al. found that a 1% increase in brachial artery TS-FMD was associated with a 9% reduction in 

cardiovascular risk. This knowledge, along with the fact that brachial artery TS-FMD can be 

assessed non-invasively, has led researchers to investigate the effects of exercise on TS-FMD in 

the brachial artery as well as in other peripheral conduit arteries (Clarkson et al. 1999, Thijssen et 

al. 2007, Rakobowchuk et al. 2008). In patients with chronic heart failure, an improvement in TS-

FMD was found following 4 weeks of daily handgrip exercise (Hornig et al. 1996). Several other 

studies have shown the beneficial impact of both isolated and whole body exercise training on 

TS-FMD in patients with cardiovascular disease (Green et al. 2004, Maiorana et al. 2003). These 

findings suggest that the beneficial effects of exercise training may be mediated through direct 

effects on the vascular endothelium (Padilla et al. 2011a). 

Several studies have also investigated the potential of exercise to stimulate improvements 

in endothelial function in healthy populations (Table 1). For example, Clarkson et al. sought to 

examine the effect of exercise training on brachial artery endothelium-dependent dilation in 

healthy young men (Clarkson et al. 1999). Twenty-five healthy, averagely fit males participated 

in 10 weeks of aerobic and anaerobic exercise training. Non-invasive assessment of arterial 
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endothelial and smooth muscle function were conducted using endothelium-dependent and 

endothelium-independent stimuli. As is typical in human studies, reactive hyperemia was used to 

assess endothelium-dependent dilation (TS-FMD), while sublingual glyceryl trinitrate (GTN) was 

used to measure endothelium-independent dilation. Following the exercise program, TS-FMD 

improved from 2.2 ± 2.4% to 3.9 ± 2.5% (P = 0.01), while no change was observed in GTN-

mediated dilation. These results, along with those of several other studies using various exercise 

training protocols (Birk et al. 2012, Tinken et al. 2008, Tinken et al. 2010), indicate that brachial 

artery endothelial function can be improved following exercise training in healthy individuals.
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Table 1. FMD Results of Training Studies in Healthy People 

 Authors Journal Year N Population Training Duration Change in FMD 

Upper 

Limb 

Clarkson 

et al. 

JACC 1999 25 Male military recruits 

(17-24 years) 

Exercise (aerobic 

and anaerobic) 

10 wks BA RH-FMD increased from baseline to week 

10 (2.2 ± 2.4% to 3.9 ± 2.5%; p = 0.01) 

 Thijssen 

et al. 

Acta Physiol 2007 8 Sedentary males (70 ± 

3 years) 

Exercise (cycling 

training) 

8 wks No change in BA RH-FMD 

 Tinken et 

al. 

J Physiol 2008 13 Males (21.6 ± 0.6 

years)  

Exercise (cycling 

and treadmill) 

8 wks BA RH-FMD increased at wks 2 and 4 (p < 

0.01), then returned towards baseline levels by 

wk 8 (baseline: 5.9 ± 0.5%, wk 2: 9.1 ± 0.6%, 

wk 4: 8.5 ± 0.6%, wk 8: 6.9 ± 0.7%) 

 Tinken et 

al. 

Hypertension 2010 11 Recreationally active 

males (22 ± 2 years) 

Exercise (bilateral 

handgrip training) 

8 wks BA RH-FMD increased at wks 2, 4, and 6, but 

was not significantly different from baseline at 

wk 8 (baseline: 4.4 ± 1.2%, wk 2: 6.5 ± 1.8%, 

wk 4: 6.9 ± 1.5%, wk 6: 5.8 ± 1.3%, wk 8: 4.6 ± 

0.7%; p < 0.001) 

 Naylor et 

al. 

Am J Physiol 

Heart Circ 

Physiol 

2011 9 Recreationally active 

males (21.5 ± 1.4 

years) 

Forearm heating 8 wks BA RH-FMD increased at wk 2 (p < 0.05), then 

returned to baseline levels by wks 6 and 8 

 Birk et al. J Appl Physiol 2012 11 Recreationally active 

males (22 ± 2 years) 

Exercise (cycling) 8 wks BA RH-FMD increased at wk 2, then returned 

towards baseline levels by wks 4 and 8 

(baseline: 5.8 ± 4.1%, wk 2: 8.6 ± 3.8%, wk 4: 

7.4 ± 3.5%, wk 8: 6.0 ± 2.3%; p = 0.04) 

 Carter et 

al. 

Eur J Appl 

Physiol 

2014 10 Recreationally active 

males (25.8 ± 3.1 

years) 

Lower limb 

heating 

8 wks BA RH-FMD increased from baseline to wk 4 

and returned to baseline levels by wk 8 

Lower 

Limb 

Thijssen 

et al. 

Acta Physiol 2007 8 Sedentary males (70 ± 

3 years) 

Exercise (cycling 

training) 

8 wks No change in SFA RH-FMD (p = 0.32) 

 Rakobow

chuk et 

al. 

Am J Physiol 

Regul Integr 

Comp Physiol 

2008 20 Untrained males and 

females 

Exercise (SIT and 

ET) 

6 wks Popliteal artery RH-FMD increased (SIT: ~ 6 ± 

2.0% to 7 ± 2.0%; ET: ~ 5 ± 2.5% to ~7 ± 3% (p 

< 0.05)) 

 

 Tinken et 

al. 

J Physiol 2008 13 Males (21.6 ± 0.6 

years)  

Exercise (cycle 

and treadmill) 

8 wks Popliteal artery RH-FMD increased at wks 2, 4, 

and 6 (p < 0.05), then returned to baseline levels 

by wk 8 (baseline: 6.2 ± 0.7%, wk 2: 9.1 ± 

0.6%, wk 4: 9.5 ± 0.6%, wk 6: 7.8 ± 0.5%, wk 

8: 6.5 ± 0.6%) 

FMD; flow-mediated dilation. RH; reactive hyperemia. BA; brachial artery. SFA; superficial femoral artery. SIT; sprint interval training. 

ET; endurance training. RH-FMD, a brief shear stress created with the release of limb occlusion; a form of TS-FMD.  
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 Atherosclerosis is common in the lower limb vasculature (Tendera et al. 2011) and while 

several studies have shown an improvement in upper limb artery function following exercise 

training (Laughlin et al. 2008), limited research has been done evaluating the effects of exercise 

on the lower limb conduit arteries. In 2007, Thijssen et al. examined the effects of endurance 

training on functional and structural characteristics of the lower limb vasculature (Thijssen et al. 

2007). Following 8 weeks of cycling training in healthy older men, no improvement in SFA TS-

FMD was observed, suggesting that endothelial function was not influenced by exercise training. 

Baseline diameter however, was increased in the common femoral artery following training, 

which the authors interpret to mean that structural adaptations occurred. It is important to note 

that vascular measures were only taken once at baseline and once following completion of the 

exercise program. Moreover, FMD was assessed in response to a transient shear stress stimulus 

(TS-FMD), and not a sustained shear stress stimulus (SS-FMD). Rakobowchuk et al. conducted a 

similar study in 2008 in which TS-FMD was assessed in response to both low-volume sprint 

interval training (SIT) and high-volume endurance training (ET) (Rakobowchuk et al. 2008). 

Contrary to the findings of the previous study, similar improvements in popliteal artery TS-FMD 

were observed following 6 weeks of either SIT (pre-training: ~ 6 ± 2.0% vs. post-training: 7 ± 

2.0%) or ET (pre-training: ~ 5 ± 2.5% vs. post-training: ~7 ± 3%). No significant differences 

were found in popliteal artery baseline diameter. Once again, vascular assessments were only 

performed at baseline and post-intervention. The discrepancy between the results of these studies 

could be due to differing lengths of training protocols as the intervention period in this study was 

6 weeks, while that of Thijssen et al. was 8 weeks. The reasons for the relevance of the time 

course of measurement are reviewed in the following section. 

2.2 Time Course of Functional and Structural Adaptations 

Several paracrine substances are produced by the endothelium to help maintain vascular 

health and to control vasomotor function of the arteries. Among these substances is NO, a critical 



 

 

10 

vasodilator for local control of vascular tone; synthesized from L-arginine via endothelial nitric 

oxide synthase (eNOS) (Palmer et al. 1988). The primary physiological stimulus responsible for 

the production of endothelium-derived NO is increased blood flow-associated shear stress 

(Rubanyi et al. 1986). 

Short-term exercise training has been found to induce functional adaptations, including 

an increase in the bioactivity of eNOS and NO (Delp et al. 1993, Delp and Laughlin 1997, Sessa 

et al. 1994, Sun et al. 1994), while it has been suggested that long-term exercise training induces 

structural adaptations in both conduit and resistance vessels, leading to arterial remodelling and 

an attenuation of shear stress (Brown 2003, Prior et al. 2003). As a result, one of the prevailing 

theories is that functional and structural vascular adaptations follow a different time course and 

therefore, may not be detected at certain time points.  

In 2008, Tinken et al. sought to elucidate the time course of both functional and structural 

adaptations induced by exercise training (Tinken et al. 2008). FMD was evaluated in response to 

both reactive hyperemia (TS-FMD), as well as reactive hyperemia + ischemic handgrip exercise. 

The addition of handgrip exercise during occlusion significantly prolongs the hyperemia that 

occurs post-occlusion release (resulting in a ‘sustained’ reactive hyperemia-mediated FMD [SS-

RH-FMD]). The authors use this test as an indirect measure of peak vasodilator capacity as it is 

thought to elicit a near maximal vasodilation, and interpret this as a surrogate measure of vascular 

structure. However, maximal dilation is not necessarily achieved as a result of this test as dilation 

depends on responsiveness to shear stress (Ku et al. 2014). Previous studies used resting arterial 

diameter as an index of structure and interpreted increases in resting diameter following training 

as structural adaptation (Thijssen et al. 2011a). Although resting arterial diameter may provide 

some insight as to vessel structure, it is also dependent on sympathetic nervous system activity, 

circulating hormone modulation, and local paracrine effects. As such, use of resting arterial 

diameter as an index of structural adaptation has limitations as well (Naylor et al. 2005) and 
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neither resting arterial diameter nor SS-RH-FMD provide an ideal index of conduit vessel 

structure. In the sections that follow, SS-RH-FMD is examined to provide insight regarding the 

potential impact of training on SS-FMD. 

In 2008, Tinken et al. measured TS-FMD and SS-RH-FMD in young healthy males in 

both the brachial and popliteal arteries at 2-week intervals throughout an 8-week training period. 

The training protocol consisted of both cycle and treadmill exercise. At weeks 2 and 4, brachial 

artery TS-FMD was increased relative to baseline (baseline: 5.9 ± 1.9%; week 2: 9.1 ± 2.1%; 

week 4: 8.4 ± 2.3%, P < 0.01) however, by week 8 TS-FMD had returned back to baseline levels 

(week 8: 6.9 ± 0.7%). In contrast, SS-RH-FMD was found to increase progressively throughout 

the intervention period (baseline: 8.1 ± 0.4%; week 2: 9.2 ± 0.6%; week 4: 9.9 ± 0.6%; week 6: 

10.0 ± 0.5%; week 8: 10.5 ± 0.8%, P < 0.05). Similar results were found in the popliteal artery 

with respect to both TS- and SS-RH-FMD. Similar time courses of adaptation in TS-FMD have 

been found in studies conducted by Birk et al. (2012) and Tinken et al. (2010) (Figure 1), and 

several other training studies have measured TS-FMD over several weeks and observed a 

transient improvement followed by a return towards baseline levels (Table 2). From these results, 

the authors suggest that functional adaptations precede structural adaptations in conduit arteries 

and that initial functional adaptations start returning towards baseline levels as structural 

remodeling occurs. However, as previously mentioned, SS-RH-FMD is likely not an accurate 

measure of structural adaptation and the progressive increase in SS-RH-FMD across the 

intervention period may be indicative of training-induced increased sensitivity to a sustained 

shear stress stimulus. As a result, the issue of structural versus functional adaptations remains 

unresolved. 

 The observed difference in the time course of adaptation between TS-FMD and SS-RH-

FMD suggests that the use of different shear stress profiles when assessing FMD may provide 

distinct information regarding endothelial function and provides indirect support for the in vitro 
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findings indicating transient and sustained increases in shear stress may be mediated by distinct 

shear stress transduction pathways (Bao et al. 1999). However, conflicting evidence has been 

provided regarding how these transduction pathways may differ. Evidence from Mullen et al. 

(2001) indicates that TS-FMD is NO-dependent, while SS-FMD is not. Conversely, Pyke et al. 

(2010) found that TS-FMD was NO-independent, while Wray et al. (2011) found SS-FMD 

(elicited via handgrip exercise) to be significantly NO-mediated. Therefore, while it is possible 

that TS- and SS-FMD are mediated by different transduction mechanisms, this may not clearly 

translate into production of different primary vasodilators. 

 
Figure 1. TS-FMD Time Course of Adaptation 

General time course of change in flow-mediated dilation response to reactive hyperemia (TS-

FMD) that has been shown over 8 weeks of exercise training (Birk et al. 2012, Tinken et al. 2008, 

Tinken et al. 2010).
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Table 2. Training Studies That Have Measured FMD Over Several Weeks and Observed a Return Towards Baseline TS-FMD 

Authors Journal Year N Population Training Duration TS-FMD SS-RH-FMD 
Baseline 

Diameter 

Shear Stress 

Stimulus for 

TS-FMD 

Shear Stress 

Stimulus for 

SS-RH-FMD 

Tinken 

et al. 

J Physiol 2008 13 Males (21.6 

± 0.6 years) 

Exercise 

(cycling and 

treadmill) 

8 wks BA RH-FMD increased 

at wks 2 and 4 (p < 

0.01), but returned 

towards baseline levels 

by wk 8 

Progressively 

increased from 

baseline (p < 

0.05) 

No change 

(p = 0.89) 

 

No change in 

AUCSR (p = 

0.42) 

 

Not given 

 

Popliteal artery RH-

FMD increased at wks 

2, 4, and 6 (p < 0.05), 

but decreased again by 

wk 8 

Progressively 

increased from 

baseline at wk 

4 and 8 (p < 

0.05) 

No change 

(p = 0.98) 
No change in 

AUCSR (p = 

0.29) 

Not given 

Tinken 

et al. 

Hyperte

nsion 

2010 11 Recreationa

lly active 

males (22 ± 

2 years) 

Exercise 

(bilateral 

handgrip 

training) 

8 wks BA RH-FMD increased 

at wks 2, 4, and 6 (p < 

0.001) 

 

Progressively 

increased from 

baseline (p = 

0.001) 

No change 

(p = 0.21) 

No change in 

AUCSR (p = 

0.94) 

Not given 

Naylor 

et al. 

Am J 

Physiol 

Heart 

Circ 

Physiol 

2011 9 Recreationa

lly active 

males (21.5 

± 1.4 years) 

Forearm 

heating 

8 wks BA RH-FMD increased 

at wk 2 (p < 0.05), then 

returned to baseline 

levels by wks 6 and 8 

Progressively 

increased from 

baseline (p < 

0.005) 

No change AUCSR 

significantly 

lower than 

baseline at 

wk 2 (p = 

0.05), but not 

at wk 6 or 8 

 

No change 

Birk et 

al. 

J Appl 

Physiol 

2012 11 Recreationa

lly active 

males (22 ± 

2 years) 

Exercise 

(cycling) 

8 wks BA RH-FMD increased 

at wk 2, then returned 

toward baseline levels 

(p = 0.04) 

 

No change No change 

(p = 0.56) 

No change in 

AUCSR (p = 

0.80) 

Not given 

Carter et 

al. 

