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Abstract 

The endothelium is a single layer of cells that lines the inside of all arteries, the proper 

functioning of which is essential for vasoprotection and control of arterial dilation.  Blood flow through 

an artery produces a frictional force on the endothelium called shear stress, which causes the artery to 

dilate.  A larger magnitude of this ‘flow-mediated dilation’ (FMD) response indicates greater endothelial 

function.  To date, FMD has primarily been experimentally assessed using a transient shear stress 

stimulus called reactive hyperemia (RH).  There is a paucity of research available which assesses FMD 

using sustained increases in shear stress, which are more similar to the shear stress stimuli that an artery 

experiences in everyday life.  Therefore, the objective of this dissertation was to further our understanding 

of the FMD response to sustained shear stress stimuli and how it is impacted acutely and chronically by 

endurance exercise.  Methods:  Repeated handgrip squeezing (HGEX) and calf plantar-flexion (LEX) 

were used create a sustained increase in shear stress, stimulating FMD in the brachial and superficial 

femoral arteries respectively.  1) HGEX-FMD was assessed before and after an acute bout of high-

intensity exercise.  The mechanisms of exercise’s effect on HGEX-FMD were interrogated via the 

consumption of the antioxidant vitamin C.  2) In the superficial femoral artery, the repeat-trial stability of 

LEX-FMD was compared to RH-FMD.  3) The EX-FMD and RH-FMD responses to 4 weeks of 

endurance exercise training were assessed in the brachial and superficial femoral arteries.  Results: 1) 

Brachial artery HGEX-FMD was augmented by high intensity endurance exercise, and this effect was 

abolished by vitamin C consumption, suggesting a role of oxidative stress in this adaptation.  2) 

Superficial femoral artery LEX-FMD was shown to increase systematically upon repeated trials, but RH-

FMD did not.  3) Training improved brachial artery RH-FMD, but not HGEX-FMD and not LEX- or RH-

FMD in the superficial femoral artery.  Conclusions: The FMD responses to sustained and transient shear 

stress stimuli are regionally different, functionally different, and differently effected by exercise-related 

interventions, supporting the idea that they measure different aspects of endothelial function. 
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Chapter 1 

Introduction 

The endothelium is a single layer of cells located on the inside of vessel walls that is in 

direct contact with the blood.  It is essential for vasoprotection (Gewaltig & Kojda, 2002) and 

local regulation of vascular tone (Furchgott & Zawadzki, 1980). As blood flows through an artery 

it produces a tangential force on the endothelium called shear stress. Shear stress is a major 

regulatory force in the vasculature that is known to influence both vascular structure 

(Duivenvoorden et al., 2010) (artery wall thickness, lumen area and vessel size) and endothelial 

function (Davies et al., 1986; Tinken et al., 2010).  In response to an increase in shear stress, the 

endothelium acts by releasing several vasoactive substances, including nitric oxide 

(NO)(Joannides et al., 1995), prostaglandins (Koller et al., 1993), and endothelium derived 

hyperpolarizing factors (Bellien et al., 2006).  The endothelium dependent vasodilation 

stimulated by an increase in shear stress is termed flow-mediated dilation (FMD). Endothelial 

function in humans is usually assessed non-invasively by measuring the degree of FMD in 

response to an experimenter imposed increase in shear stress.  This dissertation focusses on the 

FMD responses to exercise induced increases in shear stress (EX-FMD) in the upper (HGEX-

FMD; handgrip exercise induced brachial artery FMD) and lower limbs (LEX-FMD; leg exercise 

induced superficial femoral artery FMD) with an emphasis on how EX-FMD is impacted acutely 

and chronically by endurance exercise. 

1.1 FMD stimulated by exercise induced increases in shear stress (EX-FMD) 

FMD is usually measured experimentally in the brachial artery, and almost always using 

a protocol called reactive hyperemia (RH; RH-FMD).  This protocol involves the release of 

temporary limb occlusion and the creation of a transient (< 1 minute) and uncontrollable increase 
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in shear stress, which stimulates FMD.  RH-FMD is frequently impaired in populations with risk 

factors for cardiovascular disease (Celermajer et al., 1994) and is a predictor of cardiovascular 

events (Yeboah et al., 2007, 2009). 

Some researchers have begun to assess FMD during sustained increases in shear stress, 

often induced by handgrip exercise (HGEX).  This affords the experimenters the ability to alter 

contraction intensity in order to control shear stress magnitude (Pyke et al., 2008b; Wray et al., 

2011).  HGEX can be performed to create a stable shear stress stimulus for a given length of time, 

allowing for the time course of diameter adaptation to be characterized and the magnitude of 

shear stimulus to be matched between trials (Pyke et al., 2008b; Pyke & Jazuli, 2011).  

Alternatively, it can be performed as a ramp with incremental exercise intensities, which results 

in a stepwise increase in shear stress magnitude, permitting the characterization of a stimulus-

response relationship (Wray et al., 2011).  The sustained elevation of shear stress created with 

exercise is more physiologically relevant than the RH shear stress profile.  Indeed, during 

exercise and/or daily activity, there is often a sustained increase in shear stress, and FMD occurs.  

Furthermore, EX-FMD conveys functional and clinical relevance.  Functionally, EX-FMD of the 

conduit arteries can be important for perfusion, particularly in arteries that are compromised by 

atherosclerosis (i.e. coronary artery disease or peripheral artery disease)(Gordon et al., 1989; 

Huggins et al., 1998; Vita & Hamburg, 2010).  Clinically, an impaired EX-FMD is an early 

indicator of cardiovascular disease risk.  For example, impairments have been identified in EX-

FMD, but not RH-FMD, among young, otherwise healthy smokers (Findlay et al., 2013) and 

obese men (Slattery et al., 2016). 

Importantly, both brachial artery RH-FMD and EX-FMD are substantially mediated by 

endothelial production of NO.  However, NO production may occur via multiple different 

pathways (Frangos et al., 1996), and there is evidence that the transduction pathways recruited to 

elicit NO production are distinct when the shear stress stimulus is sustained (as in EX) versus 
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transient (as in RH) (Frangos et al., 1996).  The existence of distinct transduction pathways is 

consistent with observations that FMD stimulated by these pathways is sometimes impacted 

differently by various stimuli and/or conditions (Padilla et al., 2006; Grzelak et al., 2010; Findlay 

et al., 2013; Szijgyarto et al., 2013; Slattery et al., 2016).  For example, as mentioned above, 

HGEX-FMD but not RH-FMD was shown to be impaired in young smokers with a short smoking 

history (Findlay et al., 2013), and conversely, a high-fat meal may impair RH-FMD but not 

HGEX-FMD (Padilla et al., 2006).  However, sometimes HGEX-FMD and RH-FMD respond in 

the same manner.  For example they both exhibit an augmentation following acute increases in 

shear stress brought on by forearm heating (Ade et al., 2015), and an impairment among patients 

with diabetes (Grzelak et al., 2010).  Given the numerous examples of disparity, as a whole, 

evidence to date indicates that what we know about RH-FMD cannot be generalized to EX-FMD.   

Importantly, what we know about EX-FMD and its response to certain conditions/interventions is 

limited because the vast majority of our information about the endothelium’s response to shear 

stress comes from RH-FMD.  Given the physiological and potential clinical relevance of EX-

FMD, and its distinction from RH-FMD responses, this represents a critical gap in the literature 

and in our understanding of human endothelial function.    

 

1.2 Acute impact of endurance exercise on EX-FMD 

Large muscle-mass endurance exercise (i.e. running, cycling, and swimming) is a 

complex stimulus that produces a variety of factors that can influence the endothelium, including 

an increase in shear stress and endothelial reactive oxygen species (ROS).  These factors may act 

to alter the FMD response of an artery for some time after the cessation of exercise.  Following 

intense exercise there is an impairment of RH-FMD for up to an hour (Johnson et al., 2012b; Birk 

et al., 2013; Katayama et al., 2014).  This impairment may represent a potentially vulnerable 

period for a cardiovascular event via lessened conduit artery FMD, and therefore greater local 
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shear stress, which can lead to plaque rupture (Huggins et al., 1998; Fukumoto et al., 2008).  This 

impairment is thought to be due to the exercise induced insult of ROS on the endothelium 

(Dawson et al., 2013a).  An overload of endothelial ROS can act to oxidize and inactivate factors 

which produce NO (Milstien & Katusic, 1999), as well as NO itself, which might impair the RH-

FMD response.  This is supported by evidence that peripheral artery disease patients display an 

impairment in RH-FMD following exercise with a large ROS load, but that RH-FMD is not 

impaired by exercise when they are supplemented with the antioxidant vitamin C to attenuate 

ROS levels (Silvestro et al., 2002).   

The impact of an acute bout of endurance exercise on EX-FMD has never been 

investigated.  Since exercise is how shear stress is elevated in everyday life, the response of EX-

FMD to acute exercise might accurately represent how the conduit arteries would normally 

respond to bouts of exercise.  EX-FMD is substantially mediated by NO (Wray et al., 2011), and 

therefore it too may be negatively affected by high intensity exercise, due to ROS production 

which could decrease NO bioavailability.  If EX-FMD is impaired post exercise, this could be of 

particular importance among those with atherosclerotic plaques, who, following high-intensity 

exercise, may develop a window of time with decreased perfusion capacity, and therefore 

increased risk of claudication or angina during subsequent exercise bouts (Gordon et al., 1989; 

Huggins et al., 1998; Vita & Hamburg, 2010).  

 

1.3 EX-FMD in the superficial femoral artery 

A majority of FMD research is performed in the conduit arteries of the arms, however the 

leg vasculature is more susceptible to atherosclerotic changes (Kröger et al., 1999; Ouriel, 2001).  

In addition, the arm and leg vasculatures do not always respond in the same way to interventions 

or conditions (eg. Exercise training (Thijssen et al., 2007) and coronary artery disease (Gokce et 

al., 2002)).  Therefore, measurement of leg FMD is important because it provides insight on 
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regional and limb specific distinctions in endothelial function and may provide a more direct 

assessment of the arteries that are actively involved in the atherosclerotic process.  Furthermore, 

while we are beginning to characterize the EX-FMD response in the brachial artery (Pyke et al., 

2008a, 2008b; Pyke & Jazuli, 2011; Wray et al., 2011; King et al., 2013), sustained/controlled 

increases in shear stress have never been measured while assessing lower limb (superficial 

femoral artery or popliteal artery) FMD.  Therefore, there is need for the establishment of a 

methodology to produce EX-FMD in the lower limbs that allows continuous measurement of 

shear stress and diameter during EX.  This technique would allow for the assessment of lower 

limb FMD using a physiologically relevant shear stress stimulus, which might provide valuable 

information about an aspect of lower limb endothelial function that is distinct from information 

provided by RH-FMD.  Additionally, although there is evidence that EX-FMD and RH-FMD are 

stable across multiple repeat trials in the brachial artery (Harris et al., 2006; Pyke & Jazuli, 2011), 

there have been no studies assessing repeat trial stability of lower limb RH-FMD or EX-FMD.  

This knowledge would be important for the interpretation of multiple FMD assessments in 

succession, as well as before and after an intervention. 

 

1.4 The effect of endurance exercise training on EX-FMD 

Endurance exercise training has typically improves endothelial function as assessed with 

RH-FMD in subjects with cardiovascular risk factors or disease (Hambrecht et al., 1998, 2003; 

DeSouza et al., 2000; Green et al., 2004). This is important because a 1 % increase in brachial 

artery RH-FMD is associated with a 13% reduction in cardiovascular event risk (Inaba et al., 

2010).  In healthy subjects, the impact of training on RH-FMD is somewhat less uniform, and 

while several studies show improvements in upper and lower limb RH-FMD following endurance 

training (Kingwell et al., 1997; Clarkson et al., 1999; Rakobowchuk et al., 2008; Tinken et al., 

2008; Birk et al., 2012), others have not (Moriguchi et al., 2005; Thijssen et al., 2007).  Only one 
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study has assessed the EX-FMD response to exercise training; Donato et al (2010) studied elderly 

men and found that HGEX-FMD improved following 6 weeks of leg extension training.  

However, the scope of research to date remains narrow, as only RH has been used to increase 

shear stress for FMD assessment in training studies of young healthy individuals.  In addition, no 

study has investigated lower limb EX-FMD response to endurance training, or compared the 

active and inactive limb EX-FMD response.  This research would allow us to determine whether 

EX-FMD, which may be a physiologically and functionally more relevant than RH-FMD, can be 

chronically changed by endurance exercise training.  The knowledge gained will further our 

understanding of the differences and similarities between EX-FMD and RH-FMD, and of 

adaptations in these metrics in the active and inactive limbs to exercise training. 

Endurance exercise uses large muscle groups and induces systemic increases in conduit 

artery shear stress; repeated bouts of which occur during training, and are thought to be the major 

stimulus for exercise induced changes in endothelial function (Birk et al., 2012).  This shear 

stress exposure acts to improve endothelial function primarily via the upregulation of endothelial 

nitric oxide synthase (eNOS) (Malek et al., 1999; Laughlin et al., 2001, 2003).  NO is produced 

by eNOS, and as mentioned above is a primary vasodilator involved in RH-FMD and HGEX-

FMD responses (Kooijman et al., 2008; Wray et al., 2011; Green et al., 2013).  Therefore, since 

exercise training is proposed to act largely via the upregulation of eNOS (Laughlin et al., 2001, 

2003; Beck et al., 2013), it is possible that EX-FMD improves in a similar manner to RH-FMD in 

response to endurance exercise training.  However, there are other possible mechanisms that 

could contribute to training induced FMD adaptation, such as a shift to H2O2 induced dilation 

(Donato et al., 2010), endogenous antioxidant upregulation (Bogdanis et al., 2013), and increased 

prostaglandin bioavailability (Beck et al., 2013), all of which might differently effect the 

transduction of sustained (EX) versus transient (RH) shear stimuli.  
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1.5 Objectives 

As a whole, the research described in chapters 3 to 5 of this dissertation was designed to 

elucidate the nature of the EX-FMD response to acute and chronic exercise.  Specifically, 3 

distinct studies were performed with the following objectives: 

 

Study 1 (Chapter 3) 

Objectives 

1. To determine the impact of a bout of high intensity endurance exercise on HGEX-

FMD. 

2. To investigate the role of exercise induced increases in ROS in the impact of an 

intense exercise bout on HGEX-FMD.  This was achieved by comparing conditions 

with and without the administration of the antioxidant vitamin C. 

Hypotheses 

1. HGEX-FMD will be impaired following intense endurance exercise.   

2. The administration of vitamin C prior to exercise will attenuate the post exercise 

reduction in HGEX-FMD, indicating a role of ROS in this reduction. 

 

Study 2 (Chapter 4) 

Objectives 

1. To establish the ability of a newly designed LEX-FMD technique to produce sustained 

elevations in shear rate that stimulate superficial femoral artery (SFA) FMD 

2. To determine the repeat trial stability of the RH- and LEX-FMD response. 

Hypotheses 
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1. We will be able to create a stable elevation in shear rate with LEX within and between 

trials. 

2. There will be not systematic changes in either RH- or LEX-FMD over four closely 

spaced trials. 

 

Study 3 (Chapter 5) 

Objective 

1. Investigate the influence of cycling training on EX-FMD and RH-FMD in the active 

(lower) and inactive (upper) limbs of young healthy males.   

Hypothesis 

1. All measurements of FMD will improve significantly following training. 
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Chapter 2 

Literature Review 

The following chapter provides an overview of flow-mediated dilation (FMD) that is 

stimulated by transient and sustained shear stress, with a directed focus on the influence of 

endurance exercise on these outcomes.   Specifically, the chapter begins by comparing the 

methodologies and mechanisms involved in transient shear stimulus induced FMD and sustained 

shear stimulus induced FMD.  The roles of various vasodilators and of reactive oxygen species 

are explored.  This review then introduces research that investigates the impacts of acute bouts of 

endurance exercise on FMD, and the factors that may influence transient and sustained shear 

stress induced FMD are highlighted.  The final section reviews the impact of endurance training 

on transient shear stimulus induced FMD and the mechanisms of this adaptation, including 

factors which may also influence sustained shear stimulus induced FMD.  Knowledge gaps 

addressed by the manuscripts in this dissertation are highlighted where present. 

 

2.1 Creating a shear stress stimulus for flow mediated dilation (FMD) assessment 

 

The assessment of FMD via the reactive hyperemia (RH) technique was pioneered by 

Celermajer et al in 1992 and it has become the most widely used method for the assessment of 

endothelial function.  The method involves peripheral conduit artery diameter assessments before 

during and after distal limb occlusion (primarily 5 minutes).  Following release of occlusion, a 

large transient increase in blood flow is produced, and the resulting increase in shear stress 

stimulates an FMD response.   The peak change in conduit artery diameter usually occurs within 

3 minutes of cuff release, and is reported as FMD.  
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 A significant limitation of the RH technique is the uncontrolled nature of the stimulus.  

An uncontrolled stimulus is a problem because the magnitude of the stimulus is linearly related to 

the magnitude of the response (Pyke et al., 2004), meaning that a low FMD as measured via RH 

may not indicate an impairment in conduit artery endothelial function, but an impairment in RH 

stimulus magnitude (Figure 2-1).  This poses a problem for the interpretation of RH-FMD results 

when the shear stress stimulus differs before and after an intervention or between different subject 

groups, even when FMD does not differ.  One factor that influences shear stress stimulus is 

baseline diameter, because if baseline diameter is smaller the same flow will result in a larger 

shear stress stimulus.  The other important factor is microvascular function, because the 

microvascular response to occlusion determines the magnitude of decrease in vascular 

conductance distal to the limb, and therefore the hyperemic response.  These issues are important 

because several factors influence both baseline diameter and microvascular function, and 

therefore the conduit artery shear stress stimulus.  For example, age, gender, and possibly training 

(resistance, endurance) status (Herrington et al., 2001; Rakobowchuk et al., 2008; Tinken et al., 

2008; Gates et al., 2009) can all influence both microvascular function and conduit artery 

baseline diameter.  In addition to conduit artery diameter and microvascular function, increased 

age, pulse pressure, mean arterial pressure, body mass index, presence of cardiovascular disease 

risk, fasting blood glucose, and prescribed antihypertensive treatment are all associated with a 

blunted RH shear stress stimulus (Mitchell et al., 2004). 
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Figure 2-1.  

A depiction of two arteries that experience a different magnitude of shear stress stimuli during 

reactive hyperemia (RH).  Artery A experienced a smaller shear stress stimulus than artery B, and 

underwent a smaller flow mediated dilation (FMD) response. Interpretation of the FMD 

responses is difficult since it is unclear whether artery B displays a larger FMD due to greater 

conduit artery endothelial function, or a larger shear stress stimulus. 

 

 In an effort to account for the differences in the uncontrolled RH stimulus magnitude, 

normalization of the %FMD response with the shear stress area under the curve (AUC) 

(%FMD/AUC) has been suggested (Pyke & Tschakovsky, 2005).  However, the Y intercept of 

the within and between subject shear stress stimulus – FMD response relationships is variable and 

a non-zero y-intercept biases normalized responses at the high and low stimulus range (Atkinson 

et al., 2009).  In addition, if a response ceiling is reached it could result in underestimating 

response magnitude with normalized responses.  Another proposed method for normalizing FMD 

to shear stress is to use an ANCOVA (Harris & Padilla, 2007).  However, this form of analysis is 

most effective if shear rate is normally distributed and similarly correlated to FMD between 

groups.  Although there is no accepted method to control for shear stress, and the existing 
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methods have their limitations, both methods are still used to aid in interpretation of the FMD 

response(Wray et al., 2012; Bailey et al., 2012; Sales et al., 2014; Lee et al., 2016).  For example, 

Lee et al (2016) determined that patients with heart failure had impaired brachial artery RH-FMD 

versus age matched controls, but they also displayed an impaired RH induced shear rate stimulus.  

Thus, upon normalizing %FMD to the shear rate stimulus, they determined that brachial artery 

RH-FMD was not impaired, and the observed difference was due to microvascular dysfunction. 

Some researchers are slowly beginning to utilize handgrip exercise (HGEX) or arm/ hand 

skin heating induced increases in shear stress as methods for assessing FMD (Padilla et al., 2006; 

Pyke et al., 2008b; Grzelak et al., 2010; Wray et al., 2011; Findlay et al., 2013; King et al., 2013; 

Trinity et al., 2016b).  Exercise is arguably the most physiologically relevant stimulus for 

increases in shear stress because exercise is how shear stress is elevated in daily life.  Exercise 

results in an increase in shear stress due to rapid vasodilation of the resistance vessels feeding the 

exercising muscle, causing  increased flow in the upstream conduit arteries (Delp & Laughlin, 

1998).  Limb heating also results in dilation of the muscle and skin microvasculature (Pearson et 

al., 2011), thus increasing blood flow and shear stress in the upstream arteries (Pyke et al., 2004, 

2008a).  Both of these methods (exercise induced shear stimulus (EX) and limb heating) afford 

greater stimulus control than RH.  Increasing and decreasing the intensity of HGEX or the 

temperature of a water bath during skin heating will alter downstream vascular resistance, and 

therefore shear stress in the feeding conduit artery.  Live measurements of blood velocity during 

HGEX or heating can be used to maintain a target shear stress (Pyke et al., 2008b; Pyke & Jazuli, 

2011; King et al., 2013).  Alternatively, different intensities of HGEX can be targeted to perform 

a dose-response analysis of shear stress stimulus or handgrip intensity and FMD magnitude 

(Richardson et al., 2007; Donato et al., 2010; Wray et al., 2011). Compared to RH these methods 

create a more uniform shear stress profile between subjects and visits (Pyke et al., 2004), which 

facilitates comparisons and simplifies interpretation of the FMD response.  Furthermore, these 
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methods allow the shear stress stimulus to be maintained over a longer period of time, permitting 

the characterization of the time course and potentially multiple phases of the dilatory response 

(Pyke et al., 2008a, 2008b).  These phases of response may be regulated by different vasodilators 

or shear sensing pathways (Mullen et al., 2001), allowing for a more detailed investigation of the 

FMD response.   Since manipulation of the shear stress magnitude and duration can be easily 

performed during EX-FMD or heating, these methods can be used to identify which aspects of the 

stimulus are contributing to the FMD response.  A comparison of RH and HGEX shear stress 

stimuli and FMD responses is presented in figure 2-2. 

 

Figure 2-2.  

A schematic depicting the differences in shear stress stimulus profile (solid lines) and flow 

mediated dilation response (FMD, dashed lines) produced via reactive hyperemia (RH) and 

handgrip exercise (HGEX).  The RH method produces a transient increase in shear stress, which 

stimulates a transient FMD response.  The HGEX method produces a sustained increase in shear 

stress, resulting in multiple phases of dilation and a sustained FMD response (Pyke et al., 2008a, 

2008b). 

 

Both brachial artery HGEX and RH induced FMD are stable over multiple repeated trials.  

Harris et al (2006) investigated the stability and variability of 5 repeated RH-FMD trials at 30 
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minute intervals, 3 repeated trials at 60 minute intervals, and 2 repeated trials at a 120 minute 

interval.  They determined that there were no systematic changes in FMD magnitude during these 

periods.  Pyke and Jazuli (2011) expanded these findings to HGEX-FMD by investigating 4 

repeated trials of RH-FMD and HGEX-FMD separated by a minimum of 10 minutes.  RH shear 

stress systematically decreased after the first trial, and HGEX shear stress remained stable over 4 

trials.  However, the FMD response of both HGEX and RH displayed no systematic change.  

These findings are important for studies that measure FMD before and after an intervention since 

they show that any change in FMD is likely due to the intervention.  Furthermore, the findings 

enhance our understanding of how the endothelium responds to repeated, closely spaced, brief 

shear stress challenges. 

2.1.1 Different FMD responses to sustained versus transient shear stress stimuli 

In addition to the capacity to create a more controlled and sustained elevation in shear 

stress, the resultant FMD provides information about endothelial function that is distinct from that 

provided by RH-FMD.  This is supported by observations that certain interventions and chronic 

conditions/behaviors impact these FMD responses differently (Padilla et al., 2006; Findlay et al., 

2013; Szijgyarto et al., 2013; Slattery et al., 2016).  For example, Padilla et al (2006) observed a 

reduction in RH-FMD following a high fat meal, but no change in HGEX-FMD, and Szijgyarto et 

al (2013) found a similar reduction in RH but not HGEX-FMD in response to acute mental stress.  

In regards to chronic behaviors/conditions, Findlay et al (2013) identified an impairment in 

HGEX-FMD among young smokers versus non-smokers, while no difference in RH-FMD was 

detected between groups.  Similarly, Slattery et al (2016) found an impairment in HGEX-FMD 

but not RH-FMD in young obese participants.  This disparate RH vs. EX-FMD phenomenon can 

be explained by the involvement of different dilators (Mullen et al., 2001) and/or the recruitment 

of distinct transduction pathways for NO production (Frangos et al., 1996).  Therefore, certain 

insults may have a more predominant impact on either the RH or the sustained stimulus 
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transduction pathway, resulting in the distinct impairment of one measure of FMD, but not the 

other in response to a given vascular insult.  

The vast majority of previous research linking low FMD to increased cardiovascular 

risk/disease utilized the RH technique, yet there is emerging evidence that sustained shear 

induced FMD may also be impaired by these conditions.  In addition to the studies mentioned 

above which observed impaired EX-FMD in smokers and obese participants (Findlay et al., 2013; 

Slattery et al., 2016), older individuals (Donato et al., 2010) and patients with type 1 diabetes 

display an impaired HGEX-FMD response versus controls (Grzelak et al., 2010), and cycling  

exercise induced femoral artery FMD is also impaired in smokers (Gaenzer et al., 2001).  

Importantly, again as mentioned above, in some cases, the differences between healthy controls 

and at risk groups were greater with EX-FMD versus RH-FMD (Grzelak et al., 2010; Findlay et 

al., 2013; Slattery et al., 2016). These findings in older individuals, clinical populations, and in 

young participants with cardiovascular disease risk point to HGEX-FMD as a possible early 

indicator of endothelial dysfunction.  If this is true, testing EX-FMD in particular may also be 

clinically important because intact EX-FMD could support perfusion, and impaired EX-FMD 

may contribute to compromised perfusion in populations with arterial plaque (Gordon et al., 

1989; Huggins et al., 1998; Vita & Hamburg, 2010).  However, further research is required to 

identify the prognostic capability of sustained stimulus induced FMD and to fully define the 

functional importance of EX-FMD to perfusion.    

2.1.2 Shear stress stimulus profiles and vasodilator release 

The endothelium converts shear stress into a chemical signal via the production of several 

vasodilators, among which are: nitric oxide (NO) (Ignarro et al., 1987), endothelium derived 

hyperpolarizing factor (EDHF) (Bellien et al., 2006), and prostaglandins (Koller et al., 1993).  

The vasodilators which are produced may depend on the nature (i.e. duration (Mullen et al., 
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2001) and magnitude (Mullen et al., 2001; Wray et al., 2011) of the shear stress stimulus 

(schematic of distinct pathway evidence figure 2-3).  

Green et al (2013) performed a meta-analysis which determined that the traditional RH-

FMD test (5 minute distal occlusion) elicited a largely (~72%) NO mediated response.  However, 

Mullen et al (2001) found that in the radial artery, a short duration RH (achieved with release of a 

5 minute occlusion) initiated a highly NO mediated FMD response (also shown by others (Green 

et al., 2013)), but FMD in response to a large magnitude RH stimulus (created with the release of 

a 15 minute cuff occlusion) was not mediated by NO.  In contrast, Pyke et al (2010) found that 

the radial artery produced a non-NO mediated dilation in response to each of short, and long 

duration RH stimuli.  Parker et al (2011) found that the blockade of prostaglandins, or NO and 

prostaglandins produced substantial between-participant heterogeneity in treatment effect, 

including increases and/or decreases in RH-FMD responses.  Therefore, although the standard 

brief stimulus (release of up to 5 mins of occlusion) RH-FMD response is largely NO mediated, 

there is considerable variability of NO dependence between individuals, and in response to larger 

magnitudes and durations of transient stimuli.  

NO exerts a number of potentially vasoprotective forces on the vascular wall such as the 

maintenance of vasodilation, anticoagulation, leucocyte adhesion, smooth muscle proliferation, 

and antioxidant capacity (Gewaltig & Kojda, 2002).  Due to these factors, in studies using the RH 

protocol, considerable attention has been given to the importance of adhering to a ‘standard’ 

technique (5 minute occlusion, occlusion cuff distal to the site of FMD measurement) in order to 

elicit an exclusively NO dependent FMD response (Pyke & Tschakovsky, 2005).  This adherence 

was driven by the belief that only a NO mediated response indicates the existing level of 

vasoprotection, and therefore has relevance for vascular health.  However, as described above, 

RH-FMD may not be wholly NO dependent (Pyke et al., 2010), and the notion that NO 

dependence is a critical condition of FMD’s connection to cardiovascular health has recently been 
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called into question (Green et al., 2011a).  It is likely that regardless of the vasodilatory 

mechanism, RH-FMD confers important information about vascular health (Pyke et al., 2010; 

Green et al., 2011a). 

The vasodilators primarily responsible for FMD resulting from heating/exercise induced 

increases in conduit artery shear stress are also unresolved.  Mullen et al (2001) found that hand 

heating produced radial artery FMD which was not NO mediated.  In contrast, Bellien et al 

(2006) determined that the blockade of either NO or EDHF attenuated radial artery hand heating 

induced FMD response.  In addition, the combined blockade of both NO and EDHF resulted in a 

synergistic attenuation, suggesting a functional interaction between these two mechanisms of 

vasodilation.  In the brachial artery, Wray et al (2011) assessed FMD using progressive HGEX (a 

method which increases gripping force and shear stress progressively every 3 minutes), and 

determined that the inhibition of eNOS (endothelial nitric oxide synthase) reduced HGEX-FMD 

at the highest HGEX intensity of exercise by 70%.   

Taken together, these data suggest that NO is integral to FMD resulting from both 

transient and sustained shear stress stimuli.  However, the presence of different phenotypes with 

varying degrees of reliance on specific vasodilator pathways (Parker et al., 2011) may affect the 

extent to which NO is obligatory for FMD in response to a particular shear stress stimulus profile.  

Furthermore, even if NO is the primary vasodilator for both transient and sustained increases in 

shear stress, it could be produced by several different pathways, depending on the nature of the 

shear stress stimulus.   In support of this multiple pathway idea, in vitro research has indicated 

that transient bursts of shear stress stimulate the endothelium to release NO in a manner which is 

G-protein dependent, but sustained shear stress stimulates NO production in a G-protein 

independent manner (Frangos et al., 1996).  Furthermore, the endothelial release of NO occurs in 

a biphasic manner in vitro; the first phase, which is stimulated by an initial burst in shear stress, is 

calcium/calmodulin dependent, but does not vary with the magnitude of this burst.  The second 
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phase is initiated by sustained shear stress and occurs independent of calcium/calmodulin but 

varies with different magnitudes of shear stress (Kuchan & Frangos, 1994) (Shear stress 

transduction pathways figure 2-3).  Importantly, the magnitude of shear stress used in the 

preceding in vitro experiments (6 to 25 dyn/cm2) is similar to that elicited by EX induced shear 

stress in vivo (~15 dyn/cm2)(Slattery et al., 2016).  Since there appear to be multiple pathways for 

NO release, an intervention or condition such as obesity could influence one pathway (eg. 

recruited by a sustained shear profile) for NO release more than another pathway (recruited by a 

transient shear profile).  Furthermore, given the distinct FMD response which is produced via RH 

and EX induced increases in shear stress, the impact of various interventions and conditions on 

RH-FMD cannot therefore be generalized to EX-FMD (Findlay et al., 2013; Szijgyarto et al., 

2013; Slattery et al., 2016). 