Eur J 

Appl 

Physiol 

2014 10 Recreationa

lly active 

males (25.8 

± 3.1 years) 

Lower limb 

heating 

8 wks BA RH-FMD increased 

from baseline to wk 4 

and returned to 

baseline levels by wk 8 

 

No change (p 

= 0.51) 

No change 

(p = 0.91) 

No change in 

AUCSR (p = 

0.68) 

Not given 

FMD; flow-mediated dilation. RH; reactive hyperemia. BA; brachial artery. SFA; superficial femoral artery. SIT; sprint interval training. 

ET; endurance training. SS-RH-FMD; FMD assessed in response to reactive hyperemia + ischemic exercise. 
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2.3 Pulse Wave Velocity as an Index of Vascular Structural Adaptations 

Pulse wave velocity (PWV), a measure of the velocity at which a pulse wave travels 

down a blood vessel, is considered the gold standard for assessment of arterial stiffness and has 

been shown to predict future cardiovascular events (Van Bortel et al. 2012). Resting arterial 

stiffness reflects structural characteristics (Laurent et al. 2005), and could be a valuable outcome 

measure when attempting to evaluate structural adaptation in conduit arteries in response to 

training, however, none of the previously mentioned exercise training studies, nor any studies 

evaluating the impact of isolated limb heat training on FMD, have assessed PWV. Other exercise 

training studies however, have observed decreases in PWV, and thus decreased arterial stiffness, 

suggesting that structural adaptations take place (Figueroa et al. 2011, Hayashi et al. 2005, 

Sugawara et al. 2005).  

2.4 Does the Shear Stress Stimulus Contribute to the Time Course of Observed TS-FMD 

Changes With Training? 

FMD magnitude is dependent on the magnitude of the shear stress stimulus to which the 

vessel is exposed (Pyke and Tschakovsky 2007). If shear stress stimuli are not controlled for, it 

becomes unclear whether differences in the observed FMD response are due to changes in 

endothelial function or changes in the magnitude of the shear stress stimulus. In the previously 

mentioned studies, shear stress stimuli were not controlled for throughout the exercise training 

interventions. For example, in the study conducted by Tinken et al. in 2008, area under the shear 

rate curve (AUCSR: the shear rate stimulus responsible for TS-FMD) varied from week to week 

and although not significant, there was a decreasing trend in AUCSR from week 2 to 8 for both the 

brachial and popliteal arteries. As the FMD response is dependent not only on the health of the 

vascular endothelium, but on the magnitude of the shear stress stimulus, it is possible that the 
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return of TS-FMD towards baseline is reflective of a declining shear stress stimulus, rather than a 

decline in endothelial function. 

Unlike the uncontrolled, transient shear stress stimulus for TS-FMD, a uniform, sustained 

shear stress stimulus for SS-FMD assessment can be created and matched at all testing points, 

pre, during, and post-intervention, using exercise (Pyke and Jazuli 2011, Szijgyarto et al. 2013). 

This stimulus control may facilitate greater insight regarding the effects of chronically elevated 

shear stress on endothelial function than has previously been provided examining TS-FMD 

responses alone. Furthermore, in contrast to occlusion release-induced increases in shear stress, 

sustained increases in shear stress, induced via exercise, are common in vivo and as such, are 

physiologically relevant. 

In summary, findings from training studies using both TS-FMD and SS-RH-FMD as 

outcome measures suggest that TS-FMD follows a transient time course of adaptation while SS-

RH-FMD suggests the potential for a sustained adaptation in endothelial function. These findings 

suggest that assessment of TS-FMD and SS-FMD may provide different information with regard 

to endothelial adaptation to training. Therefore, in order to accurately assess vascular adaptations, 

multiple assessments need to be implemented throughout the intervention period. 

2.5 Mechanisms of Endothelial Function Improvement with Chronic Exposure to Shear 

Stress 

While the impact of training on endothelial function may be transient, most studies have 

shown some beneficial effect in both healthy and at risk populations. There is still much to be 

learned with regard to the mechanisms responsible for the beneficial effects of exercise on 

endothelial function. For example, these benefits may be produced by direct hemodynamic effects 

(chronic shear stress exposure) or through secondary mechanisms, mediated through risk factor 

modification. However, results have indicated that exercise-induced improvements in vascular 

health can occur without any change in traditional risk factor profiles (Green et al. 2003). 
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Accumulating evidence on exercise-induced endothelial adaptations suggests that repeated 

elevations in shear stress during training play a key role (Birk et al. 2012, Carter et al. 2014, 

Naylor et al. 2010, Tinken et al. 2010). 

2.5.1 Shear Stress and eNOS 

The beneficial impact of chronic shear stress exposure on FMD is thought to stem at least 

in part from an impact of shear stress on eNOS. In 2003, Hambrecht et al. provided evidence for a 

link between shear stress and NO-mediated vasodilator function (Hambrecht et al. 2003). 

Following 4-weeks of exercise training, endothelium-dependent dilation in response to 

acetylcholine (ACh) was measured in the left internal mammary artery (LIMA) of 17 male 

subjects previously diagnosed with CAD.  The response to ACh was found to be significantly 

increased from baseline levels. This increase in endothelium-dependent dilation was associated 

with a 2-fold higher expression of eNOS protein, and a 4-fold higher phosphorylation of shear-

sensitive eNOS moieties relative to control subjects. In bovine arterial endothelial cells and 

human umbilical vein endothelial cells, eNOS expression has been shown to increase following 6 

hours of exposure to laminar shear stress (Davis et al. 2001, Noris et al. 1995). In animal models, 

the effects of shear stress on eNOS expression in vitro were found to be similar to those of 

exercise training on eNOS expression in coronary conduit vessels (Sessa et al. 1994). The 

findings of these studies, along with the aforementioned results, led the authors to conclude that 

exercise training in patients with stable CAD improves endothelium-dependent vasodilation and 

that this improvement is linked to shear stress-induced phosphorylation of eNOS. In further 

support of this hypothesis, increases in shear stress have been shown to induce eNOS mRNA 

expression in isolated senescent soleus muscle feed arteries of Fischer rats (Woodman et al. 

2005). In a separate series of experiments, using the same model, shear stress was also found to 

improve endothelium-dependent dilation (Woodman et al. 2005). 
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2.6 Isolating the Shear Stress Stimulus as a Mechanism of FMD Improvement with Exercise 

Training 

In order to isolate the shear stress stimulus as a mechanism of FMD improvement with 

exercise training, researchers have taken two approaches. In the first, shear stress is prevented 

from increasing in one limb during exercise bouts. This is done via cuff inflation, such that 

throughout exercise, shear stress remains near resting levels in the cuffed (control) limb, but is 

allowed to increase in the non-cuffed (experimental) limb. In the second approach, the 

experimental limb is immersed in warm water in order to induce exercise-independent increases 

in shear stress; this approach is referred to as heat training. 

 Using the first approach, Tinken et al. (2010) examined brachial artery FMD in healthy 

subjects in response to 8 weeks of bilateral handgrip training. Shear rate, TS-FMD, and SS-RH-

FMD were assessed in both the cuffed and non-cuffed arms of each subject. TS-FMD was 

increased in the non-cuffed arm after 2, 4, and 6 weeks of handgrip training (baseline: 4.4 ± 

1.2%; week 2: 6.5 ± 1.8%; week 4: 6.9 ± 1.5%; week 6: 5.8 ± 1.3%; P < 0.001), but did not 

change in the cuffed arm. SS-RH-FMD progressively increased throughout the training protocol 

in the non-cuffed arm (baseline: 9.8 ± 2.5%; week 2: 10.0 ± 2.6%; week 4: 11.5 ± 2.0%; week 6: 

14.0 ± 2.9%; week 8: 15.6 ± 2.3%; P < 0.001), but did not change in the cuffed arm. These 

findings suggest that shear-dependent mechanisms are the primary physiological stimuli 

responsible for adaptations in endothelial function and (possibly) structure in response to 

handgrip training. 

 In addition to causing localized improvements in vascular function, primarily lower limb 

training has been shown to improve vascular structure and function in the upper limbs (Green 

2005, Linke et al. 2001). In accordance with these findings, studies have demonstrated an 

increase in brachial artery shear stress in the inactive upper limbs during constant load leg cycling 

(Padilla et al. 2011b; Tanaka et al. 2006). In 2012, Birk et al. sought to examine the contribution 
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of shear stress to brachial artery adaptations in response to 8 weeks of lower limb exercise (three 

30-minute cycling sessions/wk) (Birk et al. 2012). Endothelial function was assessed using a 5-

minute reactive hyperemia test (TS-FMD) as well as reactive hyperemia + ischemic handgrip 

exercise test (SS-RH-FMD) at weeks 2, 4, and 8. TS-FMD was increased in the non-cuffed arm at 

week 2 but returned toward baseline levels in subsequent weeks (baseline: 5.8 ± 4.1%; week 2: 

8.6 ± 3.8%; week 4: 7.4 ± 3.5%; week 8: 6.0 ± 2.3%; P < 0.05). In the cuffed arm, no changes in 

TS-FMD were observed at any time point throughout the intervention, and no changes in SS-RH-

FMD were observed in either the cuffed or non-cuffed arm. The results of this study suggest that 

exercise training may produce transient systemic vascular benefits via shear-dependent 

mechanisms. That being said, using a cuff in order to isolate the shear stress stimulus as a 

mechanism of FMD improvement with exercise training has limitations. 

Birk et al. (2012) found that retrograde shear rate significantly increased during exercise 

in the cuffed arm, whereas it did not significantly increase during exercise in the non-cuffed arm. 

Elevations in retrograde shear stress, induced via cuff inflation, have been shown to acutely 

impair endothelial function in humans and decrease TS-FMD in a dose-dependent manner 

(Thijssen et al. 2009). Mechanisms underlying the deleterious effects of retrograde shear stress 

may involve increased expression of endothelin-1 (Ziegler et al. 1998), adhesion molecules 

(Chappell et al. 1998, Himburg et al. 2007), reactive oxygen species-producing enzymes (De 

Keulenaer et al. 1998, Hwang et al. 2003), release of superoxide anions (McNally et al. 2003), or 

decreased expression of endothelial NO synthase (De Keulenaer et al. 1998, Hwang et al. 2003). 

Due to the detrimental effects of retrograde shear stress on endothelial function, any 

improvements in FMD caused by non-shear mediated mechanisms during whole body exercise 

may have been masked by an increase in retrograde shear rate in the cuffed arm. 

Heat training, as previously mentioned, is another technique which can be used to isolate 

the shear stress stimulus as a mechanism of FMD improvement. In 2011, Naylor et al. conducted 
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a study in which 9 healthy, recreationally active males underwent 8 weeks of forearm heating 

(Naylor et al. 2011). Subjects immersed their forearms in 42°C water for 30 minutes, three times 

per week. As in previous studies, a cuff was inflated around one arm in order to minimize 

increases in shear stress. Brachial artery FMD was assessed via TS-FMD and SS-RH-FMD at 

weeks 0, 2, 6, and 8 of heat training. TS-FMD was significantly higher at week 2 compared to 

baseline in the non-cuffed arm, while no differences were observed in the cuffed arm. SS-RH-

FMD progressively increased across the intervention period in the non-cuffed arm, while no 

changes were observed in the cuffed arm. No significant differences in AUCSR were evident 

across the intervention period. Endothelium-independent vasodilation (assessed via 

administration of GTN) did not differ pre- and post-intervention. The results of this study indicate 

that repeated, isolated increases in shear stress, induced by forearm heating independent of 

exercise, improve brachial artery FMD responses in humans, thereby reinforcing the role of shear 

stress in exercise-mediated endothelial adaptations. 

2.7 Assessing FMD in Response to a Sustained Shear Stress Stimulus 

Evidence suggests that the nature of the shear stress stimulus profile affects the nature of 

the FMD response (Pyke and Tschakovsky 2005). The shear stress profiles of reactive hyperemia 

(the primary method to create a TS stimulus in humans) and exercise differ in their rate of onset, 

peak magnitude, as well as duration (Figure 2). Where reactive hyperemia induces large, rapid 

onset, uncontrolled, and transient increases in shear stress, exercise induces more gradual and 

sustained increases in shear stress. Exercise-induced elevations in shear stress are common in 

conduit arteries in vivo and are intensity-dependent, allowing for stimulus control (Delp and 

Laughlin 1998, Pyke and Jazuli 2011, Szijgyarto et al. 2013). Evidence from Pyke et al. (2008b) 

suggests that the FMD response to exercise is dependent on the mean shear stress stimulus and is 

unaffected by the shear stimulus pattern or by muscle activation. In the same study, it was also 
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shown that handgrip exercise-induced conduit artery dilation is shear stress-mediated and that 

conducted vasodilation does not contribute to the conduit artery dilatory response to exercise. 

Therefore, exercise is a viable method of increasing shear stress and evaluating SS-FMD in 

humans. The study described in chapter 3 used plantar flexion exercise in order to increase 

superficial femoral artery shear stress and evaluate SS-FMD. 
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Figure 2. TS- and SS-FMD Schematic Representation of Shear Stress Stimulus Profiles 

Panel A: Typical TS-FMD shear stress profile in humans (i.e. reactive hyperemia). Panel B: 

Typical SS-FMD shear stress profile in humans (i.e. exercise). TS-FMD; FMD assessed in 

response to a transient shear stress stimulus. SS-FMD; FMD assessed in response to a sustained 

shear stress stimulus. 

2.8 Summary and Conclusion 

The role of exercise training in reducing the risk of cardiovascular disease has been well 

established, however the exact mechanisms underlying this phenomenon have yet to be fully 

elucidated. A growing body of evidence suggests that improvements in endothelial function with 

exercise training may be involved. In vivo human data has demonstrated a role of shear stress in 

endothelial adaptations to exercise training, however potential differences in the time course of 

adaptation of TS-FMD and SS-FMD to chronically elevated shear stress have been minimally 

investigated. The nature of the shear stress stimulus may alter the mechanism of FMD (Muller et 

al. 2001) and as such, assessing FMD in response to two different shear stress stimuli, both 
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transient and sustained, may further our understanding of the effects of exercise training on 

endothelial function.  

Unlike the uncontrolled, transient shear stress stimulus for TS-FMD, a uniform, sustained 

shear stress stimulus for SS-FMD assessment can be created with small muscle mass exercise and 

matched at all testing points (Pyke and Jazuli 2011, Szijgyarto et al. 2013). This stimulus control 

may facilitate greater insight regarding the effects of chronically elevated shear stress on 

endothelial function than has previously been provided examining TS-FMD responses alone. 

2.8.1 Gaps in the Literature Addressed by the Study Described in Chapter 3 of this Thesis 

The majority of research suggesting that exercise training improves endothelial function 

through shear-stress dependent mechanisms has been conducted in the upper limb, while 

relatively few studies have focused on the lower limb. This is an important gap in the literature as 

upper and lower limb blood vessels have been found to respond differently to endothelium-

dependent vasodilator agents (Newcomer et al. 2004). Moreover, the superficial femoral artery 

may be a clinically relevant site for evaluating endothelial function as atherosclerosis is common 

in the lower limb (Tendera et al. 2011). 

 In addition to limited evidence regarding lower limb FMD adaptation to exercise and 

shear stress, the impact of heat training or shear stress in isolation on conduit artery SS-FMD has 

not been investigated. This is an important area of research as sustained increases in shear stress 

are often encountered in vivo and may play a role in perfusion (Delp and Laughlin 1998). 
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Chapter 3 

The Impact of Chronic Isolated Increases in Superficial Femoral Artery 

Shear Stress on Flow-Mediated Dilation 

3.1 Introduction 

Recent studies suggest that shear stress is the dominant mechanism by which exercise 

improves endothelial function (Birk et al. 2012, Carter et al. 2014, Naylor et al. 2011, Thijssen et 

al. 2007, Tinken et al. 2008, Rakobowchuk et al. 2008) however, exercise is a complex stimulus 

and there are many non-shear stress mediated mechanisms through which endothelial function 

may be affected (O’Driscoll et al. 1997a; O’Driscoll et al. 1997b). 