 

Figure 2-3. 
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Schematic illustrating evidence for distinctions in the transduction of transient vs. 

sustained increases in shear stress.  Shear stress is sensed by the endothelium using variety of 

membrane structures including ion channels, plasma membrane receptors, G-protein linked 

receptors, the cytoskeleton, adhesion molecules, caveolae, glycocalyx, the lipid bilayer, and 

primary cilia (Ando & Yamamoto, 2013).  The activation of these structures initiates multiple 

downstream signaling pathways which transduce the shear stress signal and result in the synthesis 

of nitric oxide (NO) (Ignarro et al., 1987).  NO diffuses into the smooth muscle and causes 

smooth muscle relaxation.  The pattern of shear stress on the endothelium is integral for 

determining which transduction pathways are responsible for the production of NO (Frangos et 

al., 1996).  Transient increases in shear stress activate NO synthesis via a transduction pathway 

that is G-protein and calcium dependent (Frangos et al., 1996; Figueroa et al., 2013).  During 

transient shear stress, intracellular calcium forms a complex with calmodulin, and this complex 

binds endothelial NO synthase (eNOS) that is located at the plasma membrane. Caveolin then 

dissociates from eNOS and eNOS is relocated to the cytosol or Golgi complex (Figueroa et al., 

2013).  These steps allow eNOS activity to increase and result in a rapid initial synthesis of NO.  

The NO transduction pathway that is initiated by sustained shear stress is G-protein and calcium 

independent (Frangos et al., 1996; Figueroa et al., 2013).  Sustained shear stress can act to 

synthesize H2O2, which is critical for the activation of p38 MAPK, leading to the phosphorylation 

of eNOS (Bretón-Romero et al., 2012).  Sustained shear stress can also activate PI3K/Akt which 

phosphorylates eNOS  (Dimmeler et al., 1999).  Furthermore, H2O2 is known to independently 

activate PI3K/Akt (Hu et al., 2008).  PI3K/Akt preferentially phosphorylates eNOS that is located 

in the Golgi complex, resulting in an increased NO synthesis in response to sustained increases in 

shear stress (Figueroa et al., 2013). 

 

 

2.1.3 Role of Reactive oxygen species (ROS) in FMD 

ROS influence a wide variety of systems in the body including the functioning of the 

vascular endothelium.  This sub-section will introduce the concept of oxidative stress and the 

mechanisms by which it may affect endothelial function. 

2.1.3.1 What are ROS? 
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A molecule which contains one or more unpaired electrons is called a free radical.  The 

term reactive oxygen species (ROS) encompasses both oxygen free radicals (superoxide (O2
-), 

hydroxyl (OH), peroxyl (RO2
-) and hydroperoxyl (HO2

-)) and certain non-radical oxidizing agents 

(hydrogen peroxide (H2O2), hypochlorous acid (HOCl), and ozone (O3)) which are easily 

converted into free radicals (Bayr, 2005).  ROS are created during normal metabolism, and are 

involved in the healthy functioning of enzymatic reactions, the electron transport chain, signal 

transduction, the activation of transcription factors and gene expression (Bayr, 2005).  In a 

normal state, the reducing environment inside cells combats free radical mediated damages.  This 

cellular environment is maintained by several antioxidant enzymes and small molecules such as 

superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), Vitamin C (ascorbate), 

vitamin E (α-tocopherol), and thioredoxin (Bayr, 2005).  

The generation of ROS occurs though a variety of enzymatic and non-enzymatic 

reactions, among the most important include NADPH, myeloperoxidase (MPO), and xanthine 

oxidoreductase reactions (XOR, and alternate forms xanthine oxidase, XO and xanthine 

dehydrogenase, XDH) (Figure 2-4).  NADPH increases ROS output in response to inflammation, 

and this action is critical for the killing of microorganisms (Vignais, 2002).   MPO is primarily 

found in macrophages, but may enter the endothelial cells during inflammation (Yang et al., 

2001), and catalyzes the oxidation of HOCl (Bayr, 2005).  XOR is distributed widely through 

human tissues, but is largely concentrated in endothelial and epithelial cells (Bayr, 2005).  XOR 

catalyzes the conversion of hypoxanthine to xanthine and xanthine to uric acid, which is part of 

purine degradation.  Basal expression of XO is low, however a variety of factors, which include 

hypoxia and inflammation, upregulate its transcription (Bayr, 2005).    

Acute bouts of exercise (especially high intensity) increase the production and 

appearance of circulating ROS and their by-products (Fisher-Wellman & Bloomer, 2009; Johnson 

et al., 2012b).  During exercise, XO (activated by ischemia and reperfusion) is likely the main 
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contributor of ROS to the skeletal muscle environment (Viña et al., 2000).  However, in the 

endothelial cells, XO is also responsible for a threefold increase in ROS production in response to 

oscillatory shear stress (alternating anterograde and retrograde shear stress)(McNally et al., 

2003), a stimulus which is experienced by the inactive limbs during exercise (Padilla et al., 

2011). Shear stress further triggers the release of ROS from the mitochondria of endothelial cells, 

via a mechanism which is unclear (Zhang & Gutterman, 2007).  In addition to these pathways, 

mitochondria (endothelial and otherwise) are a source of ROS generation due to electron leak 

from the electron transport chain (ETC) (Turrens, 2003).  In basal conditions, this is the primary 

O2- radical source for cells, however ETC efficiency improves during exercise, and although their 

absolute production increases, relative production decreases (Hoffman & Brookes, 2009).  Free 

radicals are highly reactive and have short half-lives (10-5 s for O2- and 10-9 s for OH radicals), 

making direct measurement difficult, and their actions occur near the source of production 

(Fisher-Wellman & Bloomer, 2009).   
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Figure 2-4.  

Proposed sources of oxygen radicals and other reactive oxygen species (ROS) in endothelial cells, 

and factors that they may act upon.  The primary source of ROS in the endothelium is xanthine 

oxidase (XO), which is be activated by shear stress during exercise (McNally et al., 2003).  

Reduced nicotinamide-adenine dinucleotide phosphate (NADPH) and myeloperoxidase (MPO) 

also increase endothelial ROS output during inflammation (Yang et al., 2001; Vignais, 2002).  

Furthermore, the mitochondrial electron transport chain (ETC) (Turrens, 2003), along with other 

mitochondrial membrane proteins, contribute to endothelial ROS at rest and in response to shear 

stress (Zhang & Gutterman, 2007).  Endothelial ROS work to react with and inactivate nitric 

oxide (NO) and tetrahydrobiopterin (BH4) (Milstien & Katusic, 1999), a cofactor for endothelial 

nitric oxide synthase (eNOS).  However, endogenous and exogenous antioxidants scavenge ROS, 

limiting their action.  Furthermore, the endogenous antioxidant superoxide dismutase (SOD) 

reduces superoxide (O2
-) to hydrogen peroxide (H2O2), which acts to contribute to dilation 

(Lucchesi et al., 2005).  Arrows with solid lines indicate production, dashed lines indicate 
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activation, oval ended arrows indicate inactivation.  CAT, catalase; Vit, vitamin; OH, hydroxyl; 

RO2
-, peroxyl; HO2

-, hydroperoxyl; GPx, glutathione peroxidase 

2.1.3.2 What do ROS do in the vasculature? 

Excess ROS can damage a number of cellular components.  Of interest to the FMD 

response are the effects of ROS on NO.  Local degradation of NO occurs when ROS interact with 

NO to form peroxynitrite, which does not act as a vasodilator.  Thus, excess ROS in the 

endothelium leads to an impairment in endothelial function which is supported by several in vitro 

and in vivo studies.  For example, in vitro exposure to endogenous or exogenous O2
- reduces 

endothelium-dependent dilation to Ach (Gryglewski et al., 1986).   In vivo, the deleterious effects 

of oxidative stress on NO and endothelial function are well documented (Rush et al., 2005), and 

NO will be less likely to reach the smooth muscle if there is greater oxidative stress.  

Additionally, tetrahydrobiopterin (BH4), which is a cofactor of eNOS, is oxidized by ROS, 

resulting in the production of O2
- by eNOS, as opposed to NO (Milstien & Katusic, 1999; 

Wallace et al., 2010; Poitras & Pyke, 2013).  Since high intensity likely exercise stimulates the 

production of endothelial ROS, this production may work to exacerbate acute exercise induced 

endothelial dysfunction via decreased NO bioavailability. 

Although ROS can have a deleterious impact, including reductions in NO bioavailability, 

they are also recognized as signaling molecules that are capable of exerting vasoactive responses.  

For example, the free radical O2
- can combine with SOD to form H2O2, which under normal 

physiological conditions acts as an endothelium derived hyperpolarizing factor and a vasodilator 

in the resistance vessels (Lauer et al., 2005; Lucchesi et al., 2005; Quyyumi & Ozkor, 2006).  

However under pathological conditions with high levels of oxidative stress, which typically 

accompanies ageing and disease, H2O2 can act as a vasoconstrictor (Lucchesi et al., 2005).  There 

is now thought to be an optimal ‘redox balance’ for free radical induced vasodilation, which in 

healthy individuals is maintained by endogenous antioxidant levels (Trinity et al., 2016a).  In 

older or clinical populations, which often display elevated oxidative stress, the capacity of 
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exogenous antioxidants to improve endothelium dependent dilation by returning the environment 

towards an optimal redox balance is well documented (Taddei et al., 2001; Eskurza et al., 2004; 

Wray et al., 2012; Ives et al., 2014).  For example, Eskurza et al (2004) found that the infusion of 

antioxidants in older sedentary men restored RH-FMD to that of younger men, but did not alter 

the RH-FMD of the younger men.  Furthermore, deviation below the optimal redox balance, into 

a reduced state, may also impair endothelial function (Donato et al., 2010; Wray et al., 2012).  

2.1.3.3 What is the role of ROS in HGEX-FMD? 

The theory of optimal redox balance can be illustrated by shear stress induced ROS 

production that is involved in HGEX-FMD (Figure 2-5).  Using an antioxidant cocktail to 

investigate the role of ROS, Richardson et al (2007) found that in young healthy and older trained 

individuals, brachial artery FMD induced during progressive HGEX was attenuated versus 

placebo.  However in older untrained individuals, HGEX-FMD was augmented by antioxidant 

supplementation (Donato et al., 2010) in a manner involving enhanced NO bioavailability 

(Trinity et al., 2016b).  These data conform to the theory of optimal redox balance; in untrained 

elderly individuals, ROS levels are above optimal, and HGEX induced perturbations push the 

redox balance further from optimal, which attenuates FMD.  However in young or older trained 

participants, endogenous antioxidants may maintain a near optimal redox balance, allowing ROS 

to contribute to vasodilation without impairing endothelial function (Trinity et al., 2016a). 

Therefore, in the absence of disease and excessive underlying oxidative stress, exercise induced 

ROS are involved in the regulation of vascular tone by contributing to vasodilation.  These 

findings suggest that ROS production and redox balance are important for HGEX-FMD.  

However, it is unknown whether acute endurance exercise induced ROS production contributes to 

an optimal ROS load, or pushes the ROS balance beyond an optimal level resulting in an 

impaired HGEX-FMD. 
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Figure 2-5.  

A working hypothesis proposed by Trinity et al (2016a) regarding the impact of altering redox 

balance on reactive oxygen species (ROS) induced FMD during HGEX.  In young participants 

and healthy aging (•), endogenous antioxidant levels maintain the redox balance near optimal 

levels.  Therefore, HGEX induced ROS production moves the redox balance towards optimal 

levels, allowing ROS such as H2O2 to contribute to HGEX induced vasodilation (Lucchesi et al., 

2005) and enhance the magnitude of HGEX-FMD.  However, the supplementation of exogenous 

antioxidants promotes an overly reduced environment and ROS are unable to contribute to 

HGEX-FMD to the same extent (Richardson et al., 2007).  In disease states and typical aging (▪), 

endogenous antioxidants are unable to maintain a near optimal redox balance.  Therefore, HGEX 

induced ROS push the redox balance further from optimal, and ROS such as H2O2 may act as 

vasoconstrictors (Lucchesi et al., 2005).  Furthermore, ROS are allowed to oxidize nitric oxide 

(NO), leading to a further reduction in HGEX-FMD.  However, the supplementation of 

endogenous antioxidants in these states moves the redox balance towards optimal, relieves the 

oxidization of NO, and enhances HGEX-FMD.  Figure adapted from Trinity et al (2016a). 
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2.1.3.4 What is the role of ROS in RH-FMD? 

 ROS do not appear to contribute as vasodilators to RH induced FMD.  In young healthy 

participants, the acute administration of an antioxidant cocktail (vitamin C, E, and alpha lipoic 

acid) (Harris et al., 2009; Wray et al., 2012), or vitamin C (Eskurza et al., 2004; Johnson et al., 

2012a, 2013; Ashor et al., 2015b) do not significantly alter RH-FMD under normal resting 

conditions in the absence of an intervention which increases the ROS load.  Interestingly, in 

untrained, older participants Wray et al (2009) found that antioxidant supplementation did not 

alter RH-FMD, yet trained older participants saw a significant reduction in RH-FMD.  Despite 

this, most findings support the idea that any ROS produced during RH, and basal ROS levels, do 

not appear to impair or contribute to the RH-FMD response in young healthy participants. 

2.1.4 Lower limb FMD 

Although a majority of FMD research is performed in the brachial artery, the assessment 

of lower limb FMD is also important.  The conduit arteries of the legs are more susceptible to 

atherosclerotic changes (Kröger et al., 1999; Ouriel, 2001) than the brachial artery, therefore 

identifying an impairment in lower limb FMD may be more clinically meaningful; it may predict 

the risk of, or identify the presence of peripheral artery disease.  Clinical relevance of lower limb 

FMD is apparent among those with cardiovascular disease risk factors such as ageing (Thijssen et 

al., 2006) and hypercholesterolemia (Sorensen et al., 1994), who display impaired superficial 

femoral artery RH-FMD.  Another reason to investigate lower limb FMD is that the upper and 

lower limbs often respond differently to certain interventions.  For example, endurance 

cycling/running training has been shown to improve RH-FMD of the posterior tibial artery, but 

not the brachial arteries of coronary artery disease patients (Gokce et al., 2002).  In contrast, 

isolated lower limb training improved acetylcholine mediated FMD in the brachial artery, but not 

the superficial femoral or deep femoral arteries of elderly participants (Wray & Richardson, 

2006).  Finally, in healthy participants, 3 hours of prolonged sitting impairs RH-FMD in the 
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superficial femoral artery, but not the brachial artery (Thosar et al., 2014).  These studies 

highlight that fact that brachial artery FMD responses do not necessarily represent the response of 

the limb vasculature, and provides evidence for the importance of assessing lower limb FMD in 

addition to brachial artery FMD. 

Despite the importance of lower limb FMD assessment, only a few studies that have 

examined sustained shear stimulus induced FMD in the lower limbs.  For example, Gaenzer et al  

(2001) utilized cycling exercise to induce femoral artery FMD, and they found that the FMD 

response was impaired in smokers versus non-smokers.  Wray et al (2005) characterized lower 

limb FMD using knee extensor exercise, which they found produced no FMD in the common 

femoral artery, and a truncated FMD in the deep femoral artery versus the brachial artery.  

Neither Wray et al (2005) nor Gaenzer et al (2001) were able to accurately measure blood 

velocity and artery diameter during exercise, and further research is required to create a 

successful model which can control shear stress and elicit FMD during exercise in the lower limb 

vasculature.  Furthermore, although the repeat trial stability of brachial artery FMD has been 

investigated (Pyke & Jazuli, 2011), repeat trial stability is unknown with regards to lower limb 

RH-FMD and sustained stimulus induced -FMD.  There is an apparent gap in the literature for 

research assessing sustained shear stress stimulus induced FMD in the lower limbs, which could 

provide novel information about endothelial function in a vasculature which is clinically 

important.    

2.2 Acute exercise and FMD 

 

An exercise bout challenges the musculoskeletal and cardiovascular systems, the effects 

of which can both positively and negatively affect endothelial function.  Indeed, RH-FMD can 

both increase and decrease following a single bout of endurance exercise (Harris et al., 2008; 

Johnson et al., 2012b).  Changes to the vascular environment such as ROS production, altered 
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artery diameter, and shear stress pattern and magnitude may all contribute to the acute effect of 

exercise on FMD (Silvestro et al., 2002; Johnson et al., 2012a, 2012b).   It is important to 

understand these changes so that we can better understand the acute risks and benefits associated 

with exercise, and to see how the accumulation of repeated temporary insults which occur during 

exercise training relate to improvements in vascular and endothelial function. 

2.2.1 Impact of acute exercise on RH-FMD 

The acute influence of exercise on brachial artery RH-FMD is well researched, however 

despite this the impact of exercise is unclear, and depends on the exercise intensity, duration, 

volume, timing of post-exercise measurements as well as participant fitness levels (Harris et al., 

2008; Dawson et al., 2013b).  Most studies have examined post-exercise FMD at a single time 

point, ranging from immediately post exercise (Bailey et al., 2012) to 2 hours post exercise (Joras 

& Poredos, 2008).  This variability likely contributes to contradictory results that vary from an 

increase in RH-FMD (Goel et al., 2007; Currie et al., 2012, 2014), to a decrease (Bailey et al., 

2012; Currie et al., 2014), or no change (Harris et al., 2008) in RH-FMD.   

Time course studies have suggested that high intensity (>80% VO2peak) exercise gives 

rise to an immediate decrease in RH-FMD, followed by a normalization at about 1 hour, which is 

then followed by an improvement in RH-FMD (Goel et al., 2007; Hwang et al., 2012; Johnson et 

al., 2012b; Dawson et al., 2013b).  For example, Katayama et al (2013) found that in the active 

limbs (arm ergometer), brachial artery RH-FMD decreased immediately following high-intensity 

exercise, but began to return progressively toward pre-exercise values at 30- and 60-minutes 

following exercise.  The same group also found that brachial artery RH-FMD decreased 

immediately following high-intensity lower limb endurance exercise, but fully returned to 

baseline by 60 minutes after exercise (Katayama et al., 2014).  Conversely, most but not all, low-

moderate (50-80% VO2) intensity exercise studies report an increase in FMD immediately post-

exercise (Harris et al., 2008; Dawson et al., 2013b).  Therefore, among patients with peripheral 



 

 

 

29 

plaque buildup, the pattern of endothelial impairment following high intensity exercise, but 

augmentation of endothelial function following low intensity exercise may be important for the 

expression of ischemic events/symptoms during and post exercise 

 

2.2.2 Mechanisms underlying the impact of acute exercise on RH-FMD: shear stress 

Blood flow and shear stress increase during endurance exercise in both the active 

(Gaenzer et al., 2001) and inactive (Gaenzer et al., 2001; Padilla et al., 2011) limbs.  The pattern 

of this increase in shear stress in the inactive limbs may be integral to changes in RH-FMD 

following exercise.  During a bout of endurance exercise, the first 5 minutes or so are 

characterized by a small increase in anterograde (forward) shear stress, and relatively large 

increase in retrograde (reverse) shear stress (Padilla et al., 2011).  However, as an exercise bout 

continues, thermoregulatory microvascular vasodilation initiates a progressive increase in 

anterograde shear stress, and a progressive decrease in retrograde shear stress (resulting in a 

progressive increase in mean shear stress), and these changes plateau after about 30 minutes 

(Simmons et al., 2011; Padilla et al., 2011).  As this subsection will detail, both anterograde, and 

retrograde shear stress may be integral to exercise induced changes in RH-FMD. 

  Exposure to shear stress during the exercise bout is a possible mechanism underlying the 

effect of acute exercise on subsequent FMD.  As mentioned above, during lower limb endurance 

exercise, brachial artery mean shear stress increases progressively.  Tinken et al (2009) showed 

that the exposure to an increase in brachial artery shear stress via forearm heating, handgrip, and 

cycling (low/moderate intensity) all result in an increase in brachial artery RH-FMD following 

the interventions.  However, the inflation of an occlusion cuff on the contralateral arm was used 

to prevent brachial artery shear stress during each intervention.  The enhancement of RH-FMD 

was eliminated in the cuffed arm, isolating shear stress as a key mechanism for the improvements 

in RH-FMD.  Further studies have confirmed this ‘potentiation’ effect of anterograde shear stress 
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exposure on both RH-FMD (Atkinson et al., 2015; McPhee & Pyke, 2016) and HGEX-FMD 

(Ade et al., 2015; McPhee & Pyke, 2016). The mechanisms of FMD potentiation by prior shear 

stress exposure have not been fully elucidated, however there is evidence that anterograde shear 

stress may result in the phosphorylation and activation of eNOS (Fisslthaler et al., 2000), which 

could lead to increased NO synthesis during subsequent RH induced shear stress exposure.  

Given the increase in brachial artery shear stress that is observed during endurance exercise 

(Padilla et al., 2011), it is likely that shear stress potentiation works to enhance the RH-FMD 

response following exercise, particularly following low to moderate intensity bouts.  

The conduit artery shear stress pattern is an important variable in the acute response of 

FMD to exercise.  While the exposure to primarily laminar shear stress elevations enhances FMD 

(Tinken et al., 2009), retrograde and oscillatory shear stress exposure are shown in vitro (Ziegler 

et al., 1998) and in vivo (Thijssen et al., 2009b) to acutely impair endothelial function, 

independent of exercise.  For example, Thijssen et al (2009b) employed an approach where a cuff 

was inflated on the forearm to sub-systolic pressures, which can produce a varying amounts of 

retrograde shear stress.  Using a 30 minute intervention, they found that FMD was progressively 

impaired by retrograde shear.  Johnson et al (2012a; 2013) had young healthy subjects perform 

exercise with various levels of artificially augmented retrograde shear stress in the brachial artery, 

which impaired post-exercise brachial artery RH-FMD versus a post-exercise control condition 

without retrograde shear stress augmentation.  Additionally, the administration of the antioxidant 

vitamin C before exercise prevented this retrograde shear stress induced FMD impairment.  These 

results support the theory that retrograde shear stress (which often occurs in inactive limbs during 

exercise (Thijssen et al., 2009; Padilla et al., 2011)) induces oxidative stress, which could exceed 

a manageable redox balance and acutely impair FMD. 

 The potential impacts of shear stress produced during exercise on post-exercise RH-FMD 

appear to depend on shear pattern: anterograde shear stress enhances RH-FMD, yet retrograde 
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shear stress impairs RH-FMD.  The exercise induced shear stress pattern may depend on limb 

(Gaenzer et al., 2001), temperature (Simmons et al., 2011), modality (Thijssen et al., 2009), and 

duration (Padilla et al., 2011) of exercise.  Therefore, different exercise conditions may produce 

different shear stress stimuli, which may result in different post-exercise effects on RH-FMD. 

2.2.3 Mechanisms underlying the impact of acute exercise on RH-FMD: ROS 

A hypothesized reason for the transient reduction in RH-FMD following high intensity 

exercise is that oxidative stress produced during this exercise briefly impairs endothelial function 

(Goel et al., 2007; Harris et al., 2008; Dawson et al., 2013b).   Indeed, patients with intermittent 

claudication experience high ROS loads and impaired RH-FMD after progressive intensity 

walking to exhaustion, and this effect is abolished by the infusion of Vitamin C (Silvestro et al., 

2002).  Several studies have found that high intensity exercise increases the production of ROS 

(Ashton et al., 1999; Johnson et al., 2012b).  Furthermore, the highest intensities of endurance 

exercise elicit the greatest reductions in FMD.  For example, Birk et al. (2013) found that 

exercise at 50 % of heart rate maximum did not reduce post exercise RH-FMD, but exercising at 

70 % and 85 % of heart rate maximum produced progressive reductions in post exercise RH-

FMD.  Johnson et al (2012b) determined that a high intensity of exercise (80 % VO2peak) 

produced an elevation in ROS during both short (20 minutes) and moderate (30 minutes) 

durations, but only moderate duration high intensity exercise impaired post exercise RH-FMD.  

Therefore, amount of ROS, and exposure time to ROS may be important for the effect of exercise 

on RH-FMD.  Since the highest intensities of exercise produce the greatest ROS loads, and also 

elicit a greater reduction in RH-FMD (Johnson et al., 2012b; Dawson et al., 2013b), these results 

support the hypothesis that the post exercise FMD can be influenced by ROS. 

2.2.4 The impact of acute exercise on EX-FMD: knowledge gap 

The existence of ROS production during exercise implies that the impact of acute 

exercise on FMD may depend on the pattern of shear stress and the magnitude of oxidative stress 
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that is experienced by the endothelium.  Although there has been a substantial amount of research 

investigating the impact of acute exercise on RH-FMD and the mechanisms of that impact, there 

is a distinct lack of research on the acute effects of a bout of endurance exercise on FMD in 

response to a sustained shear stress stimulus, and EX-FMD in particular.   This is an important 

gap to investigate because it might further our understanding of how the conduit arteries respond 

to acute and successive bouts of exercise. 

 

2.3 The impact of endurance exercise training on FMD 

 

There is an abundance of research supporting the notion that endurance exercise training induces 

improvements in RH-FMD in the vascular beds of subjects from high risk and disease 

populations (meta-analysis: Ashor et al., 2015a).  Most (Hornig et al., 1996; Lavrencic et al., 

2000; Fuchsjäger-Mayrl & Pleiner, 2002; Walsh et al., 2003b, 2003a; Watts et al., 2004) but not 

all (Gokce et al., 2002) studies in patients with cardiovascular disease (eg. coronary artery 

disease, Type 1 and 2 diabetes, chronic heart failure, obesity, and aging) report improvements in 

upper limb RH-FMD after training that utilizes lower limb (e.g. running, cycling) or full body 

exercise (e.g. circuit training).  These training studies range in duration from 4 to 24 weeks.  

Observations of improvement in upper limb endothelial function with lower limb exercise 

suggests that there is a systemic improvement in endothelial function due to training in these 

populations.   

Fewer studies have investigated lower limb RH-FMD following lower limb endurance 

training in high risk and disease populations.  Although most available research indicates that 

exercise training improves lower limb RH-FMD in these populations, some studies yield 

conflicting results.  For example, Gokce et al (2002) found that 10 weeks of lower limb training 

improved posterior tibial artery RH-FMD in patients with coronary artery disease.  Also, 12 
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weeks of lower limb training improved SFA RH-FMD in pre-eclampsic women (Scholten et al., 

2014).  However, Wray and Richardson (2006) did not observe an improvement in deep femoral 

or superficial femoral artery RH-FMD in older men following 6 weeks of training.  Similarly, 

Thijssen et al (2007) found that following an 8 week cycling program, superficial femoral artery 

RH-FMD was unchanged in a similar population. 

   The influence of exercise training on RH-FMD of healthy subjects is somewhat less clear 

(Table 2-1).  Moriguchi et al (2005) found that 12 weeks of low frequency endurance exercise 

improved brachial artery RH-FMD in mild hypertensives, but not in normotensives.  There was 

also no significant improvement in brachial artery RH-FMD following 12 weeks (Moreau et al., 

2013) or 6 months (Spence et al., 2013) of walking/jogging in healthy men and women.  In 

contrast to the above, some studies do suggest that exercise training improves the RH-FMD of 

healthy subjects.  For example, Clarkson et al (1999) found that 10 weeks of endurance and 

strength training improved brachial artery RH-FMD of young adult males.  Regular endurance 

training has also been shown to improve brachial artery RH-FMD in adolescent twins (Hopkins et 

al., 2012), young women (Bailey et al., 2016), and middle aged men (Schaun et al., 2011) and 

women (Moreau et al., 2013).  In a recent meta-analysis, it was determined that exercise training 

significantly improves brachial artery RH-FMD in healthy individuals (age pooled), albeit to a 

lesser extent than individuals with cardiovascular disease (Early et al., 2017).  In the active limb, 

Rakobowchuk et al (2008) found that 6 weeks of endurance or interval cycle training improved 

popliteal artery RH-FMD.  Endurance training can also improve superficial femoral artery RH-

FMD in young healthy women (Scholten et al., 2014) and men (Spence et al., 2013).   
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Table 2-1. Studies which assess reactive hyperemia (RH) induced flow mediated dilation 

(FMD) in healthy subjects in response to endurance exercise training.   

Authors Trained Subjects Training FMD Assessment Method/ 

Results 

Clarkson et al, 1999 N = 25 

Young healthy 

men 

Endurance and 

resistance 

10 weeks 

Brachial artery RH-FMD 

Pre: 2.2 %, post:3.9 % * 

Rakobowchuk et al. 

2008 

N = 20 (10 men) 

Young healthy 

Group 1 (SIT): 

Interval cycling 

Group 2 (ET): 

Endurance cycling 

6 weeks 

Popliteal artery RH-FMD 

SIT pre: 6% post: 6.5% * 

ET pre: 4.8 % post: 7 % * 

Normalized RH-FMD:  

ET and SIT increased * 

Tinken et al, 2008 N = 13 

Young healthy 

men 

Endurance cycling 

and treadmill 

8 weeks 

Brachial artery RH-FMD  

(weeks 0, 2, 4, 6, 8): 

 5.9%, 9.1% *, 8.5% *, 7.6%, 6.9% 

Popliteal artery RH-FMD 

(weeks 0, 2, 4, 6, 8):  

6.2%, 9.2%*, 9.5%*, 7.8 %*, 6.6% 

Schaun, 2011 N = 10 

Untrained, 

middle aged 

men 

Endurance cycling 

12 weeks 

Brachial artery RH-FMD 

Pre: 7.2 % post: 10.5 % * 

Birk, 2012 N = 11 

Young healthy 

men 

Endurance cycling 

8 weeks s 

Brachial artery RH-FMD  

(weeks 0, 2, 4, 8): 

5.5%, 8.5%*, 7.5%, 6%Brachial 

artery RH-FMD/GTN: 

Significant: weeks 2*, 4* 

(highest at week 4) 

Hopkins et al. 2012 N = 24 

Mono and di- 

zygotic twins 

Age ~13 yrs 

Gym based 

endurance 

8 weeks 

Brachial artery RH-FMD 

Mono- pre: 7% post: 8.4% * 

Di- pre: 6.1% post: 8.5% * 

Moreau et al. 2013 N = 9  

Postmenopausal 

women 

Endurance 

walking 

12 weeks 

Brachial artery RH-FMD 

Pre: 5.5% post: 5.6% (NS) 

Spence et al. 2013 N = 9 

Young healthy 

men 

Endurance 

walk/jog/run 

6 months 

Brachial artery RH-FMD 

Pre: 5.5% post: 7.3% (NS) 

Superficial femoral artery RH-

FMD 

Pre: 4.5% post: 6.4% (NS) 
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Superficial femoral artery 

(FMD:GTN) ratio elevated pre to 

post * 

Scholten et al. 2014 N = 20 

Young healthy 

women 

Endurance cycling 

12 weeks 

Brachial artery RH-FMD 

Pre: 11.8%, post: 13.3%* 

Superficial femoral artery RH-

FMD 

Pre: 8.7%, post: 10.5%* 

Bailey et al. 2016 N = 9 

Young healthy 

women 

Endurance cycling 

8 weeks 

Brachial artery RH-FMD 

Pre: 6.8 % post 8.1 % 

(*significant when pooled with 

heat training) 

* indicates that time point is significantly elevated from pre training levels (p<0.05). SIT, sprint 

interval training; ET, endurance training; pre, pre-training; post, post-training. 

 

Notable research from Tinken et al (2008) suggests that disparate training results reported 

in studies with healthy subjects may be due to a transient pattern where RH-FMD increases and 

returns to baseline over several weeks.  This pattern is proposed to be due to an interaction 

between functional and structural changes that occur with training (Laughlin, 1995; Tinken et al., 

2008)(Figure 2-6).  Tinken et al (2008) assessed the influence of cycle and treadmill training on 

brachial and popliteal artery RH-FMD after 2, 4, 6, and 8 weeks.  The brachial artery showed 

improvements from baseline FMD at weeks 2 and 4, but not 6 or 8.  The popliteal artery showed 

improvements after weeks 2, 4, and 6, but RH-FMD had returned to baseline values by week 8.  

This time course has since been observed on multiple occasions following forearm heating 

training (Naylor et al., 2011), forearm exercise training (Tinken et al., 2010), and cycling training 

(Birk et al., 2012).  Although there is a shortage of human research investigating the structural 

changes that may act to return RH-FMD to baseline levels, increases in vessel size are 

occasionally found with longitudinal exercise training studies (Miyachi et al., 2001) (trends 

toward significant increases in baseline diameter (Hopkins et al., 2012; Spence et al., 2013)).  In 

further support of this theory, Olympic and world-class athletes were found to have a lower RH-

FMD in their trained limbs versus controls (Green et al., 2013b).  In these athletes, artery size 
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was larger, wall thickness was smaller, and there was an inverse relationship between FMD and 

wall-to-lumen ratio.  These findings have led to a new understanding of the impacts of exercise 

training on the vasculature (Green et al., 2011b) (Figure 2-6).   

 

 

Figure 2-6.  

Proposed time course of functional (improved endothelial function) and structural adaptations 

(such as increased conduit artery diameter) which occur in the conduit arteries in response to 

endurance training (Theory adapted from Laughlin (1995) and Tinken et al (2008)). 

 

All studies which have observed a transient adaptation in FMD during endurance exercise 

training were performed solely using the RH protocol (Tinken et al., 2008, 2010; Birk et al., 

2012), which, as mentioned previously, produces high levels of shear stress stimulus variability, 

and only assesses one aspect of the FMD response.  Although there were no reported significant 

changes in the shear stress stimulus over the course of training in these studies, changes may have 
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been masked by marked levels of variability (Tinken et al., 2008; Naylor et al., 2011).   If the 

shear stress stimulus created via RH is abated over the course of an 8 week training protocol, this 

could contribute to a reversion of RH-FMD to baseline levels later in training.  As mentioned 

previously, one training induced structural change is proposed to be a shear stress mediated 

increase in conduit artery diameter.  Increases in vessel size which are occasionally found with 

exercise training (Miyachi et al., 2001; Hopkins et al., 2012; Spence et al., 2013)) may act to 

attenuate the post-training RH shear stress stimulus (trends towards significant reductions in peak 

shear stress (McGowan et al., 2007; Thijssen et al., 2007; Rakobowchuk et al., 2008)), thus 

manifesting in a reduced RH-FMD magnitude.  

2.3.1 Knowledge gap: Influence of endurance exercise training on EX-FMD 

The scope of exercise training research is narrowed by the lack of studies assessing 

sustained shear stress stimulus induced FMD.  Only one study has investigated the influence of 

training on EX-FMD.  Donato et al (2010) found that elderly men with impaired HGEX-FMD 

were able to augment HGEX-FMD in response to leg extensor training.  Indeed, no studies to 

date have examined the impact of endurance exercise training on FMD in response to a sustained 

shear stimulus among young healthy individuals.  As reviewed above, sustained stimulus induced 

FMD involves disparate mechanisms versus RH-FMD, therefore, the responses of these distinct 

pathways to an exercise training stimulus may be different.  In support of this, three studies that 

observed transient improvements in RH-FMD mid-training (Tinken et al., 2008, 2010; Birk et al., 

2012) also assessed the FMD response to 5 minutes of occlusion paired with 3 minutes of 

ischemic HGEX which created a larger, substantially more prolonged RH shear stress stimulus.  

Two of those studies found that the FMD response to this stimulus improved over the course of 8 

weeks of exercise training (Tinken et al., 2008, 2010), with no attenuation back towards pre-

training levels.  Albeit transient and uncontrolled, this prolonged RH may have invoked some 

pathways which are also involved in sustained shear stimulus induced FMD.  These observations 
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indicate that EX-FMD may in fact respond to training with a different time course than RH-FMD.  

An important first step would be the direct comparison of RH- and EX-FMD adaptations to 

endurance exercise training.  Given that the mechanisms of both RH- and EX-FMD likely involve 

NO (as described above (Wray et al., 2011; Green et al., 2013)), and that upregulation of eNOS 

may occur with training (as described below (Laughlin et al., 2001)), it is reasonable to expect 

that like RH-FMD, EX-FMD would improve. 

2.3.2 Elevated shear stress as the primary mechanism of training induced adaptation 

The observed improvements in endothelial function due to exercise training are due at 

least in part to repeated elevations in shear stress during training (Tinken et al., 2010; Naylor et 

al., 2011; Birk et al., 2012; Carter et al., 2014).  As indicated above, shear stress increases in the 

active and inactive limbs during exercise.   In the inactive limbs, at the beginning of rhythmic 

exercise (walking, cycling), the pattern of blood flow is oscillatory (Thijssen et al., 2009), and the 

magnitude of mean shear stress increases with exercise duration as a heat dissipating response 

occurs (skin dilation) (Padilla et al., 2011).  In the active muscle, the conduit artery experiences 

periods of low flow and shear stress (during contraction) followed by periods of high flow and 

shear stress (relaxation), and mean shear stress increases in response to oxygen demand 

(Gonzalez-Alonso et al., 2002; King et al., 2013).  To investigate the role of shear stress in 

vascular adaptations to HGEX training, Tinken et al (2010) had subjects undergo bilateral 

forearm handgrip training for 8 weeks while one arm was cuffed to keep shear stress at near 

baseline levels during exercise.  They found that after weeks 2, 4, and 6, the uncuffed arm 

showed an improvement in RH-FMD, whereas the cuffed arm RH-FMD was unchanged.  This 

suggests that shear stress is a key stimulus for adaptation.  In order to remove the complex 

stimulus of exercise by creating isolated increases in shear stress, Naylor et al (2011) investigated 

the impact of 8 weeks of bilateral repeated forearm heating.  One arm was cuffed to keep brachial 

artery shear stress near baseline levels.  They found that brachial artery RH-FMD was elevated 
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from baseline during week 2 (week 6 and 8 were not significantly different from baseline) and 

there was a main effect indicating that that RH-FMD in the uncuffed arm was significantly 

greater than the cuffed arm during training.  These data are supported by Birk et al (2012) who 

had subjects perform leg cycle training with one arm cuffed, and found a similar transient 

increase in RH-FMD of the uncuffed limb, but no change in the cuffed limb RH-FMD.  From 

these results, it is clear that repeated increases in shear stress are capable of eliciting changes in 

upper limb endothelial function.   

An enhanced ability of the endothelium to produce NO appears to be central to chronic 

enhancements in endothelial function.  Several animal studies show increased eNOS protein 

content following exercise training (Laughlin et al., 2001, 2003).  In human CAD patients, 

Hambrecht et al (2003) determined that 4 weeks of exercise training increased both eNOS protein 

content and phosphorylated eNOS (at Ser1177).  Shear stress is a strong candidate stimulus for a 

large portion of exercise induced upregulation of eNOS.  Isolated shear stress acts to upregulate 

eNOS transcription in cultured endothelial cells via multiple signaling pathways (eg. G 

protein/Ca2+ mediated (Malek et al., 1999),  c-Src mediated (Davis et al., 2003)).  In addition to 

direct effects on eNOS content, training may increase NO production capacity indirectly.  

Endothelin-1 is a vasoconstrictor produced by the endothelium that interacts with the NO 

pathway by suppressing its production.  In dogs (Miller & Burnett, 1992), chronic increases in 

shear stress caused decreased production of endothelin-1, which enhanced the production and 

release of NO causing increased endothelium dependent relaxation and depletion of the 

endothelin-1 pool.  Chronic shear stress also elevates the expression of other vasodilators.  Rats 

that are endurance trained see elevations in endothelium mediated dilation via increases in the 

production of both prostaglandins and NO (Koller et al., 1995).  In resistance and endurance 

trained humans, there is also evidence of improvements in endothelial function which are 

mediated by increased levels prostaglandin and NO bioavailability (Beck et al., 2013).  
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Additionally, 12 hours of elevated shear stress in cultured endothelial cells upregulates the 

production of prostacyclin via increased cyclo-oxygenase expression (Okahara et al., 1998).   

These mechanisms support the hypothesis that shear stress is a key stimulus for upregulation of 

the capacity to produce NO and other vasodilators involved in FMD, contributing to 

improvements in FMD following endurance training.  Although the EX- and RH-FMD responses 

work via different shear stress transduction pathways, as discussed previously each of these 

pathways rely largely on NO production.  The effect of endurance exercise training on EX-FMD 

in young healthy individuals is unknown, but shear stress that is experienced by the endothelium 

during endurance exercise stimulates an enhanced capacity for NO production due to enhanced 

eNOS expression (Hambrecht et al., 2003).  These findings suggest that endurance exercise 

training will augment EX-FMD via mechanisms that are similar to RH-FMD. 

2.4 Summary and Conclusions 

 

Endothelial function is an important indicator of vascular health and disease risk, yet it 

has been primarily investigated using responses to only transient increases in shear stress in 

humans (RH-FMD).  However, FMD can be investigated in response to sustained increase in 

shear stress, including those created by exercise (EX-FMD).  There is evidence that RH- and EX-

FMD are likely to provide distinct information about endothelial function, and using both 

assessment methods may provide a more comprehensive understanding of endothelial function.  

Furthermore, EX-FMD may be more functionally relevant than RH-FMD, since exercise is how 

shear stress is elevated in everyday life.  Overall, EX-FMD is understudied, particularly in the 

lower limbs.  The lower limbs are an important area of research because they are more 

susceptible to the development of atherosclerosis, and testing EX-FMD in the lower limbs may 

provide additional information about their vascular disease risk and function. 
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Endurance exercise has both an acute and chronic impact on endothelial function.  Tested 

via RH-FMD, an acute bout of high intensity exercise has been shown to decrease RH-FMD for 

up to an hour after the bout, and this impairment may be due to exercise induced ROS production.  

However, the impact of an acute bout of exercise on EX-FMD is unknown.  Endurance exercise 

training results in improvements in RH-FMD which may be transient in healthy populations.  

Similar to the impact of a single bout of exercise, the impact of endurance training on EX-FMD is 

unknown. 

The following 3 chapters describe investigations that address some of the important 

knowledge gaps with respect to EX-FMD. 
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Chapter 3 

A Single Bout of High Intensity Cycling Exercise Improves Flow-

Mediated Dilation During Handgrip Exercise: An Effect which is 

Reversed by Vitamin C Consumption 

 

King TJ, Williams JS & Pyke KE 

 

Chapter 3 is formatted in accordance with Journal of Applied Physiology guidelines. 
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3.1 Abstract 

 

Flow-mediated dilation (FMD) stimulated by distinct shear stress profiles may reflect 

different aspects of endothelial function.  High intensity cycling may attenuate FMD in response 

to transient increases in shear stress (reactive hyperemia); however, its impact on FMD stimulated 

by a sustained increase in shear stress remains unknown. The study purpose was to determine the 

influence of a single bout of high intensity cycling on brachial artery FMD in response to a 

sustained, handgrip exercise induced increase in shear stress (HGEX-FMD).  The role of reactive 

oxygen species (ROS) was interrogated via the administration of vitamin C.  14 young, healthy, 

untrained males (age 21 ± 3) participated in a 30 min bout of cycling at 80% heart rate reserve 

following oral administration of 1000mg of vitamin C or placebo. A subset of 9 participants 

completed a time matched control with vitamin C administration at rest.  HGEX-FMD trials were 

performed pre, and 30 and 60 minutes post-cycling, and consisted of 6 min of isometric HGEX 

with brachial artery diameter and velocity recording via ultrasound.  Compared to pre (3.8 ± 

2.3%), mean during HGEX-FMD was elevated 30 (5.4 ± 1.6%; p<0.001) and 60 (4.8 ± 1.5%; 

p<0.001) minutes post-cycling in the placebo condition, and this augmentation was abolished by 

vitamin C (p=0.114).  At rest HGEX-FMD was elevated post-vitamin C (p<0.001).  In 

conclusion, HGEX-FMD was elevated following high intensity cycling and ROS signaling may 

be involved.  The opposing actions of vitamin C at rest vs. post-cycling suggests that different 

mechanisms are influencing HGEX-FMD in these two conditions.  
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3.2 New and Noteworthy 

 

This study is the first to investigate the acute impact of high intensity cycling on brachial 

artery flow-mediated dilation stimulated by a sustained, handgrip exercise induced increase in 

shear stress (HGEX-FMD).  HGEX-FMD was enhanced post-cycling and this effect was 

abolished by pre-cycling vitamin C consumption. In contrast, HGEX-FMD was enhanced 

following vitamin C consumption at rest.  The opposing resting vs. post-cycling effects of vitamin 

C suggest that distinct mechanisms are influencing HGEX-FMD in these conditions. 

 

Keywords: Reactive oxygen species, oxidative stress, shear rate, endothelial function, antioxidant 
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3.3 Introduction 

 

The functioning of the endothelial cells that line arteries is an important determinant of 

vascular health and tone (Yeboah et al., 2007, 2009).   Endothelial cells respond to blood flow 

associated shear stress by releasing vasodilators and endothelial function can be quantified by 

assessing the degree of dilation in response to an experimenter imposed increase in conduit artery 

shear stress ((flow-mediated dilation, FMD).  FMD is usually tested via the creation of a transient 

reactive hyperemia (RH) mediated increase in shear stress (RH-FMD). 

Although endurance exercise training may improve endothelial function (Clarkson et al., 

1999; Tinken et al., 2008), a transient impairment in RH-FMD is frequently observed following a 

single bout of moderate to high intensity endurance exercise (Jones et al., 2010; Hwang et al., 

2012; Llewellyn et al., 2012; Bailey et al., 2012; Birk et al., 2013; Dawson et al., 2013a).  The 

acute effect of endurance exercise on RH-FMD is thought to be due, at least in part, to exercise 

induced production of reactive oxygen species (ROS) (Johnson et al., 2012b; Birk et al., 2013).  

Increased endothelial exposure to ROS during exercise (Alessio et al., 1997; McNally et al., 

2003; Takabe et al., 2011) may reduce nitric oxide (NO) bioavailability (Cai & Harrison, 2000) a 

contention supported by observations that ROS production is increased with intensity of 

endurance exercise (Goto et al., 2003; Johnson et al., 2012b), and that FMD is more likely to be 

impaired following high intensity endurance exercise (Birk et al., 2013).  In addition, 

administration of the antioxidant vitamin C has been shown to prevent post-endurance exercise 

reductions in RH-FMD in patients with intermittent claudication (Silvestro et al., 2002). 

In addition to RH, controlled and sustained elevations in shear stress can also be used to 

stimulate FMD. In the brachial artery this type of shear stress stimulus can be achieved via 

rhythmic handgrip exercise (HGEX) (Pyke & Jazuli, 2011; King et al., 2013).  Similar to RH-

FMD, there is evidence that HGEX stimulated FMD (HGEX-FMD) is dependent, at least in part, 

upon NO (Wray et al., 2011).  It is currently unknown how exercise induced FMD, or HGEX-
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FMD specifically is influenced by a bout of high-intensity endurance exercise.  This knowledge 

gap is important because HGEX-FMD provides information about endothelial function that is 

distinct from that provided by RH-FMD.  For example, certain interventions and clinical 

conditions impact RH- and HGEX-FMD  differently (Gaenzer et al., 2001; Findlay et al., 2013; 

Szijgyarto et al., 2013); a phenomenon that may be explained by the involvement of different 

vasodilators (Mullen et al., 2001) and/or the recruitment of distinct transduction pathways for NO 

production (Frangos et al., 1996).  Therefore, the acute impact of intense endurance exercise on 

RH-FMD cannot be generalized to HGEX-FMD.  In addition, exercise induced increases in shear 

stress are a regularly experienced physiological stimulus (as opposed to RH), and the resulting 

FMD response reflects how arteries respond to shear stress during normal activity.  The impact of 

a bout of endurance exercise on HGEX-FMD may therefore provide better insight regarding how 

FMD functions during consecutive bouts of exercise. With this as a background, the primary 

purpose of this study was to determine the impact of a bout of high intensity endurance exercise 

on HGEX-FMD.  We also explored the role of ROS by examining responses with and without 

administration of the antioxidant vitamin C. We hypothesize that 1) HGEX-FMD will be 

impaired following intense endurance exercise, and 2) this will be at least partially reversed by 

vitamin C administration, suggesting involvement of ROS.  

 

3.4 Methods 

3.4.1 Ethical Approval 

The study protocol was approved by the Health Sciences Research Ethics Board at 

Queen’s University which conforms to the standards set by the Declaration of Helsinki.  Written 

informed consent was obtained on forms approved by this board prior to study participation. 
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3.4.2 Participants 

Fourteen young, healthy, untrained males (age 21 ± 3) participated in the study. 

Volunteers for the study were screened via a physical activity readiness questionnaire (Thomas et 

al., 1992) and 7 days of accelerometer measurements (Actigraph GT3X accelerometer, 

Actigraph, Pensacola, Florida, USA) prior to data collection.  Health status was confirmed via a 

medical screening questionnaire and blood pressure measurements ((BpTRU BPM-100, BpTRU 

Medical Devices, Coquitlam, BC, Canada); those who were hypertensive, or reported risk factors 

associated with endothelial dysfunction or the presence of any cardiovascular disease were 

excluded.  Volunteers were also excluded if they performed more than 150 minutes of moderate 

to vigorous physical activity per week via accelerometer estimation (Santos-Lozano et al., 2013). 

3.4.3 Initial Visit 

During an initial familiarization visit, the participant lay supine and the experimenter 

applied an ultrasound probe (Vivid i2 GE Medical Systems, London, ON, Canada) to the left 

brachial artery.  The real time blood velocity was displayed on a computer screen as a 6 second 

moving average.  The vessel diameter was estimated manually via callipers from the ultrasound 

image of the artery.    After completing 2 maximal voluntary contractions (MVCs), the 

participants were asked to perform rhythmic isometric handgrip contractions to identify the 

intensity (%MVC) required to increase blood velocity sufficiently such that a target shear rate 

stimulus of 80 s-1 could be achieved (shear rate, an estimate of shear stress without viscosity, 

calculated as: shear rate = blood velocity/vessel diameter).  The required blood velocity was 

calculated as: required blood velocity = baseline vessel diameter x 80 s-1.  Experimenters asked 

participants to increase their %MVC until the required velocity was reached. This intensity was 

used as a starting point for the subsequent experimental visits (see below).  Contractions were 

performed in a 5 second relaxation to 1 second contraction duty cycle (King et al., 2013). 
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3.4.4 Experimental protocol 

Participants visited the laboratory for three experimental visits (two cycling exercise 

visits (n=14) and one resting control visit (subset; n=9)).  The protocol timeline is presented in 

figure 3-1.  During each of the two cycling exercise visits, HGEX-FMD was assessed followed 

by the consumption of placebo (2 x 500 mg lactose (PLA + EX)) or vitamin C (2 x 500 mg (VC + 

EX)) pills.   This dose of vitamin C has been shown to prevent exercise induced oxidative stress 

(Ashton et al., 1999).  They then rested for 60 minutes, before completing 5 minutes of warmup 

and 30 minutes of high intensity exercise (cycling at 80% of heart rate reserve (HRR)).  HGEX-

FMD was assessed again at 30 and 60 minutes following cycling exercise.  The order of visits 

was randomized between participants.  During the additional control visit (VC+Rest), participants 

ingested vitamin C (2 x 500 mg), and seated rest replaced the 35 min period of cycling exercise. 

The timing of the HGEX-FMD tests was the same as described for the cycling exercise visits.   

Experimental visits were separated by at least 48 hours.  Visits started between 7 and 10 

am, and the start time was the same within participants.  Participants fasted for 10.5 hours prior to 

data collection (12 h prior to exercise), and abstained from caffeine and alcohol for 12 hours and 

exercise for 48 hours prior to data collection.   

3.4.5 Experimental Visits 

3.4.5.1 Rest and Instrumentation 

The participant lay supine during instrumentation for heart rate and blood pressure 

recordings.  Heart rate was continuously measured with three ECG electrodes that were placed on 

the chest and abdomen.  Continuous heart rate assessment was recorded via the program 

LabChart (AD Instruments, Colorado Springs, CO, USA) for analysis at a later time.  Blood 

pressure (BP) was measured using a BP Tru system (BpTRU BPM-100, BpTRU Medical 

Devices, Coquitlam, BC, Canada).  An occlusion cuff was placed on the participant’s right 

brachial artery, and the cuff was inflated and deflated 6 times in order to take 6 blood pressure 
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measurements.  The first measurement was discarded and the remaining 5 were averaged to 

characterize baseline blood pressure.   

3.4.5.2 HGEX-FMD 

Participants lay supine with their left arm extended.  While the participant was resting an 

ultrasound image and blood velocity signal from the brachial artery was obtained. Brachial artery 

images were acquired using ultrasound operating at 12-MHz in B-mode (Vivid i2 GE Medical 

Systems, London, ON, Canada).  Ultrasound parameters were set to optimize longitudinal B-

mode images of the lumen/arterial wall interface.  Image recording from the Vivid I was achieved 

with a VGA to USB frame grabber (Epiphan systems Inc., Ottawa, ON, Canada) and recorded as 

.avi files on an independent computer using commercially available software (Camtasia Studio, 

TechSmith, Okemos, MI, USA).   Blood velocity was obtained using Doppler ultrasound 

operating at 4 MHz (Vivid i2 GE Medical Systems, London, ON, Canada).  Calibration was 

performed at the insonation angle of 68 degrees, and data were collected at this angle for all trials, 

for reasons previously described (Pyke et al., 2008a).  The Doppler shift frequency spectrum was 

analyzed via a Multigon 500P TCD spectral analyzer where mean velocity was determined as a 

weighted mean of the spectrum of Doppler shift frequencies as previously described (Jazuli & 

Pyke, 2011).  The corresponding voltage output was sampled continuously (Powerlab, AD 

Instruments, Colorado Springs, CO, USA) and stored (Labchart, AD Instruments, Colorado 

Springs, CO, USA) for analysis at a later time.   Baseline recordings were made for 1 minute.  

Participants then began the HGEX at the intensity (% MVC) established in the initial visit.  They 

were coached through minor increases and decreases in % MVC in order to achieve the blood 

velocity which corresponded with the target shear rate of 80 s-1 (as described above for the initial 

visit).  Brachial artery blood velocity and diameter were recorded for 6 minutes of HGEX.  % 

MVC is reported as the mean over each trial. 
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The procedure for the post-cycling HGEX-FMD trials was identical, with the exception 

that prior to the 30 min post-cycling trial, manual compression of the brachial artery pulse at the 

antecubital fossa was applied (as previously described (Findlay et al., 2013)) for 10 minutes if 

blood velocity was elevated above the pre-cycling baseline level.  This ensured that baseline 

shear rate in this trial was not greater than the baseline shear rate obtained during the pre-cycling 

trial.   

3.4.5.3 Cycling Exercise 

 Participants were allowed to warm up at their desired intensity for 5 minutes on a semi-

recumbent bicycle.  Heart rate was continuously monitored via a chest strap heart rate monitor 

(Polar Electro Canada, Lachine, QC), or 3 lead ECG.  Resting heart rate was obtained 

immediately before warmup.  After the 5 minute warm-up was complete, intensity was set at 

~125 Watts and increased in ~20 Watt intervals every 2 minutes until the participant reached 80% 

age predicted HRR (80 % HRR = ([220-age] – resting heart rate) x 0.8 + resting heart rate).  As 

cycling continued, the intensity was adjusted in order to maintain heart rate within 3 bpm of 80 

%HRR.   Heart rate (beats per minute) and rating of perceived exertion (scale: 1 to 10), were 

recorded every 5 minutes during cycling. Following 5 and 25 minutes of cycling, the participant 

extended their left arm while the ultrasound probe was placed on the brachial artery, and blood 

velocity and diameter were measured for one minute as the participant continued to cycle.   Upon 

completion of 30 minutes of cycling at 80% heart rate reserve, participants were allowed to pedal 

with no load for 3 minutes of cool down.  Participants then returned to the supine position and 

began post-cycling rest and instrumentation. 

3.4.5.4 Data Analysis 

 During cycling, heart rate is reported at 5 min intervals and each heart rate value is the 

mean of a 10-second measurement.  For the HGEX-FMD trials the mean heart rate is reported for 
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the 1 minute of baseline preceding each trial.  Percent MVC was reported as the mean %MVC 

achieved during the 6 minutes of HGEX. 

Blood velocity was analyzed offline in 3-second average time bins for calculation of 

shear rate.  Shear rate during HGEX and during minutes 5 and 25 of cycling was reported as 1-

minute averages.  The pattern of the shear rate during cycling exercise was characterized as the 

oscillatory shear index (OSI) which is calculated as: OSI = |retrograde shear rate|/(|retrograde 

shear rate| + |anterograde shear rate|).   

Vessel diameters were analyzed using automated edge-detection software (Encoder FMD 

and Bloodflow v3.0.3, Reed Electronics, Perth, WA, Australia) as previously described (Jazuli & 

Pyke, 2011).  The experimenter was blinded to trial and condition until the completion of all 

diameter analysis.  The diameter data were compiled as 3-second time bins and missing data due 

to erroneous wall tracking was interpolated. HGEX-FMD was assessed as both absolute change 

in diameter and percent change in diameter for each minute of HGEX (absFMD = 1 min average 

diameter during HGEX – baseline diameter; % FMD = [1 min average diameter during HGEX – 

baseline diameter]/baseline diameter x 100 %). 

3.4.6 Statistical analysis 

IBM SPSS Statistics 24 (IBM corp., Armonk, NY) was used for all statistical analyses. A 

3 way repeated measures (RM) ANOVA (linear mixed model) with factors time (1-6 minutes of 

HGEX), trial (pre, 30 min post, 60 min post-cycling), and condition (VC+Ex, PLA+EX) was used 

to assess % HGEX-FMD, absolute HGEX-FMD, and shear rate during HGEX-FMD.  Significant 

interactions were further analyzed via RM ANOVA as appropriate.  Pairwise comparisons were 

assessed via Bonferroni post hoc analysis.  Baseline diameter was used as a covariate for all 

HGEX-FMD tests, however since this did not change the outcome of any tests, results without 

covariate inclusion are presented.  Two way RM ANOVAs (factors: condition and trial) were 

used to compare % MVC, baseline diameter, baseline shear rate, and heart rate during the HGEX-
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FMD tests. Two way RM ANOVAs (factors: condition and  time) were used to compare heart 

rate and shear rate during cycling exercise.  Significance was set at p<0.05.   

The VC+Rest condition (n = 9) was analyzed separately from the other conditions. One 

way RM ANOVAs were used compare baseline dimeter, baseline shear rate, and % MVC 

between trials (pre-vitamin C, 125 min post and 155 min post-vitamin C).  Two way RM 

ANOVAs with factors time (1-6 minutes of HGEX) and trial were used to assess % HGEX-FMD, 

absolute HGEX-FMD, and shear rate during the HGEX-FMD tests. 

 

3.5 Results 

 

3.5.1 Participant Characteristics 

Participant characteristics are presented in table 3-1. 

 

3.5.2 Heart rate, rating of perceived exertion, and shear rate during cycling exercise 

Heart rate, rating of perceived exertion and shear rate parameters during cycling exercise 

(table 3-2) were not significantly different between conditions. 

Mean brachial artery shear rate (table 3-2) was not different between baseline and 5 

minutes into cycling exercise, but increased significantly from 5 minutes to 25 minutes into 

cycling.  Oscillatory shear index increased significantly from baseline to 5 minutes into cycling, 

then decreased from 5 minutes to 25 minutes into cycling. 

 

3.5.3 Baseline diameter, shear rate and heart rate prior the HGEX-FMD trials  

 Baseline diameter (table 3-3) was significantly greater in the PLA+EX condition but 

there was no effect of trial or condition x trial interaction.  Baseline shear rate was stable across 
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all conditions and trials (table 3-3).  Baseline heart rate was not significantly different between 

conditions (table 3-3), however baseline heart rate in the post-cycling trials was greater than pre-

cycling, with the highest baseline heart rate in the 30 min post-cycling trial.  

 

3.5.4 HGEX Shear Rate Stimulus and %MVC during HGEX 

There was no significant difference in the shear rate stimulus between conditions (p = 

0.952). Therefore, the shear rate is presented pooled across conditions in figure 3-2. There was an 

expected significant effect of time as shear rate increased from baseline with the onset of HGEX.  

There was also a main effect of trial (p = 0.004) such that the shear rate stimulus during the pre-

cycling HGEX-FMD trial was slightly, but significantly greater than in the 30 min post-cycling 

trial (p = 0.003).  All ANOVA and post hoc p-values are reported in the figure 3-2 legend.  %t 

MVC during HGEX was stable across the conditions and all trials (table 3-3).   

 

3.5.5 HGEX-FMD 

 The pattern of significance was not different when data were analyzed using % HGEX-

FMD, absolute HGEX-FMD, or absolute HGEX-FMD with baseline diameter as a covariate.  

Therefore only %HGEX-FMD data are reported. 

 There was a significant main effect of time (p<0.001) and a condition x trial interaction 

(p = 0.002) for HGEX-FMD and the data are presented separately for each condition in figure 3-

3. In the PLA+EX condition (figure 3-3a), HGEX-FMD was significantly greater 30 minutes 

(p<0.001) and 60 minutes post-cycling (p<0.001) than pre- cycling.  HGEX-FMD 30 minutes 

post-cycling was also significantly greater than 60 minutes post-cycling (p = 0.045).  In the 

VC+Ex condition (figure 3-3b) HGEX-FMD did not differ between trials (p = 0.114) (figure 3-

3b).   All ANOVA and post hoc p values are reported in the figure 3-3 legend. 
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3.5.6 VC+Rest Subset 

 In this condition participants rested rather than performing cycling exercise (figure 3-1) 

and vitamin C was administered with the same timing relative to the HGEX-FMD trials as it was 

in the VC+EX condition.  Baseline diameter did not differ between trials (table 3-4). However, 

some modest but statistically significant differences between the pre vitamin C and post vitamin 

C trials were identified for baseline shear rate and the %MVC during HGEX (table 3-4).  The 

shear rate stimulus during HGEX pre-vitamin C was slightly but significantly higher than post-

vitamin C (125 minutes (p = 0.014) and 155 minutes (p = 0.001) (figure 3-4A)).  HGEX-FMD 

post-vitamin C was greater than pre-vitamin C with the highest HGEX-FMD 125 minutes post-

vitamin C (p<0.001) (figure 3-4b).  All ANOVA and post hoc values are included in the figure 3-

4 legend. 