Limb heating is a technique which can be used to induce exercise-independent increases 

in shear stress in vessels feeding the heated limb. Repeated exposure to heating or ‘heat training’ 

can therefore be used to isolate regular exposure to increased shear stress as a mechanism of 

endothelial adaptation (Naylor et al. 2011, Tinken et al. 2009). In 2011, Naylor et al. found that 

brachial artery FMD stimulated by a transient increase in shear stress (reactive hyperemia-

mediated FMD [RH-FMD]; a form of TS-FMD) initially increased in response to heat training 

but returned to baseline by the end of an 8 week training period.  In contrast, FMD stimulated by 

a slightly more prolonged shear stress stimulus (reactive hyperemia following occlusion with 

ischemic exercise) progressively increased over time. This indicates that shear stress exposure 

alone can stimulate positive adaptation. However, the impact of heat training on conduit arteries 

in the lower limb has yet to be assessed and the majority of exercise training studies in healthy 

participants have only assessed upper limb adaptations in males. This is an important gap in the 

literature because 1) upper and lower limb blood vessels have been shown to respond differently 

to endothelium-dependent vasodilator agents (Newcomer et al. 2004), suggesting limb specific 

endothelial function, 2) atherosclerosis occurs in the lower limb, therefore the lower limb may be 
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a clinically relevant site for evaluating endothelial function (Tendera et al. 2011), and 3) 

endothelial function may differ between males and females (Sader and Celermajer 2002). 

In addition to limited evidence in the lower limb, the impact of heat training on FMD 

stimulated by truly sustained increases in shear stress (SS-FMD) has not been investigated and 

the impact of exercise training on SS-FMD is unclear. It is important that this gap in the literature 

be addressed as the nature of the shear stress stimulus may alter the mechanism of FMD (Mullen 

et al. 2001) such that the impact of a particular stimulus on TS-FMD cannot be generalized to SS-

FMD. In addition, sustained increases in shear stress are physiologically relevant as they are often 

encountered in vivo and the FMD that they stimulate may play a role in perfusion (Delp and 

Laughlin 1998). Lastly, unlike the transient shear stress stimulus for TS-FMD, using exercise, a 

uniform, sustained conduit artery shear stress stimulus for SS-FMD assessment can be created at 

all testing points: pre, during, and post-intervention (Pyke and Jazuli 2011, Szijgyarto et al. 

2013). This stimulus control may facilitate greater insight regarding the effects of chronically 

elevated shear stress on endothelial function than has previously been provided by examining TS-

FMD responses alone. 

With this as a background, the aim of the present study was to determine the impact of 

repeated, isolated increases in superficial femoral artery (SFA) shear stress (created via 8 weeks 

of unilateral lower limb heat training) on SFA TS- and SS-FMD (assessed via leg reactive 

hyperemia and plantar flexion exercise, respectively) in healthy, young females. Specifically, it 

was hypothesized that: 1) repeated exposure to isolated increases in SFA shear stress, via lower 

limb heat training, would increase SFA TS-FMD and SS-FMD, and 2) the time course and 

magnitude of heat training-induced changes would differ between TS- and SS-FMD such that TS-

FMD would increase from baseline, but return to baseline levels after 8 weeks, whereas SS-FMD 

would progressively increase from baseline throughout the 8 weeks.  
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3.2 Methods 

3.2.1 Participants 

Fifty-eight participants from the Queen’s University community in Kingston, Ontario 

were screened for the study. Of the participants screened, 13 completed the full 8 week 

intervention (healthy females, age: 23 ± 2 years), 16 were unable to participate due to the time 

commitment, 17 did not meet the requirements for physical activity, 4 were screened out due to 

medical reasons, 4 were screened out as clear SFA images could not be obtained, and 4 dropped 

out of the study for personal reasons unrelated to the study or its protocols. A self-report medical 

screening questionnaire was used to establish the health status of participants and exclude those 

with cardiovascular disease, diabetes, or cardiovascular risk factors. All participants were non-

smokers and not taking any medication. Sedentary status was determined using a Seven-Day 

Physical Activity Recall questionnaire (Jacobs et al. 1993) and inquiry regarding participation in 

structured exercise. Only individuals who reported no involvement in structured exercise were 

considered sedentary, and entered the study. The study protocol was approved by the Health 

Sciences Human Research Ethics Board at Queen’s University. All participants completed a 

consent form approved by the same board (Appendix A). 

3.2.2 Experimental Design 

Participants underwent an initial screening session in order to ensure that a clear 

superficial femoral artery (SFA) image and blood velocity signal could be obtained. During this 

visit, participants were introduced to both a reactive hyperemia (for TS-FMD assessment) and a 

plantar flexion exercise (for SS-FMD assessment) protocol. Following the initial screening 

session, participants reported back to the lab for baseline assessment of pulse wave velocity 

(PWV), as well as TS- and SS-FMD. These measures were repeated at weeks 2, 4, 6, and 8 of an 



 

 

25 

8 week heat training intervention. Participants were instructed to abstain from alcohol, caffeine, 

exercise, and food for 12 hours before each testing session. 

Throughout the 8-week intervention period, participants underwent five 35-minute 

unilateral lower-limb heating sessions per week in order to induce a chronic, isolated shear stress 

stimulus in the SFA. Mid-training assessments of arterial function and structure occurred prior to 

a heating session. TS-FMD was evaluated using a reactive hyperemia test (RH-FMD), and SS-

FMD was evaluated via 6 minutes of plantar flexion exercise (PFEX-FMD). Echo and Doppler 

ultrasound imaging of the SFA was used to assess the magnitude of FMD during each test 

(Mullen et al. 2001, Naylor et al. 2011, Pyke et al. 2008). To create a within-subjects, between-

limb design, both RH- and PFEX-FMD were performed in the heated (experimental) leg as well 

as in the non-heated (control) leg. Left versus right lower-limb heating was randomized and 

counterbalanced, but consistent for a given participant throughout the study (after dropout, 6 

participants had their left leg as the experimental limb, and 7 had their right leg as the 

experimental limb). The order of evaluation for RH- and PFEX-FMD was randomized and 

counterbalanced (however, after dropout 8 participants started with RH-FMD and 5 started with 

PFEX-FMD). Testing sessions were performed at the same time of day (± 2 hours). 

 

Figure 3. Experimental Timeline 

↑ mark biweekly assessments of flow-mediated dilation (FMD) and pulse wave velocity (PWV). 
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Figure 4. Outline of Protocol for Assessment of Arterial Function and Structure 

The order of assessment for RH- and PFEX-FMD as well as the order of assessment for control 

(CON) and experimental (EXP) limbs was randomized and counterbalanced between participants. 

PWV; pulse wave velocity. RH-FMD; reactive hyperemia flow-mediated dilation. PFEX-FMD; 

plantar flexion exercise flow-mediated dilation. 

3.2.3 Experimental Procedures 

3.2.3.1 Screening Session 

Participants provided informed consent and completed both a medical screening 

questionnaire as well as a Seven-Day Physical Activity Recall questionnaire (Jacobs et al. 1993). 

Blood pressure (BP) was assessed using a BPM-200 automated blood pressure monitor (BpTRU 

Medical Devices, Coquitlam, British Columbia, Canada) and reported as the average of 5 

measurements while in a seated position. Participants presenting with hypertension (systolic BP ≥ 

140 mmHg and diastolic BP ≥ 90 mmHg) or hypotension (systolic BP ≤ 90 mmHg and diastolic 

BP ≤ 60 mmHg) were excluded from the study. Participants meeting the eligibility requirements 

were familiarized with the experimental procedures and equipment. To ensure that a clear image 

and blood velocity signal could be obtained, each participant underwent ultrasound imaging of 

the SFA. Leg skin temperature sensation was tested by having participants distinguish between a 

hot and cold test tube. This was done to ensure that participants could accurately assess and report 

their tolerance of the water temperature. If successful, anthropometric measurements were 

acquired. 

3.2.3.2 Arterial Stiffness 

Central and peripheral pulse wave velocity (PWV) were measured as indices of arterial 

stiffness (related to vessel structure) at weeks 0, 2, 4, 6 and 8 of the heating intervention. 
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Applanation tonometers (Millar Instruments, Houston, Texas, USA) were used to record pressure 

waves from the carotid, femoral, and dorsalis pedis arteries. A minimum of 10 simultaneous beats 

were obtained at the carotid and femoral sites (for central PWV) as well as at the femoral and 

dorsalis pedis sites (for peripheral PWV). These waves were recorded on the data-acquisition 

software program LabChart (ADInstruments) for future analysis. Travelled distance was recorded 

as the distance between the sites at which the pressure waves were recorded. A tape measure was 

used to measure the direct distance between the carotid and femoral sites. Travelled distance for 

central PWV was recorded as 80% of this value (Van Bortel et al. 2012). Travelled distance for 

peripheral PWV was recorded as the direct distance between the femoral site and the dorsalis 

pedis site. Peripheral PWV was assessed in both the experimental (heated) and control (non-

heated) leg. PWV was not obtained in one participant as clear pressure waves could not be 

obtained in the dorsalis pedis artery. 

3.2.3.3 Participant Monitoring 

Heart rate (HR) was monitored throughout each testing session using a three-lead ECG 

and recorded on the data-acquisition software program LabChart (ADInstruments) for future 

analysis. One electrode was placed inferior and lateral to the right sternoclavicular joint while the 

other two electrodes were placed in the lower left abdominal quadrant. Blood pressure was 

monitored throughout each testing session using a Finometer device (Finometer PRO, Finapres 

Medical Systems). A pneumatic cuff was fitted around the right middle finger, distal to the 

proximal interphalangeal joint, with the hand placed at the heart level. 

3.2.3.4 Blood Sampling 

A single blood sample for blood viscosity determination was taken using standard 

venipuncture technique prior to FMD testing at weeks 0, 2, 4, 6 and 8. Blood samples could not 

obtained for 19 of 65 participant visits. 
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3.2.3.5 Superficial Femoral Artery Blood Velocity and Diameter Measurements 

SFA blood velocity was obtained using Doppler ultrasound imaging operating at 4-MHz, 

while SFA diameter was obtained using 12-MHz B-mode ultrasound (Vivid i2 GE Medical 

Systems). Ultrasound parameters were set so that longitudinal B-mode images of the 

lumen/arterial wall interface were optimized. After calibration at an insonation angle of 68° (Pyke 

et al. 2008a), data was collected at this angle in all trials for reasons previously described (Pyke et 

al. 2008a). The Doppler shift frequency spectrum was analyzed using a Multigon 500M TCD 

(Multigon Industries, Yonkers, NY) spectral analyzer. Mean velocity was determined as a 

weighted mean of the spectrum of Doppler shift frequencies. The output was continuously 

sampled and stored (Powerlab, AD Instruments, Colorado Springs, CO) for later analysis. Images 

were acquired from the ultrasound device using a VGA to USB frame grabber (Epiphan Systems 

Inc.). Recordings were saved as .avi files on an independent PC, using commercially available 

software (Camtasia Studio, TechSmith). While in a resting position, the ultrasound probe was 

placed over the participant’s superficial femoral artery, immediately distal to the bifurcation of 

the common femoral artery. The probe was positioned such that an optimal image and blood 

velocity signal were obtained. 

3.2.3.6 Reactive Hyperemia Flow-Mediated Dilation (RH-FMD; a Form of TS-

FMD) 

RH-FMD was carried out in a supine position following 10 minutes of rest. The 

ultrasound probe was positioned over the SFA, immediately distal to the bifurcation of the 

common femoral artery, such that a clear arterial blood velocity signal was obtained. A rapid 

inflation/deflation pneumatic cuff (REUSE-13, Welch Allyn) was placed around the participant’s 

lower thigh, below the site of ultrasound measurement. SFA diameter and blood velocity were 

recorded for one minute of baseline. The cuff was then inflated to a suprasystolic pressure 

(ranging from 170 to 230 mmHg based on participant tolerance, but consistent throughout the 8 
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weeks for a given participant) and blood flow was restored by releasing the cuff after 5 minutes 

of occlusion (reactive hyperemia). Recording was resumed 1 minute prior to cuff release and 

maintained for 4 minutes of recovery. The reactive hyperemia shear stress stimulus following the 

release of occlusion is transient, therefore this is a form of TS-FMD. RH-FMD assessments 

alternated between the control and experimental limbs. Prior to commencing each trial, manual 

electronic calipers were used to ensure artery diameter had returned to baseline. If still elevated 

relative to baseline, diameter was re-assessed approximately every 30 seconds and the next trial 

was commenced once diameter had returned to baseline. 

3.2.3.7 Plantar Flexion Exercise Flow-Mediated Dilation (PFEX-FMD; a 

Form of SS-FMD) 

PFEX-FMD was carried out in a seated position following 10 minutes of rest. 

Participants’ feet were placed on an adjustable platform such that their hip, knee, and ankle joints 

were at right angles. Plantar flexion exercise was performed against a footplate connected to a 

spring. The change in resistance of the spring was converted to a voltage and recorded as such 

using a force transducer. Participants performed 3 maximum voluntary contractions (MVCs) 

against the footplate. Blood velocity was displayed in real time as a 6 second moving average. 

The blood velocity necessary to achieve the desired shear stress (13 dynes/cm2) was calculated 

for each participant as: target velocity = (superficial femoral artery diameter x shear stress) ÷ (4 x 

blood viscosity). Participants started exercising at 60% MVC. Contraction intensity was then 

adjusted such that the target velocity was achieved, provided the participant could comfortably 

maintain the intensity for six minutes of exercise. If a participant was unable to sustain the 

predetermined target velocity, target velocity was adjusted to a value that could be maintained 

throughout 6 minutes of plantar flexion exercise. The shear stress associated with this blood 

velocity became the target for the duration of the study. For the purposes of calculating a target 

velocity: in the event where a participant’s first visit blood sample could not be obtained, and 
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blood viscosity could not be measured, the mean viscosity of all other participants at that week 

was used (5 participants). However, if, for a certain participant, blood viscosity data had been 

obtained during previous visits, an individual mean was calculated from their previous blood 

viscosity values and used in place of the missing value (16 out of 65 total visits). Manual 

electronic calipers were used to estimate superficial artery diameter before each trial. During 

exercise, participants were provided with continuous force feedback on a computer data-

acquisition system (LabChart, AD Instruments). The target force and duration of each contraction 

was accomplished via force feedback, verbal coaching, and a 2-second contraction/4-second 

relaxation duty cycle metronome. All variables were measured for 1 minute at baseline, 

continuously throughout 6 min of exercise, and for 3 minutes of recovery. PFEX-FMD 

assessments alternated between the control and experimental limbs. Prior to commencing each 

trial, manual electronic calipers were used to ensure artery diameter had returned to baseline. If 

still elevated relative to baseline, diameter was re-assessed approximately every 30 seconds and 

the next trial was commenced once diameter had returned to baseline. 

3.2.3.8 Heat Training Protocol 

Participants reported to the lab for five 35-minute unilateral lower limb heating 

sessions/week for 8 weeks. The experimental limb was immersed in warm water such that the 

water line reached the inferior border of the patella. Before the participant arrived, the water was 

heated to 42.5°C and circulated throughout the insulated tank using a thermostatically controlled 

heating unit (SousVideTM Professional). Prior to submersion of the limb, the heating unit was 

removed from the tank. During two heating sessions, the ultrasound probe was positioned over 

the SFA, immediately distal to the bifurcation of the common femoral artery, to monitor blood 

velocity for 2-minute intervals in both the experimental (heated) and control (unheated) leg. This 

was done at baseline, 5 min, 15 min, 25 min and 35 min in order to characterize the shear stress 
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stimulus created by heating. The blood viscosity value obtained during the nearest biweekly 

assessment was used in order to calculate shear stress. 

Adherence to the heat training protocol was defined as the percentage of prescribed heat 

training sessions attended. Compliance was defined as the number of minutes completed during 

attended heating sessions. 

3.2.3.9 Physical Activity Assessment 

In order to objectively measure physical activity, a subset of participants (n = 6) were 

provided with an Actigraph GT3X accelerometer (Actigraph, Pensacola, Florida, USA). 

Participants were instructed to wear the accelerometer for a one-week period during both the first 

and final weeks of the heat training intervention. The accelerometers were programmed to collect 

data in 60-second epochs over 7 consecutive days. Although the accelerometer is designed to 

collect motion data in three axes, only the vertical axis was used for analysis. In order to 

minimize measurement error, participants were given the same accelerometer unit for both weeks. 

Participants were instructed to wear the accelerometer on an elastic belt over their right hip and to 

remove the belt when sleeping or participating in any water-based activities. Participants were 

provided with written logs on which to record sleep time, wake time, and times the accelerometer 

was removed (Appendix B).  

3.2.4 Data Analysis 

3.2.4.1 HR and BP During FMD Assessment 

Heart rate (HR) and blood pressure (BP) were analyzed offline in 3-s average time bins. 

HR and BP during RH-FMD are reported as the change in HR (ΔHR) and the change in BP 

(ΔBP) from baseline to the 3-min average immediately following cuff release. HR and BP during 

PFEX-FMD are reported as ΔHR and ΔBP from baseline to the average during the last 5 min of 

exercise. 
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3.2.4.2 Superficial Femoral Artery Blood Velocity 

As previously described (Pyke et al. 2008a; Pyke et al. 2008b; Pyke and Tschakovsky 

2007), the data-acquisition software program LabChart (ADInstruments) was used to analyze 

blood flow velocity offline in 3-s average time bins. 

3.2.4.3 Superficial Femoral Artery Diameter 

An updated version of the automated edge-detection software package described by 

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

Electronics) was used to analyze vessel diameter as previously described (Jazuli and Pyke 2011). 

All images from a single participant were analyzed by the same investigator, and said investigator 

was blinded to the experimental condition (limb). The diameter data were compiled into 3-s 

average time bins to allow for time alignment with velocity measurements. 

3.2.4.4 Shear Stress 

The following formula was used to determine SFA shear stress: 𝜏 = 4 ∙ 𝜇 ∙
𝜐

𝑑
 ; where 𝜏 = 

shear stress, μ = blood viscosity, υ = mean blood flow velocity, d = superficial femoral artery 

diameter (Gnasso et al. 2001). For the RH protocol, the shear stress stimulus was reported as the 

area under the curve (AUC) for the first 30 seconds and first 60 seconds following cuff release 

(Pyke and Tschakovsky 2007; Thijssen et al. 2011a), as well as the peak shear stress (calculated 

as the highest 3-s average post-cuff release). For the plantar flexion exercise protocol, shear stress 

was reported as steady state shear stress (the mean shear stress during the last 5 minutes of 

exercise) (Jazuli and Pyke 2011, Pyke et al. 2008b), peak minute shear stress (highest minute 

average throughout exercise), and shear stress range (calculated as the highest minute shear stress 

minus the lowest minute shear stress during the last five minutes of exercise). This was done in 

order to capture fluctuation around the target shear stress. For the purposes of calculating shear 

stress: if a blood viscosity value was not obtained at a certain time point, the mean of all other 
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values for that participant was used; if however, blood viscosity was never obtained for that 

participant, the mean of all other participants at that week was used. 

3.2.4.5 Flow-Mediated Dilation 

RH-FMD was quantified as the percent and absolute increase from baseline diameter to 

the peak 3 second average diameter post-occlusion cuff release. When artery wall tracking during 

baseline was poor, the diameter recorded during the last minute of occlusion was used in its place 

(17 out of 260 scans). 

%𝑅𝐻 − 𝐹𝑀𝐷 = (
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑃𝑒𝑎𝑘 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
) × 100% 

PFEX-FMD was quantified as the percent and absolute increase from baseline diameter 

to the average diameter during the peak and last minute of exercise. 

%𝑃𝐹𝐸𝑋 − 𝐹𝑀𝐷 = (
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑀𝑖𝑛𝑢𝑡𝑒 𝑥 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
) × 100% 

Each FMD test was performed twice in each limb, and the two duplicate trial values were 

averaged to generate a single response for each participant, except cases in which image quality 

was inadequate in one trial (RH-FMD: 10 out of 260 scans; PFEX-FMD: 23 out of 260 scans), or 

equipment failure did not allow for a repeat trial (PFEX-FMD: 3 out of 260 scans). 

3.2.4.6 Blood Samples 

Once collected, samples were immediately analyzed for blood viscosity using a 

viscometer (DV-II+ Pro, Brookfield Engineering Laboratories, Middleborough, USA) at a shear 

rate of 225 s-1 (30 RPM). These values were then used in order to calculate shear stress. 

3.2.4.7 Pulse Wave Velocity (PWV) 

Data were filtered using band pass (maximum: 30 Hz, minimum: 5 Hz) on the data-

acquisition software program LabChart (ADInstruments). A minimum of 10 simultaneous beats 

were collected for both central and peripheral PWV analysis. The time elapsed between the 
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minimum point in each cycle of the carotid and femoral, as well as the femoral and dorsalis pedis 

filtered pulse waves was identified (Martin et al. 2012) and PWV was calculated using the 

following equation: 

𝑃𝑢𝑙𝑠𝑒 𝑊𝑎𝑣𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑇𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 (𝑚𝑒𝑡𝑟𝑒𝑠)

𝑇𝑟𝑎𝑛𝑠𝑖𝑡 𝑇𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)
 

For each of the 10 heart cycles, a PWV value was calculated. The 10 PWV values were 

then used to calculate a mean PWV value for each participant, at each week. Individual pulse 

wave forms that differed from the participant 10 beat mean by more than two standard deviations 

were removed from the calculation of the individual mean (all individual means were calculated 

using a minimum of 8 pulse wave forms). 

3.2.4.8 Physical Activity Assessment by Accelerometry 

In order to be included in the analysis, the participant must have worn the accelerometer 

for at least four days (one day being defined as ≥ 10 hours of wear time). Non-wear time (defined 

as an extended period of consecutive zero counts ≥ 60 minutes) as well as sleep time (determined 

via participant logs as well as visual examination of the data) was excluded from the analysis. 

 The cutpoints used to translate raw ‘count’ values recorded by the accelerometer into an 

estimate of physical activity intensity were developed by Freedson and colleagues (Freedson et al. 

1998). Total physical activity (TPA) was defined as > 100 counts per minute (cpm). TPA was 

then subdivided as light physical activity (LPA; 100-1951 cpm) or moderate-to-vigorous physical 

activity (MVPA; ≥ 1952 cpm). Sedentary time was defined as < 100 cpm. Physical activity was 

expressed in absolute terms (duration in minutes per day) as well as in relative terms (percentage 

of accelerometer wear time per day). 
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3.2.5 Statistical Analysis 

A two-way, repeated measures ANOVA was used to assess changes in peak superficial 

femoral artery FMD, the shear stress stimulus, baseline variables, and peripheral arterial stiffness 

throughout the 8-week intervention period. The factors were time (week of training [0, 2, 4, 6, 8]) 

and limb (experimental vs. control). A two-way, repeated measures ANOVA was also used to 

assess changes in shear stress during heat training, with factors time (minute of heat training 

session [0, 5, 15, 25, 35]) and limb (experimental vs. control). A one-way, repeated measures 

ANOVA was used to assess changes in central arterial stiffness and blood viscosity throughout 

the 8-week intervention period (factor: time [week of training]). Accelerometry data was 

compared between weeks 0 and 8 using paired t-tests. Statistically significant differences were 

further assessed using Tukey’s post hoc tests. The level of statistical significance was set at p < 

0.05. All statistics were calculated using SigmaPlot 11 (Systat Software, Chicago, IL). Data are 

expressed as means ± SD, unless stated otherwise. 

3.3 Results 

3.3.1 Participant Characteristics 

Participants were 23 ± 2 years with a BMI of 21.1 ± 1.5 kg/m2. Average energy 

expenditure at the time of screening was 232 ± 7 kcal/kg/wk according to the physical activity 

recall questionnaire. There was a significant effect of time on systolic blood pressure (BP), 

diastolic BP, and mean arterial pressure (MAP) (Table 3). Post hoc analysis revealed that systolic 

BP was significantly higher at weeks 6 and 4 relative to week 2, (p = 0.036 and p = 0.008, 

respectively), and that diastolic BP and MAP were significantly higher at week 6 relative to week 

2 (p = 0.011 and p = 0.008, respectively). Blood viscosity did not change significantly over the 8 

weeks of training (Table 3). 
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Table 3. Descriptive Characteristics 

 Week 0 Week 2 Week 4 Week 6 Week 8 P value 

Blood Viscosity (centipois) 3.73 ± 0.33 3.62 ± 0.22 3.62 ± 0.29 3.65 ± 0.22 3.65 ± 0.23 #p = 0.453 

Systolic BP (mmHg) 98 ± 5 94 ± 5 99 ± 7* 98 ± 6* 97 ± 5 p = 0.011 

Diastolic BP (mmHg) 65 ± 5 62 ± 6 64 ± 7 66 ± 5* 63 ± 5 p = 0.016 

MAP (mmHg) 76 ± 5 72 ± 5 76 ± 7 77 ± 5* 74 ± 5 p = 0.011 

Data are expressed as means ± SD (n = 13). BP; blood pressure. MAP; mean arterial pressure at baseline (BPTru). *Significant from week 

2 at P < 0.05. # signifies that the p-value was derived through a repeated measures ANOVA on ranks test due to a non-normal distribution. 

Missing blood viscosity values: if a value was not obtained at a certain time point, the mean of all other values for that participant was used; if 

blood viscosity was never obtained for a certain participant, the mean of all other participants at that week was used.
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3.3.2 Physical Activity by Accelerometry (Subset of 6) 

Accelerometers were worn for an average of 15.8 hours each day and for a median of 6 

days. Participants spent an average of 71% of their waking hours engaged in sedentary behavior, 

20% in light physical activity (PA), and 5% in moderate-to-vigorous PA. These percentages 

translate to over 11 hours of sedentary behavior, 3 hours of light PA, and approximately 48 

minutes of sporadic moderate-to-vigorous PA (MVPA). Despite a self-reported physically 

inactive lifestyle, inspection of the accelerometry data revealed that of the 6 participants, 5 

accumulated ≥ 150 minutes of MVPA per week in bouts of 10 minutes or more, thus achieving 

the Canadian Physical Activity Guidelines. As shown in Table 4, sedentary behavior and MVPA 

did not significantly differ between week 0 and 8 of heat training (p = 0.783 and p = 0.302, 

respectively), however light PA and total PA were significantly increased at week 8 of heat 

training (p = 0.044 and p = 0.009, respectively). 

Table 4. Physical Activity by Accelerometry 

 Week 0 Week 8 

Sedentary Behaviour (min/d) 698.8 ± 134.9 642.3 ± 72.8 

Sedentary Behaviour (% wear time) 71.5 ± 11.1 69.7 ± 6.6 

Light PA (min/d) 174.7 ± 55.5 205.8 ± 28.1 

Light PA (% wear time) 18.0 ± 4.8 22.2 ± 2.5* 

MVPA (min/day) 44.7 ± 26.3 51.2 ± 27.1 

MVPA (% wear time) 4.3 ± 2.9 5.5 ± 2.9 

Total PA (min/day) 212.7 ± 61.3 271.4 ± 52.5 

Total PA (% wear time) 22.7 ± 6.2 27.7 ± 4.2* 

Data are expressed as means ± SD (n = 6). PA; physical activity. MVPA; moderate-to-

vigorous physical activity. min/d; minutes per day. % wear time; percentage of accelerometer 

wear time. *Significant from baseline at P < 0.05.  
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3.3.3 Participant Adherence and Compliance 

Adherence and compliance data are presented in Table 5. Three participants were unable 

to complete the study for personal reasons unrelated to the study or its protocols (16 began the 

study, 1 dropped out at 4 weeks, and 2 dropped out at 6 weeks, yielding an n of 13). These 

participants all fell within the range of baseline %RH- and %PFEX-FMD of the 13 participants 

who completed the 8 week intervention. 

Table 5. Heating Intervention Adherence and Compliance 

Adherence  

Sessions Prescribed 520 

Sessions Attended 511 

Attendance (%) 98.3% 

Compliance  

Heating Time Prescribed (min) 35 

Heating Time Performed (min) 34.9 ± 1.0 

Data are expressed as means ± SD (n = 13). 
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3.3.4 HR and BP During FMD Assessment 

The change in heart rate (ΔHR) and blood pressure (ΔBP) during both RH-FMD and 

PFEX-FMD are displayed in Figure 5. ΔHR during RH-FMD (calculated as the change in HR 

from baseline to the 3-min average following cuff release) did not significantly differ between 

limbs (p = 0.165), or across the heating intervention (time: p = 0.685), and no significant 

interaction was found between limb and time (p = 0.146). There was a main effect of time on 

ΔHR during PFEX-FMD (calculated as the change in HR from baseline to the last 5 min of 

exercise; p = 0.012). Post hoc analysis revealed that ΔHR at week 2 was significantly greater than 

week 0 (p = 0.048, difference of means: 4.7 bpm). However, no effect of limb (p = 0.846) or 

interaction between time and limb (p = 0.095) was found. No significant effect of limb, time, or 

interaction between these factors was evident for ΔBP during RH-FMD (p = 0.149, p = 0.299, p = 

0.839, respectively), or PFEX-FMD (p = 0.690, p = 0.864, p = 0.478, respectively). 
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Figure 5. Heart Rate and Mean Arterial Pressure During Flow-Mediated Dilation Tests 

Panel A: change in heart rate (ΔHR) during reactive hyperemia flow-mediated dilation (RH-

FMD) from baseline to the 3-min average following cuff release. Panel B: ΔHR during plantar 

flexion flow-mediated dilation (PFEX-FMD) from baseline to the last five minutes of exercise. 

Panel C: change in blood pressure (ΔBP) during RH-FMD from baseline to the three minutes 

following cuff release. Panel D: ΔBP during PFEX-FMD from baseline to the last five minutes of 

exercise. Data are expressed as means ± SD (HR: n = 13, BP: n = 12 as continuous BP 

measurements could not be obtained in one participant). *Significant difference from baseline at 

P < 0.05. 
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3.3.5 RH-FMD Shear Stress 

RH-FMD shear stress characteristics are shown in Table 6. Baseline shear stress did not 

significantly differ between limbs or week of heat training in the RH-FMD test, nor was there an 

interaction between these factors. No change in the elicited shear stress stimulus (30s shear stress 

AUC [Figure 6], 60s shear stress AUC, or peak shear stress [Table 6]) was evident between limbs 

or across the 8 week heating intervention, and no interaction between limb and time was found 

(30s shear stress AUC: limb p = 0.705, time p = 0.113, and time*limb p = 0.305; Figure 6). 