 

3.6 Discussion 

 

This study is the first to assess the impact of a single bout of high-intensity cycling on 

brachial artery FMD in response to a sustained shear stress stimulus (HGEX-FMD).  The key 

novel findings are that HGEX-FMD was augmented 30 and 60 minutes following cycling, and 

that this positive impact of exercise was prevented with vitamin C administration.  This may 

reflect involvement of a ROS dependent vasodilator pathway in HGEX-FMD post-cycling 

(Robinson et al., 2016). In contrast, at rest, vitamin C resulted in augmentation of HGEX-FMD 

(~2 and 2.5 hours post administration).  The opposing actions of vitamin C at rest versus post-

cycling suggest that different mechanisms are involved in HGEX-FMD in these two conditions.  

 

3.6.1 Acute cycling exercise and HGEX-FMD 
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 Exercise produces complex changes in the vascular environment, and post-cycling 

HGEX-FMD was likely influenced by several competing factors.  These include increases in 

antegrade, mean, and retrograde shear stress as well as changes in ROS signalling.  Contrary to 

our hypothesis, the enhanced post-cycling HGEX-FMD indicates that the net effect of all of the 

factors was positive.   

 

3.6.2 The impact of prior shear stress exposure on subsequent FMD 

All participants experienced elevations in mean and antegrade brachial artery shear rate 

during the cycling exercise intervention, and this increased shear stress may have played a role in 

post-cycling HGEX-FMD enhancement.  This is supported by evidence that exposure to elevated 

brachial artery shear stress for a period of approximately 30 minutes potentiates post-exposure 

brachial artery FMD (Tinken et al., 2009, 2010; Atkinson et al., 2015). For example Tinken et al 

(2009) reported that brachial artery RH-FMD was enhanced following 30 min of elevated 

brachial artery shear stress elicited by moderate intensity cycling exercise, arm heating or 

handgrip exercise.  The enhancement of RH-FMD was eliminated by using cuff occlusion to 

prevent increases in brachial artery shear stress during the interventions, isolating elevated shear 

stress as the key mechanism underlying RH-FMD enhancement.  Fewer studies have assessed the 

impact of prior shear stress exposure on sustained stimulus induced FMD; however, studies that 

used forearm heating (Ade et al., 2015) and handgrip exercise (McPhee & Pyke, 2016) as acute 

interventions to elevate brachial artery shear stress for 30 min have also found elevated post-

intervention HGEX-FMD.  The mechanisms of FMD potentiation by prior shear stress exposure 

have not been fully elucidated, however there is evidence that anterograde shear stress may result 

in the phosphorylation and activation of endothelial NO synthase (eNOS) (Fisslthaler et al., 

2000), which could lead to increased NO synthesis with subsequent shear stress exposure.  
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A second alteration of the shear stress pattern which occurred during cycling was an 

increase in retrograde shear stress; a factor which can negatively impact FMD (Thijssen et al., 

2009b; Johnson et al., 2012a; Tremblay et al., 2016).  Retrograde shear stress may increase 

endothelin-1(Ziegler et al., 1998) and oxidative stress (Johnson et al., 2013) production in the 

endothelium. These are both factors which might work to attenuate HGEX-FMD (Ziegler et al., 

1998; Yiginer et al., 2008), however these effects do not appear to be dominant when an increase 

in retrograde shear stress is accompanied by an increase in anterograde and mean shear stress 

(Pyke et al., 2008b; Tinken et al., 2010; King et al., 2013).   In the first 5 min of cycling there 

was a large increase in retrograde shear rate from rest, with a small increase in antegrade shear 

rate, resulting in a non-significant decrease in mean shear rate.  By 25 min into cycling the 

retrograde shear rate had diminished and both antegrade and mean shear rate were elevated from 

rest and 5 min of cycling.   Although the overall impact of the cycling on HGEX-FMD was 

positive, it is unknown whether the early, more predominant increase in retrograde shear rate had 

any persistent negative influence that might have been attenuating the overall positive impact of 

cycling. 

 

3.6.3 The influence of ROS on FMD 

High intensity exercise increases ROS production (Fisher-Wellman & Bloomer, 2009).  

As mentioned above, during exercise, ROS may be produced by the endothelium with shear stress 

shear stress exposure (Hsieh et al., 1998; McNally et al., 2003).  ROS can also be produced in the 

plasma during high intensity exercise with ischemic components (Viña et al., 2000), and in the 

muscles by mitochondrial respiration (Viña et al., 2000; Banerjee et al., 2003).  Elevations in 

ROS are known to be deleterious to endothelial function (Silvestro et al., 2002; Johnson et al., 

2012a, 2012b; Thosar et al., 2015b), and this drove our expectation that HGEX-FMD would be 

impaired following high intensity cycling exercise.  However, while some ROS might impair 
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FMD by interacting with NO and decreasing its bioavailability (e.g. superoxide), others may 

enhance the pathways involved in FMD.  For example, hydrogen peroxide (H2O2), which is 

formed from superoxide by superoxide dismutase (SOD), may stimulate the expression of eNOS 

and increase the bioavailability of NO (Drummond et al., 2000; Lauer et al., 2005; Bretón-

Romero & Lamas, 2013).  H2O2 also works independently of NO as an endothelium derived 

hyperpolarizing factor (Quyyumi & Ozkor, 2006). These actions may continue to enhance FMD 

following exercise via the prolonged upregulation eNOS (Drummond et al., 2000; Lauer et al., 

2005; Bretón-Romero & Lamas, 2013) and SOD (Berzosa et al., 2011) (leading to greater 

production of H2O2).  In support of a role of H2O2 in post-exercise FMD, Robinson et al  

(Robinson et al., 2016) found that microvascular FMD was enhanced after exercise in a manner 

that was H2O2 dependent; providing evidence that the primary vasodilator in the microvasculature 

can shift from NO to H2O2 following exercise.   

We observed that vitamin C administration abolished the post-cycling augmentation of 

HGEX-FMD.  In the VC + EX condition, vitamin C may have scavenged ROS, such as H2O2 and 

its precursor O-.  If H2O2 or other ROS involved in FMD were scavenged, they would have been 

unable to exert their positive effect on post-cycling HGEX-FMD.   If cycling exercise alters the 

vascular milieu such that some changes favor enhanced (e.g. H2O2, eNOS phosphorylation) and 

others reduced (e.g. NO conversion to peroxynitrite by ROS, increased ET-1 production) HGEX-

FMD following cycling, vitamin C administration (which may have its own exercise-independent 

beneficial effects; see below) appears to have shifted the balance to a net neutral, rather than 

positive impact of cycling.  

 

3.6.4 Functional significance of HGEX-FMD potentiation  

The positive impact of prior cycling on HGEX-FMD suggests that FMD may be 

augmented over sequential bouts of exercise, and this could have functional implications.  For 
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example, it has been observed that when angina inducing exercise is followed by a brief reduction 

in exercise intensity, the patient can return to the initial exercise intensity with reduced angina 

symptoms (‘warm-up’ angina).  The mechanism of this phenomenon is unclear, however it is 

possible that coronary artery FMD is potentiated by the first bout of exercise and the associated 

increase in shear stress, permitting improved perfusion in the second exercise bout.  Future 

research is required to assess the functional implications of exercise-induced FMD potentiation 

by prior shear stress exposure and any effects of vitamin C consumption.   

 

3.6.5 Influence of Vitamin C on HGEX-FMD at rest 

 The present study found that the administration of vitamin C at rest resulted in an 

enhancement of HGEX-FMD.  This is in agreement with the findings of Trinity et al. (Trinity et 

al., 2016b) in older adults who found that the intravenous administration of vitamin C improved 

progressive HGEX-FMD via an NO-dependent mechanism.  This improvement in HGEX-FMD 

was not accompanied by a decrease in measured ROS levels and therefore supports the 

involvement of mechanisms that do not rely on an antioxidant function.  Independent of 

antioxidant action there is evidence that  vitamin C stabilizes tetrahydrobiopterin (BH4) (a 

cofactor for nitric oxide synthase) (Huang et al., 2000), and can acutely increase eNOS activity 

by modulating its phosphorylation status independent of BH4 (Ladurner et al., 2012).  Therefore, 

in the present study, it is possible that direct interaction of vitamin C with BH4 and/or eNOS may 

explain the observed improvements in resting HGEX-FMD.  In the post-cycling trials, vitamin 

C’s antioxidant independent actions may have been altered by changes in the cellular 

environment caused by exercise, or masked by factors present post-exercise that impaired HGEX-

FMD (e.g. elevated ET-1, or superoxide not adequately quenched by vitamin C). 

In contrast to the findings of the present study and Trinity et al.(2016), Richardson et al. 

(2007), found that a cocktail of antioxidants (vitamin C, vitamin E, and α-lipoic acid) 
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administered at rest attenuated HGEX-FMD in healthy young men (Richardson et al., 2007; 

Donato et al., 2010).  The nature of the antioxidant (vitamin C alone vs. antioxidant cocktail) and 

its ability to influence ROS (reduced in Richardson et al.(2007) and not in Trinity et al.(2016)) 

may play a role in these conflicting findings.  Training status of participants may also be 

important. Donato et al (2010) found that an antioxidant cocktail enhanced HGEX-FMD among 

untrained older adults, but attenuated HGEX-FMD after they underwent endurance training.  

Furthermore, Trinity et al. (2016) and the present study restricted inclusion to inactive 

participants while Richardson et al (2007) described their participants as ‘normally active’.   

Taken together, these data suggest that activity level may dictate the influence of antioxidants on 

HGEX-FMD (impairment in trained and enhancement in untrained), and possibly the level of 

ROS dependence of HGEX-FMD.   However further research explicitly examining training status 

in young participants and the effect of antioxidant cocktails versus vitamin C is needed.    

In contrast to the present study, which reported that vitamin C administration enhanced 

HGEX-FMD in young healthy inactive males at rest, studies have reported that RH-FMD is not 

altered by vitamin C administration at rest in this population (Eskurza et al., 2004; Johnson et al., 

2013).  As mentioned previously, it is common for HGEX-FMD and RH-FMD to respond 

differently to the same intervention (Padilla et al., 2006; Szijgyarto et al., 2013).  A direct 

comparison of RH and HGEX-FMD responses is needed for confirmation; however, it is possible 

that vitamin C has a greater influence on the vasodilatory mechanisms that are recruited by 

HGEX-FMD. 

 

3.6.6 Study limitations 

 Shear rate targeting was not wholly effective in generating a uniform shear rate between 

trials, such that there were small but significant trial differences.   Trial differences in shear rate 

would present an obstacle to interpretation if a larger shear rate stimulus were accompanied by a 
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larger HGEX-FMD response. In that situation, it would be difficult to determine if a larger 

HGEX-FMD response was due to enhanced endothelial function or exposure to a larger stimulus 

magnitude.  However, shear rate was highest during the pre-cycling HGEX-FMD trial, while 

HGEX-FMD magnitude was highest in the 30 minutes post-cycling trial.  Therefore, if anything, 

the difference in shear rate between trials would have been expected to lead to a reduction in 

post-cycling HGEX-FMD.  Similar trends were observed in the VC+Rest subset, which also may 

have led to underestimating the vitamin C induced enhancement of HGEX-FMD.  Any potential 

underestimation does not alter the fundamental study conclusions. 

 The study design did not include the assessment of oxidative stress.  We are therefore not 

able to confirm that oxidative stress increased systemically following cycling, and this limits our 

ability to comment on the importance of this to the observed effects of cycling on HGEX-FMD.  

We have argued that the negative impact of vitamin C post-cycling suggests that ROS signalling 

may play a role in post-cycling HGEX-FMD potentiation, however vitamin C also has ROS 

independent effects and these could be influenced by exercise. 

 Only young healthy inactive males participated in the present study, therefore it is 

unknown whether these findings apply to a heterogeneous population.  Future research is needed 

to investigate both male and female participants of varying age. 

 

3.6.7 Summary and Conclusions 

This study demonstrated for the first time that a single bout of high intensity cycling 

exercise improved HGEX-FMD measured 30 and 60 minutes following exercise.  Vitamin C 

consumed before cycling abolished the post-cycling enhancement of HGEX-FMD, while in 

contrast, vitamin C administered at rest augmented HGEX-FMD. The opposing actions of 

vitamin C at rest vs. post-cycling suggests that different mechanisms are involved in HGEX-FMD 

in these two conditions.  Intense exercise is a complex stimulus, altering the cellular environment 
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in ways that would be expected to both enhance and impair HGEX-FMD.  The negative impact of 

vitamin C post-cycling may reflect interference with ROS dependent dilation mechanisms (e.g. 

H2O2) recruited in this condition.  At rest, without the complex exercise induced perturbation to 

the cellular environment, positive and antioxidant independent effects of vitamin C may 

dominate, resulting in the observed increase in HGEX-FMD.  Future studies that measure ROS 

and manipulate oxidative stress via antioxidant administration during exercise are needed to fully 

elucidate the mechanisms involved in the influence of both vitamin C and intense exercise on 

HGEX-FMD.  
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3.9 Tables 

 

Table 3-1. Participant characteristics.   

Age (years) 22 ± 3 

Height (cm) 176 ± 6 

Weight (kg) 82 ± 9 

Waist circumference (cm) 90 ± 9 

Resting Systolic BP (mmHg) 110 ± 6 

Resting Diastolic BP (mmHg) 66 ± 5 

BP, blood pressure. Data are mean ± standard deviation. 
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Table 3-2. Intensity and shear rate during cycling exercise in the PLA+EX (placebo + cycling exercise) and VC+EX (vitamin C + cycling 

exercise) conditions. 

 
Pre-cycle 5 min 10 min 15 min 20 min 25 min 30 min 

Effect of 

time 

Effect of 

condition 

Time x 

condition 

Heart rate 

(bpm) 

PLA+EX 61 ± 11* 159 ± 12* 166 ± 10 166 ± 12 165 ± 12 165 ± 9 169 ± 8 
P < 0.001 P = 0.204 P = 0.993 

VC+Ex 62 ± 10* 158 ± 14* 168 ± 6 167 ± 8 168 ± 10 168 ± 6 171 ± 6 

RPE 
PLA+EX  6 ± 2 7 ± 1 7 ± 1 7 ± 1 7 ± 1 7 ± 1 

P = 0.066 P = 0.457 P = 0.777 
VC+Ex  7 ± 1 7 ± 1 7 ± 1 7 ± 1 7 ± 2 7 ± 1 

Antegrade 

Shear rate 

(s-1) 

PLA+EX 29.8 ± 6.2* 50.8 ± 13.1*  76.5 ± 16.3* 

P < 0.001 P = 0.469 P = 0.194 
VC+EX 29.1 ± 6.8* 55.9 ± 11.6*  84.1 ± 12.4* 

Retrograde 

Shear rate 

(s-1) 

PLA+EX 5.0 ± 3.6* 39.0 ± 13.5*  18.3 ± 9.3* 

P < 0.001 P = 0.861 P = 0.943 
VC+EX 4.0 ± 3.2* 38.6 ± 11.8*  18.8 ± 8.9* 

Mean  

Shear rate 

(s-1) 

PLA+EX 24.8 ± 7.0 19.0 ± 11.2  58.2 ± 17.0* 

P < 0.001 P = 0.472 P = 0.352 
VC+EX 25.1 ± 8.4 17.3 ± 12.2  65.3 ± 17.1* 

OSI (a.u.) 
PLA+EX 0.14 ± 0.08* 0.40 ± 0.07*  0.19 ± 0.08* 

P < 0.001 p = 0.668 P = 0.752 
VC+EX 0.12 ± 0.09* 0.40 ± 0.07*  0.18 ± 0.08* 

Data are mean ± standard deviation.  Pre-cycle baseline shear rate and OSI values were calculated from baseline prior to the pre-cycle HGEX-

FMD and are a mean of the one minute baseline period. HR, Heart rate; RPE, Rating of perceived exertion; SR, Shear rate; OSI, Oscillatory shear 

index. * indicates significantly different from all other times.
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Table 3-3. Brachial artery hemodynamic parameters and handgrip force for the handgrip 

exercise flow mediated dilation (HGEX-FMD) tests of the Placebo + cycling exercise 

(PLA+EX) and the vitamin C + cycling exercise (VC+Ex) conditions.   

 Pre-cycle 30 min post 60 min post 
Effect of 

trial 

Effect of 

condition 

Trial x 

condition 

Baseline 

Diameter 

(mm) 

PLA+EX 3.73 ± 0.32 3.74 ± 0.40 3.74 ± 0.37 

P = 0.502 P < 0.001 P = 0.804 
VC+EX 3.62 ± 0.34 3.67 ± 0.31 3.66 ± 0.30 

Baseline 

Shear Rate 

(s-1) 

PLA+EX 24.8 ± 7.0 21.8 ± 7.2 21.9 ± 6.2 

P = 0.085 P = 0.602 P = 0.784 
VC+EX 25.1 ± 8.4 19.5 ± 6.2 21.5 ± 21.5 

Baseline 

Heart Rate 

(bpm) 

PLA+EX 64 ± 10 83 ± 11*† 76 ± 11* 
P < 0.001 P = 0.915 P = 0.855 

VC+EX 64 ± 9 82 ± 9*† 76 ± 8* 

 HGEX 

% MVC 

PLA+EX 42 ± 17 42 ± 17 43 ± 16 
P = 0.507 P = 0.742 P = 0.671 

VC+EX 40 ± 10 43 ± 13 43 ± 12 

Data are mean ± standard deviation.  Baseline diameter, baseline shear rate and baseline heart rate 

are one minute means immediately before HGEX.  HGEX heart rate and HGEX % MVC are 

means of 6 minutes of HGEX. * significantly greater than pre-cycle, † significantly greater than 

60 min post 
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Table 3-4.  Baseline diameter, baseline shear rate, and % MVC (maximal voluntary 

contraction) for the HGEX-FMD (Handgrip exercise flow mediated dilation) tests in the 

vitamin C + rest (VC+Rest) condition. 

 Pre-rest 125 min post 155 min post Effect of trial 

Baseline Diameter (mm) 3.67 ± 0.45 3.62 ± 0.44 3.64 ± 0.46 P = 0.073 

Baseline Shear Rate (s-1) 25.1 ± 10.8 14.2 ± 5.2* 17.5 ± 6.1  P = 0.014 

HGEX % MVC 40 ± 10 43 ± 13* 43 ± 11 P = 0.010 

Subset of 9 participants.  Baseline diameter and baseline shear rate are one 

minute means immediately before HGEX.   HGEX % MVC is the mean of the 6 

minutes of HGEX.  * indicates significantly different than pre-rest.   Data are 

mean ± standard deviation.  
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3.10 Figures 

 

 

Figure 3-1 

Experimental timeline.  Cycling warmup was 5 minutes of self-selected cycling intensity.  

Participants were allowed a maximum of 3 minutes for cool down. AC (arterial compression - 

compression of the brachial pulse) was applied (if needed) to re-establish pre-cycling resting 

shear rate for 10 minutes prior to- and during the minute of baseline of the 30 minute post-cycling 

HGEX-FMD test. HGEX, Handgrip exercise test; FMD, Flow mediated dilation; HRR, Heart rate 

reserve. 
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Figure 3-2 

Shear rate as assessed during each minute of the HGEX-FMD trials.  Data from the PLA+EX and 

VC+EX conditions are pooled (effect of condition p=0.952). There was a significant main effect 

of time (p<0.001). Post hoc testing identified that minute 1 was lower than all other minutes (all p 

<0.001), and min 2 lower was than min 4 (p = 0.046).  There was a significant effect of trial (p = 

0.004); Post hoc testing identified that pre-cycling shear rate was larger than 30 min post-cycling 

(p = 0.003).  There were also no significant interactions (condition x trial, p = 0.516; condition x 

time, p = 0.702; trial x time, p = 0.962; condition x trial x time, p = 0.966). PLA+EX, placebo and 

cycling exercise condition; VC+EX, vitamin C and cycling exercise condition; VC+Rest, vitamin 

C and rest condition.  * indicates significantly different than pre-cycling.  Error bars represent 

standard deviation. 
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Figure 3-3 

Percent FMD as assessed during each minute of the HGEX-FMD trials in the PLA+EX (a) and 

VC+EX (b) conditions.  There was a significant main effect of time (p<0.001) and a condition x 

trial interaction (p = 0.005).  A) In the PLA+EX condition there was a significant effect of trial 

(p<0.001) such that the 30 minute (p<0.001) and 60 minute (p<0.001) post-cycling trials were 

significantly greater than pre-cycling. The 30 minute post-cycling trial was also significantly 

greater than the 60 minute post-cycling trial (p = 0.045).  B)  In the VC+EX condition there was 

no effect of trial (p = 0.350). * indicates significantly different than pre-cycling.  † indicates 

significantly different than 60 minutes post-cycling.   Error bars represent standard deviation. 
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Figure 3-4 

A) Shear rate assessed during each minute of HGEX in the VC+Rest condition.  There was a 

significant effect of time (p < 0.001) and trial (p = 0.001), but no time x trial interaction (p = 

0.967). Pre-vitamin C shear rate was significantly higher than both 125 minutes (p = 0.014) and 

155 minutes (p = 0.001) post-vitamin C.  B) % FMD assessed during each minute of HGEX in 

the VC+Rest condition.  There was a significant effect of time (p < 0.001) and trial (p < 0.001) 

but no time x trial interaction (p = 0.996).  Post hoc testing revealed that % FMD 125 minutes 

(p<0.001) and 155 minutes post-vitamin C (p = 0.001) was significantly larger than pre-vitamin 

C.  % FMD 125 minutes post-vitamin C was also significantly greater than 155 minutes post-

vitamin C (p = 0.041). FMD, Flow mediated dilation. * indicates significantly different than pre-

cycling.  † indicates significantly different than 60 minutes post-cycling.  Error bars represent 

standard deviation. 
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Chapter 4 

Assessment of flow-mediated dilatation in the superficial femoral artery 

using a sustained shear stress stimulus via calf plantar-flexion exercise 

 

 

Chapter 4 is published in Experimental Physiology as: 

King TJ, Schmitter SM & Pyke KE (2017). Assessment of flow-mediated dilatation in the 

superficial femoral artery using a sustained shear stress stimulus via calf plantar-flexion 

exercise. Exp Physiol 102, 725–737. 

Chapter 4 is formatted in accordance with Experimental Physiology guidelines. 
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4.1 New Findings 

 

What is the central question of the study? 

 To establish the ability of a newly designed leg exercise technique to produce sustained 

elevations in shear rate which stimulate flow mediated dilation in the superficial femoral 

artery, and to determine the repeat trial stability of the FMD response 

What is the main finding and its importance? 

 Calf plantar flexion exercise can be used to increase shear stress and stimulate flow 

mediated dilation in the superficial femoral artery.  However the magnitude of flow 

mediated dilation varied systematically when multiple trials were repeated in short 

succession. 
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4.2 Abstract 

 

The superficial femoral artery (SFA) is susceptible to vascular disease, and a technique to 

assess flow mediated dilation (FMD) in this vessel in response to a sustained shear stress stimulus 

could provide important information about endothelial function.  Purpose: To establish the 

ability of a newly designed SFA leg exercise-FMD (LEX-FMD) technique to produce sustained 

elevations in shear rate which stimulate FMD, and to determine the repeat trial stability of the 

FMD response.  Methods: SFA FMD stimulated by reactive hyperemia (RH) and calf plantar-

flexion exercise (LEX) was assessed via ultrasound in 19 healthy men (n=10) and women (n=9). 

The two experimental visits included either 4 trials of LEX-FMD or 4 trials of RH-FMD.  The 

shear stress stimulus was estimated as shear rate (blood velocity/SFA diameter).  Results: (mean 

± SD): The LEX steady state shear rate was consistent between trials (p=0.176) while the RH 

shear rate area under the curve was higher in trial 1 vs. trials 2-4 (p < 0.05). %RH-FMD (4 trial 

mean 4.9 ± 2.5%) and absolute RH-FMD were not significantly different between trials (p=0.465; 

p=0.359).  Both %LEX-FMD and absolute LEX-FMD were higher during trial 3 (4.8 ± 3.4%) 

than trial 1 (3.6 ± 2.7%) (p=0.026; p=0.026). The magnitude of RH-FMD and LEX-FMD did not 

differ (p=0.241). Conclusion: These results indicate that calf plantar flexion exercise can be used 

to increase shear stress and stimulate FMD in the SFA.  However, although SFA RH-FMD was 

stable across four trials, LEX-FMD varied systematically when multiple trials were repeated in 

short succession. 
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4.3 Introduction 

 

The endothelial cells lining the arteries respond to blood flow associated shear stress with 

the release of various vasodilators. Flow mediated dilation (FMD) is often measured as an index 

of endothelial function in the brachial artery in response to a reactive hyperemia (RH) mediated 

increase in shear stress (RH-FMD) (Celermajer et al., 1992).  RH is created with the release of 

temporary limb occlusion and the resultant shear stress stimulus is transient (~ 1 minute) and 

uncontrolled.  RH-FMD is often impaired in populations with risk factors for cardiovascular 

disease (Celermajer et al., 1994; Imamura et al., 2001; Irace et al., 2014), and is an independent 

predictor of cardiovascular events (Yeboah et al., 2009; Inaba et al., 2010).  Some researchers 

have begun to assess FMD via a sustained handgrip exercise induced increase in shear stress 

(HGEX-FMD), which affords the ability to alter contraction intensity in order to target a certain 

shear stress magnitude (Pyke & Jazuli, 2011; Wray et al., 2011; King et al., 2013).  Importantly, 

the shear stress transduction pathways which are recruited by sustained elevations in shear stress 

may be different than those which are recruited by transient RH mediated shear stress stimuli 

(Frangos et al., 1996), and may provide insight into different aspects of endothelial function.  

This is supported by observations that RH-FMD and sustained shear stress stimulus mediated 

FMD are impacted differently by some conditions and acute interventions (Mullen et al., 2001; 

Padilla et al., 2006; Grzelak et al., 2010; Findlay et al., 2013; Szijgyarto et al., 2013; Slattery et 

al., 2016).  Indeed, in young healthy smokers and obese participants, HGEX-FMD was impaired 

vs. control participants while RH-FMD was not (Findlay et al., 2013; Slattery et al., 2016), 

suggesting that HGEX-FMD uncovered dysfunction that was not detected with RH-FMD. 

Therefore, assessing FMD in response to a sustained shear stress stimulus in addition to an RH 

stimulus may provide a more comprehensive picture of endothelial function. 

Both RH- and HGEX-FMD in the brachial artery are stable across multiple closely 

spaced trials (Harris et al., 2006; Pyke & Jazuli, 2011).  This is important because the lack of a 



 

 

 

74 

systematic increase or decrease over multiple trials (i.e. consistent trial differences observable at 

the group level) supports the use of the technique to assess FMD across an acute intervention.   

Less is known about the stability of RH-FMD in the lower limb arteries. In addition, exercise 

induced FMD in the lower limb has been minimally investigated (Gaenzer et al., 2001; Wray et 

al., 2005) and the FMD response over time to a sustained/controlled increase in shear stress has 

not been reported in the lower limb.  The leg vasculature, including the superficial femoral artery 

(SFA), is susceptible to atherosclerotic changes (Kröger et al., 1999; Ouriel, 2001), and the leg 

and arm vasculature do not always respond in the same manner (Gokce et al., 2002; Thijssen et 

al., 2008; Rakobowchuk et al., 2008).  Therefore, characterizing the response of the leg 

vasculature to a sustained shear stress stimulus could provide important and novel information 

regarding endothelial function.  

The establishment of a methodology to create a controlled and sustained SFA shear stress 

stimulus using leg exercise (LEX) while assessing FMD in the SFA (LEX-FMD) would be 

particularly valuable because this technique would allow for a physiologically relevant 

assessment of lower limb FMD (shear stress increases and FMD occurs in vivo with exercise).   

LEX could also permit the creation of a consistent stimulus before and following an intervention 

and between participants.   Therefore, the objectives of the present study were to establish the 

ability of a newly designed leg exercise-FMD (LEX-FMD) technique to produce sustained 

elevations in shear rate which stimulate SFA FMD, and to determine the repeat trial stability of 

the FMD response.  We hypothesized that we would be able to create a stable elevation in shear 

rate with LEX within and between trials, and that there would be no systematic changes in either 

the RH- or LEX-FMD over four closely spaced trials.   

 

 



 

 

 

75 

4.4 Methods 

 

4.4.1 Ethical Approval 

The study protocol was approved by the Health Sciences Research Ethics Board at Queen’s 

University and all participants signed a consent form approved by the same board.  This study 

conformed to the standards set by the Declaration of Helsinki. 

 

4.4.2 Participants 

19 healthy, recreationally active males (n = 10) and females (n = 9), (age 24 ± 2 years) 

participated in the study. Health status was confirmed via a medical screening questionnaire for 

risk factors associated with endothelial dysfunction or the presence of any cardiovascular disease.  

Participants reporting cardiovascular or metabolic disease, hypertension, or medications for 

cardiovascular risk factor control were excluded.  Volunteers who reported active training for an 

athletic event were also excluded. 

 

4.4.3 Experimental Protocol 

Participants visited the laboratory for 1 screening visit and 2 experimental visits, with at 

least 24 hours separating the experimental visits.  Participants were instructed to fast for 6 hours 

prior to each experimental visit, and to abstain from caffeine, alcohol and exercise for 12 hours 

prior to each visit (Thijssen et al., 2011).   

Both experimental visits were at the same time of day (± 1 hour) and performed in a 

temperature controlled room (~20˚C).  In one experimental visit four consecutive trials of RH-

FMD were performed, and in the other visit four consecutive trials of LEX-FMD were performed.   

All FMD assessments were performed in the SFA.   It was decided a priori that half of the 
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participants would perform RH-FMD on their first visit, and with that control the test to be 

performed first for each participant was randomly selected. 

 

4.4.4 Screening Visit 

Participants completed the consent form, a medical screening form, physical activity 

readiness questionnaire, and a 7 day physical activity questionnaire to estimate weekly energy 

expenditure.  Height and weight were also measured. 

Participants sat in the LEX frame (Figure 4-1) and the pedal height was adjusted so that it 

was positioned under their left foot and their knee was braced. The LEX frame and pedal were 

designed to allow seated plantarflexion exercise in order to maintain upper leg stability to 

facilitate ultrasound imaging.  An ultrasound probe (Vivid i2 GE Medical Systems) was applied 

to the left SFA to ensure that clear images could be acquired.  The real time blood velocity was 

displayed on a computer screen as a 6 s moving average.  The vessel diameter was estimated 

manually via callipers from the ultrasound image of the artery.   Participants then performed two 

maximal voluntary contractions (MVC), which were measured by a force transducer (Model SM 

S-Type Load Cell, Interface) attached to an extension spring.   The participants were then asked 

perform submaximal contractions to identify the intensity of exercise needed to elicit the blood 

velocity required to achieve an initial target shear rate stimulus of 75s-1 (shear rate = blood 

velocity/vessel diameter; required blood velocity = 75s-1 * vessel diameter).  Shear rate, which 

does not include blood viscosity, is an accepted estimate of shear stress (Thijssen et al., 2011).  