Week 0 Week 2 Week 4 Week 6 Week 8

3
0

s
 S

h
e

a
r 

S
tr

e
s
s
 A

U
C

0

100

200

300

400

500

600

700
Experimental Limb

Control Limb

 

Figure 6. Reactive Hyperemia Shear Stress Stimulus 

The shear stress stimulus, elicited by reactive hyperemia of the leg, and calculated as the area 

under the curve (AUC) of the shear stress in the first 30 seconds post-cuff release. Data are 

expressed as mean ± SD (n = 13).
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Table 6. Superficial Femoral Artery RH-FMD Characteristics Throughout the 8-Week Heating Intervention 

 Week 0 Week 2 Week 4 Week 6 Week 8 P Value 

Baseline diameter (cm)      limb: 0.726 

Experimental Limb 0.511 ± 0.066 0.511 ± 0.059 0.510 ± 0.051 0.508 ± 0.064 0.509 ± 0.062 time: 0.908 

Control Limb 0.501 ± 0.063 0.508 ± 0.066 0.516 ± 0.058 0.510 ± 0.065 0.509 ± 0.064 time*limb: 0.107 

       

Baseline shear stress (dynes/cm2)      limb: 0.213 

Experimental Limb 1.96 ± 0.92 1.68 ± 0.72 1.59 ± 0.44 1.68 ± 0.65 1.66 ± 0.59 time: 0.187 

Control Limb 2.13 ± 1.00 1.80 ± 0.60 1.59 ± 0.45 1.66 ± 0.54 1.87 ± 0.48 time*limb: 0.725 

       

Peak diameter (cm)      limb: 0.838 

Experimental Limb 0.536 ± 0.055 0.539 ± 0.056 0.539 ± 0.050 0.531 ± 0.056 0.533 ± 0.058 time: 0.748 

Control Limb 0.536 ± 0.058 0.534 ± 0.056 0.538 ± 0.054 0.534 ± 0.055 0.530 ± 0.057 time*limb: 0.884 

       

Peak shear stress (dynes/cm2)      limb: 0.146 

Experimental Limb 23.63 ± 7.93 20.76 ± 5.07 21.93 ± 4.90 21.39 ± 5.23 20.80 ± 5.37 time: 0.656 

Control Limb 24.20 ± 5.97 22.84 ± 6.30 20.55 ± 4.82 21.54 ± 5.64 21.14 ± 7.13 time*limb: 0.275 

       

60s shear stress AUC      limb: 0.595 

Experimental Limb 630.2 ± 253.4 556.8 ± 132.9 569.0 ± 109.2 541.1 ± 115.0 556.4 ± 134.9 time: 0.108 

Control Limb 644.9 ± 177.6 629.8 ± 180.7 550.2 ± 124.7 540.6 ± 150.7 550.6 ± 168.7 time*limb: 0.280 

       

FMD (cm)      limb: 0.868 

Experimental Limb 0.024 ± 0.020 0.027 ± 0.014 0.028 ± 0.013 0.022 ± 0.015 0.024 ± 0.010 time: 0.183 

Control Limb 0.035 ± 0.015† 0.025 ± 0.017 0.021 ± 0.014* 0.023 ± 0.017 0.020 ± 0.016* time*limb: 0.029 

Data are expressed as means ± SD (n = 13). AUC; area under the curve. RH-FMD; reactive hyperemia flow-mediated dilation. *Significant 

from baseline at P <0.05. †Significant between limbs at same time point at P < 0.05.
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3.3.6 PFEX-FMD Shear Stress 

PFEX-FMD shear stress characteristics are displayed in Table 7. Baseline shear stress 

was not significantly different between limbs, nor was there an interaction between limb and 

time, however a significant difference in baseline shear stress was found across weeks. Post hoc 

analysis revealed that baseline shear stress was significantly lower at weeks 4 and 2, relative to 

week 0 (p = 0.001 and p = 0.023; difference of means: 0.552 and 0.409 dynes/cm2, respectively), 

while weeks 6 and 8 were not significantly different from week 0. As shown in Figure 7, no 

difference in steady state shear stress was evident between limbs (p = 0.073) or across the 8 week 

heating intervention (p = 0.540), and there was no significant interaction between limb and time 

(p = 0.247). Peak minute shear stress was not significantly different between limbs, or across the 

heating intervention, and no significant interaction was found between limb and time. There was 

a significant difference in shear stress range across weeks, however no effect of limb or 

interaction between limb and time was observed. Post hoc analysis revealed that shear stress 

range was significantly decreased at week 2, relative to week 0 (p = 0.031, difference of means: 

0.573 dynes/cm2), while weeks 4, 6, and 8 were not significantly different from week 0.  
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Figure 7. Plantar Flexion Exercise Shear Stress Stimulus 

The steady state shear stress elicited by plantar flexion exercise (calculated as the average shear 

stress during the last 5 min of exercise). Data are presented as means ± SD (n = 13). 
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Table 7. Superficial Femoral Artery PFEX-FMD Characteristics Throughout the 8-Week Heating Intervention 

 Week 0 Week 2 Week 4 Week 6 Week 8 P Value 

Baseline diameter (cm)      limb: 0.930 

Experimental Limb 0.494 ± 0.061  0.498  ± 0.057 0.500 ± 0.057 0.498 ± 0.058 0.488 ± 0.058 time: 0.479 

Control Limb 0.498 ± 0.065 0.493 ± 0.061 0.501 ± 0.063 0.495 ± 0.057 0.488 ± 0.060 time*limb: 0.833 

       

Baseline shear stress (dynes/cm2)  * *   limb: 0.999 

Experimental Limb 1.70 ± 0.56 1.30 ± 0.55 1.15 ± 0.71 1.34 ± 0.45 1.33 ± 0.48 time: 0.002 

Control Limb 1.69 ± 0.75 1.27 ± 0.43 1.13 ± 0.45 1.38 ± 0.53 1.35 ± 0.43 time*limb: 0.989 

       

Peak min shear stress (dynes/cm2)      limb: 0.061 

Experimental Limb 9.64 ± 2.18 9.59 ± 2.72 9.30 ± 2.65 9.59 ± 3.29 9.45 ± 2.81 time: 0.375 

Control Limb 9.93 ± 2.84 8.49 ± 3.04 8.68 ± 2.45 9.07 ± 2.77 9.06 ± 2.48 time*limb: 0.140 

       

Shear stress range (dynes/cm2)  *    limb: 0.299 

Experimental Limb 2.16 ± 0.72 1.65 ± 0.47 2.27 ± 0.99 1.81 ± 1.12 2.02 ± 0.67 time: 0.027 

Control Limb 2.47 ± 1.14 1.82 ± 1.05 2.05 ± 1.16 1.92 ± 0.48 2.22 ± 1.02 time*limb: 0.766 

       

Peak min (min of exercise)      limb: 0.914 

Experimental Limb 5.04 ± 1.49 5.62 ± 1.34 4.96 ± 1.60 5.04 ± 1.99 5.31 ± 2.16 time: 0.871 

Control Limb 5.15 ± 2.01 5.35 ± 1.68 5.42 ± 2.04 5.12 ± 1.66 5.08 ± 1.51 time*limb: 0.894 

       

Last min FMD (%)      limb: 0.158 

Experimental Limb 8.0 ± 6.9 7.5 ± 5.2 6.5 ± 5.9 5.9 ± 3.9 5.0 ± 3.9 time: 0.400 

Control Limb 6.1 ± 4.9 6.1 ± 4.5 6.4 ± 6.0 4.9 ± 4.3 5.3 ± 3.7 time*limb: 0.539 

       

Last min FMD (cm)      limb: 0.147 

Experimental Limb 0.036 ± 0.031 0.034 ± 0.023 0.030 ± 0.026 0.027 ± 0.019 0.023 ± 0.020 time: 0.451 

Control Limb 0.028 ± 0.021 0.029 ± 0.020 0.029 ± 0.026 0.023 ± 0.020 0.024 ± 0.019 time*limb: 0.620 

       

Peak FMD (cm)      limb: 0.215 

Experimental Limb 0.043 ± 0.028 0.042 ± 0.025 0.039 ± 0.024 0.033 ± 0.017 0.032 ± 0.017 time: 0.229 

Control Limb 0.038 ± 0.017 0.037 ± 0.023 0.039 ± 0.023 0.030 ± 0.018 0.030 ± 0.018 time*limb: 0.923 

Data are expressed as means ± SD (n = 13). PFEX-FMD; plantar flexion exercise flow-mediated dilation. Peak min; minute of exercise at 

which peak %PFEX-FMD occurred. *Significant from baseline at P <0.05.
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3.3.7 Baseline Diameter and Flow-Mediated Dilation 

  Participants presented with no differences in RH-FMD baseline diameter between limbs, 

or throughout the 8-week heating intervention, and there was no significant interaction between 

limb and time (Table 6). A significant interaction between time and limb was observed for %RH-

FMD (p = 0.032). Post hoc analysis revealed that %RH-FMD was significantly lower at weeks 4 

and 8 relative to week 0 in the control limb (p = 0.012 and p = 0.011; difference of means: 2.8 

and 2.8%, respectively), and that control limb %RH-FMD was significantly higher than 

experimental limb %RH-FMD at week 0 (p = 0.01, difference of means: 2.2%), but not at weeks 

2, 4, 6 or 8 (Figure 8A). No differences were observed between weeks in the experimental limb.  

 No differences were found in baseline diameter preceding the PFEX-FMD test either 

between limbs or across weeks, and no interaction was found between limb and time (Table 7). 

No main effects of limb or time were observed for either peak (p = 0.246 and p = 0.220, 

respectively; Figure 8B) or last minute %PFEX-FMD (Table 7). There was no significant 

interaction between limb and time for either peak (p = 0.882) or last minute %PFEX-FMD. 
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Figure 8. Flow-Mediated Dilation 

Percent change in superficial femoral artery diameter in response to the reactive hyperemia test 

(%RH-FMD; A) and in response to plantar flexion exercise (Peak %PFEX-FMD; B). Data are 

presented as means ± SD (n = 13). *Significant difference from baseline at P < 0.05. †Significant 

difference between limbs at same time point at P < 0.05. 

* * 
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3.3.8 Shear Stress During Heating 

The shear stress stimulus from two week 8 heat training sessions is displayed in Figure 9. 

A significant interaction was found between time and limb (p = 0.012). Post hoc analysis revealed 

that there was no difference in shear stress between limbs at baseline, however there was a 

significant difference between limbs at 5, 15, 25, and 35 min (p = 0.019, p = 0.007, p = 0.007, and 

p = 0.006; respectively). In the experimental limb, shear stress was significantly higher at 15, 25, 

and 35 min, relative to baseline (p = 0.013, p = 0.012, and p = 0.009; respectively), but not 

significantly higher at 5 min (p = 0.063). In the control limb, no significant differences were 

found throughout the heating session. 
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Figure 9. Shear Stress Stimulus Created by Heat Training 

Shear stress in the superficial femoral artery during a week 8 heat training session (n = 2). 

*Significant difference from baseline at P < 0.05. †Significant difference between limbs at same 

time point at P < 0.05. 
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3.3.9 Pulse Wave Velocity 

Pulse wave velocity (PWV) data are presented in Table 8. Central PWV did not 

significantly change across the heating intervention period. Similarly, no differences in peripheral 

PWV were observed between limbs or across the heating intervention period, and there was no 

significant interaction between limb and time. 

Table 8. Central and Peripheral Pulse Wave Velocity 

 Week 0 Week 2 Week 4 Week 6 Week 8 P Value 

Central PWV (m/sec) 5.85 ± 0.53 5.48 ± 0.53 5.62 ± 0.51 5.70 ± 0.46 5.60 ± 0.47 time: 0.397 

       

Peripheral PWV (m/sec)      time: 0.681 

Experimental Limb 6.97 ± 1.27 7.27 ± 0.98 7.36 ± 0.85 7.49 ± 1.15 7.48 ± 1.34 limb: 0.061 

Control Limb 8.18 ± 0.82 7.17 ± 0.97 7.55 ± 1.18 8.04 ± 1.25 7.41 ± 1.22 time*limb: 0.074 

Data are expressed as means ± SD (n = 12). PWV; pulse wave velocity. 

3.4 Discussion 

The primary purpose of this investigation was to determine the impact of repeated, 

isolated increases in superficial femoral artery (SFA) shear stress on SFA endothelial function. 

Eight weeks of unilateral lower limb heat training was used to induce increases in shear stress, 

creating a within-subjects design to assess the effects of shear stress modulation on SFA RH- and 

PFEX-FMD (FMD in response to transient and sustained increases in shear stress, respectively). 

The main findings of this study suggest that 8 weeks of heat training and the associated shear 

stress stimulus: 1) may have prevented a decline in %RH-FMD, 2) did not affect the FMD 

response to plantar flexion exercise (%PFEX-FMD), and 3) did not influence arterial stiffness 

assessed via pulse wave velocity (PWV). 

3.4.1 The Impact of Heat Training on RH- and PFEX-FMD 

The SFA %RH-FMD values observed in the present study are similar to previous reports 

by Thijssen et al. (2008) (6.9% in healthy males 31 ± 7 years) and Kooijman et al. (2008) (4.2% 
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in healthy males 34 ± 4 years); however, in the present study, there was no evidence to indicate 

that 8 weeks of heat training increased SFA FMD at any time point in response to either a 

transient (RH-FMD) or sustained shear stress stimulus (PFEX-FMD). These findings are contrary 

to our hypotheses and are inconsistent with the brachial artery results of Naylor et al. (2011), in 

which healthy, recreationally active males underwent 8 weeks of forearm heating in 42°C water 

for 30 minutes, three times per week. Brachial artery RH-FMD was found to be significantly 

higher at week 2, compared to baseline in the experimental limb, while no differences were 

observed in the control limb. Brachial artery FMD in response to reactive hyperemia following 

occlusion with ischemic exercise (a more prolonged transient stimulus; SS-RH-FMD) was found 

to progressively increase across the 8-week heating intervention in the experimental limb, while 

no changes were evident in the control limb. These results suggest that repeated, isolated 

increases in shear stress, independent of exercise, improve brachial artery FMD responses in 

humans. 

The reason for the discrepancy between the findings of this study and those of Naylor et 

al. (2011) is unclear, however it may relate to the SFA and its adaptability to sustained increases 

in shear stress, relative to that of the brachial artery. Upon conducting a retrospective analysis of 

data from their laboratory, Thijssen et al (2011b) found no correlation between brachial and SFA 

FMD when controlling for resting diameter and shear rate area under the curve. This suggests that 

the brachial and SFA responded differently to existing health status and activity levels.  

Nishiyama et al. (2007) found that in response to a transient stimulus, the popliteal artery dilated 

more per unit shear stress vs. the brachial artery. This suggests that there is a limb difference in 

acute shear stress sensitivity and it is possible that other limb differences are present such that the 

SFA has a lower capacity to adapt to repeated, isolated increases in shear stress than the brachial 

artery. 
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While exercise is a complex stimulus that impacts factors other than shear stress that 

might affect endothelial function, there is evidence that elevations in shear stress play an 

important role in exercise-induced adaptations in brachial artery endothelial function (Birk et al. 

2012, Carter et al. 2014, Naylor et al. 2010, Tinken et al. 2010). Training studies have 

demonstrated an improvement in popliteal artery endothelial function in response to cycling and 

treadmill exercise (Rakobowchuk et al. 2008, Tinken et al. 2008), however when the impact of 8 

weeks of endurance training on SFA FMD was assessed in healthy, sedentary, older men, no 

improvement was observed. Given that shear stress is an important component of the training 

stimulus, these data suggest that the popliteal artery is sensitive to chronic increases in shear 

stress. It is unclear whether the SFA specifically is insensitive, or whether other differences 

between exercise and heat training, the time point of measurements, or the study population may 

explain the observed lack of improvement in the SFA. 