Where participants were unable to achieve 75 s-1 because it demanded an uncomfortable 

contraction intensity, the experimenters attempted to determine the highest % MVC and therefore 

shear rate which was comfortably sustainable for 6 minutes.  Contractions were performed to 

achieve dynamic plantar flexion in a 4 second relaxation, 2 second contraction pattern.  The 

%MVC established in the screening visit was used in the LEX-FMD visit. 
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4.4.5 Rest and Instrumentation 

On each experimental visit participants were seated in the LEX frame (for both LEX and 

RH trials) for 30 minutes of rest while they were instrumented for heart rate (HR) and blood 

pressure recordings.  HR was continuously measured with three ECG electrodes that were placed 

on the chest and abdomen.  Blood pressure was measured continuously via a Finapres systems 

finometer (Finapres Medical Systems).  Accuracy of the absolute blood pressure value reported 

may have suffered from a lack of correction to pressure recordings obtained with a brachial cuff, 

however the finometer output accurately reflects changes in blood pressure (Pickering et al., 

2005). 

 

4.4.6 SFA Diameter and Blood Velocity 

As previously described (King et al., 2013), SFA diameter was obtained using ultrasound 

imaging technology operating at 12-MHz in B-mode (Vivid i2 GE Medical Systems).  Image 

recording from the Vivid i was achieved with a VGA to USB frame grabber (Epiphan systems 

Inc.) and recorded as .avi files on an independent PC using commercially available software 

(Camtasia Studio, TechSmith).   

SFA blood velocity was obtained using Doppler ultrasound operating at 4 MHz (Vivid i2 

GE Medical Systems).  As previously described (King et al., 2013) the Doppler shift frequency 

spectrum was analyzed via a Multigon 500P TCD spectral analyzer where mean velocity was 

determined as a weighted mean of the spectrum of Doppler shift frequencies.  The resulting 

voltage output was sampled continuously (Powerlab, AD Instruments) and stored (Labchart, AD 

Instruments) for analysis at a later time.  
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4.4.7 SFA LEX-FMD 

 

While the participant was resting, the ultrasound probe was applied over the left SFA as 

described for the screening visit. At the end of the rest period, baseline recordings of artery 

diameter and blood velocity were made for 1 minute.  Participants then began the calf exercise at 

the intensity established in the screening visit. Participants exercised for 6 minutes, during which 

they were coached through increases and decreases in exercise intensity to maintain the required 

blood velocity and target shear rate as determined in the screening visit.  Diameter and velocity 

were recorded continuously throughout the exercise bout. The participant performed 4 identical 

LEX-FMD trials. The target shear rate was kept consistent in all trials within each participant in 

order to provide the same stimulus for FMD within and between trials.  A minimum of 10 

minutes elapsed between each of the 4 trials and manual SFA diameter measurement from the 

ultrasound image ensured that the SFA diameter had returned to baseline before the next trial was 

performed. 

 

4.4.8 SFA RH-FMD  

An occlusion cuff was secured just above the knee.  As described for the LEX-FMD visit, 

while the participant was resting, the ultrasound probe was placed over the left SFA, proximal to 

the cuff.  Baseline recordings of artery diameter and blood velocity were made for 1 minute.  The 

occlusion cuff was then inflated to a pressure of 250mmHg for a period of 5 minutes, and 

recording of blood velocity and vessel diameter occurred during the last minute of occlusion.  The 

cuff was then deflated and recording of blood velocity and vessel diameter continued for a further 

6 minutes. The participants experienced 4 identical RH-FMD trials. As described for SFA LEX-

FMD a minimum of 10 minutes elapsed between each of the 4 trials. 
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4.4.9 Data Analysis 

The experimenter was blinded to order of trial until the completion of all diameter 

analysis.  Vessel diameter was analyzed using automated edge-detection software (Encoder FMD 

and Bloodflow v3.0.3, Reed Electronics) as previously described by Pyke & Jazuli (2011).  

Artery diameters were pooled into 3 second average time bins.  

Blood velocity was collected in Labchart (ADInstruments) and analyzed offline in 3 

second average time bins.  Three second time bins of blood velocity and artery diameter were 

aligned to calculate shear rate.  The shear rate stimulus was assessed as an area under the curve 

(AUC) until 1 minute after cuff release for RH-FMD.  For LEX-FMD, shear rate was reported as 

the mean shear rate during each minute of exercise, the peak minute during exercise, and the 

mean of the last 5 minutes of exercise (steady state period). 

RH-FMD was assessed as the percent and absolute change in diameter from baseline to 

the peak 3 second average diameter following cuff release.  LEX-FMD was assessed as a percent 

change in diameter from baseline for each minute of exercise and as the percent and absolute 

change in diameter from baseline to the peak 1 minute average diameter during exercise.   

HR and blood pressure (mean arterial pressure (MAP)) were pooled into 1 minute time 

bins.  HR and MAP were reported as the mean during baseline, and the mean during 5 minutes of 

steady state LEX or the mean during the first minute of RH. 

 

4.4.10 Statistical Analysis 

One way repeated measures ANOVAs (analysis of variance) (factor: trial) were used to 

compare RH-FMD and LEX-FMD, HR, MAP, shear rate stimuli (RH: AUC; LEX: steady state, 

peak minute), baseline diameter, peak diameter, peak %FMD, and peak absolute FMD between 

trials.  A two way repeated measures ANOVA (factors time (minutes 1-6 of exercise) and trial) 
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was used to examine the shear rate and %LEX-FMD over the course of the exercise bout.  In the 

case of non-normal distribution, a repeated measures ANOVA on ranks was performed. 

Significant main effects from ANOVAs were further assessed using Tukey’s post hoc tests.  A 

one way repeated measures ANOVA (factor: trial) with logarithmically transformed baseline 

diameter as a covariate was run to control for differences in baseline diameter when comparing 

absolute LEX-FMD and RH-FMD between trials (Atkinson et al., 2013).  The level of 

significance was set at P < 0.05.  Pearson correlation coefficients were used to determine the 

correlation between LEX-FMD and RH-FMD values (4 trial average %RH-FMD vs. 4 trial 

average %LEX-FMD) as well as LEX-FMD and RH-FMD values normalized to shear rate 

stimulus (normalized LEX-FMD = %FMD/mean steady state shear rate; normalized RH-FMD = 

%RH-FMD/1 min AUC of shear rate). Stimulus response relationships (4 trial average FMD vs. 4 

trial average shear stress stimulus) were also determined.  An intraclass correlation coefficient 

(ICC) was reported for the 4 trials of RH-FMD and the 4 trials of EX-FMD.  Statistics were 

performed using Sigma plot 11.0 and SPSS (version 20). 

 

4.5 Results 

 

4.5.1 Participant Characteristics 

Participant characteristics are outlined in table 4-1 

 

4.5.2 HR and MAP  

Heart rate and blood pressure are shown in table 4-2.  In both RH and LEX, there were 

significant trial differences in MAP with a generally higher MAP in later trials.  The higher MAP 
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during exercise vs. baseline was expected based on previous findings in the brachial artery with 

handgrip exercise (Pyke et al., 2008b). 

 

4.5.3 Shear Rate 

RH.  Baseline shear rate was not significantly different between trials (p = 0.476).  Shear 

rate AUC following cuff release was significantly higher in trial 1 vs. trial 2 (p=0.002), trial 3 

(p<0.001), and trial 4 (p=0.030) (Figure 4-2a (individual participant data Figure 4-2b). 

LEX. Baseline shear rate during trial 1 (7.0 ± 1.9 s-1) was modestly but significantly lower 

than trials 2 (8.0 ± 2.4 s-1, p = 0.007), 3 (8.0 ± 1.9 s-1, p = 0.006), and 4 (7.8 ± 2.1 s-1, p = 0.035).    

Shear rate over the 6 minute exercise bout is shown in figure 4-3a.   Shear rate during steady state 

LEX (last 5 minutes of exercise), and the peak one minute average shear rate were not 

significantly different between trials (p=0.176 and p=0.730 respectively) (figure 4-3b, individual 

participant data figure 4-3c).    When the 6 min of shear rate were compared between trials 

(factors time and trial) there was a main effect of time (p<0.001) and an unexpected main effect 

of trial (p = 0.021).    The time by trial interaction did not quite reach significance (p = 0.061), 

however, in agreement with the stable steady state shear rate between trials, exploratory trial 

comparisons at each minute revealed that shear rate only differed between trials in the first 

minute of exercise (shear rate in minute 1 of trial 1 lower than the other trials). 

 

4.5.4 Baseline diameter and FMD 

 

RH. Baseline diameter was lower during RH trial 4 vs. trials 1 (p = 0.009) and 2 (p = 

0.015) (Figure 4-4a).  Similar to baseline diameter, peak diameter was lower in trial 4 vs. trials 1 

(p = 0.002) and trial 2 (p = 0.005) (Figure 4-4a).  % RH-FMD was not significantly different 

between trials (p = 0.465) (Figure 4-5a, individual data figure 4-5b).  Absolute RH-FMD (p = 
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0.359) and absolute FMD with logarithmically transformed baseline diameter as a covariate were 

also not significantly different between trials (p=0.200).  

LEX.   Baseline and peak diameters for each trial are displayed in figure 4-4b.  There was 

a significant effect of trial on baseline diameter (p = 0.049), however post hoc analysis detected 

no significant differences between any two trials (p ≥ 0.1). 

Figure 4-6a depicts the minute-by-minute % change in diameter observed during LEX. 

There was a main effect of time and post hoc testing indicated that minute 1 %LEX-FMD was 

lower than all other minutes (p<0.001).  There was also a main effect of trial (p=0.033), and post 

hoc testing indicated that trial 1 %LEX-FMD was lower than trial 3 (p=0.024) (time by trial 

interaction, p=0.465).   

In agreement with the minute-by-minute analysis, trial 1 peak % LEX-FMD was 

significantly lower than trial 3 (p=0.026) (Figure 4-6b, individual participant data figure 4-6c).  

Peak absolute LEX-FMD and absolute FMD with logarithmically transformed baseline diameter 

as a covariate yielded the same results as peak %LEX-FMD (absolute FMD: main effect of trial-p 

= 0.023; post hoc testing: trial 3 significantly greater than trial 1, p = 0.026) (Covariate controlled 

FMD: effect of trial, p = 0.045; post hoc testing: trial 3 greater than trial 1, p = 0.051).  

The magnitude of the FMD did not differ between the RH and LEX FMD tests 

(p=0.241). 

 

4.5.5 ICC, correlation between FMD tests, and stimulus response relationship 

 The intraclass correlation coefficient (ICC) for RH-FMD was 0.689, and for LEX-FMD 

was 0.777. These indicate fair to good agreements (Harris et al., 2006) and are similar to previous 

reports in the BA (Harris et al., 2006; Pyke & Jazuli, 2011).  The correlation between LEX-FMD 

and RH-FMD did not reach significance (r2 = 0.181, p = 0.069).  Normalization of RH-FMD and 

LEX-FMD to the shear rate stimulus (normalized FMD = FMD/shear stress stimulus) did not 
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improve the correlation (r2 = 0.141, p = 0.112). The shear rate stimulus was correlated with % 

FMD in both the RH (r2 = 0.42, p = 0.003) and LEX (r2 = 0.26, p = 0.025) conditions. 

4.6 Discussion 

 

The aim of this study was to determine whether leg exercise (LEX) via dynamic calf 

plantar flexion could be used to create a controlled SFA shear stress stimulus for FMD and to 

determine whether exposure to multiple LEX- or RH-FMD trials resulted in a systematic increase 

or decrease in SFA FMD.  The key novel findings are i) that dynamic plantar flexion LEX is a 

viable method of creating a sustained shear stress stimulus in the SFA, ii) that despite a stable 

steady state shear stress stimulus there was a systematic increase in LEX-FMD  from trials 1 to 3 

and iii), RH-FMD in the SFA was stable over four closely spaced trials.  The lower LEX-FMD in 

trial 1 may have been driven by a lower shear stress stimulus in the first minute of trial 1, 

however it is also possible that in the leg vasculature the endothelium’s ability to respond to shear 

stress may be more easily potentiated by prior shear stress exposure (Tinken et al., 2009).   

 

4.6.1 LEX-FMD 

Assessment of endothelial function in the SFA is important  due to the susceptibility of 

this artery to the buildup of atherosclerotic plaque (Kröger et al., 1999; Ouriel, 2001).  FMD 

stimulated by different shear stress patterns (i.e. sustained vs. transient shear stress stimuli) has 

been shown to respond differently to acute and chronic insults (Mullen et al., 2001; Padilla et al., 

2006; Bellien et al., 2010; Wray et al., 2011; Findlay et al., 2013; Szijgyarto et al., 2013; Slattery 

et al., 2016).  Therefore, the FMD elicited by different shear stress patterns appears to provide 

information about different aspects of endothelial function.  Thus, examining the FMD response 

to a sustained shear stress stimulus may provide additional information regarding peripheral 

vascular health versus performing RH-FMD assessment alone.  
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Using the custom designed plantar flexion exercise device, the shear rate magnitude was 

stable over the last 5 min of the exercise bout (Figure 4-3a).  However, most of the participants 

were unable to achieve the blood velocity required to target a shear rate of 75s-1, a shear rate 

magnitude that is commonly targeted in the brachial artery (Pyke et al., 2008b; Jazuli & Pyke, 

2011; King et al., 2013) (average distance from target (22.4± 11.4 s-1).  This may be attributable 

to the larger diameter of the SFA, which mathematically allows for more blood flow than the 

brachial artery with a smaller impact on wall shear stress.  Practically, this resulted in a fairly 

small FMD response (~4.2%) in this young, healthy population.  However, FMD in response to 

the standard 5 min occlusion reactive hyperemia stimulus resulted in a similar magnitude of FMD 

(4.9%, p=0.241 vs. %LEX-FMD).  Wray and colleagues (2005) performed a bout of incremental 

single leg kicking exercise and found that the deep femoral artery (DFA), which has a similar 

diameter to the SFA, dilated by ~8% at the peak work rate (60% of max).  The quadriceps 

contractions in this modality of exercise resulted in larger increases in DFA shear stress vs. the 

SFA shear stress increases observed in the present study, but due to movement did not permit 

continuous assessment of blood velocity and diameter in the DFA during exercise.  Considering 

that a primary objective of the present study was to verify that LEX could be used to create a 

stable shear stress stimulus that could be maintained between trials, and that FMD stimulated by 

stable shear stimuli has previously elucidated between group differences in FMD in the arm 

(Findlay et al., 2013; Slattery et al., 2016), the investigation of multiple shear rates was not 

included in this initial investigation.  Future studies could create multiple levels of shear stress 

with progressive plantarflexion intensities in order to determine a within subjects dose-response 

relationship between shear rate and SFA LEX-FMD.  In the present study a between subjects 

shear rate – LEX-FMD relationship was observed.  Although the strength of the relationship may 

have been attenuated due to some blunting of between-subjects shear rate stimulus variability 
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with efforts to reach a similar shear rate in all participants, this indicates that a progressive step 

manipulation of shear rate would likely produce a graded LEX-FMD response. 

In contrast with findings in the brachial artery, where no systematic change has been 

observed over four closely spaced handgrip exercise FMD trials (Pyke & Jazuli, 2011), we found 

evidence of systematic variability in LEX-FMD (Figure 4-6a and b).  There was a main effect of 

trial on baseline diameter (p=0.049), and it was non-significantly lower in trial 3 vs. trial 1.  

However, the between trial difference in FMD persisted when baseline diameter was added as a 

covariate.   The explanation for the between trial difference in LEX-FMD is not obvious, 

however the rate of onset of the shear stress or an FMD potentiation with repeat shear stress 

exposure may have contributed. 

 Although the steady state shear rate was not different between trials, shear rate in the 

first minute of exercise was lower in trial 1, indicating slower onset of the shear stress stimulus.  

There is evidence that the magnitude of dilation is rate sensitive in the microcirculation with 

slower onset of shear stress stimulating a lower peak dilation (Butler et al., 2000). However, the 

magnitude of variation in shear onset during the present study was small (first minute trial 1 vs. 3: 

40.9 ± 11.9 s-1 vs. 46.2 ± 11.3 s-1) and there was no relationship between the difference in LEX-

FMD between trial 1 and 3 and the difference in minute 1 LEX shear rate between trial 1 and 3 

(r2= 0.048, p=0.368).  In addition, we have previously shown that increasing the rate of onset of 

shear stress during handgrip exercise (such that it rises almost immediately to the steady state 

level) does not result in a different brachial artery HGEX-FMD achieved in 6 min of exercise vs. 

the normal more gradual rise in shear stress to the same steady state (Pyke et al., 2008b). This 

suggests that the small trial variation in shear rate during the first minute of exercise did not 

explain the trial variation in LEX-FMD.  How and whether to account for shear stress stimulus 

variability in FMD research is a matter of debate (Harris & Padilla, 2007; Thijssen et al., 2011); 
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however addition of steady state shear rate as covariate to the analysis of LEX-FMD did not alter 

the results.  

In the arm, prolonged periods of elevated shear stress (30 min) can result in the 

potentiation of RH-FMD.  Tinken et al (2009) found that exposure of the brachial artery to 3 

different 30 minute interventions which elevated shear stress (forearm heating, handgrip exercise, 

and cycling) increased subsequent brachial artery RH-FMD versus the pre-intervention baseline.  

Atkinson et al (2015) found a similar augmentation of RH-FMD following 30 min of handgrip 

exercise which elevated brachial artery shear stress.  However, when the brachial artery is 

subjected to multiple (four to five) repeats of RH, a condition which exposes the artery to a brief 

period of shear stress elevation, there is no potentiation of RH-FMD in subsequent trials (Harris 

et al., 2006; Pyke & Jazuli, 2011).  Similarly, when the brachial artery is exposed to multiple 

(four) 6 min bouts of HGEX, causing multiple 6 min elevations in shear stress, there is no 

potentiation of HGEX-FMD (Pyke & Jazuli, 2011).  This suggests that the brachial artery is 

sensitive to potentiation following a threshold duration of shear stress exposure which is 

somewhere between 6 and 30 minutes.  The current study may indicate that in the SFA, exposure 

to two 6 min bouts of an LEX induced increase in shear stress results in FMD potentiation 

(although this is somewhat complicated by the observation that only trial 3 and not trial 4 was 

significantly increased from trial 1).    If potentiation was involved, this would suggest that the 

SFA may be inherently more sensitive to shear stress induced potentiation of FMD than the 

brachial artery.  Future research could test this theory using interventions to increase shear stress 

for varying durations to determine the temporal threshold of shear stress exposure that results in 

the potentiation of FMD in the arm and leg. Practically, the observed systematic increase in EX-

FMD over multiple trials highlights the importance of using a time control when assessing SFA 

LEX- FMD prior to and following an acute intervention.  
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This study did not assess day-to-day variability in SFA RH or LEX-FMD.  However, in 

two visits separated by 4 weeks we have found an ICC of 0.355 for RH-FMD (measured supine, 

7.0 ± 3.9 % and 5.6 ± 3.4 % p=0.121) and an ICC of 0.666 for LEX-FMD (6.5 ± 4.0 % and 6.2 ± 

5.3 % p=0.704) (13 women; 7 men, overall age 22 ± 2, manuscripts in preparation).  This day-to-

day LEX-FMD ICC is comparable to the trial-to-trial variation reported in the present study, 

while the day-to-day RH-FMD ICC is lower.  This may relate to the lack of RH stimulus control. 

 

4.6.2 RH-FMD 

  The magnitude of RH-FMD that was observed in the present study was ~5 %, which is 

comparable to the responses observed in other studies (4 to 7 %) that performed SFA RH-FMD in 

similar populations  (Thijssen et al., 2008; Kooijman et al., 2008).  Notably, this study was the 

first to perform SFA RH-FMD in a short succession of repeated trials, indicating that RH-FMD is 

stable across all 4 trials.  However, similar to what Pyke and Jazuli (2011) observed in the 

brachial artery, the first trial shear rate stimulus was greater than that in the subsequent 3 trials.  

This anomaly did not influence the stability of the FMD response, even when RH-FMD was 

normalized to shear rate stimulus (%FMD/SR AUC) (p = 0.730; data not shown).  In addition, the 

difference in trial 1 vs 2 shear rate AUC did not correlate with the (non-significant) difference in 

trial 1 vs. 2 RH-FMD (r2=0.02, p=0.577, data not shown).  Finally, addition of the shear rate 

AUC as a covariate in the RH-FMD analysis did not alter the results (data not shown).  Taken 

together this suggests that the fluctuation in the hyperemic stimulus was not large enough to 

influence SFA RH-FMD. Unlike the findings in the brachial artery, RH-FMD and LEX-FMD did 

not correlate (neither raw nor normalized to the shear stress stimulus), which might indicate a 

greater divergence in FMD mechanisms with disparate shear stress stimuli in the leg versus the 

arm.  
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Studying the same young and healthy population, Thosar et al., (2014, 2015a, 2015b) 

found that when participants sat for 3 hours without any movement of their legs, there was a 

significant decline in SFA RH-FMD during hours 1, 2 and 3 of the sitting time relative to 

baseline.  Similarly, Restaino et al., (2015) and Morishima et al., (2016) found that popliteal 

artery FMD was impaired following prolonged sitting (3-6h). These declines in FMD were 

prevented by the administration of Vitamin C (Thosar et al., 2015b), fidgeting (Morishima et al., 

2016) and/or intermittent walking (Thosar et al., 2015a).   The present study required participants 

to sit for 60 to 70 minutes between the first and last FMD test, however in contrast to Thosar et al 

(2014; 2015), no significant changes in %RH-FMD or absolute RH-FMD were observed after an 

hour of sitting.  In the present study participants experienced 2 FMD trials, with associated 

increases in shear rate, between trial 1 and 4 (~1 hour later).  In contrast, in Thosar and 

colleagues, Morishima et al., (2015) and Restaino et al., (2016), there were no FMD trials in 

between the baseline and control condition assessments of impaired RH-FMD an hour or more 

later.  Taken together the evidence suggests that shear stress exposure (e.g. achieved with FMD 

testing (present study), fidgeting  (Morishima et al., 2016) or walking (Thosar et al. (2015a)) is 

important for preventing sitting induced declines in lower limb FMD.   In the present study the 

LEX (plantar flexion exercise) resulted in significant increases in SFA shear rate.  This simple 

exercise was completed in a seated position and, performed intermittently, might be effective in 

mitigating sitting induced declines in SFA endothelial dysfunction.  Protecting SFA endothelial 

function may be important to preventing/attenuating progression of atherosclerosis in this 

vulnerable vessel. 

 

4.6.3 Baseline hemodynamic variability 

 The results exhibited some variability in baseline MAP, and shear rate.  The fluctuation 

in baseline shear rate in the LEX-FMD trials was very small (1 s-1) and the steady state shear 
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stress stimulus was the same across trials during LEX.  Therefore, the small fluctuation in 

baseline shear rate is unlikely to have influenced the LEX-FMD. 

MAP increased over time from trial to trial in both the RH and LEX conditions, in a 

similar manner to that which was observed by Pyke and Jazuli (2011).  Both that study and the 

present study allotted a minimum of 10 minutes between FMD trials, or until baseline diameter 

was re-achieved.  In Pyke and Jazuli (2011) neither RH- nor HGEX-FMD varied between trials at 

the group level, which guided the current study design.  It is possible that a longer wait between 

trials may have allowed MAP or LEX-FMD to stabilize, however extended seated rest (60 min) 

has been shown to result in impaired SFA RH-FMD (Thosar et al., 2014). Considering that MAP 

rose in both the RH and LEX trials (while only LEX-FMD differed between trials), and that 

exploratory analysis revealed no correlation between change in heart rate or MAP and change in 

LEX-FMD from trial 1 to 3 (data not shown), it seems unlikely that variations in MAP were 

driving the differences in LEX-FMD.  To have optimal temporal resolution regarding acute 

intervention effects, assessment of multiple post-intervention FMD trials in short succession may 

be desirable.  Therefore, understanding SFA FMD variability with a short inter-trial interval is 

important to inform future study design. 

The increases in MAP may suggest higher levels of sympathetic nervous activity.  

However, interventions causing large acute increases in sympathetic nervous activity have a 

variable impact on brachial artery RH-FMD (do not always result in impairment) (Hijmering et 

al., 2002; Dyson et al., 2006), and have been shown not to influence SFA RH-FMD or brachial 

artery HGEX-FMD in young men (Thijssen et al., 2006; Stuckless & Pyke, 2015).  This suggests 

that any small increase in sympathetic nervous activity over the trials was unlikely to influence 

SFA-FMD. 
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4.6.4 Limitations 

 Nine participants in this study were female, and menstrual cycle phase during 

assessments was not standardized between subjects.  However, the primary aim of the study was 

to determine the ability of the LEX technique to elicit FMD, and to observe the within day 

stability of FMD.  Therefore, since comparisons were within subjects, this should not influence 

our conclusions. This study was not designed to compare responses between men and women.  

However, exploratory analysis revealed a significantly larger RH-FMD in women, but no 

significant sex difference in LEX-FMD.  Although it did not reach significance with the small 

number of participants in each group, the RH shear rate AUC was substantially higher in women 

(the LEX shear rate was not) and this likely contributed to the observed difference in RH-FMD.  

Future studies aimed at comparing responses in men and women are needed to fully characterize 

sex differences in SFA endothelial function. 

In order to perform dynamic and repeatable calf exercise during which the SFA could be 

imaged, we determined that the participant would have to be placed in the seated position.  

Similarly, in order to maintain consistency between conditions, RH-FMD was also assessed in the 

seated position.  Although we were successful at producing a repeatable shear stimulus that 

stimulated LEX-FMD, the seated position may not be optimal for assessing the SFA with RH-

FMD in particular as it produced an orthostatic challenge which was not tolerated well by one 

participant (excluded).  Extended periods of sitting may also result in fluctuations in oxidative 

stress (Thosar et al., 2015b), however the present study did not assess this variable and we are 

thus unable to evaluate the potential impact on FMD.  Additionally, participants were unable to 

achieve the target shear rate (75 s-1), thus future studies designed to create a uniform shear stress 

between participants may need to identify a lower target that can be universally maintained with a 

comfortable exercise intensity.  In addition, a progressive exercise approach could be taken to 

generate within subjects shear stress stimulus – FMD relationships. 
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4.6.5 Conclusions 

 The present study confirmed that calf exercise is a viable method for producing FMD in 

the SFA via a sustained and controlled shear stress stimulus.  The LEX-FMD response may 

provide insight regarding different aspects of endothelial function vs. the standard RH technique.  

However, it was determined that LEX produced an FMD response which systematically increased 

over repeated trials.  Conversely, RH stimulated FMD was stable from trial to trial.  The 

mechanisms which underlie systematic alteration in SFA LEX-FMD remain unclear and any 

examination of SFA FMD in response to an acute perturbation should be accompanied by a time 

control.  Exploration of LEX and other methods of sustained shear stress creation (eg. leg 

heating) in a supine position could further develop our understanding of lower limb endothelial 

function. 
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4.11 Tables 

Table 4-1 Participant characteristics.   

 Males (n = 10) Females (n = 9) 

Age (years) 25 ± 2 24 ± 2 

Height (cm) 178.5 ± 6.9 164.8 ± 6.0* 

Weight (kg) 80.6 ± 6.5 63.7 ± 4.5* 

SFA baseline diameter (cm) 0.59 ± .04 0.51 ± .03* 

BMI (kg/m2) 25.3 ± 2.2 23.5 ± 2.2 

Weekly Energy Expenditure 

(kcal/kg/week) 
270 ± 37 267 ± 33 

Data are mean ± standard deviation.  SFA, Superficial Femoral Artery; BMI, Body Mass Index.  

*indicates significantly different from males. 
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Table 4-2. Heart rate and mean arterial pressure during reactive hyperemia and leg exercise FMD assessments.   

  Reactive Hyperemia  Leg Exercise 

  Trial 1 Trial 2 Trial 3 Trial 4  Trial 1 Trial 2 Trial 3 Trial 4 

Heart Rate 

(bpm) 

Baseline 70 ± 12 70 ±10 69 ±10 68 ±11t  70 ± 12 69 ±10 69 ±10 69 ±11 

Release/Exercise 71 ± 12 70 ± 12 70 ± 11 69 ± 12  76 ± 12 75 ± 11 75 ± 10 74 ± 11 

MAP 

 (mmHg)  

Baseline 96 ± 15 97 ± 11 96 ± 13 102 ± 17*  90 ± 8 96 ± 8* 100 ± 9* 104 ± 9*t 

Release/Exercise 96 ± 15 98 ± 11 99 ±15* 102 ± 15*t  100 ± 9 104 ± 7 106 ± 9* 110 ±8*t 

Data are mean ± standard deviation.  Release refers to the first minute following cuff release.  Exercise refers to the last 5 min of exercise (steady 

state period).* indicates a significant difference from Trial 1. t indicates a significant difference from trial 2.  MAP- mean arterial pressure 
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4.12 Figures 

 

Figure 4-1 

A schematic of the leg exercise (LEX) machine.  Ultrasound was performed on the medial left 

leg. SFA, Superficial Femoral Artery 
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Figure 4-2 

a) The mean RH induced shear rate AUC for the 60 seconds following cuff release.* indicates a 

significant difference from trial 1. Error bars represent mean ± standard deviation.  b) Individual 

participant data for RH induced shear rate AUC.  AUC- area under curve; RH-reactive hyperemia 
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a) The 1 minute average shear rate 

during baseline and 6 minutes of LEX.  

* indicates that in post hoc analysis of 

the main effect of time, minute 1 of 

LEX was significantly lower than 

minutes 2 through 6.  Although there 

was also a main effect of trial, 

exploratory analysis of the near 

significant time by trial interaction 

(p=0.061) identified that trial 

differences were only present in the 

first minute of exercise, such that the 

shear rate in trial 1 was lower than the 

shear rate in the other trials. b) The 

steady state shear rate (average of 

minutes 2 to 6) and peak one minute 

average shear rate in the LEX trials.  

Error bars represent mean ± standard 

deviation.  c) Individual participant 

data for steady state shear rate. LEX- 

leg exercise 

Figure 4-3 
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Figure 4-4 

The baseline diameter and peak diameter for a) RH and b) LEX trials. * indicates significant 

difference from trial 1. t indicates significant difference from trial 2.  There was a significant main 

effect of trial for LEX-FMD baseline diameter (p = 0.049), however no significant differences 

were observed in pairwise post hoc testing (all p > 0.05). Error bars represent mean ± standard 

deviation.  FMD- flow mediated dilation; LEX- leg exercise; RH- reactive hyperemia 
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Figure 4-5 

a) The % FMD as assessed via RH in the SFA in trials 1 to 4.  Error bars represent mean ± 

standard deviation.  b) Individual participant data for % RH-FMD. FMD- Flow mediated dilation; 

RH- Reactive Hyperemia; SFA-Superficial Femoral Artery 
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a) The % LEX-FMD during each 

minute of LEX.  b) The peak % LEX-

FMD.  * indicates a significant 

difference from trial 1.  ^ indicates 

that minute 1 was significantly lower 

than all other minutes. Error bars 

represent mean ± standard deviation.  

c) Individual participant data for peak 

% LEX-FMD.  FMD- Flow mediated 

dilation; LEX- Leg exercise 

  

Figure 4-6 



 

 

 

101 

Chapter 5 

Evidence of a limb and shear stress stimulus profile dependent impact 

of high intensity cycling training on flow-mediated dilation 

King TJ & Pyke KE 

 

 

Chapter 5 is formatted in accordance with Experimental Physiology guidelines.  
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5.1 New Findings 

 

What is the central question of the study? 