Another reason for the discrepancy between the findings of this study and those of Naylor 

et al. (2011) may relate to the higher-than-anticipated physical activity levels of the participants 

in the present study. Although participants were screened for physical inactivity using a Seven-

Day Physical Activity Recall questionnaire (Jacobs et al. 1993), upon inspection of the 

accelerometry data (obtained in a subset of 6 participants), it was found that participants spent an 

average of 5% of their waking hours in MVPA and that 5 out of the 6 participants obtained ≥ 150 

minutes of MVPA per week in bouts of 10 minutes or more, thus achieving the Canadian 

Physical Activity Guidelines. Physical activity involving the lower limbs is more common than 

that involving the upper limbs, and thus sustained shear stress stimuli are more common in the 

lower limbs. It may be that the present study participants were already habitually exposed to a 

high enough SFA shear stress stimulus that the 8-week heating intervention was not sufficient 

overload to result in endothelial adaptation. Although shear stress increased significantly in the 

heated limb during the heat training sessions (Figure 9), pilot work in our laboratory (unpublished 
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findings) suggests that the mean increase in shear stress is comparable to that elicited by a light 

intensity of cycling exercise (approximately 50-100 watts in men). 

Another explanation for the disparate findings between this study and the majority of 

studies that have found improvements in FMD with training (heat or exercise) is that females may 

be less responsive to vascular adaptation than males. To our knowledge, this is the only study to 

assess FMD in females in response to exercise or heat training, with the exception of 

Rakobowchuk et al. (2008), who investigated the effects of 6 weeks of high-intensity, low-

volume sprint interval training on popliteal artery endothelial function in both males and females. 

Popliteal RH-FMD improved following the training period, however the study population was not 

isolated to females, nor were the results split into male and female groups. Therefore, it is unclear 

if the improvement was driven primarily by males. 

SFA %RH-FMD was found to be significantly lower at weeks 4 and 8 relative to week 0, 

in the control limb only. The reason for this is unclear, however it may be that psychological 

stress contributed to a decline in control limb %RH-FMD, which the heating intervention was 

able to prevent in the experimental limb. The study population of the present study consisted 

solely of university students, and as they progressed though the 8-week heating intervention, they 

entered the final exam period and their workloads increased. Subjective assessment revealed that 

psychological stress levels increased throughout the intervention. Acute bouts of mental stress 

have been found to impair RH-FMD (Ghiadoni et al. 2000, Spieker et al. 2002, Broadley et al. 

2005), but not EX-FMD (Szijgyarto et al. 2013). It is possible that SFA endothelial function 

declined in the control limb due to mental stress and that the repeated, isolated increases in shear 

stress induced via the heating intervention prevented this decline in the experimental limb. 

This is the first study to examine the impact of chronic, isolated increases in shear stress 

on FMD in response to a sustained stimulus (SS-FMD; assessed via PFEX-FMD). Several 
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(Naylor et al. 2011, Tinken et al. 2008, and Tinken et al. 2010), but not all (Birk et al. 2012) 

training studies (heating or exercise) have observed improvements in FMD in response to a more 

sustained version of reactive hyperemia, achieved with the addition of ischemic handgrip exercise 

to the occlusion period (SS-RH-FMD). The lack of observed improvement in SS-FMD in the 

present study could be due to the fact that repeated, isolated increases in shear stress do not 

improve FMD in response to a truly sustained stimulus. Alternatively, the lack of improvement 

could be due to the same reasons that were suggested for the lack of improvement in RH-FMD 

(i.e. relative to the upper limb, the lower limb vasculature may be less responsive to shear stress 

training, the shear stress stimulus induced via heat training may have been insufficient to result in 

improved endothelial function in the present study population, or females may be less responsive 

to vascular adaptation than males). 

3.4.2 The Impact of Heat Training on Pulse Wave Velocity 

Arterial stiffness, as an index of vascular structure, was assessed via peripheral and 

central pulse wave velocity (PWV). Central PWV did not change over the 8-week heating 

intervention, and this was expected as we did not anticipate that the heating would have a 

significant impact on central hemodynamic variables. However, peripheral PWV also did not 

change over time in the experimental (or the control limb), despite chronic exposure to elevated 

shear stress in the experimental limb. These findings suggest that repeated, isolated increases in 

shear stress, independent of exercise do not affect arterial stiffness. This finding is similar to that 

of Hayashi et al. (2005), who found that 16 weeks of moderate-intensity exercise training in 

sedentary middle-aged men did not affect peripheral PWV in the leg. Hayashi et al. concluded 

that peripheral arterial stiffness is difficult to change with short-term, moderate intensity aerobic 

exercise training. In contrast, Currie et al. (2009) observed an improvement in peripheral PWV 

following short-term endurance exercise training in healthy young males. 
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One of the prevailing theories from studies that have observed transient improvements in 

RH-FMD is that short-term exercise training induces functional adaptations (Delp et al. 1993, 

Delp and Laughlin 1997, Sessa et al. 1994, Sun et al. 1994), while long-term exercise training 

induces structural adaptations in the vasculature. It has been proposed that this structural 

adaptation leads to arterial remodeling and an attenuation of shear stress (Brown 2003, Prior et al. 

2003), resulting in the return of RH-FMD to baseline levels over several weeks of training. 

However, previous studies have used resting arterial diameter or peak vasodilator capacity (as 

determined by FMD in response to a prolonged reactive hyperemia [SS-RH-FMD) as an index of 

structural adaptation; neither of these indices provide an ideal measure of conduit vessel structure 

as resting arterial diameter is influenced by sympathetic nervous system activity, circulating 

hormone modulation, as well as local paracrine effects, and maximal dilation is not necessarily 

achieved via SS-RH-FMD as dilation depends on responsiveness to shear stress (Ku et al. 2014). 

Therefore, in the present study, peripheral PWV (as a measure of arterial stiffness) was used as an 

index of structural adaptation to heat training. As SFA FMD did not improve in the present study, 

the lack of improvement in peripheral arterial stiffness is unsurprising. 

3.4.3 Baseline %RH-FMD 

The reason for the difference is %RH-FMD between the control and experimental limbs 

at baseline (week 0) is not obvious, however this is not the first study to report heterogeneity in 

limb endothelial function at baseline (Green et al. 1996). Muscle recruitment patterns, muscle 

strength, and muscle flexibility tends to differ more between limbs in females, than in males 

(Ford et al. 2003, Myer et al. 2010, Hewett et al. 2006). As such, females tend to be more one-leg 

dominant than males (Hewett et al. 2010), and it is possible that the difference in %RH-FMD 

between the control and experimental limbs at baseline may relate to leg dominance. While we 

did not determine leg dominance, if more dominant limbs were randomized as the control limb, 
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this may have resulted in a higher control limb RH-FMD at baseline. Kagaya et al. (2010) 

observed larger brachial artery diameters in the dominant limbs of tennis players, suggesting that 

vascular measures may differ between dominant and non-dominant limbs. That being said, 

Thijssen et al. (2011b) found that brachial artery diameter did not differ between dominant and 

non-dominant limbs in healthy males, therefore it may be that differences in baseline diameter are 

only different in extreme cases of dominance. In the present study, control and experimental limb 

baseline diameters did not differ. In addition, Thijssen et al. (2011b) found no difference in 

brachial artery RH-FMD between dominant and non-dominant arms, and when %RH-FMD was 

measured in the brachial arteries of female badminton athletes, no difference was observed 

between the dominant and non-dominant limbs (Zhao 1995). 

In the present study, experimental limbs were randomized and counterbalanced such that 

after dropout, 6 participants had left experimental limbs and 7 had right. Taken together, these 

data suggest that it is unlikely that leg dominance determined the difference in %RH-FMD at 

baseline. Therefore, the reason for the difference in baseline %RH-FMD is unclear and future 

investigations are required to examine left vs. right limb TS-FMD responses in the lower limb to 

determine if heterogeneity is typical. 

3.4.4 Baseline Shear Stress 

In the present study, baseline shear stress preceding the PFEX-FMD test was 

significantly lower at weeks 2 and 4, relative to week 0 (Table 7) (main effect of time, not 

different between limbs). This difference was unanticipated, however may have been due to 

technical difficulties with the ventilation system at week 0, which prevented precise temperature 

control of the lab environment in which experimental visits were conducted (temperature at week 

0: 24.0 ± 2.5, week 2: 22.0 ± 0.4, week 4: 22.0 ± 0.8, week 6: 21.9 ± 1.1, week 8: 21.2 ± 1.1C). 

The elevated room temperature at week 0 may have caused an increase in cutaneous vasodilation 
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and therefore an increase in blood flow in the upstream SFA, and causing an increase in shear 

stress (Johnson and Park 1979). Although baseline shear stress was not significantly lower at 

weeks 6 and 8 relative to week 0, the differences approached significance. RH-FMD baseline 

shear stress followed the same pattern as in the PFEX-FMD test although again the differences 

did not reach significance. Importantly however, the stimulus for FMD did not differ over the 

weeks of training (Figure 7) and it is unlikely that modest fluctuation of the baseline shear stress 

influenced the FMD responses. 

3.4.5 Shear Stress Range 

The shear stress range during the PFEX-FMD protocol was significantly lower at week 2 

compared to baseline (week 0), while weeks 4, 6, 8 were not significantly different from baseline 

(Table 7). The shear stress fluctuation over the 6 min exercise bout is a result of experimenter and 

participant error in shear stress targeting. The reason for a significant decline at week 2, but not 

weeks 4, 6, and 8 is unclear. Several experimenters played the role of targeting ‘coach’ and 

variability in their strategy in combination with a greater participation of one coach at week 2, or 

greater consistency in coach identity between weeks 0 and 2 vs. subsequent weeks (allowing an 

improvement in targeting with consistent experimenter-subject partnered practice) might explain 

the results.  However, the identity of coaches was not recorded therefore this hypothesis cannot 

be explored. The shear stress range over the last 5 min of exercise reveals that there was 

variability around the target shear stress stimulus during exercise. However, no significant 

differences were found in steady state shear stress across the 8-week heating intervention. When 

Pyke et al. (2008b) compared brachial artery FMD responses to stable and fluctuating shear rate 

stimuli, keeping the mean increase in shear stress consistent, no differences in FMD were 

observed. This suggests that the endothelium transduces the mean shear when exposed to 
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fluctuations in the stimulus created by an exercise protocol. Therefore, it is unlikely that the lack 

of improvement in %PFEX-FMD in this study was a result of poor shear stress targeting. 

3.4.6 Baseline HR and BP 

At baseline, systolic BP, diastolic BP, and MAP at week 6 as well as systolic BP at week 

4 were significantly elevated, relative to week 2. The reason for this is unclear, however it is 

possible that, as all participants were university students, stress levels at weeks 4 and 6 were 

elevated as their workloads increased and they approached exam period, causing an increase in 

blood pressure. As acute mental stress has been shown to adversely impact RH-FMD, but not 

EX-FMD in the brachial artery (Szijgyarto et al. 2013), this supports the theory that increasing 

mental stress throughout the intervention may have contributed to a decline in %RH-FMD in the 

control limb, which was prevented by heating in the experimental limb. 

There was little change in HR and BP during RH-FMD (i.e. from baseline to the 3-min 

average following cuff release; Figure 4). This was expected as it is similar to what has been 

observed in the past with brachial artery RH-FMD (Pyke and Jazuli 2011, Pyke and Tschakovsky 

2007). There was a modest increase in HR and BP during PFEX-FMD, similar to that seen when 

handgrip exercise is performed for assessment of brachial artery EX-FMD (Pyke and Jazuli 2011, 

Pyke et al. 2008b). The hemodynamic responses to PFEX were largely consistent over the 8 

weeks of training with the exception of a modestly greater increase in HR at week 2, relative to 

week 0. Although the reason for this increase is unclear, the modest difference is unlikely to have 

had an impact on PFEX-FMD. 

3.4.7 Limitations 

There are several limitations to this study. This study had a small sample size and was 

unpowered to detect a ~2-3% decline in peak %PFEX-FMD between weeks 0 and 8 at the 0.05 

alpha level. Although we were unable detect a potential decline in peak %PFEX-FMD over time 
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as significant, this doesn’t impact our ability to conclude that contrary to our hypothesis, there 

was no evidence of an increase in experimental limb PFEX-FMD throughout the heating 

intervention. Moreover, studies using %FMD and similar heating or exercise interventions have 

used similar sample sizes as the present study (Birk et al. 2012, Carter et al. 2014, Naylor et al. 

2011, Tinken et al. 2010). 

The shear stress stimulus created by heat training was not characterized throughout the 8-

week heating intervention, but rather only characterized in two week 8 heating sessions. 

Therefore, how the shear stress stimulus created by heating varied between control and 

experimental limbs across time and between participants is unknown. That being said, pilot work 

conducted in 3 additional participants indicated that control limb shear stress did not increase 

during heating sessions. 

Another limitation of the present study was that we were unable to reach the shear stress 

target during exercise and as a result, shear stress was lower and more variable between subjects 

than was anticipated. That being said, shear stress was consistent within a given subject, so it is 

unlikely that the inability to reach the shear stress target influenced our conclusions.  

In addition, muscle sympathetic nerve activity (MSNA) may have increased during 

PFEX-FMD testing, which could have influenced conduit vessel tone and blunted the FMD 

response (Hijmering et al. 2002). Although we did not measure MSNA or catecholamine levels, 

the BP response observed during PFEX-FMD was similar to that observed during handgrip 

exercise FMD (Pyke et al. 2008, Pyke and Jazuli 2011). When Pyke et al. (2008) compared 

brachial artery FMD response to forearm heating and handgrip exercise, keeping the mean 

increase in shear rate (an estimate of shear stress) constant, no difference in mean FMD was 

observed. Exercise was accompanied by a significant increase in BP, whereas heating was not, 

suggesting that MSNA did not confound the FMD response. 
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Lastly, the present study sample was limited to young, healthy females and as such, the 

impact of repeated, isolated increases in shear stress on SFA endothelial function remains unclear 

in males, older adults, and clinical populations. Future studies are required to investigate the 

effect of repeated, isolated increases in shear stress on brachial artery endothelial function in 

females, as well as the effect of heat training on brachial artery FMD in response to a truly 

sustained shear stress stimulus. 

3.4.8 Conclusion 

This study is the first to investigate the impact of repeated, isolated increases in SFA 

shear stress on SFA FMD in response to either a transient or a sustained stimulus as well as the 

first to investigate the effect of heat training on arterial stiffness. The impact of repeated, isolated 

increases in shear stress on lower limb FMD is important to consider as 1) upper and lower limb 

blood vessels have been shown to respond differently to endothelium-dependent vasodilator 

agents (Newcomer et al. 2004), suggesting limb specific endothelial function and 2) 

atherosclerosis is common in the lower limb, therefore the lower limb may be a clinically relevant 

site for evaluating endothelial function (Tendera et al. 2011). As a whole, these findings indicate 

that 8 weeks of heat training and the associated shear stress stimulus may have prevented a 

decline in SFA %RH-FMD, but did not improve the FMD response to plantar flexion exercise 

induced increases in shear stress (%PFEX-FMD), and did not influence arterial stiffness assessed 

via pulse wave velocity (PWV). These results suggest that repeated lower limb heating does not 

increase shear stress to levels that improve SFA endothelial function in healthy, young females, 

however future studies are required to investigate the impact of an increased training stimulus in a 

truly sedentary population. 
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Chapter 4 

General Discussion 

4.1 Introduction 

As previously stated, the purpose of the study presented in chapter 3 was to determine the 

impact of repeated, isolated increases in SFA shear stress on SFA endothelial function, assessed 

via FMD in response to both a transient and sustained stimulus. It was hypothesized that 

endothelial function would improve in response to heat training, but that the time course and 

magnitude of improvements in FMD in response to the varying stimuli would differ. Contrary to 

the hypothesis, there was no evidence to indicate that 8 weeks of heat training improved FMD at 

any time point in response to either stimulus however, heat training may have prevented a decline 

in FMD in response a transient stimulus. No significant changes were observed in central or 

peripheral arterial stiffness (as an index of vascular structure) throughout the heating intervention. 

4.2 Strengths and Weaknesses 

To our knowledge, chapter 3 describes the first study to assess the impact of repeated, 

isolated increases in shear stress on conduit arteries in the lower limb. This is an important gap in 

the literature as upper and lower limb vessels have been shown to respond differently to 

endothelium-dependent vasodilator agents (Newcomer et al. 2004), and the vasculature of the 

lower limbs is susceptible to atherosclerosis (Tendera et al. 2011). Another novel aspect of the 

present study is the use of a sustained shear stress stimulus to evaluate the effect of heat training 

on FMD. In place of a sustained shear stress stimulus, previous exercise or heat training studies 

have assessed endothelial function using a prolonged transient stimulus (SS-RH-FMD) (Naylor et 

al. 2011, Tinken et al. 2008, Tinken et al. 2010). This is another important gap in the literature as 

sustained increases in shear stress are frequently encountered in vivo and may play a role in 
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perfusion (Delp and Laughlin 1998). In addition, recent evidence suggests that the impact of 

factors on FMD in response to a transient stimulus cannot be generalized to a sustained stimulus 

(Findlay et al. 2013, Szijgyarto et al. 2013). As such, FMD stimulated by transient vs. sustained 

stimuli may provide insight on different aspects of endothelial function (Mullen et al. 2001). 

Another strength of the present study was the use of peripheral PWV as an index of 

vascular structure. Previous studies have used resting arterial diameter or reactive hyperemia 

following occlusion with ischemic exercise (SS-RH-FMD) as a measure of structural adaptation 

to exercise or heat training. Neither of these measures provide an ideal index of conduit vessel 

structure as resting arterial diameter is influenced by sympathetic nervous system activity, 

circulating hormone modulation, as well as local paracrine effects and maximal dilation is not 

necessarily achieved via SS-RH-FMD as dilation depends on responsiveness to shear stress (Ku 

et al. 2014). Structural changes such as a decrease in elastin content in the arterial walls and 

proliferation of collagen fiber in the media can contribute to an altered extracellular matrix and 

arterial stiffening (Zieman et al. 2005). PWV is considered the gold standard for assessment of 

arterial stiffness (Van Bortel et al. 2012) and as such may provide a better index of structural 

adaptation than either resting arterial diameter or SS-RH-FMD.  

Lastly, adherence and compliance was a strength of the present study as participants 

attended 98% of the prescribed heating sessions and completed the full 35 minutes in all but two 

heating sessions.  

As noted within the manuscript in Chapter 3, there are several weaknesses to the present 

study. The fact that the shear stress stimulus created by heat training was not characterized 

throughout the intervention period was a major limitation as it is possible that the stimulus 

changed over time or increased in the control limb. For example, it could be that the lack of 

improvement observed throughout the 8-week heat training was due to a decline in the shear 
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stress stimulus during heating however, as we did not monitor the stimulus, we are unable to 

speak to this. Prior to commencing the study, we intended to monitor the shear stress stimulus 

created by heat training in a subset of participants however, this was not achieved due to the data 

collection schedule as well as other projects’ need for lab space. 

Another limitation of the present study was that central hemodynamic variables were not 

assessed during heating. This may have provided more insight as to the isolation of the shear 

stress stimulus. In addition, it may have been beneficial to objectively evaluate mental stress 

throughout the heat training period in order to evaluate the relationship between mental stress and 

%RH-FMD. 

4.3 Directions for Future Research 

As no improvements in FMD at any time point were seen throughout the heating 

intervention and it was postulated that this could be due to an insufficient heating stimulus, future 

investigations should be done with a higher volume shear stress stimulus or in sedentary 

populations. A larger training stimulus could be created by submerging more of the leg during 

heating (i.e. up to the level of the hip) or by using whole body exercise and placing a cuff around 

one leg (similar to what has been done in the upper limb by Birk et al. 2012, Naylor et al. 2011, 

and Tinken et al. 2010) such that shear stress is attenuated in the cuffed limb. It may be that there 

is a shear stress threshold necessary to induce adaptations, however future studies will be required 

to investigate this hypothesis. 

Another reason for the lack of improvement in FMD was speculated to be due to 

differences in vascular responsiveness to adaptation in the upper and lower limb as well as to 

potential differences between sexes. Future studies will be required to examine these hypotheses 

as well. 
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In addition, previous studies have examined the impact of chronic increases in shear 

stress on FMD in response to a prolonged transient stimulus, however brachial artery FMD in 

response to a truly sustained stimulus has not been used as an outcome measure. Therefore, future 

studies should examine the impact of repeated, isolated increases in shear stress on brachial artery 

SS-FMD. The thesis study did not observe an improvement in SFA SS-FMD however, it is 

unclear as to whether this was due to SS-FMD not being responsive to chronic increases in shear 

stress or due to other factors. Findings in the brachial artery would provide insight as to whether 

SS-FMD generally does not improve in response to chronic increases in shear stress or whether 

there are differences in adaptability between the upper and lower limb vasculature. 

Lastly, previous studies have observed an improvement in brachial artery endothelial 

function with heat training or repeated sauna exposure (Carter et al. 2014, Imamura et al. 2001, 

Kihara et al. 2002, Naylor et al. 2011). The potential benefit of lower limb heating should be 

investigated in ageing and clinical populations such as paraplegics and patients with peripheral 

arterial disease. Lower limb heat training specifically, could be used as an adjunct to exercise 

therapy for populations in which exercise is poorly tolerated. 

4.4 MSc Experience 

I have gained many valuable experiences throughout my time as a Master’s student in the 

Cardiovascular Stress Response Laboratory and have been afforded several opportunities to gain 

technical skills including: ultrasound imaging, venipuncture techniques, data analysis, as well as 

measurement of blood viscosity and pulse wave velocity. Beyond technical skills, I have gained 

many valuable competencies through organizing and managing an 8-week training study; this 

included scheduling participants, conducting data collection sessions, and supervising the 

majority of heat training sessions. In addition, I was able to develop novel equipment and 

protocols, including pilot work to develop the PFEX-FMD test with Trevor King, designing the 
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heat training tanks with Dr. Kyra Pyke, and employing them for the first time. At the beginning of 

the study, RH-FMD was conducted in a seated position; after finding that this induced syncope in 

select participants, I participated in designing a protocol revision such that RH-FMD could be 

carried out safely in a supine position (n.b. the trials in which syncope occurred were not included 

in analysis and these participants were removed from the study). Finally, I was given the 

opportunity to teach lab techniques and data analysis skills to undergraduate students. 

4.5 Summary and Conclusion 

Exercise training has been shown to be effective in both the prevention and treatment of 

cardiovascular disease (Tanasescu et al. 2002, Taylor et al. 2004, Thompson et al. 2003). As such, 

elucidating the mechanisms by which exercise training reduces the risk of atherosclerosis is a 

growing area of research. Recent evidence suggests that improvement in endothelial function 

through shear stress-dependent mechanisms may play a role (Tinken et al. 2010), however the 

majority of this research has been conducted in the upper limb (Birk et al. 2012, Carter et al. 

2014, Clarkson et al. 1999, Naylor et al. 2011, Thijssen et al. 2007, Tinken et al. 2008, Tinken et 

al. 2010), while relatively few studies have been conducted in the lower limb (Rakobowchuk et 

al. 2008, Thijssen et al. 2007, Tinken et al. 2008). The study described in Chapter 3 was designed 

to assess the impact of repeated, isolated increases in SFA shear stress on SFA endothelial 

function, assessed in response to both a transient and sustained stimulus. Contrary to the 

hypothesis, there was no evidence to indicate that either FMD or arterial stiffness improved at any 

time point throughout the 8-week heating intervention. These findings suggest that lower limb 

heating does not increase shear stress to levels that improve SFA endothelial function in healthy 

young females. Although the reason for these findings is unclear, it is possible that, relative to the 

upper limb, the lower limb vasculature is more resistant to adaptation, or that females are less 

responsive to vascular adaptation than males. Alternatively, the participants in the present study 
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may have experienced high levels of sustained increases in shear stress on a regular basis during 

activity and it may be that the stimulus created by heating did not provide sufficient overload to 

elicit adaptation. To our knowledge, this is the first study to examine the impact of repeated, 

isolated increases in shear stress on SFA endothelial function as well as to assess the impact of 

chronic elevations in shear stress on FMD in response to a sustained shear stress stimulus. Future 

research is required to elucidate differences in endothelial adaptation between sexes, as well as to 

determine if there is a difference between upper and lower limb endothelial adaptation to chronic 

increases in shear stress. 
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Appendix A 

Consent Form 

School of Kinesiology and Health Studies 

Queen’s University 

 

Kyra E. Pyke, Ph.D., Principal Investigator 

Study performed in Room 400D or 404, School of Kinesiology and Health Studies 
 
 

CONSENT FORM 

FOR RESEARCH PROJECT ENTITLED: 

 
 

The role of local shear stress vs. systemic factors in training induced modification of endothelial 

function and arterial stiffness  

 

This is an important form.  Please read it carefully.  It tells you what you need to know 

about this study.  If you agree to take part in this research study, you need to sign this form.  

Your signature means that you have been told about the study and what the risks are.  Your 

signature on this form also means that you want to take part in this study. 

 

Purpose of the Study: 

 

You are being invited to participate in a research study directed by Dr. Kyra Pyke to 

evaluate the impact of repeated increases in blood flow in the main artery of the thigh 

(superficial femoral artery).  Dr. Pyke or a student investigator will read through this 

consent form with you and describe the procedures in detail and answer any questions you 

may have.  This study has been reviewed for ethical compliance by the Queen’s University 

Health Sciences and Affiliated Teaching Hospitals Research Ethics Board. 

 

The purpose of the study is to identify whether repeated passive exposure to elevated blood flow 

via calf heating is able to improve lower limb arterial function. 
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Benefits For You: 

There are no direct benefits to you with participation. 

Description of Experiment and Risks: 

What will happen?  During this study, you will take part in the specific experimental procedures 

outlined below.   

HEART RATE MEASUREMENTS:  

Heart rate is continuously monitored by an electrocardiogram (EKG) through 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 heartbeat.  Your blood 

pressure will also be measured periodically with a cuff that inflates around your upper arm. 

 RISKS:  This technique is non-invasive and poses no risk. 

 

LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER MEASUREMENTS:  

The blood flowing through your superficial femoral artery (mid thigh) 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.  

 

LEG OCCLUSION:  

 

A blood pressure cuff will be secured just above the knee on each of your legs (one after the 

other, not at the same time).  This cuff will be inflated to 300 mmHg for 5 min to limit blood flow 

into your calf.  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 

calf.  This may feel warm and you may experience mild tingling but no discomfort.    

 

RISKS:  In rare cases the brief high level of blood flow into the calf results in a drop in 

blood pressure and sensations of dizziness that can lead to brief loss of consciousness 
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(fainting). We monitor your blood pressure and symptoms continuously. If you feel 

nauseous, dizzy or faint let us know immediately. You will be lying supine during this 

test and if any symptoms occur your legs will be elevated. With a supine position, 

elevated legs and a rapid return of leg blood flow to baseline following cuff release, 

normal circulation and consciousness will rapidly return (within seconds). 

 

CALF EXERCISE:  

 

You will be asked to perform pedal pushing (calf) exercise.  You will be asked to perform 

maximal contractions (duration ~2s) and up to 6 min of rhythmic contractions at an intensity that 

is 10-70% of your maximal force.   

 

RISKS:  You may experience muscle soreness in the muscles of your calf for 24-72 

hours after performing the calf 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. 

ARTERIAL PRESSURE MEASUREMENTS: 

 

A small pencil-like pressure transducer will be placed over your pulse on your femoral artery in 

your upper thigh as well as on your carotid artery in your neck.  A small infrared (light) sensor 

will be taped to the top of your foot to take continuous measurements of the pulse in the artery on 

the top of your foot.  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 continuously for ~5 min while you rest.                                                                          

RISKS:  This technique is non-invasive and poses no risk. 

LOWER LEG HEATING: 

 

In order to increase the blood flow through your superficial femoral artery, your leg will be 

submerged in a water bath that is tightly temperature controlled and will have a temperature of 

42-43.5 degrees Celsius.  The warm water will result in the dilation of your skin blood vessels.  

The water in the bath will feel quite warm, but not too hot.  If at any time you feel discomfort the 

water temperature will be cooled immediately with the addition of cooler water and dropping the 

set point temperature. Your leg will be heated for a total of 35 min in one session.  You will be 

sitting in a chair throughout this procedure and superficial femoral artery blood flow and diameter 

measurements will be periodically recorded.   

 

RISKS:  When the skin blood vessels fill with blood for an extended period this may 

cause mild swelling as some fluid escapes from the blood vessels into the surrounding 

tissue.  This minor swelling should resolve itself within 24 hours.  Elevation of the foot 

will help to speed up the process.  Your skin may appear red after removal from the bath.  

This is due to the increased skin circulation.  The redness should resolve within 12 hours. 
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HEATING TRAINING: 

 

Using the leg heating approach described above, you will be asked to come to the laboratory and 

submerge one leg in a heated water bath for 35 min once per day, 5 days/week for 8 weeks.  

Usually you will be sitting at a desk during this procedure and free to read or use a computer.  

Once per week the heating training will be done in the lab, and periodic measurements of leg 

artery diameter and blood flow will be taken as described above.    

VENOUS BLOOD DRAW: 

 

To measure the thickness of your blood (blood viscosity), your blood lipid profile, and circulating 

factors that that tell us about vascular function, a blood sample will be taken from a vein at your 

elbow or in your hand following standard venipuncture technique (once every two weeks).  In 

order to make the vein easy to identify, a non-latex tourniquet will be briefly applied to your 

upper arm.  A needle will be inserted into the identified vein to collect the sample.  Once the 

sample is collected the needle will be removed and a bandage will be applied.                                                            

 

RISKS:  Brief discomfort will be associated with the needle prick itself and a modest 

amount of soreness may persist at the site for 1-2 days.  As with any break in the skin 

there is risk of infection although it is very small in this case.  This skin will be cleaned 

prior to the venipuncture and a Band-aid will be applied immediately following collection 

of blood.  Some bleeding may occur under the skin resulting in the formation of a 

bruise.  Application of pressure directly following sample collection will minimize this 

risk.  Puncturing a blood vessel increases the risk of clot formation, but this is very rare 

with this type of venous sampling. 

 

FINGER PRICK BLOOD TEST: 

 

A small lancet (sharp edge) will be placed over your finger tip and depressed to draw a drop of 

blood.  This blood will be collected with a thin tube and used to measure the amount of fat and 

cholesterol in your blood.  This test may be done instead of the venous blood draw if your veins 

are difficult to access.  

 

RISKS:  Brief discomfort will be associated with the finger prick itself and a modest 

amount of soreness may persist at the site for 1-2 days.  As with any break in the skin 

there is risk of infection although it is very small in this case.  This skin will be cleaned 

prior to the finger prick and a Band-aid will be applied immediately following collection 

of blood. 

 

7 DAY PHYSICAL ACTIVITY RECALL:  
 

This is a questionnaire that will ask you to report your physical activity levels over the past 7 

days.  We will also ask you to describe any structured physical activity that you do on a regular 

basis. 

 

 RISKS:  This poses no risk. 
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ONE WEEK OBJECTIVE PHYSICAL ACTIVITY ASSESSMENT: 

 

In order to objectively measure physical activity, you will be asked to wear a portable, electronic 

device (i.e. a pedometer or accelerometer) for seven consecutive days during waking hours.  You 

will be issued this device for one week, during which, we ask that you maintain your normal daily 

routine. 