 To investigate the impact of endurance training on the flow-mediated dilation (FMD) that 

is induced by a sustained shear stress stimulus in both the active and inactive limbs. 

What is the main finding and its importance? 

 4 weeks of high intensity endurance training did not alter FMD that was induced by a 

sustained shear stress stimulus.  The FMD response to a transient shear stress stimulus 

was augmented in the inactive limbs only, indicating a limb and shear stress transduction 

pathway dependent adaptation to training. 
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5.2 Abstract 

 

Lower limb training can improve flow-mediated dilation (FMD) responses to transient 

increases in shear stress (reactive hyperemia; RH-FMD) in both the upper and lower limbs.  

Sustained increases in shear stress produced by small muscle mass exercise elicit an FMD 

response (EX-FMD) that is physiologically relevant and may provide distinct information 

regarding endothelial function. However, the impact of training on EX-FMD is not understood.   

The study purpose was to determine the impact of cycling training on handgrip exercise induced 

brachial artery (BA) FMD (HGEX-FMD) and calf plantar-flexion induced superficial femoral 

artery (SFA) FMD (leg exercise-FMD; LEX-FMD).  RH-FMD was also assessed in both arteries. 

28 young males were randomized to control (n=12) or training (n=16) groups.  Participants 

completed cycling training 30 min/day, 3 days/week for 4 weeks at 80 % heart rate reserve. The 

intervention differently impacted the groups: (group by intervention interaction) HGEX-FMD 

p=0.452; LEX-FMD p=0.057; SFA-RH-FMD p=0.278; BA-RH-FMD p=0.086. The near 

significant LEX-FMD interaction was driven by a trend for a decline in the control and no change 

in the training group. For BA-RH-FMD only, the interaction became significant (p=0.05) when 

the shear rate stimulus was added as a covariate. The covariate corrected BA-RH-FMD improved 

in the training, but not the control group (Control: pre 5.7 ± 2.4%, post  5.3 ± 2.4%; training: pre 

5.4 ± 2.5%, post  7.2 ± 2.4%).   In conclusion, 4 weeks of high intensity cycling improved only 

upper limb FMD in response to a transient shear stress stimulus. 

Keywords 

Endothelial function, exercise, handgrip exercise, reactive hyperemia, calf plantar-flexion 
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5.3 Introduction 

 

The functioning of the vascular endothelium can be quantified by assessing the 

magnitude of endothelial dependent flow-mediated dilation (FMD) in response to an 

experimenter-imposed increase in shear stress.   FMD is usually achieved via the release of a 

temporary limb occlusion (reactive hyperemia (RH)) which results in a large, transient increase in 

shear stress (Celermajer et al., 1992).  Although not all studies have reported a benefit (Thijssen 

et al., 2005; Moriguchi et al., 2005), in a range of populations endurance exercise training has 

been shown to improve the RH stimulated FMD response (RH-FMD) in the brachial (Clarkson et 

al., 1999; Tinken et al., 2008; Birk et al., 2012; Early et al., 2017), popliteal (Rakobowchuk et 

al., 2008; Tinken et al., 2008) and superficial femoral arteries (SFA) (Wray & Richardson, 2006; 

Walther et al., 2008; Spence et al., 2013; Scholten et al., 2014).  The elevation in conduit artery 

shear stress that occurs during each exercise training bout is critical for improvement in RH-FMD 

to occur (Tinken et al., 2010; Naylor et al., 2011; Birk et al., 2012).   

FMD is also stimulated by the sustained increases in conduit artery shear stress which are 

generated during exercise (EX-FMD) (Gaenzer et al., 2001; Wray et al., 2005, 2011; Pyke et al., 

2008b; King et al., 2017).  EX-FMD has been assessed in the brachial artery (BA) during 

handgrip exercise (HGEX-FMD) (Pyke et al., 2008b; Wray et al., 2011; King et al., 2013) and in 

the common femoral artery and SFA during leg exercise (LEX-FMD) (Wray et al., 2005; King et 

al., 2017).  The EX-FMD response is physiologically relevant as shear stress increases and EX-

FMD occurs during normal daily activity.  EX-FMD may also play a role in perfusion during 

exercise, which might be particularly important among patients with narrowed arteries due to 

atherosclerosis (Gordon et al., 1989; Huggins et al., 1998; Vita & Hamburg, 2010).   There is in 

vitro evidence (Frangos et al., 1996; Butler et al., 2000)  that endothelial cell exposure to 

transient versus sustained increases in shear stress activate distinct transduction pathways leading 

to vasodilation.  For example, Frangos et al (1996) found that transient bursts in shear stress 
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caused plated endothelial cells to release NO via a G-protein dependent pathway, while sustained 

shear stress stimulated release of NO in a manner that did not depend on G-proteins.  This 

suggests that RH-FMD and EX-FMD may reflect different aspects of endothelial function.  This 

is supported by the observation that while some studies have found similar impacts of  acute 

interventions and chronic conditions on RH and EX-FMD (Gaenzer et al., 2001; Grzelak et al., 

2010; Ade et al., 2015; Atkinson et al., 2015), several others have not (Padilla et al., 2006; 

Findlay et al., 2013; Szijgyarto et al., 2013; Slattery et al., 2016).  For example, Slattery et al 

(2016) identified an impairment in HGEX-FMD in young obese participants, but found no 

impairment in BA-RH-FMD.  Taken together, these studies suggest that findings regarding RH-

FMD cannot be assumed to represent EX-FMD.  There is a paucity of research examining EX-

FMD, and given the physiological relevance of this measurement, it is important that the nature 

of the EX-FMD response to endurance training is understood. 

Only one study to date (Donato et al., 2010) has examined the impact of endurance 

training on EX-FMD.  Donato et al (2010) found that elderly men who performed 6 weeks of 

knee extensor training significantly improved BA-HGEX-FMD.  The impact of endurance 

training on EX-FMD in other populations and in the lower limb is unknown.  RH-FMD in the 

upper and lower limb has been shown to be largely NO dependent (Kooijman et al., 2008; Green 

et al., 2013) and improvements in RH-FMD following endurance training have been attributed to 

increased NO bioavailability largely via increased expression of eNOS (Malek et al., 1999; 

Laughlin et al., 2001; Hambrecht et al., 2003).  Recent evidence suggests that HGEX-FMD has a 

significant NO dependent component in young healthy males (Wray et al., 2011) and taken 

together the evidence suggests that endurance training may have a positive impact on EX-FMD in 

this population. 

The purpose of the study was therefore to investigate the influence of cycling training on 

EX-FMD in the active and inactive limbs of young healthy males.  HGEX was used to stimulate 
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FMD in the BA, and calf plantar-flexion exercise (leg exercise; LEX) was used to stimulate FMD 

in the SFA (LEX-FMD).  A standard RH-FMD test was performed for comparison in both 

arteries.  It was hypothesized that all measurements of FMD would improve significantly 

following training.  The findings of this study will further our understanding of the specificity of 

the impact of interventions on the EX- versus RH-FMD response.  It will also allow us to more 

comprehensively compare active vs. inactive limb FMD responses to endurance training 

 

 

5.4 Methods 

 

5.4.1 Ethical Approval 

The study protocol was approved by the Health Sciences Research Ethics Board at 

Queen’s University, which conforms to the standards set by the Declaration of Helsinki.  Written 

informed consent was obtained on forms approved by this Board prior to study participation. 

 

5.4.2 Participants 

Volunteers were screened via a medical screening questionnaire and a physical activity 

readiness questionnaire (Warburton et al., 2011), and those who reported risk factors associated 

with endothelial dysfunction or the presence of any cardiovascular disease were excluded.  

Participants were also excluded if they reported regularly performing more than 150 minutes of 

moderate to vigorous physical activity per week, or if they exhibited hypertension (Blood 

pressure > 140/90, BpTRU Medical Devices, Coquitlam, British Columbia) or obesity (BMI > 30 

kg/m2).  In the screening session, volunteers were excluded if an adequate ultrasound image or 

velocity signal could not be obtained in the SFA or BA, or if BA shear rate did not reach 75 s-1 
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during handgrip exercise (see below).  28 young, healthy, untrained males (age 22 ± 3 ) 

participated in the study. 

 

5.4.3 Experimental protocol 

5.4.3.1 Overview 

 Participants visited the laboratory for one screening session and two experimental visits.  

During the first experimental visit, FMD was tested four times: HGEX-FMD and RH-FMD in the 

BA, and LEX-FMD and RH-FMD in the SFA. The order of tests was counterbalanced between 

participants, but kept consistent between experimental visits within participants. Following the 

first experimental visit, participants were randomized into the control (n = 12) or training (n = 16) 

group.  Participants in the training group performed recumbent cycle training 3 times per week 

for 4 weeks.  Training intensity was 80 % of heart rate (HR) reserve.  Participants in the control 

group were asked to maintain their current level of physical activity.  A second identical 

experimental visit was performed 4 weeks after the first experimental visit in both groups.  For 

protocol timeline, see figure 5-1. 

5.4.3.2 Experimental considerations 

 Participants were instructed to fast for 6 hours prior to each experimental visit, and to 

abstain from caffeine and alcohol 12 hours prior to each visit (Thijssen et al., 2011).  Participants 

were also instructed to perform no physical activity for 48 hours before each experimental visit, 

and were instructed to eat the same ‘last meal’ before each experimental visit.  Post-training 

experimental visits were performed between 48 and 96 hours following their last training visit.  

Both experimental visits were performed at the same time of day (± 2 hours) in a temperature 

controlled room (~20˚C). 
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5.4.4 Screening session 

Participant height, weight, and blood pressure (BpTRU Medical Devices, Coquitlam, 

British Columbia) were measured at the beginning of the screening session.  Participants sat in 

the LEX frame (described previously (King et al., 2017)), and the experimenter applied an 

ultrasound probe (Vivid i2 GE Medical Systems, London, ON, Canada) to the left SFA to ensure 

that an adequate image could be obtained.  The real time blood velocity was displayed on a 

computer screen as a 6 second moving average.  The vessel diameter was estimated manually via 

calipers from the ultrasound image of the artery.    After completing 2 maximal voluntary calf 

plantar flexion contractions, the participants were asked to perform rhythmic concentric calf 

plantar flexion exercise (2 seconds of contraction and 4 seconds of relaxation) at 60 % of their 

maximal voluntary contraction (MVC) intensity while blood velocity and diameter measurements 

were recorded.  60 % MVC was chosen based on previous work (King et al., 2017) suggesting 

that it would increase shear rate sufficiently to stimulate an FMD response magnitude similar to 

RH-FMD, and that it is a low enough intensity to comfortably perform for 6 minutes.  Baseline 

artery diameter and steady state blood velocity at 60 % of MVC intensity were recorded for 

calculation of shear rate (shear rate, an estimate of shear stress without viscosity, calculated as: 

shear rate = blood velocity/vessel diameter).  The shear rate achieved during this screening 

session was established as the target to be used for the experimental visits.  A single target shear 

rate was not chosen for all participants (the target was consistent only within participants), due to 

the large between participant variability in superficial femoral artery size, and shear rate which 

could be achieved.   A similar strategy has been used in previous studies (King et al., 2017).  

Participants then lay supine and an ultrasound image and velocity signals were obtained 

from the left BA.  After performing 2 MVCs, participants performed rhythmic isometric handgrip 

contractions to identify the intensity of contraction required to increase blood velocity sufficiently 

such that a target shear rate stimulus of 75s-1 could be achieved.  As previously described (King et 

al., 2013) the required blood velocity was calculated as: required blood velocity = baseline vessel 
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diameter x 75s-1.  Experimenters asked participants to increase their %MVC until the required 

velocity was reached. This intensity was used as a starting point for the subsequent experimental 

visits. Contractions were performed in a 5-s relaxation, 1s contraction pattern (King et al., 2013). 

 

5.4.5 Experimental Visits 

 As described above, the order of the four FMD tests (BA-RH-FMD and HGEX-FMD and 

SFA-RH-FMD and LEX-FMD) was counterbalanced between participants but was the same 

during the pre- and post-training visits within a participant.  When participants lay supine, a 

minimum of 10 minutes, or the time until baseline diameter was re-achieved, elapsed between 

FMD trials in the same limb.  After a change in body position (LEX-FMD was measured in the 

seated position and HGEX-FMD, BA-RH-FMD-, and SFA-RH-FMD were measured in the 

supine position), participants rested for a minimum of 20 minutes before additional FMD tests 

were performed.   Caliper measurements were performed on the artery image to ensure that 

diameter had returned to baseline prior to commencing the next trial. 

5.4.5.1 Rest and Instrumentation 

 At the start of each experimental visit participants rested for 30 minutes while they were 

instrumented for HR and blood pressure recordings.  To quantify resting blood pressure, six 

discrete blood pressure recordings were taken (BpTRU BPM-100, BpTRU Medical Devices, 

Coquitlam, BC, Canada).  Additionally, prior to each FMD test, three discrete blood pressure 

recordings were taken.  To allow quantification of changes in blood pressure during the EX-FMD 

tests, mean arterial pressure (MAP) was measured continuously via a Finapres systems finometer 

(Finapres Medical Systems, Enschede, Netherlands).  HR was continuously measured with three 

ECG electrodes that were placed on the chest and abdomen.  

5.4.5.2 LEX-FMD 
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While the participant was resting in the LEX frame, the ultrasound probe was placed over 

the left SFA and the ultrasound image and velocity signal were optimized. At the end of the rest 

period, baseline recordings of artery diameter and blood velocity were made for 1 minute.  

Participants then began the calf exercise (4 seconds relaxation : 2 seconds contraction) at 60 % 

MVC in order to achieve the velocity which corresponded to the target shear rate established in 

the screening session. Participants exercised for 6 minutes, during which they were coached 

through minor increases and decreases in exercise intensity (% MVC) to maintain the required 

blood velocity which was displayed as a live readout on a screen.  SFA diameter and velocity 

were recorded continuously throughout the LEX bout. The target shear rate was kept consistent 

between visits within each participant in order to provide the same stimulus for FMD before and 

after training. 

5.4.5.3 HGEX-FMD 

Participants lay supine with their left arm extended.  While the participant was resting the 

ultrasound probe was placed over the left BA and the ultrasound image and velocity signal were 

optimized.  Baseline velocity and diameter recordings were made for 1 minute.  Participants then 

began the HGEX at the intensity (% MVC) established in the screening session.  They exercised 

for 6 min and were coached through minor increases and decreases in % MVC in order to achieve 

the blood velocity which corresponded with the target shear rate of 75 s-1.  The live blood velocity 

was displayed continuously on a screen.  BA blood velocity and diameter were recorded 

continuously throughout the exercise bout. 

5.4.5.4 BA-RH-FMD 

While the participant lay supine, an occlusion cuff was secured just below the elbow.   

While the participant was resting the ultrasound probe was placed over the left BA, proximal to 

the cuff, in the same location as used for the HGEX-FMD test.  Baseline recordings of artery 

diameter and blood velocity were made for 1 minute.  The occlusion cuff was then inflated to a 
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pressure of 250 mmHg for a period of 5 minutes, and recording of blood velocity and vessel 

diameter occurred during the last minute of occlusion.  The cuff was then deflated and recording 

of blood velocity and vessel diameter continued for a further 3 minutes.  

5.4.5.5 SFA RH-FMD 

While the participant lay supine, an occlusion cuff was secured just above the knee.  

While the participant was resting, the ultrasound probe was placed over the left SFA, proximal to 

the cuff, in the same location that was used for the LEX-FMD test.  Baseline recordings of artery 

diameter and blood velocity were made for 1 minute.  The occlusion cuff was then inflated to a 

pressure of 250 mmHg for a period of 5 minutes, and recording of blood velocity and vessel 

diameter occurred during the last minute of occlusion.  The cuff was then deflated and recording 

of blood velocity and vessel diameter continued for a further 3 minutes.  

 

5.4.6 Training sessions  

Participants randomized to the training group performed 12 training sessions over 4 

weeks (3 times per week) at varying times of the day.  Before the first training session, resting 

HR was obtained from the first supine rest period in the pre-training experimental visit.  

Maximum HR was estimated using age predicted HR max (220 – age).  Target exercise intensity 

was calculated as 80 % of HR reserve (80% HR reserve = estimated maximal HR – resting HR) x 

0.8 + resting HR).  During exercise, HR was continuously monitored via a chest strap HR 

monitor (Polar Electro Canada, Lachine, QC) 

Participants were allowed to warm up at their desired intensity for 5 minutes on a semi-

recumbent stationary bicycle (LeMond Fitness, Poway, CA, USA).  During the first training 

session, after the 5 minute warm-up was complete, intensity was set at ~100 Watts and increased 

in ~20 Watt intervals every 2 minutes until the participant reached 80% age predicted HR reserve.  

The starting intensity during subsequent training sessions was optimized based on the intensity 
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achieved during prior sessions.  As exercise continued, the intensity was adjusted in order to 

maintain HR within 3 bpm of 80 %HRR.   HR and rating of perceived exertion (scale: 1 to 10), 

were recorded every 5 minutes during exercise.  Upon completion of 30 minutes of cycling, 

participants were allowed to pedal with no load for as long as desired and until HR fell below 120 

bpm.  During the first and last training sessions, every 5 minutes during exercise, the participant 

extended their left arm while the ultrasound probe was placed on the BA, and blood velocity and 

diameter were measured for at least 10 seconds as the participant continued to exercise.    

 

5.4.7 Blood velocity and artery diameter  

BA and SFA images were acquired using ultrasound imaging technology operating at 12-

MHz in B-mode (Vivid i2 GE Medical Systems, London, ON, Canada).  Ultrasound parameters 

were set to optimize longitudinal B-mode images of the lumen/arterial wall interface.  With 

calibration at the insonation angle of 68 degrees, data were collected at this angle for all trials, for 

reasons previously described (Pyke et al., 2008a).  Image recording from the Vivid I was 

achieved with a VGA to USB frame grabber (Epiphan systems Inc., Ottawa, ON, Canada) and 

recorded as .avi files on an independent computer using commercially available software 

(Camtasia Studio, TechSmith, Okemos, MI, USA).   Blood velocity was obtained using Doppler 

ultrasound operating at 4 MHz (Vivid i2 GE Medical Systems, London, ON, Canada).  The 

Doppler shift frequency spectrum was analyzed via a Multigon 500P TCD spectral analyzer 

where mean velocity was determined as a weighted mean of the spectrum of Doppler shift 

frequencies as previously described (Jazuli & Pyke, 2011).  The corresponding voltage output 

was sampled continuously (Powerlab, AD Instruments, Colorado Springs, CO, USA) and stored 

(Labchart, AD Instruments, Colorado Springs, CO, USA) for analysis at a later time.  
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5.4.8 Data Analysis 

5.4.8.1 HR and blood pressure 

Systolic and diastolic blood pressure during the initial rest period are reported as the 

mean of 5 measurements (6 measurements taken, first measurement dropped from average).  HR 

and systolic and diastolic blood pressure during the baseline minute before each FMD test are 

also reported.  HR is reported as a 1 min average and blood pressure, assessed via the BPTru, is 

reported, as the mean of 2 measurements prior to each FMD test (3 measurements taken, first 

measurement dropped from average).  To assess changes in blood pressure during HGEX and 

LEX, HR and MAP as assessed by finometer are reported as the change from the 1 minute 

baseline, to the mean during the 6 minutes of HGEX and LEX.   

5.4.8.2 Diameter, blood velocity, shear rate and FMD 

Vessel diameters were analyzed using automated edge-detection software (Encoder FMD 

and Bloodflow v3.0.3, Reed Electronics, Perth, WA, Australia) as previously described (Jazuli & 

Pyke, 2011).  The experimenter was blinded to pre- versus post-training and group until the 

completion of all diameter analysis.  The diameter data were compiled as 3 second time bins and 

missing data due to erroneous wall tracking was interpolated to facilitate calculation of the 

average.  

Blood velocity was analyzed offline in 3 second average time bins for calculation of 

mean shear rate.  Shear rate was calculated as mean blood velocity/ vessel diameter.  Shear rate 

during baseline, and during LEX, and HGEX is reported as 1 min averages.  Shear rate during RH 

is reported as a 1 minute area under the curve (AUC) following cuff release.  Shear rate during 

cycling exercise is reported as 10 second averages.  The pattern of the shear rate during cycling 

exercise is characterized as the oscillatory shear index (OSI) which is calculated as: 

OSI = |retrograde shear rate|/(|retrograde shear rate| + |anterograde shear rate|).   
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BA-RH-FMD and SFA-RH-FMD were determined as the absolute and percent change in 

diameter from baseline to the peak 3 second average diameter following cuff release.  LEX-FMD 

and HGEX-FMD were determined as the absolute and percent change in diameter from baseline 

for each minute of exercise.  BA-RH-FMD and SFA-RH-FMD were also normalized to the 

magnitude of the shear rate stimulus calculated as:  % FMD/Shear rate AUC. 

 

5.4.9 Statistical Analysis 

IBM SPSS Statistics 24 (IBM corp., Armonk, NY) was used for all statistical analyses. 

Three way RM ANOVAs (linear mixed model using compound symmetry) with factors time (1-6 

minutes of HGEX or LEX), visit (pre- and post-training), and group (training and control) were 

used to assess HGEX-FMD, LEX-FMD and shear rate during HGEX and LEX tests.  Shear rate 

during training sessions was analyzed using two way RM ANOVAs (linear mixed model using 

compound symmetry) with factors time (baseline and at 5 minute intervals during cycling) and 

training session (session 1 and session 12).  Two way RM ANOVAs (linear mixed model using 

compound symmetry) with factors visit (pre- and post-training), and group (training and control) 

were used to assess BA- and SFA-RH-FMD, shear rate AUC, ratio normalized FMD, baseline 

diameter, baseline shear rate, initial resting blood pressure and HR before each test as well as 

MAP and HR changes from baseline during EX-FMD tests.  T-tests were used to compare 

participant characteristics between groups prior to training.  Significant main effects of time were 

assessed via Bonferroni post hoc analysis.  Significant between group and visit interactions were 

broken down using pairwise comparisons.  Shear rate was used as a covariate for all FMD 

analysis, however results without covariate inclusion are presented unless otherwise specified.  

Significance was set at p ≤ 0.05.   
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5.5 Results 

 

5.5.1 Participant characteristics and training adherence 

Participant characteristics are outlined in table 5-1. All participants in the training group 

completed 100% of their training sessions.  The % HHR achieved during training was 78 ± 2 % 

(average of last 25 minutes of cycling across all participants and sessions). 

 

5.5.2 Shear rate and OSI during training sessions 

Shear rate is reported during the first and last cycling exercise session in 11 of 16 training 

group participants. In the remaining 5 participants, data were deemed unsatisfactory (n = 4) or 

were corrupted (n = 1).   Shear rate and OSI during training sessions are reported in table 5-2.  

There was a significant increase in mean shear rate over time (p < 0.001). There was also 

an effect of training session (p = 0.024), such that mean shear rate was higher during session 12.  

There was no time x session interaction (p = 0.918) (table 5-2). 

 There was a significant increase in anterograde shear rate over time (p < 0.001), but no 

effect of training session (p = 0.756) or time x session interaction (p = 0.487) (table 5-2). 

 There was a significant change in retrograde shear rate over time (p < 0.001), which 

peaked 5 minutes into cycling.  Retrograde shear rate was significantly greater during training 

session 1 than 12 (main effect of session, p < 0.001).  There was no significant time x session 

interaction (p = 0.857) (table 5-2). 

 There was a significant change in OSI over time (p < 0.001), which peaked 5 minutes 

into cycling.  OSI was significantly greater during training session 1 than 12 (main effect of 

session, p < 0.001).  There was no significant time x session interaction (p = 0.698) (table 5-2). 
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5.5.3 Baseline HR and blood pressure prior to the FMD tests and changes in HR and MAP 

during HGEX and LEX 

Baseline HR before the BA-RH-FMD, HGEX-FMD and LEX-FMD tests was not 

different between visits or groups. However, there was a significant visit by group interaction for 

baseline HR in the SFA-RH-FMD test.  This was driven by a trend for a slightly higher HR post-

intervention in the control group (p=0.061) (Table 5-3).  

Baseline systolic and diastolic blood pressures were not different between visits or groups 

during any FMD test (table 5-3). Due to missing data, 1 participant from each group was 

excluded from this analysis. 

Changes in HR and MAP during HGEX and LEX (exercise – baseline) were not different 

between visits or groups.  (Table 5-3).  

 

5.5.4 Baseline diameter and shear rate before the FMD tests 

Baseline diameter and shear rate data for all of the FMD tests are reported in table 5-3. 

Baseline diameter did not differ between groups or visits.  Baseline shear rate also did not differ 

between groups or visits for the LEX-FMD, BA-RH-RMD, or SFA-RH-FMD tests.  However, 

while baseline shear rate during the HGEX test did not differ between groups, there was a 

significant impact of visit (p = 0.008) such that pre-intervention baseline shear rate was slightly 

larger than the post-intervention baseline shear rate. 

 

5.5.5 Shear rate stimulus for FMD 

Shear rate during LEX and HGEX is depicted in figure 5-2.  Both HGEX and LEX shear 

rate increased over time such that shear rate during the first minute of EX was greater than during 

baseline, but lower than the remaining 5 min of steady state EX.  There were no differences in 

LEX shear rate between groups or visits.  HGEX shear rate did not differ between groups, 
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however there was a time x visit interaction such that during the first minute of HGEX only, shear 

rate was significantly higher pre-intervention than post-intervention (p = 0.017).  The 60-second 

AUC shear rate for BA-RH and SFA-RH is depicted in figure 5-3.  The RH stimulus did not 

differ between groups or visits in the SFA or the BA. 

 

5.5.6 FMD 

All data were analyzed as absolute and % FMD, however the results did not differ and 

only % FMD is presented.  All FMD data were analyzed with and without shear rate as a 

covariate, which did not alter significance with the exception of BA-RH-FMD.  Data are 

presented without shear rate as a covariate unless specified. 

5.5.6.1 LEX-FMD 

LEX-FMD increased over time during the LEX bout (main effect of time, p < 0.001) and 

LEX-FMD was lower post-training versus pre-training (main effect of visit, p = 0.044).  There 

was a trend for a visit x group interaction (p = 0.057), driven by the lower post-training LEX-

FMD in the control group (figure 5-4 a,b).  

5.5.6.2 HGEX-FMD 

HGEX-FMD increased over time during the HGEX bout (main effect of time, p < 0.001), 

however there were no differences in HGEX-FMD between groups or between visits. (figure 5-4 

c,d).   

5.5.6.3 SFA-RH-FMD 

There were no differences in SFA-RH-FMD between groups or between visits (figure 5-5 

a,b).  Similar to addition of shear rate as a covariate (data not shown) ratio normalization of % 

FMD with shear rate AUC did not alter the results (figure 5-5 c,d).  
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5.5.6.4 BA-RH-FMD 

There were no significant differences in BA-RH-FMD between groups or visits although 

the group x visit interaction approached significance (p = 0.086) (figure 5-5 e,f).  When shear rate 

AUC was included as a covariate, there was a significant group x visit interaction (p = 0.05) 

which was driven by a higher post-intervention BA-RH-FMD in the training group (covariate 

adjusted values: control group 5.7 ± 2.4 % to 5.3 ± 2.4 %, (p = 0.486) training group 5.4 ± 2.5 % 

to 7.2 ± 2.4 % (p = 0.056)).  Similar to the covariate analysis, there was a significant group x visit 

interaction when %FMD was normalized to shear rate AUC (p = 0.049) such that normalized 

FMD increased significantly from pre- to post- training in the training group (p = 0.03) but not 

the control group (p = 0.596)(figure 5-5 g,h). 

 

5.6 Discussion 

 

This is the first study to examine the impact of training on EX-FMD in young healthy 

people and in both the active and inactive limbs.  We hypothesized that high intensity cycling 

training would improve EX- and RH-FMD in both the BA and the SFA.  However, the principal 

findings were as follows: (1) EX-FMD was not improved following training in either the BA or 

the SFA; (2) SFA-RH-FMD was also not improved following training; and (3) BA-RH-FMD was 

improved following training, and this effect was revealed when accounting the for shear rate 

stimulus. These findings suggest that 4 weeks of cycling training increases the BA capacity to 

transduce a transient shear stress stimulus, but not a sustained exercise induced shear stress 

stimulus.  Furthermore, the BA endothelium appears to be more sensitive to cycling training than 

the SFA.  

 

5.6.1 BA endothelial function 
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The magnitude of BA-RH-FMD increased with endurance exercise training.  The effect 

size of the observed change is classified as medium to large (Cohen’s D = 0.70), which agrees 

with BA-RH-FMD findings reported by others after 4 weeks of endurance training in similar 

populations (Tinken et al., 2008, 2010; Birk et al., 2012; Carter et al., 2014).  Some studies 

(Tinken et al., 2008, 2010; Naylor et al., 2011; Birk et al., 2012; Carter et al., 2014) have 

identified a time course of adaptation of the BA-RH-FMD response wherein improvements occur 

transiently, and BA-RH-FMD returns to baseline after 8 weeks of training.  The peak of this 

transient adaptation occurs after either 2 or 4 weeks of training, and the present study assessed 

post-training adaptations after 4 weeks of training in an attempt to capture this peak.   

In contrast to BA-RH-FMD, no improvement in HGEX-FMD was found.  This occurred 

despite exposure to a significant increase in mean shear rate during the exercise training sessions 

(table 5-2).  Interestingly, HGEX-FMD improves following acute (30 minutes) exposure to 

increased shear stress created via hand heating (Ade et al., 2015), suggesting that chronic training 

induced increases in shear stress do not have the same impact on HGEX-FMD as acute exposure.  

This is in contrast to BA-RH-FMD, which appears to be augmented by both acute (Tinken et al., 

2009; Atkinson et al., 2015) and chronic exercise or heating training induced exposure to shear 

stress (Tinken et al., 2010; Naylor et al., 2011; Birk et al., 2012). 

The disparate HGEX-FMD and BA-RH-FMD responses to training support the 

hypothesis that sustained shear stress and transient shear stress induced FMD operate through 

dissimilar signaling pathways that are impacted differently by exercise training.  Chronic 

exposure to shear stress upregulates proteins involved in endothelial transduction of shear stimuli 

(Yee et al., 2008), and the nature of the shear stress exposure determines which proteins are 

upregulated.  For example, given the same mean shear stress, cultured endothelial cells exposed 

to pulsatile versus steady shear stress both increased their capacity for NO production, but did so 

to different degrees and via the upregulation of different groups of genes involved in NO 
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production (Yee et al., 2008).  Pulsatile shear stress patterns that occur during exercise produce 

endothelial reactive oxygen species (ROS)(Chin et al., 2011; Takabe et al., 2011; Hsieh et al., 

2014) which can also act as signaling molecules (Griendling et al., 2000).  For example, there is 

evidence that ROS exposure might upregulate vascular endothelial growth factor (Chua et al., 

1998), which is known to activate proteins specifically involved in NO production in response to 

transient shear stress (Frangos et al., 1996; Dimmeler et al., 1999; Hsieh et al., 2014). Overall, if 

the signals present during cycling (e.g. shear stress pattern, ROS changes etc.) impacted 

components of the pathway involved in transducing transient increases in shear stress to a greater 

extent, that might explain a greater impact of training on RH-FMD.  This was contrary to our 

expectation that exercise-induced shear stress would also upregulate the pathways involved in 

EX-FMD.  These expectations were based on the idea that sustained increases in shear stress due 

to cycling exercise might upregulate the pathways involved in the transduction of a similarly 

sustained shear stimulus created with HGEX.  Further mechanistic work is required to fully 

understand the distinct responses of HGEX-FMD and RH-FMD to chronic shear stress exposure, 

and to identify specific areas of these transduction pathways that may be altered.   