 

 RISKS:  This technique is non-invasive and poses no risk. 

 

How long will it take? 

 

Familiarization Visit: 

On an initial visit you will be familiarized with the equipment and asked to sit while we 

will use ultrasound to get an image of the artery in your thigh to make sure that we can 

get clear pictures. We will also measure your height, and weight and blood pressure.   

This visit will take approximately 20-30 min. 

 

Experimental Visits: 

Laboratory Testing Sessions will take a maximum of 3.5 hours and occur on a biweekly 

basis. While sitting and resting, you will be instrumented for heart rate, blood pressure 

and blood flow (ultrasound) measurements. After a 30 min rest period you will perform 

two trials (one in each leg) of 5 minute cuff inflation and release as well as two trials (one 

in each leg) of plantar flexion exercise while we measure the blood flow in your thigh 

(superficial femoral artery).  We will also take pressure measurements over arteries in 

your neck, thigh and foot while you rest. You will then place one leg in the warm water 

bath for 35 min.  This will count as one of your five weekly heating sessions.  

 

Heating Sessions will take a maximum of 45 min. You will be seated at a desk and free 

to read or use a computer. You will participate in five of these sessions per week. 

 

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, or eat food during the 12 

hours prior to each Laboratory Testing Session.  You should empty your bladder 

immediately before each session.  It is also important that you maintain your pre-study 

physical activity levels and diet throughout this study. 

 

Attached Medical Screening Forms: 

 

These questionnaires ask some simple questions about your health and readiness to 

participate in exercise.  This information is used to guide us with your entry into the 
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study.  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.  You will 

not be able to enter the study if anything is found which indicates that it is dangerous for 

you to participate. 

 We will continuously monitor your heart rate during testing, and you will be sitting.  

These precautions allow us to quickly identify if you are experiencing an unusual 

response and simply stopping the experimental manipulation will allow you to quickly 

recover. 

 

Confidentiality: 

 

All information obtained during the course of the study is strictly confidential and will 

not be released in a form traceable to you, except to you, and at your request 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: 

 

For complete participation you will receive an honorarium of $200.  Should you elect to 

discontinue your participation early you will receive an amount adjusted to reflect the 

number of weeks (out of 8) that you participated at $15/week. 

 

Freedom to Withdraw from the Study: 

 

 Your participation in this study is voluntary.  You may refuse to participate or you may 

discontinue participation at any time during the duration of the study without penalty and 

without affecting your academic evaluation. 

 

Subject 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. 
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If at any time I have further questions, problems or adverse events, I will contact: 

Sarah Schmitter (Graduate Student Investigator) 

8sms2@queensu.ca 

Room 401 D, SKHS 28 Division St. 

Queen’s University, Kingston, ON, K7L 3N6 

Tel: (613) 533-6000, ext. 79377 

 

Kyra E. Pyke, Ph.D. (Principal Investigator) 

pykek@queensu.ca 

Room 301C, SKHS 28 Division 

Queen’s University, Kingston, ON, K7L 3N6 

Tel: (613) 533-6000, ext. 79631 

 

Jean Cote, Ph.D. (SKHS Director) 

Room 206, KHS 

Queen’s University, Kingston, ON, K7L 3N6 

Tel: (613) 533-6601 

 

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: (613) 533-6081 

 

 

 

 

 

 

 

 

mailto:8sms2@queensu.ca
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By signing this consent form, I am indicating that I agree to participate in this study. 

 

______________________   _________________________ 

Participant Signature    Signature of person obtaining consent 

 

______________________   _________________________ 

Participant Name (please print)   Name of person obtaining consent (please print) 

 

______________________   _________________________ 

Date (day/month/year)    Date (day/month/year) 
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Appendix B 

Objective Physical Activity Assessment 

The Actigraph GT3X is a triaxial accelerometer designed to collect motion data (counts or 

acceleration, steps and body position) in three axes. The GT3X is most commonly worn at the 

waist and provides time sensitive information pertaining to physical activity intensity, frequency, 

and duration.  Equations, such as the Freedson equation (MSSE 30(5): 777-781) are available to 

convert the raw count data into physiologically meaningful data such as energy expenditure or 

physical activity intensity levels (light, moderate, vigorous).   

 

Each participant will wear the accelerometer for a one-week period at weeks 0 and during week 

4. Accelerometers will be given out by the graduate students or John Clarke at the anthropometry 

appointment at baseline and at the beginning of the final week of exercise by the exercise 

monitors.  In order to minimize measurement error, participants will be given the same 

accelerometer unit for each measure whenever possible. 

 

List of Measured Variables 

 

 Minutes per day of sedentary behaviour (<100 cpm), light physical activity (100-1951 cpm) 

moderate physical activity (1952-5724 cpm), vigorous physical activity (≥5725 cpm), and 

total or incidental physical activity (>100 cpm). 

 Counts per minute over the entire wear day, of sedentary behaviour, light physical activity, 

moderate physical activity, vigorous physical activity, and total or incidental physical 

activity.  

 Minutes per day of bouted (≥10 consecutive minutes) and unbouted (<10 consecutive 

minutes) activity 

 

Measurement Procedures 

 

Preparing the Accelerometer for Data Collection 

 

1. The accelerometer has a rechargeable battery that should be fully charged before being 

given to a participant.  The accelerometer can be recharged via a standard 2.0 USB 

connection plugged into a computer or a 7-terminal charging hub which is plugged into a 

regular electrical outlet.  A fully depleted battery takes approximately 3 hours to fully 

recharge.  Note: When the battery is plugged in and recharging a red light will flash.  

When this red light stops flashing and stays on, the battery is fully charged.  

2. When the accelerometer is charged it can be initialized.  Double-click the Actilife 

software icon on the desktop.   

3. When the Actilife program is open on the computer, use a USB 

connection to connect the accelerometer to the computer (as shown 

in the picture below – the arrow on the USB cable should be facing 

up). A new driver has to be installed for each port that the USB + 

accelerometer is plugged into.   
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4. Once the accelerometer is plugged in the screen will change to look like the one below. 

Check the battery of the accelerometer to make sure it is fully charged.  

 
 

5. Click on the ‘Initialize’ button to initialize the accelerometer. The following screen will 

pop up. Ensure all settings in the snapshot below are also checked on your screen. Fill in 

the appropriate start and stop times. The accelerometer should start at midnight on the 

first day and stop at 11:59 pm on the last day. If the participant picks up the 

accelerometer in the morning then Day 1 will start on the day of pick-up.  However, if the 

participant picks up the accelerometer in the afternoon Day 1 will start the next day 

(because half of the day will already be over). Note: after the accelerometer has been 

initialized the red light will flash until it hits the programmed start time.  The red light 

will start flashing again once it reaches the stop time until the data is downloaded.  
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6. Enter Subject Info into the appropriate field. Change the subject name field to reflect the 

participant’s ID and visit number followed by the day number the accelerometer has been 

initialized for. In the example Above J001 is the participants ID, V00 is the visit number 

(baseline) and _1 refers to the accelerometer being initialized for Monday. _1 reflects an 

accelerometer starting on Monday, _2 is Tuesday, _3 is Wednesday and so on. Once this 

field is filled in, click “Initialize 1 Device”.  

7. Once the accelerometer has been successfully initialized the box below will pop up.  

Double-check that the start date and time are correct. Ensure that the “Status” field says 

“finished initializing”.  Disconnect the accelerometer from the USB cable. 

 
 

8. Attach the accelerometer to an appropriately sized elastic band. 

9. Record the serial number of the accelerometer on the SUBMAX accelerometer wear 

spreadsheet so we can track who was wearing which accelerometer (on repeat 

measurements the participant should receive the same accelerometer every time to reduce 

variation). This excel document is located in the “Accelerometry Data” folder on the 

\\DiskStation\GradStudent/ directory.  

10. Below is the Flashing Light Reference for the accelerometer 

 
 

file://///DiskStation/GradStudent/
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Preparing the Participant 

 

1. There are no guidelines the participant needs to follow prior to getting the accelerometer. 

2. The accelerometer will be attached to an elastic band to be worn around the waist next to 

the skin (or over a light, tight-fitting shirt if it is too itchy) to minimize extra motion and 

will be situated directly over the right hip. 

3. The participant will be asked to wear the accelerometer for a 7 day period and to remove 

it only for water activities (eg, swimming, showering, or bathing) and sleep.  

4. The participant will also be given a log (Appendix 11) where they will record when and 

why the accelerometer was removed and provide comments. 

5. The participant will be asked to note any abnormal activities or days they may have had 

while wearing the accelerometer. This will help in the interpretation after it is returned. 

 

Important Points to Mention During the Initial Meeting with the Participant 

 

1. We are putting an activity monitor on which will give us an indication of how much 

physical activity you do. It records how often you move around and how quickly you 

move around. 

2. The activity monitor does not interfere with any medical devices and is not harmful.  

3. The activity monitor should be worn on the elastic band around your waist, preferably 

right next to the skin but it can go over a tight-fitting shirt if it is itchy, or can be looped 

through belt holes on pants and should be situated directly above the right hip. Please 

ensure that the elastic is not loose and the activity monitor is not flopping around because 

it will not collect good data.  

4. The activity monitor should be worn at all times for the next 7 days during waking hours 

except it should be removed for all water-based activities such as swimming, showering, 

or bathing because it is not waterproof.    It is most important that you are wearing it 

during your waking hours.  So, because  you are not wearing it to sleep, please put it on 

as soon as you wake up in the morning and remove it immediately prior to climbing into 

bed at night.  

5. If the monitor is removed, please record on this log sheet what time(s) and why the 

activity monitor was removed.  Also, please record the times you wake up in the morning 

and fall asleep at night.  Finally, if you experience any problems or have any comments 

or suggestions please write that in on the bottom of the sheet. Alternatively, if you have 

any immediate concerns while wearing the device please contact John Clarke at 

clarke.john03@gmail.com or at (613) 533-6000 Ext 75118.  

6. Although the activity monitor is very durable, please be careful and gentle with it as it is 

very expensive. 

7. Please remember to wear the activity monitor back and bring the log sheet to that 

appointment.  If you do not have an appointment than we can arrange a time when I can 

meet you at the front doors of the SKHS building to pick it up from you.  You will 

receive a call the day before it is to come back to remind you and make arrangements if 

necessary. 

 

Management of Accelerometry Data 

 

Acquiring Data 

 

1. Retrieve accelerometer and log from the participant.   

mailto:clarke.john03@gmail.com
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2. Open the Actilife program, connect the accelerometer to the computer via USB 

connection and click the ‘download’ button on the left side of the screen. The box below 

should pop up on the screen. 

 

 
 

3. Once the data has been successfully downloaded, the box below will pop up. Select 

‘Subject Name’ from the “Download Naming Convention. Ensure that all the boxes and 

settings are the same as the image below. Then click “Download All Devices”. Note: The 

data will be stored in the accelerometer until it has been initialized again and at this point 

it is deleted.  So, be sure data has been downloaded before initializing any device. 
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4. The file (it will be a .AGD file) generated will be saved to the directory choosen 

(\\DiskStation\GradStudent/Submax\Accelerometry). The pop up below should appear 

and indicate that the download is finished. 

 
 

5. Now you must create the .dat and .CSV files using the .AGD file within the Actilife 

program.  Go to file, and click the “Import/Export/Convert” option. Select .AGD  

.DAT ( as seen in the box below).  Select the .AGD file that you just created and and 

open it.   

 
 

6. You should be the pop up below appear. Click on the “Open containing folder” button. 

The .DAT file should have the same name as the .AGD file. Ensure that the naming 

convention IDVvisit_day of the week is correct. For day of the week, Monday = 1, 

Tuesday = 2, Wednesday = 3 and so on. For example, if J001 received the accelerometer 

on Wednesday at visit 00 the file would be saved as J001V00_3.  

file://///DiskStation/GradStudent/Submax


 

 

92 

 
 

7. Move this file to the correct subfolder according to visit within the 

Submax\Accelerometry  ( i.e V00 or V04).   

8. Export the .AGD file to both a .dat file and a .CSV file.  Make sure to save the files in the 

appropriate folders, which are arranged by visit. Within each visit folder, there are 

subfolders arranged by file type.  

This file conversion can only be done on the complete version Actilife which is located 

on one computer in the Ross Lab.  

 

Initial Data Quality Assessment 

 

1. This will be done by creating graphs of the daily activity within Actilife 6.  After you 

have saved the data, select the graphing tab within the Actilife software as seen in the 

image below. 

 
 

2. Now, you must select the file that you would like to graph. Go and click on the “Select 

Dataset” button (Seen Below). Find the file that file in the Accelerometer folder, under 

the appropriate visit folder.  

 
 

3. The ActiLife 6 program will graph the PA data of all 3 axes for each day of wear.  In the 

example shown below, you can see that the graphs will display all collected data on the 
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same set of axis. You can go and unselect the data you do not want to see on the right 

(see arrow). 

 
 

4. Once you have unselected axis 2 and axis 3, the graph will become much clearer and 

allow you to assess the quality of the data (See below). 

 
 

5. The program will often recognize if the accelerometer has malfunctioned and a pop-up 

will appear when the accelerometer is plugged in that provides details about the problem.  

If extended periods of zeros are detected, cross-reference with the log sheets to determine 
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if the accelerometer was removed. There should be some periods of zeros if the 

participant showered. Also ensure that sleep and wake times look logical.   

6. Next, determine the number of days the accelerometer was worn and record using the 

excel spreadsheet. Be certain that the participant’s accelerometer was worn for a 

minimum of  days, including 1 weekend day. There must be a minimum of 10 hours of 

wear time each of those days to ensure the data can be used. 

7. Once the file has been assessed, bin it into the appropriate folder according to whether or 

not it was worn for the minimum number of required days (4 days: 3 weekday and 1 

weekend of at least 10 hours).  If a file does not meet these requirements, the data cannot 

be used and should be placed in the unusable data folder. The participant should be asked 

to wear the accelerometer again.  

Note: If a participant is asked to wear the monitor again at baseline, this will delay the 

start of the exercise intervention. Asking the participant to wear it again will be difficult 

if they do not wear it enough during their last week of exercise. If this happens, we will 

have to give it to them during their week of final assessments and make the decision of 

whether to use the data or not at the time of analysis. 
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Week 0 Week 8  ACTIVITY MONITOR LOG Participant ID: Monitor ID: 

Return Date: 
 

 Day One Day Two Day Three Day Four Day Five Day Six Day Seven 

Dates        

Time Awake        

Time Asleep        

Monitor Off     :     to     :       :     to     :       :     to     :       :     to     :       :     to     :       :     to     :       :     to     :   

Why?        

Monitor Off     :     to     :       :     to     :       :     to     :       :     to     :       :     to     :       :     to     :       :     to     :   

Why?        

Exercise Time     :     to     :       :     to     :       :     to     :       :     to     :       :     to     :       :     to     :       :     to     :   

Any problems? 

Please explain. 

       

 

The activity monitor should be worn around your waist (situated on the right hip), either right next to the skin or over a tight‐fitting shirt. Please 

ensure that the elastic is not loose and the activity monitor is not flopping around. The activity monitor should be worn at all times for the next 7 days 

and nights except during water‐based activities. If you are uncomfortable wearing the accelerometer to sleep or if you try it and it keeps you awake, 

do not feel obligated to wear it at night. It is most important that you are wearing it during your waking hours. So, if you are not wearing it to sleep, 

please put it on as soon as you wake up in the morning and remove it immediately prior to climbing into bed at night. 
 

If you have any questions or concerns please call 613‐533‐6000 x: 79377 or email Sarah at 8sms2@queensu.ca  

Thank you for your participation! 

mailto:8sms2@queensu.ca