In the only previous study to examine the impact of training on EX-FMD,  Donato et al 

(2010) reported improved HGEX-FMD following 6 weeks of leg extensor training in elderly men 

(Donato et al., 2010).  The contrast with the present findings could reflect a greater capacity for 

EX-FMD improvement in older vs. younger men. Indeed, the elderly men in Donato et al (2010) 

began training with an impaired baseline HGEX-FMD versus a young healthy control group.   As 

discussed above, it is also possible that training duration is important to the discrepant findings 

(present study: 4 weeks, Donato et al (2010) 6 weeks).  Additional insight may be gained from 

training studies that have examined FMD in response to a prolonged RH stimulus (Tinken et al., 

2008, 2010; Naylor et al., 2011; Birk et al., 2012; Carter et al., 2014). The prolonged RH 

stimulus is created by the addition of ischemic forearm exercise during the 5 minute forearm 
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occlusion period.  Given its prolonged nature versus a standard 5-minute occlusion RH, the 

endothelium may transduce this stimulus in a way that is more similar to the transduction of a 

sustained exercise induced increase in shear stress.  Training induced adaptations in ‘prolonged-

RH-FMD’ follow a different time course than adaptations in the standard RH-FMD (Tinken et 

al., 2008, 2010; Naylor et al., 2011).  Specifically, while one study has reported increases in 

prolonged-RH-FMD in as little as 2 weeks (Tinken et al., 2008), others have not reported an 

increase in prolonged-RH-FMD until 6 or 8 weeks of training (Tinken et al., 2010; Naylor et al., 

2011). In combination with the Donato et al (2010) findings, it is possible that a longer training 

duration is required to stimulate improvements in EX-FMD versus RH-FMD.  Future studies of 

longer duration are required to explore the impact of training duration on EX-FMD. 

 

5.6.2 SFA endothelial function 

No significant improvements in SFA-RH-FMD or SFA-LEX-FMD were evoked, and the 

RH-FMD findings are in contrast to research in young healthy men and women that reported 

enhanced SFA-RH-FMD after much longer interventions (12 weeks and 6 months)(Spence et al., 

2013; Scholten et al., 2014).  Again, it is possible that training duration explains these 

discrepancies and 4 weeks of training may simply be too brief a stimulus to evoke changes in 

SFA-RH-FMD.  However, this does not appear to be true of all lower limb arteries as 

improvements in popliteal artery RH-FMD have been observed after 2, 4, and 6 weeks of sprint 

interval training and endurance training (Rakobowchuk et al., 2008; Tinken et al., 2008).  The 

SFA is larger than the downstream popliteal artery and the BA.  As shear stress is inversely 

related to artery diameter, the SFA may therefore experience a smaller increase in shear stress 

during training (this could not be assessed due to leg movement).  Given the evidence that shear 

stress is the primary stimulus for training induced adaptations in RH-FMD (Tinken et al., 2010; 

Naylor et al., 2011; Birk et al., 2012), the elevation in shear stress in the SFA during the bouts of 
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cycling may not have been large enough to elicit a functional change after only 4 weeks of 

training.  In addition, arteries in different regions also experience different hemodynamic stimuli 

outside of discrete bouts of training (e.g. regional differences in shear stress magnitude and 

pattern (Wu et al., 2004; Totosy De Zepetnek et al., 2015) as well as blood pressure (Åstrand et 

al., 1965)), and this chronic environment may also influence endothelial cell phenotype in a way 

that impacts the ability to respond to training. 

The magnitude of LEX-FMD that was observed in the present study was very small and 

lower than expected based on previously published results (King et al., 2017) and unpublished 

observations from our group.  If the LEX shear stress stimulus was below a threshold required to 

stimulate FMD in some participants (Nishiyama et al., 2007; Wray et al., 2011) that may have 

limited our ability to detect an impact of training. The baseline diameter and LEX shear rate 

stimulus were similar between King et al (2017) and the present study, therefore a lower 

endothelial capacity to transduce the stimulus, and not differences in the shear stress stimulus per 

se, may have been responsible for the study differences in LEX-FMD magnitude.    The 

participants in the present study did not meet Canadian physical activity guidelines, reporting less 

than 150 min of physical activity per week.  In contrast, participants in King et al (2017) were 

more active (males reported to expend ~1800 kcal more per week).  We did not see an effect of 4 

weeks of training on LEX-FMD, however a chronically maintained active lifestyle may have had 

a benefit on this aspect of endothelial function and may contribute to the apparent difference in 

baseline LEX-FMD magnitude between the present study and King et al (2017).     

There was a near significant interaction between group and time in the LEX condition (p 

= 0.057).  Exploratory analysis in each group revealed that this was driven by a significant 

reduction in LEX-FMD in the control group from the pre-to post-intervention visit (p = 0.021), 

but no change in FMD in the training group (p = 0.925).  This may reveal a tendency for training 

to prevent a decline in SFA-LEX FMD with time.  However, we do not have data regarding 
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behavior/experiences over the intervention period that might have had a negative impact on the 

control group and, as mentioned above, the small magnitude of the LEX-FMD response makes 

interpretation more difficult.    

 

5.6.3 Limitations 

 Although we attempted to match the HGEX shear rate stimulus in the pre- and post-

intervention visits, post-intervention shear rate was slightly higher during first minute of HGEX.  

When a larger shear stress stimulus is observed in conjunction with a larger FMD response this 

can present an obstacle to interpretation because it could be unclear whether the higher FMD is 

due to improved endothelial function per se, or simply due to a larger shear stress stimulus.  

However, in the present study the modestly higher shear rate in the first minute of HGEX post-

intervention was observed in both the training and the control groups and no improvements in 

HGEX-FMD were observed.  In addition, we have previously shown that when steady state 

HGEX shear rate was matched, HGEX-FMD was not effected by stimulus differences in the first 

minute of HGEX (Pyke et al., 2008b).  Finally, adding the shear rate stimulus as a covariate did 

not impact the HGEX-FMD findings.  This evidence indicates that it is unlikely that the minor 

HGEX stimulus difference between pre- and post-intervention visits interferes with our 

conclusion that HGEX-FMD did not improve following training. 

This study provides limited mechanistic insight into why adaptations occurred in BA-

RH-FMD, but not other measures of FMD.  Although shear rate during cycling was measured in 

the BA, shear rate was not measured during cycling in the SFA.  This was due to the large 

amount of movement and contraction of the surrounding muscle that occurs in the SFA during 

cycling.  Therefore, we are unable to compare the pattern and magnitude of shear stress that the 

SFA experienced versus the BA.  Furthermore, we are unable to identify whether improvements 

in BA-RH-FMD were dependent on enhanced NO bioavailability, and why this might not 
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enhance HGEX-FMD which also contains a substantial NO dependent component (Wray et al., 

2011).  However, the goal of this study was to first identify whether endurance exercise training 

enhanced EX-FMD and RH-FMD in the active and inactive limbs.  In order to provide further 

mechanistic insight into the influence of endurance training on FMD, future research should 

investigate the between-limb shear stress patterns, and assess vasodilator involvement in the 

FMD responses. 

The participants in this study were young healthy males and the results cannot be 

generalized to other populations.  Past research indicates that SFA- RH-FMD significantly 

improved  in young healthy women following 12 weeks of training (Scholten et al., 2014), and 

the present study found no improvement in this variable among men.  Furthermore, research in an 

older population that began the study with an impaired BA EX-FMD showed an improvement 

following 6 weeks of training (Donato et al., 2010).  Although participants in present study did 

not meet physical activity guidelines, they may have been too fit to exhibit impaired EX-FMD 

prior to training.  The length of the training intervention was different between those studies and 

the present study, therefore further research is needed to determine the influence of short and long 

term training interventions on SFA- and BA-EX-FMD in a variety of populations. 

 

5.6.4 Conclusions 

This is the first study to assess the effect of endurance training on sustained shear stress 

induced FMD in the arm and the leg.  It was found that 4 weeks of high-intensity cycling training 

did not improve FMD in response to sustained, exercise-induced increases in shear stress in the 

BA or SFA, and only resulted in improved RH-FMD in the BA.  These findings suggest that the 

cycling training intervention had a distinct impact on FMD in the active versus inactive limbs. 

Furthermore, this training may produce adaptations in the facets of BA-FMD that are involved in 

the transduction of transient shear stress stimuli, but not sustained shear stimuli. 
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5.10 Tables 

 

Table 5-1. Participant characteristics. 

 Control (n = 12) Training (n = 16) P - value 

Age (years) 21 ±  2 22 ± 3 0.248 

Height (cm) 176 ±  8 180 ±  8 0.144 

Weight (kg) 76 ±  14 79 ±  17 0.610 

BMI (kg/m2) 24 ±  3 24 ±  4 0.901 

Energy expenditure 

(Kcal/kg/wk) 
259 ± 7 257 ± 3 0.251 

Systolic blood pressure 

(mmHg) 
108 ±  9 105 ±  13 0.458 

Diastolic blood pressure 

(mmHg) 
64 ±  6 68 ±  10 0.126 

Participant characteristics prior to training.  BMI, body mass index. 
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Table 5-2. Shear rate and oscillatory shear index during cycling exercise-training sessions 

 Training 
session 

 Measurement time during cycling (minutes) 

 Baseline 5 10 15 20 25 30 

Mean  
shear rate  
(s-1) 

1 29 ± 17 27 ± 25 44 ± 29† 44 ± 20† 54 ± 25† 52 ± 22† 56 ± 25† 

12 ^ 30 ± 16 26 ± 15 50 ± 18† 54 ± 14† 62 ± 15† 58 ± 18† 65 ± 19† 

Anterograde 
shear rate  
(s-1) 

1 36 ± 14 60 ± 19* 69 ± 25† 70 ± 20† 74 ± 23† 75 ± 19† 76 ± 21† 

12 33 ± 15 52 ± 9* 70 ± 16† 74 ± 14† 81 ± 14† 73 ± 17† 83 ± 17† 

Retrograde 
shear rate  
(s-1) 

1  ^ -8 ± 8 -34 ± 15* -25 ± 15† -26 ± 16† -20 ± 11† -23 ± 13† -21 ± 10† 

12 -3 ± 3 -26 ± 13* -20 ± 12† -20 ± 9† -19 ± 9† -18 ± 12† -18 ± 12† 

Oscillatory 
shear index  
(a.u.) 

1  ^ 0.15 ± 0.12 0.44 ± 0.14* 0.36 ± 0.14† 0.36 ± 0.16* 0.31 ± 0.11† 0.34 ± 0.13† 0.33 ± 0.11† 

12 0.06 ± 0.06 0.38 ± 0.12* 0.31 ± 0.13† 0.32 ± 0.11* 0.31 ± 0.10† 0.30 ± 0.12† 0.29 ± 0.12† 

N = 11. Values are mean ± SD. * indicates significantly different from baseline, † indicates significantly different from baseline and minute 5 of 

cycling. ^ indicates significant effect of training session (symbol placed beside session that was greater). 
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Table 5-3. Baseline heart rate (HR), blood pressure, diameter, and shear rate prior to the 

FMD tests and mean change in HR, and MAP from baseline during HGEX and LEX.  

  Control Training 

  Pre-

intervention 

Post-

intervention 

Pre-

intervention 

Post-

intervention 

Baseline HR 

(bpm) 

LEX 66 ± 11 71 ± 11 69 ± 12 71 ± 15 

HGEX 56 ± 7 60 ± 12 58 ± 8 60 ± 8 

BA-RH 56 ± 7 61 ± 12 57 ± 7 59 ± 10 

SFA-RH # 56 ± 7      61 ± 11** 56 ± 7 56 ± 7 

Baseline systolic 

blood pressure 

(mmHg) 

(n = 26) 

LEX 101 ± 12 101 ± 14 98 ± 7 102 ± 7 

HGEX 107 ± 11 110 ± 9 106 ± 11 102 ± 8 

BA-RH 111 ± 11 109 ± 12 104 ± 11 105 ± 9 

SFA-RH 105 ± 13 108 ± 8 104 ± 9 104 ± 9 

Baseline diastolic 

blood pressure 

(mmHg) 

(n = 26) 

LEX 64 ± 8 66 ± 6 67 ± 9 68 ± 9 

HGEX 68 ± 9 67 ± 7 70 ± 10 67 ± 8 

BA-RH 68 ± 9 67 ± 7 65 ± 8 69 ± 9 

SFA-RH 68 ± 11 66 ± 7 67 ± 9 67 ± 8 

Baseline 

shear sate 

(s-1) 

LEX 7.7 ± 3.6 7.9 ± 2.0 8.3 ± 2.0 8.0 ± 2.7 

HGEX 21.9 ± 11.9 17.1 ± 7.3 ^ 18.1 ± 6.3 15.5 ± 7.6 ^ 

BA-RH 18.7 ± 8.1 16.4 ± 3.5 15.8 ± 3.9 15.3 ± 5.1 

SFA-RH 11.4 ± 3.5 10.4 ± 3.2 11.4 ± 3.5 9.7 ± 2.5 

Baseline 

diameter  

(mm) 

LEX 5.62 ± 0.50 5.73 ± 0.69 5.72 ± 0.63 5.78 ± 0.62 

HGEX 3.60 ± 0.44 3.66 ± 0.45 3.53 ± 0.30 3.59 ± 0.41 

BA-RH 3.55 ± 0.38 3.76 ± 0.71 3.60 ± 0.30 3.59 ± 0.43 

SFA-H 5.56 ± 0.59 5.64 ± 0.67 5.60 ± 0.65 5.71 ± 0.70 

Change in HR 

(bpm) 

LEX 3.9 ± 4.6 3.0 ± 8.6 2.9 ± 4.9 1.5 ± 6.6 

HGEX 3.2 ± 4.1 2.2 ± 3.6 2.1 ± 2.5 1.7 ± 3.8 

Change in MAP 

(mmHg) 

LEX 5.2 ± 4.3 3.9 ± 3.2 4.4 ± 3.2 6.0 ± 2.5 

HGEX 3.7 ± 1.9 4.3 ± 6.1 4.1 ± 3.1 3.0  ± 2.6 

Baseline HR, systolic blood pressure, diastolic blood pressure, shear rate, and diameter were 

obtained immediately prior to all FMD tests. Change in heart rate and MAP are during EX-FMD 

tests.  This is the change from a 1 min baseline to the average during the 6 min of EX.   ^ 

indicates significant main effect of visit (p < 0.05) where post-intervention baseline shear rate 

was significantly lower than pre-intervention.  # indicates significant visit x group interaction.  ** 

indicates trend for significance versus pre-intervention (p = 0.061) LEX, leg exercise; HGEX, 

handgrip exercise; BA, brachial artery; SFA, superficial femoral artery; RH, reactive hyperemia; 

HR, heart rate; MAP, mean arterial pressure.  N = 28 unless otherwise stated. 
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5.11 Figures 

 

Figure 5-1 

Protocol timeline for experimental visits.  An identical experimental visit was performed before and after 4 weeks of training (training group) or 

normal activity (control group).  Each participant was assigned one order of trials which was maintained for both experimental visits.  The order 

assigned was counterbalanced between participants.  LEX-FMD was performed in the seated position, and all other tests were performed supine. 

Therefore, LEX-FMD was performed either first or last in order to minimize postural changes.  Postural changes were followed by a minimum rest 

period of 20 minutes.  All test orders alternated between arm and leg in order to maximize rest time between tests in each limb.  Grey bars 

represent rest periods.  Blood pressure was measured 6 times during rest and instrumentation and 3 times prior to each FMD test.  SFA (superficial 

femoral artery), BA (brachial artery), FMD (flow-mediated dilation), HGEX-FMD (handgrip exercise induced brachial artery FMD), LEX-FMD 

(leg exercise induced superficial femoral artery flow-mediated dilation) RH-FMD (reactive hyperemia induced FMD). 
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Figure 5-2 

Shear rate during each minute of LEX (A: control group, B: training group) and HGEX (C: 

control group, D: training group).  ANOVA p-values are shown for LEX and HGEX shear rate in 

the bottom right of panels B and D respectively.    For both LEX and HGEX there was a main 

effect of time (p<0.001) such that the shear rate during the first minute of exercise was higher 

than in minute zero (baseline) and lower than all other minutes of exercise (*).  For HGEX there 

was a significant time x visit interaction (p = 0.050), such that during the first minute of exercise 

only, shear rate was lower pre-training (^ p = 0.017).  Data are mean ± standard deviation. HGEX 

(handgrip exercise), LEX (leg exercise), min (minutes), ANOVA (analysis of variance). 
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Figure 5-3 

RH shear rate AUC during SFA-RH (A: control group, B: training group) and BA-RH (C: control 

group, D: training group) tests.  ANOVA p-values are shown for SFA- and BA RH AUC in the 

bottom right of panels B and D respectively.  Data are mean ± standard deviation. Reactive 

hyperemia (RH), shear rate area under curve (AUC), superficial femoral artery (SFA), brachial 

artery (BA), ANOVA (analysis of variance). 
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Figure 5-4 

% FMD during each minute of LEX (A: control group, B: training group) and HGEX (C: control 

group, D: training group). ANOVA p-values are shown for LEX and HGEX shear rate on the 

right side of panels B and D respectively.  Data are mean ± standard deviation. FMD, (flow 

mediated dilation), HGEX (handgrip exercise), LEX (leg exercise), min (minutes), ANOVA 

(analysis of variance). 
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Figure 5-5 

RH-FMD and normalized FMD during SFA-RH (A, C: control group; B, D: training group) and BA-RH (E, G: control group; F, H: training 

group) tests. ANOVA p-values are shown for SFA-RH-FMD above panels A and B, and for normalized SFA-RH-FMD above panels C and D.  

ANOVA p-values are shown for BA-RH-FMD above panels E and F, and for normalized BA-RH-FMD above panels G and H. * indicates 

significant difference from pre-training.  Data are mean ± standard deviation. a.u. (arbitrary units), Reactive hyperemia (RH), flow-mediated 

dilation (FMD), superficial femoral artery (SFA), brachial artery (BA), ANOVA (analysis of variance), a.u, arbitrary units.
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Chapter 6 

General Discussion 

 

The overall aim of this dissertation was to advance our understanding of FMD produced by 

small muscle mass exercise (EX-FMD), and to identify the influence of acute and chronic 

endurance cycling exercise on this FMD response. 

6.1 Summary of studies 

 

 The study described in chapter 3 was the first to examine changes in brachial artery 

HGEX-FMD in response to an acute bout of high intensity exercise.  Chapter 3 also investigated 

the role of ROS in this response.  It was hypothesized that acute high-intensity exercise would 

attenuate the HGEX-FMD response for at least 30 minutes following exercise, and that this 

attenuation would be abolished by the prior consumption of the antioxidant vitamin C, indicating 

the involvement of exercise induced ROS in the expected impairment.  However, post-exercise 

HGEX-FMD was significantly augmented by acute cycling exercise, and the consumption of 

vitamin C attenuated this augmentation.  Furthermore, vitamin C significantly augmented HGEX-

FMD during a resting time-control condition.  These findings implied that prior exercise may 

augment HGEX-FMD in a manner that is dependent on exercise induced ROS. 

 The study described in chapter 4 aimed to produce sustained and repeatable elevations in 

superficial femoral artery shear stress via small muscle mass exercise that stimulated superficial 

femoral artery FMD.  Chapter 4 then assessed the repeat trial stability of EX-FMD in the 

superficial femoral artery.  Although we were able to create a repeatable shear stress stimulus in 

the superficial femoral artery, repeated trials produced a systematic change in EX-FMD 
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magnitude.  This was in contrast to RH-FMD, which produced no systematic change in 

superficial femoral artery FMD.  Therefore, we successfully designed a technique to assess lower 

limb EX-FMD, however any future examinations of acute responses that utilize LEX-FMD 

should be carefully designed and be accompanied by a time control.  

 Chapter 5 aimed to investigate the influence of endurance exercise training on EX-FMD 

in the active (superficial femoral artery) and inactive (brachial artery) limbs.  We discovered that 

brachial artery RH-FMD significantly improved in response to 4 weeks of high intensity 

endurance cycle training, which is consistent with the findings of previous literature (Tinken et 

al., 2008; Birk et al., 2012).  However, contrary to our hypothesis, neither superficial femoral 

artery RH-FMD, LEX-FMD, nor brachial artery HGEX-FMD significantly improved following 

training.  These findings suggest that exercise training may differently affect FMD that is induced 

by sustained increases in shear stress (small muscle mass exercise) versus transient increases in 

shear stress (RH-FMD). Furthermore, cycling exercise training may have a distinct impact on 

endothelial function in the upper and lower limbs. 

6.2 What this dissertation contributed to the field 

 

6.2.1 The apparent difference between EX- and RH-FMD 

 The findings of this dissertation provide support for the theory that EX-FMD provides 

insight about different aspects of FMD/endothelial function than RH-FMD.  In all three studies, 

EX-FMD responded differently from how RH-FMD responded, or has responded in previous 

studies.  Concerning chapter 3, previous studies have shown that high intensity endurance 

exercise acutely attenuates RH-FMD (Johnson et al., 2012b; Katayama et al., 2013, 2014), yet we 

found that HGEX-FMD was augmented following a similar intensity of exercise in a similar 

population.  Chapter 4 highlighted that RH-FMD of the superficial femoral artery was stable from 

trial to trial, yet HGEX-FMD systematically changed during repeated trials.  Chapter 5 found that 
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endurance exercise training led to an augmentation of brachial artery RH-FMD, yet no change in 

HGEX-FMD.  Taken together, this dissertation provides substantial evidence that FMD induced 

by a sustained shear stress stimulus can be distinct from FMD induced by a transient shear stress 

stimulus, and that findings using one method cannot be extrapolated to represent the FMD 

response of the other. 

6.2.1.1 Why are RH- and EX-FMD different: vasodilator pathways? 

 In addition to the observations of the present studies and others (Padilla et al., 2006; 

Findlay et al., 2013; Szijgyarto et al., 2013; Slattery et al., 2016), which identify that EX-FMD 

and RH-FMD respond differently to different interventions and conditions, there is in vivo and in 

vitro evidence that sustained (such as EX) and transient (such as RH) shear stress stimuli produce 

FMD via different mechanisms.  For example, the endothelium releases a variety of vasodilators 

that act on the smooth muscle to cause dilation, and they are usually divided into three categories: 

NO (Ignarro et al., 1987), prostaglandins (Koller et al., 1993), and EDHF (Bellien et al., 2006).  

There is a plethora of evidence indicating that NO is the primary vasodilator involved in brachial 

artery RH-FMD, summarized in a recent meta-analysis by Green et al (2013).  Contrarily, 

evidence regarding the primary vasodilator involved in sustained shear induced FMD is less clear.  

Hand heating induced FMD may (Bellien et al., 2006) or may not (Mullen et al., 2001) be 

synergistically mediated by NO and EDHFs.  Furthermore, one study (Wray et al., 2011) 

determined that NO may be the primary vasodilator involved in progressive HGEX-FMD.  

However, regardless of vasodilator dependency, it is likely that EX and RH induced shear stress 

are transduced via distinct pathways.  For example, Frangos et al (1996) determined in vitro that 

sustained shear stress induces endothelial NO release via a G-protein independent mechanism, 

while transient shear stress induces NO release via a mechanism involving G-proteins.  In 

addition to NO, ROS which are produced during HGEX may be important for FMD.  In young 

healthy participants, there is evidence that ROS contribute to HGEX-FMD (Richardson et al., 
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2007), however the same HGEX induced ROS production may interfere with NO and become 

detrimental to HGEX-FMD in older participants (Donato et al., 2010).  However, most research 

suggests that ROS do not appear to be important for RH-induced FMD (Harris et al., 2009).  In 

context, these data imply that HGEX-FMD and RH-FMD may result from disparate mechanisms, 

therefore interventions and clinical conditions could act differently on these mechanisms, 

resulting in the different effects on HGEX and RH induced FMD. 

6.2.1.2 Physiological relevance and functional significance of EX-FMD vs. RH-FMD 

 It is important to acknowledge the growing evidence that EX-FMD and RH-FMD 

measure different aspects of endothelial function because a vast majority of FMD research 

utilizes only the RH-FMD technique.  EX-FMD is a response to a pattern of shear stress that is 

similar to the shear stress patterns that occur during exercise in everyday life, and therefore may 

be more physiologically similar to a regularly experienced FMD response than RH-FMD.  

Although there is a paucity of EX-FMD research among patients with clinical conditions, some 

evidence seems to point to HGEX-FMD as an early indicator of endothelial dysfunction, and 

potentially cardiovascular disease risk (Grzelak et al., 2010; Wray et al., 2012; Findlay et al., 

2013; Slattery et al., 2016).  In some cases, EX-FMD may display a greater impairment among 

high-risk populations than RH-FMD (Findlay et al., 2013; Slattery et al., 2016).  Interestingly, 

EX-FMD seems to be less effected by acute interventions that commonly impair RH-FMD.  For 

example mental stress (Szijgyarto et al., 2013), high fat meals (Padilla et al., 2006) and high 

intensity exercise (chapter 3) do not seem to result in impaired HGEX-FMD, while RH-FMD is 

fairly consistently impaired by these interventions (Ghiadoni et al., 2000; Padilla et al., 2006; 

Katayama et al., 2014).  This may point to EX-FMD as a representation of endothelial function 

that is less vulnerable to transient impairment, but is sensitive to chronically poor endothelial 

health.  Conversely, EX-FMD does appear to be acutely augmented by certain interventions (e.g. 

exercise (Chapter 3) or acute mental stress (Szijgyarto et al., 2014)).  Furthermore, EX-FMD 



 

 

 

138 

might be functionally important for perfusion during exercise, especially among those who have 

narrowed arteries as a consequence of atherosclerosis (Gordon et al., 1989; Huggins et al., 1998; 

Vita & Hamburg, 2010).  In these patients, an enhanced EX-FMD may represent reduced 

claudication/angina pain and increased ability to exercise.  Therefore, given that EX-FMD 

provides distinct information from RH-FMD, is more physiologically relevant, and may infer 

functional significance, the importance of EX-FMD measurement in addition to RH-FMD is 

apparent. 

6.2.2 There are regional and artery specific differences in FMD response 

 Between-limb differences in RH-FMD have been occasionally observed in prior studies 

(Wray & Richardson, 2006; Spence et al., 2013; Thosar et al., 2014; Restaino et al., 2015); 

however, this dissertation provides one of the first direct comparisons of between limb 

differences using EX-FMD.  The only prior studies to directly compare EX-FMD in the arm and 

leg determined that in the lower limb (common and deep femoral arteries), the responsiveness to 

a given change in shear rate is greatly reduced versus the brachial artery (Wray et al., 2005; Wray 

& Richardson, 2006).  Although those studies did not directly compare the upper and lower 

limbs, chapter 4 found that superficial femoral artery LEX-FMD was not stable upon repeat trials, 

yet our lab has previously shown that brachial artery HGEX-FMD is stable between closely 

spaced trials, using a similar EX-FMD methodology.  Chapter 5 determined that 4 weeks of 

endurance exercise training improved brachial artery RH-FMD, but superficial femoral artery 

RH-FMD was unchanged, whereas EX-FMD was unchanged in both limbs.  Other prior studies 

have found disparities between the upper and lower limb RH-FMD response to exercise training 

(Wray & Richardson, 2006; Spence et al., 2013) and sitting (Thosar et al., 2014; Restaino et al., 

2015).  Limb specific differences in the FMD response may be due to the hemodynamic forces 

that act on each artery in everyday life.  For example, blood pressure and shear stress, which are 

experienced differently by the upper and lower limbs during daily living, both have profound 
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effects on vascular adaptations (Green et al., 2017).  These factors could lead to different 

phenotypic adaptations in the endothelium of different regions of the body, and this may explain 

why these regions respond differently to acute interventions (ie. Exercise, sitting). 

 Mechanistically, it is well established that brachial artery RH-FMD is largely NO 

mediated (Green et al., 2013), and there is also some evidence that superficial femoral artery RH-

FMD is NO mediated (Kooijman et al., 2008).  In contrast, the vasodilators involved in EX-FMD 

are understudied.  As mentioned above, some research suggests that brachial artery HGEX-FMD 

is NO mediated (Wray et al., 2011), however the vasodilators responsible for lower limb EX-

FMD have never been investigated.  Interestingly, Kooijman et al (2008) determined that 

superficial femoral artery FMD in response to a prolonged occlusion (producing a larger and 

longer lasting RH shear stimulus), was not NO mediated.  Therefore, there may be different 

vasodilators involved in the sustained shear induced pathways of the brachial and superficial 

femoral artery FMD response, but this requires more investigation. 

6.2.3 Ex-FMD responds differently to acute and chronic exercise stimuli 

 The same bout of high-intensity cycling exercise was performed in chapters 3 and 5, 

during which, the acute and chronic effects of this exercise dose on brachial artery HGEX-FMD 

were assessed.  The acute bout of cycling augmented HGEX-FMD, yet 4 weeks of exercise 

training resulted in no increase in HGEX-FMD (despite an increase RH-FMD).  Therefore, 

HGEX-FMD can be affected differently by acute and chronic exercise, and this indicates that the 

pathways that are augmented by acute exercise is not chronically upregulated by the training 

stimulus used in chapter 5. For example, we propose that acute exercise may act via the activation 

of SOD and enhancement of ROS (H2O2, and EDHF) induced dilation, yet repeated bouts of 

exercise may not result in a permanent upregulation of this pathway.  In contrast, RH-FMD can 

be enhanced by training due to an increase in eNOS content (Hambrecht et al., 2003), yet be 

impaired by exercise induced ROS following a single bout of high intensity endurance exercise 
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(Silvestro et al., 2002).   These findings highlight the different effects of acute and chronic 

exercise, as well as the differences between RH- and HGEX-FMD. 

 

6.3 Limitations 

6.3.1 Females were not included in two studies 

Only chapter 4 included females, which have limited the generalizability of the findings of 

chapters 3 and 5.  EX-FMD has never been directly compared between males and females, and 

there are few studies that directly compare the RH-FMD response to exercise of males versus 

females.  One study reports that acute exercise reduces RH-FMD in females but not males; 

however, these findings were obscured by the fact that the females in that study were habitually 

less active (Hwang et al., 2012).  Other studies have shown decreases in RH-FMD post exercise 

in inactive males (Harris et al., 2008).  Concerning exercise training, sex has only been directly 

compared in small studies of older, post-menopausal populations.  These studies found 

conflicting results, with one finding that only women improved following training (Black et al., 

2009), and the other that only men improved (Pierce et al., 2011).  A different study in post-

menopausal women found that RH-FMD was only improved by training when women were also 

taking estrogen therapy, suggesting a possible synergistic effect of exercise and estradiol (Moreau 

et al., 2013).  With this in mind, men and women may have responded differently to the acute 

exercise and/or exercise training interventions applied in this dissertation, and more research is 

needed to investigate sex differences in EX-FMD.  Our choice to exclude females in 2 of 3 

studies was due to the potential for fluctuating RH-FMD in correspondence with menstrual cycle 

(Williams et al., 2001), a lack of previous research on the menstrual cycle’s effect on EX-FMD, 

and to acute and chronic exercise studies which also used males (Tinken et al., 2008; Birk et al., 

2012, 2013). 
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6.3.2 Lack of standardized EX-FMD methodology 

There is no standard methodology for EX-FMD, or even HGEX-FMD tests.  During the 

studies in this dissertation, 6 minutes of steady-state isometric HGEX were performed while a 

specific shear rate was targeted in order to elicit FMD.  The LEX-FMD tests employed a 

modified version of this protocol, which incorporated dynamic exercise.  However, different 

research groups have utilized other methods of HGEX, including sustained, dynamic HGEX 

(Padilla et al., 2006), and progressive HGEX (Wray et al., 2011), which targets a specific force 

output as opposed to shear stress.  The methodology utilized in this dissertation was chosen for a 

few reasons: 1) It allowed us to control the shear stress stimulus by actively increasing and 

decreasing shear stress magnitude, thereby decreasing the stimulus variability. 2) There is 

evidence that this shear stress pattern stimulates EX-FMD which is impaired  by some risk factors 

for cardiovascular disease, such as smoking (Findlay et al., 2013) and obesity (Slattery et al., 

2016). 3) It allows us to capture the whole time course of dilation, permitting us to identify 

differences in the timing of the response, as well as peak responses.  Given the lack of 

standardization of HGEX-FMD measures, there remains a possibility that different HGEX 

methods elicit different mechanisms of dilation and assess different aspects of FMD.  More 

research is required to identify the specificity of FMD responses to a sustained isometric protocol 

(as applied here) versus other HGEX protocols. 

6.3.3 Difficulty targeting shear rate during EX-FMD 

  EX-FMD allows a specific shear rate stimulus to be targeted, which leads to a smaller 

between-trial and between-participant variability of this stimulus than RH (Pyke & Jazuli, 2011).  

However, during all three studies of this dissertation, there was at least one trial or visit that 

displayed a significantly different mean shear rate during the first minute of EX than the other 

trials. This highlights the fact that perfectly matching shear rate during EX-FMD is difficult, and 

invites human error, particularly since participants and experimenters must work together to 
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target the shear rate.  Furthermore, since the variability of shear rate is reduced, small but 

consistent systematic differences can more easily become statistically significant.  Fortunately, 

the targeting errors in this dissertation were small (< 5 s-1), brief (only the first minute of EX), and 

the direction of error did not alter the interpretation of the findings. 

6.3.4 Participant screening 

Records were not kept regarding the number of potential participants who responded to 

recruitment advertisements but were ultimately screened out due to various criteria.  This 

prevents us from being able to present the ratio of those who responded to recruitment 

advertisements versus those who actually entered the study.  We are also unable to identify the 

most common causes of exclusion. 

 

6.4 Future directions 

 

6.4.1 Longer training periods 

 Although 4 weeks of endurance exercise training is sufficient to induce improvements in 

brachial artery RH-FMD (Chapter 5, Tinken et al., 2008; Birk et al., 2012), adaptations in EX-

FMD may occur more slowly.  As evidence for this, some training studies (Tinken et al., 2008, 

2010; Naylor et al., 2011; Birk et al., 2012) have utilized a prolonged RH test, which employs 

ischemic HGEX to create a larger and more prolonged RH shaped increase in shear stress.  The 

FMD in response to the prolonged RH test can take longer to become augmented versus 

traditional RH-FMD. Although still transient and uncontrolled, this test may invoke some 

pathways involved in HGEX-FMD.  Therefore, since the augmentation of prolonged RH-FMD 

occurs later in training than RH-FMD, this may indicate that EX-FMD also responds more slowly 

to training.  Indeed, in healthy elderly men, 6 weeks of knee extensor training appears to be long 

enough to observe an adaptation in brachial artery HGEX-FMD (Donato et al., 2010).  Therefore, 
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the EX-FMD response in chapter 5 may have required a longer training duration in order to see 

an adaptation.  Future research should employ longer durations of training (at least 6 weeks) and 

more frequent measurements of EX-FMD in an attempt to capture a time course of adaptation 

that may have been missed by this dissertation. 

6.4.2 Identification of vasodilators involved 

As mentioned previously, there is no standard methodology for performing EX-FMD, 

and although progressive HGEX-FMD is largely NO mediated, the vasodilators involved in 

HGEX- and LEX-FMD used in this dissertation are unknown.  For HGEX-FMD specifically, this 

information would be valuable because it might ease the comparison of findings using 

progressive HGEX-FMD versus the more prolonged HGEX-FMD test used in this dissertation.  

Mechanistically, the HGEX-FMD appears to show multiple phases of dilation (Pyke et al., 

2008b), which indicates that different vasodilator mechanisms may act during each phase.  

Comprehensive vasodilator blockade studies would allow for the identification of the vasodilators 

involved in each phase of EX-FMD, and further our understanding of the mechanisms of 

vasodilation that may occur during daily activity.  

6.4.3 Investigation of the impact of exercise induced ROS on the FMD response to training 

ROS appear to be involved in the HGEX-FMD response to acute exercise (chapter 3), 

and in elderly participants there appears to be an exercise training induced shift in the HGEX-

FMD pathway towards a reliance on ROS induced vasodilation (Donato et al., 2010).  However, 

the role of conduit artery endothelial ROS that are produced during each exercise bout has never 

been investigated during exercise training.  ROS are an important signaling molecule in the 

endothelium, and may upregulate certain enzymes that are involved in RH- and EX-FMD.  For 

example, ROS are known to activate p38 MAPK, and CAMK, which lead to an increased 

transcription of eNOS (Cai et al., 2004; Bretón-Romero et al., 2012).  Therefore, an endurance 

training study that isolates the role of ROS via antioxidant supplementation prior to each exercise 
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bout would provide invaluable insight into the mechanisms of the exercise induced adaptation of 

EX-FMD and RH-FMD. 

6.5 Summary of research experience  

  

During all three studies of this dissertation, I was intimately involved in all aspects of the 

research.  With feedback from Dr. Pyke, I developed the research questions, created the 

experimental design, and wrote the manuscripts.  I performed vascular ultrasound during all 

experimental data collections while simultaneously managing other students assisting during 

these collections.  I also supervised a large number of the exercise training sessions required for 

the study in Chapter 5.  I performed the vast majority of my own data analysis (some analysis was 

performed by other trainees working under my direction), including ultrasound images, blood 

velocity, heart rate, blood pressure, handgrip force, and statistical tests.  In addition to these tasks, 

I designed, built, and piloted the LEX-FMD machine, and performed all pilot work for chapters 3, 

4, and 5.  Much of these data were presented at various national and international conferences.  

This dissertation was performed while also helping with data collection and/or analysis of almost 

every other study that was undertaken by our lab during this time. During these studies I learned 

and used techniques such as cortisol ELISAs, protein assays, venipuncture, and blood and saliva 

preparation techniques.  I also gained experience researching clinical populations, such as those 

with COPD and those with depression.  Aside from the studies in my dissertation, I published 

another first author manuscript (King et al., 2015), and co-authored others which were published 

(Szijgyarto et al., 2013; Slattery et al., 2016; Tremblay & King, 2016) or are currently in 

preparation.  Furthermore, I designed, managed, collected and analyzed data for the RH-FMD 

portion of a 35 participant training study in joint with another lab, which was never published due 

to technical difficulties.  During my PhD, I co-taught 2 undergraduate courses and guest lectured 

for 2 weeks in another course.  I also acted as lab manager for the final year of my studies.  The 
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skills, knowledge, and experiences that I have obtained throughout my PhD have stimulated my 

interest in research, sparked my curiosity in physiology, and prepared me for my own 

independent research.  

6.6 Summary and conclusions 

 

 The focus of this dissertation was to further our knowledge of the EX-FMD response, and 

elucidate the impact of exercise on this measurement.  The findings of these studies generated 

three primary themes.  Firstly, EX-FMD and RH-FMD respond differently to interventions, 

indicating that they tells us about distinct aspects of FMD.  Secondly, there are regional 

differences in the EX- and RH-FMD response, implying that each conduit artery may respond 

differently to shear stress and other interventions.  Thirdly, acute endurance exercise and 

endurance exercise training may influence the EX-FMD pathways differently.  This work makes 

important contributions to our understanding of the FMD response by identifying factors that 

differently effect EX-FMD and RH-FMD.   Furthermore, these data may provide a more 

physiologically relevant view of the FMD response to acute and chronic exercise. 

 

  



 

 

 

146 

References 

Ade CJ, Brown MG, Ederer AK, Hardy RN, Reiter LK & Didier KD (2015). Influence of prior 

anterograde shear rate exposure on exercise-induced brachial artery dilation. Physiol Rep 3, 

1–7. 

Alessio HM, Goldfarb AH & Cao G (1997). Exercise-Induced Oxidative Stress before and after 

Vitamin C Supplementation. Int J Sport Nutr 7, 1–9. 

Ando J & Yamamoto K (2013). Flow detection and calcium signalling in vascular endothelial 

cells. Cardiovasc Res 99, 260–268. 

Ashor AW, Lara J, Siervo M, Celis-Morales C, Oggioni C, Jakovljevic DG & Mathers JC 

(2015a). Exercise Modalities and Endothelial Function: A Systematic Review and Dose–

Response Meta-Analysis of Randomized Controlled Trials. Sport Med 45, 279–296. 

Ashor AW, Siervo M, Lara J, Oggioni C, Afshar S & Mathers JC (2015b). Effect of vitamin C 

and vitamin E supplementation on endothelial function: a systematic review and meta-

analysis of randomised controlled trials. Br J Nutr 113, 1182–1194. 

Ashton T, Young IS, Peters JR, Jones E, Jackson SK, Davies B & Rowlands CC (1999). Electron 

spin resonance spectroscopy, exercise, and oxidative stress: an ascorbic acid intervention 

study. J Appl Physiol 87, 2032–2036. 

Åstrand P, Ekblom B, Messin R, Saltin B & Stenberg J (1965). Intra-arterial blood pressure 

during exercise with different muscle groups. J Appl Physiol 20, 253–256. 

Atkinson CL, Carter HH, Dawson EA, Naylor LH, Thijssen DHJ & Green DJ (2015). Impact of 

handgrip exercise intensity on brachial artery flow-mediated dilation. Eur J Appl Physiol 

115, 1705–1713. 

Atkinson G, Batterham AM, Black MA, Cable NT, Hopkins ND, Dawson EA, Thijssen DHJ, 

Jones H, Tinken TM & Green DJ (2009). Is the ratio of flow-mediated dilation and shear 

rate a statistically sound approach to normalization in cross-sectional studies on endothelial 

function ? J Appl Physiol1893–1899. 

Atkinson G, Batterham AM, Thijssen DHJJ & Green DJ (2013). A new approach to improve the 

specificity of flow-mediated dilation for indicating endothelial function in cardiovascular 

research. J Hypertens 31, 287–291. 

Bailey T, Cable N, Miller G, Sprung V, Low D & Jones H (2016). Repeated Warm Water 

Immersion Induces Similar Cerebrovascular Adaptations to 8 Weeks of Moderate-Intensity 

Exercise Training in Females. Int J Sports Med 37, 757–765. 

Bailey TG, Birk GK, Cable NT, Atkinson G, Green DJ, Jones H & Thijssen DHJ (2012). Remote 

ischemic preconditioning prevents reduction in brachial artery flow-mediated dilation after 

strenuous exercise. Am J Physiol Heart Circ Physiol 303, H533-8. 

Banerjee AK, Mandal A, Chanda D & Chakraborti S (2003). Oxidant, antioxidant and physical 

exercise. Mol Cell Biochem 253, 307–312. 



 

 

 

147 

Bayr H (2005). Reactive oxygen species. Crit Care Med 33, S498–S501. 

Beck DT, Casey DP, Martin JS, Emerson BD & Braith RW (2013). Exercise training improves 

endothelial function in young prehypertensives. Exp Biol Med (Maywood) 238, 433–441. 

Bellien J, Costentin A, Dutheil-Maillochaud B, Iacob M, Kuhn J-M, Thuillez C & Joannides R 

(2010). Early stage detection of conduit artery endothelial dysfunction in patients with type 

1 diabetes. Diab Vasc Dis Res 7, 158–166. 

Bellien J, Iacob M, Gutierrez L, Isabelle M, Lahary A, Thuillez C & Joannides R (2006). Crucial 

role of NO and endothelium-derived hyperpolarizing factor in human sustained conduit 

artery flow-mediated dilatation. Hypertension 48, 1088–1094. 

Berzosa C, Cebrián I, Fuentes-Broto L, Gómez-Trullén E, Piedrafita E, Martínez-Ballarín E, 

López-Pingarrón L, Reiter RJ & García JJ (2011). Acute exercise increases plasma total 

antioxidant status and antioxidant enzyme activities in untrained men. J Biomed Biotechnol 

2011, 540458. 

Birk GK, Dawson EA, Atkinson C, Haynes A, Cable NT, Thijssen DHJ & Green DJ (2012). 

Brachial artery adaptation to lower limb exercise training: role of shear stress. J Appl 

Physiol 112, 1653–1658. 

Birk GK, Dawson E, Batterham A, Atkinson G, Cable T, Thijssen DH & Green D (2013). Effects 

of exercise intensity on flow mediated dilation in healthy humans. Int J Sport 34, 409–414. 

Black MA, Cable NT, Thijssen DHJ & Green DJ (2009). Impact of age, sex, and exercise on 

brachial artery flow-mediated dilatation. Am J Physiol Heart Circ Physiol 297, H1109-16. 

Bogdanis GC, Stavrinou P, Fatouros IG, Philippou A, Chatzinikolaou A, Draganidis D, Ermidis 

G & Maridaki M (2013). Short-term high-intensity interval exercise training attenuates 

oxidative stress responses and improves antioxidant status in healthy humans. Food Chem 

Toxicol; DOI: 10.1016/j.fct.2013.05.046. 

Bretón-Romero R, González De Orduña C, Romero N, Sánchez-Gómez FJ, De Álvaro C, Porras 

A, Rodríguez-Pascual F, Laranjinha J, Radi R & Lamas S (2012). Critical role of hydrogen 

peroxide signaling in the sequential activation of p38 MAPK and eNOS in laminar shear 

stress. Free Radic Biol Med 52, 1093–1100. 

Bretón-Romero R & Lamas S (2013). Hydrogen peroxide signaling mediator in the activation of 

p38 MAPK in vascular endothelial cells. Methods Enzymol 528, 49–59. 

Butler PJ, Weinbaum S, Chien S & Lemons DE (2000). Endothelium-Dependent, Shear-Induced 

Vasodialtion is Rate-Sensitive. Microcirculation 7, 53–65. 

Cai H & Harrison DG (2000). Endothelial Dysfunction in Cardiovascular Diseases: The Role of 

Oxidant Stress. Circ Res 87, 840–844. 

Cai H, McNally JS, Weber M & Harrison DG (2004). Oscillatory shear stress upregulation of 

endothelial nitric oxide synthase requires intracellular hydrogen peroxide and CaMKII. J 

Mol Cell Cardiol 37, 121–125. 



 

 

 

148 

Carter HH, Spence AL, Atkinson CL, Pugh CJA, Naylor LH & Green DJ (2014). Repeated core 

temperature elevation induces conduit artery adaptation in humans. Eur J Appl Physiol 114, 

859–865. 

Celermajer D, Sorensen K & Gooch V (1992). Non-invasive detection of endothelial dysfunction 

in children and adults at risk of atherosclerosis. Lancet1111–1115. 

Celermajer DS, Sorensen KE, Bull C, Robinson J & Deanfield JE (1994). Endothelium-

dependent dilation in the systemic arteries of asymptomatic subjects relates to coronary risk 

factors and their interaction. J Am Coll Cardiol 24, 1468–1474. 

Chin LK, Yu JQ, Fu Y, Yu T, Liu AQ & Luo KQ (2011). Production of reactive oxygen species 

in endothelial cells under different pulsatile shear stresses and glucose concentrations. Lab 

Chip 11, 1856. 

Chua CC, Hamdy RC & Chua BHL (1998). Upregulation of vascular endothelial growth factor 

by H2O2 in rat heart endothelial cells. Free Radic Biol Med 25, 891–897. 

Clarkson P, Montgomery HE, Mullen MJ, Donald  a E, Powe  a J, Bull T, Jubb M, World M & 

Deanfield JE (1999). Exercise training enhances endothelial function in young men. J Am 

Coll Cardiol 33, 1379–1385. 

Currie KD, McKelvie RS & Macdonald MJ (2012). Flow-mediated dilation is acutely improved 

after high-intensity interval exercise. Med Sci Sports Exerc 44, 2057–2064. 

Currie KD, McKelvie RS & Macdonald MJ (2014). Brachial artery endothelial responses during 

early recovery from an exercise bout in patients with coronary artery disease. Biomed Res 

Int 2014, 591918. 

Davies PF, Remuzzitt A, Gordon EJ, Dewey CF & Gimbrone MA (1986). Turbulent fluid shear 

stress induces vascular endothelial cell turnover in vitro. Proc Natl Acad Sci U S A 83, 

2114–2117. 

Davis ME, Cai H, McCann L, Fukai T & Harrison DG (2003). Role of c-Src in regulation of 

endothelial nitric oxide synthase expression during exercise training. Am J Physiol Heart 

Circ Physiol 284, H1449-53. 

Dawson EA, Green DJ, Cable NT & Thijssen DHJ (2013a). Effects of acute exercise on flow-

mediated dilatation in healthy humans. J Appl Physiol 115, 1589–1598. 

Dawson EA, Green DJ, Cable NT & Thijssen DHJ (2013b). Effects of acute exercise on flow 

mediated dilatation (FMD) in healthy humans. J Appl Physiol; DOI: 

10.1152/japplphysiol.00450.2013. 

Delp MD & Laughlin MH (1998). Regulation of skeletal muscle perfusion during exercise. Acta 

Physiol Scand 162, 411–419. 

DeSouza CA., Shapiro LF, Clevenger CM, Dinenno FA., Monahan KD, Tanaka H & Seals DR 

(2000). Regular Aerobic Exercise Prevents and Restores Age-Related Declines in 

Endothelium-Dependent Vasodilation in Healthy Men. Circulation 102, 1351–1357. 



 

 

 

149 

Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R & Zeiher AM (1999). Activation of 

nitric oxide synthase in endothelial cells by Akt-dependent phosphorylation. Nature 399, 

601–605. 

Donato AJ, Uberoi A, Bailey DM, Wray DW & Richardson RS (2010). Exercise-induced 

brachial artery vasodilation: effects of antioxidants and exercise training in elderly men. Am 

J Physiol Hear Circ Physiol 298, H671-8. 

Drummond GR, Cai H, Davis ME, Ramasamy S & Harrison DG (2000). Transcriptional and 

Posttranscriptional Regulation of Endothelial Nitric Oxide Synthase Expression by 

Hydrogen Peroxide. Circ Res. 

Duivenvoorden R, Vanbavel E, de Groot E, Stroes ESG, Disselhorst JA, Hutten BA, Laméris JS, 

Kastelein JJP & Nederveen AJ (2010). Endothelial shear stress: a critical determinant of 

arterial remodeling and arterial stiffness in humans--a carotid 3.0-T MRI study. Circ 

Cardiovasc Imaging 3, 578–585. 

Dyson KS, Shoemaker JK & Hughson RL (2006). Effect of acute sympathetic nervous system 

activation on flow-mediated dilation of brachial artery. Am J Hear Circ Physiol 290, 1446–

1453. 

Early KS, Stewart A, Johannsen N, Lavie CJ, Thomas JR & Welsch M (2017). The Effects of 

Exercise Training on Brachial Artery Flow-Mediated Dilation: A Meta-Analysis. J 

Cardiopulm Rehabil Prev 37, 77–89. 

Eskurza I, Monahan KD, Robinson JA & Seals DR (2004). Effect of acute and chronic ascorbic 

acid on flow-mediated dilatation with sedentary and physically active human ageing. J 

Physiol 556, 315–324. 

Figueroa XF, González DR, Puebla M, Acevedo JP, Rojas-Libano D, Durán WN & Boric MP 

(2013). Coordinated endothelial nitric oxide synthase activation by translocation and 

phosphorylation determines flow-induced nitric oxide production in resistance vessels. J 

Vasc Res 50, 498–511. 

Findlay BB, Gupta P, Szijgyarto IC & Pyke KE (2013). Impaired brachial artery flow-mediated 

vasodilation in response to handgrip exercise-induced increases in shear stress in young 

smokers. Vasc Med 18, 63–71. 

Fisher-Wellman K & Bloomer RJ (2009). Acute exercise and oxidative stress: a 30 year history. 

Dyn Med 8, 1. 

Fisslthaler, Dimmeler, Hermann, Busse & Fleming (2000). Phosphorylation and activation of the 

endothelial nitric oxide synthase by fluid shear stress. Acta Physiol Scand 168, 81–88. 

Frangos JA, Huang TY & Clark CB (1996). Steady shear and step changes in shear stimulate 

endothelium via independent mechanisms--superposition of transient and sustained nitric 

oxide production. Biochem Biophys Res Commun 224, 660–665. 

Fuchsjäger-Mayrl G & Pleiner J (2002). Exercise training improves vascular endothelial function 

in patients with type 1 diabetes. Diabetes Care 25, 1795–1801. 



 

 

 

150 

Fukumoto Y, Hiro T, Fujii T, Hashimoto G, Fujimura T, Yamada J, Okamura T & Matsuzaki M 

(2008). Localized Elevation of Shear Stress Is Related to Coronary Plaque Rupture. A 3-

Dimensional Intravascular Ultrasound Study With In-Vivo Color Mapping of Shear Stress 

Distribution. J Am Coll Cardiol 51, 645–650. 

Furchgott R & Zawadzki J (1980). The obligatory role of endothelial cells in the relaxation of 

arterial smooth muscle by acetylcholine. Nature 288, 373–376. 

Gaenzer H, Neumayr G, Marschang P, Sturm W, Kirchmair R & Patsch JR (2001). Flow-

mediated vasodilation of the femoral and brachial artery induced by exercise in healthy 

nonsmoking and smoking men. J Am Coll Cardiol 38, 1313–1319. 

Gates PE, Strain WD & Shore AC (2009). Human endothelial function and microvascular ageing. 

Exp Physiol 94, 311–316. 

Gewaltig MT & Kojda G (2002). Vasoprotection by nitric oxide: mechanisms and therapeutic 

potential. Cardiovasc Res 55, 250–260. 

Ghiadoni L, Donald  AE, Cropley M, Mullen MJ, Oakley G, Taylor M, O’Connor G, Betteridge 

J, Klein N, Steptoe  a. & Deanfield JE (2000). Mental Stress Induces Transient Endothelial 

Dysfunction in Humans. Circulation 102, 2473–2478. 

Goel R, Majeed F, Vogel R, Corretti MC, Weir M, Mangano C, White C, Plotnick GD & Miller 

M (2007). Exercise-induced hypertension, endothelial dysfunction, and coronary artery 

disease in a marathon runner. Am J Cardiol 99, 743–744. 

Gokce N, Vita JA, Bader DS, Sherman DL, Hunter LM, Holbrook M, O’Malley C, Keaney JF & 

Balady GJ (2002). Effect of exercise on upper and lower extremity endothelial function in 

patients with coronary artery disease. Am J Cardiol 90, 124–127. 

Gonzalez-Alonso J, Olsen DB & Saltin B (2002). Erythrocyte and the Regulation of Human 

Skeletal Muscle Blood Flow and Oxygen Delivery: Role of Circulating ATP. Circ Res 91, 

1046–1055. 

Gordon JB, Ganz P, Nabel EG, Fish RD, Zebede J, Mudge GH, Alexander RW & Selwyn AP 

(1989). Atherosclerosis Influences the Vasomotor Remoonse of Epicardial Coronary 

Arteries to Exercise. J Clin Invest 83, 1946–1952. 

Goto C, Higashi Y, Kimura M, Noma K, Hara K, Nakagawa K, Kawamura M, Chayama K, 

Yoshizumi M & Nara I (2003). Effect of different intensities of exercise on endothelium-

dependent vasodilation in humans: role of endothelium-dependent nitric oxide and oxidative 

stress. Circulation 108, 530–535. 

Green DJ, Dawson EA, Groenewoud HMM, Jones H & Thijssen DHJ (2013). Is Flow-Mediated 

Dilation Nitric Oxide Mediated?: A Meta-Analysis. Hypertension 63, 376–382. 

Green DJ, Hopman MTE, Padilla J, Laughlin MH & Thijssen DHJ (2017). Vascular Adaptation 

to Exercise in Humans: Role of Hemodynamic Stimuli. Physiol Rev 97, 495–528. 

Green DJ, Jones H, Thijssen D, Cable NT & Atkinson G (2011a). Flow-mediated dilation and 

cardiovascular event prediction: does nitric oxide matter? Hypertension 57, 363–369. 



 

 

 

151 

Green DJ, Maiorana A, O’Driscoll G & Taylor R (2004). Effect of exercise training on 

endothelium-derived nitric oxide function in humans. J Physiol 561, 1–25. 

Green DJ, Rowley N, Spence A, Carter H, Whyte G, George K, Naylor LH, Timothy Cable N, 

Dawson EA & Thijssen DHJ (2013b). Why isn’t flow-mediated dilation enhanced in 

athletes? Med Sci Sports Exerc 45, 75–82. 

Green DJ, Spence A, Halliwill JR, Cable NT & Thijssen DHJ (2011b). Exercise and vascular 

adaptation in asymptomatic humans. Exp Physiol 96, 57–70. 

Griendling K, Sorescu D, Lasse‘gue B & Ushio-Fukai M (2000). Modulation of protein kinase 

activity and gene expression by reactive oxygen species and their role in vascular 

physiology and pathophysiology. Arter Thromb Vasc Biol 20, 2175–2183. 

Gryglewski R, Palmer R & Moncada S (1986). Superoxide anion is involved in the breakdown of 

endothelium-derived vascular relaxing factor. Nature 320, 454–456. 

Grzelak P, Olszycki M, Majos A, Czupryniak L, Strzelczyk J & Stefańczyk L (2010). Hand 

exercise test for the assessment of endothelium-dependent vasodilatation in subjects with 

type 1 diabetes. Diabetes Technol Ther 12, 605–611. 

Hambrecht R, Adams V, Erbs S, Linke A, Kränkel N, Shu Y, Baither Y, Gielen S, Thiele H, 

Gummert JF, Mohr FW & Schuler G (2003). Regular physical activity improves endothelial 

function in patients with coronary artery disease by increasing phosphorylation of 

endothelial nitric oxide synthase. Circulation 107, 3152–3158. 

Hambrecht R, Fiehn E, Weigl C, Gielen S, Hamann C, Kaiser R, Yu J, Adams V, Niebauer J & 

Schuler G (1998). Regular Physical Exercise Corrects Endothelial Dysfunction and 

Improves Exercise Capacity in Patients With Chronic Heart Failure. Circulation 98, 2709–

2715. 

Harris RA, Nishiyama SK, Wray DW, Tedjasaputra V, Bailey DM & Richardson RS (2009). The 

effect of oral antioxidants on brachial artery flow-mediated dilation following 5 and 10 min 

of ischemia. Eur J Appl Physiol 107, 445–453. 

Harris RA, Padilla J, Rink LD & Wallace JP (2006). Variability of flow-mediated dilation 

measurements with repetitive reactive hyperemia. Vasc Med 11, 1–6. 

Harris RA & Padilla J (2007). Proper “normalization” of flow-mediated dilation for shear. J Appl 

Physiol 103, 1108. 

Harris RA, Padilla J, Hanlon KP, Rink LD & Wallace JP (2008). The Flow-mediated Dilation 

Response to Acute Exercise in Overweight Active and Inactive Men. Integr Physiol 16, 

578–584. 

Herrington DM, Fan L, Drum M, Riley W a., Pusser BE, Crouse JR, Burke GL, McBurnie M a., 

Morgan TM & Espeland M a. (2001). Brachial Flow-Mediated Vasodilator Responses in 

Population-Based Research: Methods, Reproducibility and Effects of Age, Gender and 

Baseline Diameter. Eur J Cardiovasc Prev Rehabil 8, 319–328. 

Hijmering ML, Stroes ESG, Olijhoek J, Hutten BA, Ms C, Blankestijn PJ & Rabelink TJ (2002). 



 

 

 

152 

Sympathetic Activation Markedly Reduces Endothelium-Dependent, Flow-Mediated 

Vasodilation. J Am Coll Cardiol 39, 4–9. 

Hoffman DL & Brookes PS (2009). Oxygen sensitivity of mitochondrial reactive oxygen species 

generation depends on metabolic conditions. J Biol Chem 284, 16236–16245. 

Hopkins ND, Stratton G, Cable NT, Tinken TM, Graves LEF & Green DJ (2012). Impact of 

exercise training on endothelial function and body composition in young people: a study of 

mono- and di-zygotic twins. Eur J Appl Physiol 112, 421–427. 

Hornig B, Maier V & Drexler H (1996). Physical Training Improves Endothelial Function in 

Patients With Chronic Heart Failure. Circulation 93, 210–214. 

Hsieh H-J, Liu C-A, Huang B, Tseng AH & Wang DL (2014). Shear-induced endothelial 

mechanotransduction: the interplay between reactive oxygen species (ROS) and nitric oxide 

(NO) and the pathophysiological implications. J Biomed Sci 21, 3. 

Hsieh HJ, Cheng CC, Wu ST, Chiu JJ, Wung BS & Wang DL (1998). Increase of reactive 

oxygen species (ROS) in endothelial cells by shear flow and involvement of ROS in shear-

induced c-fos expression. J Cell Physiol 175, 156–162. 

Hu Z, Chen J, Wei Q & Xia Y (2008). Bidirectional actions of hydrogen peroxide on endothelial 

nitric-oxide synthase phosphorylation and function: Co-commitment and interplay of Akt 

and AMPK. J Biol Chem 283, 25256–25263. 

Huang A, Vita JA, Venema RC & Keaney JF (2000). Ascorbic Acid Enhances Endothelial Nitric-

oxide Synthase Activity by Increasing Intracellular Tetrahydrobiopterin*. J or Biol Chem 

275, 17399–17406. 

Huggins GS, Pasternak RC, Alpert NM, Fischman AJ & Gewirtz H (1998). Effects of Short-Term 

Treatment of Hyperlipidemia on Coronary Vasodilator Function and Myocardial Perfusion 

in Regions Having Substantial Impairment of Baseline Dilator Reverse. Circulation 98, 

1291–1296. 

Hwang I-C, Kim K-H, Choi W-S, Kim H-J, Im M-S, Kim Y-J, Kim S-H, Kim M-A, Sohn D-W 

& Zo J-H (2012). Impact of acute exercise on brachial artery flow-mediated dilatation in 

young healthy people. Cardiovasc Ultrasound 10, 39. 

Ignarro LJ, Buga GM, Wood KS, Byrns RE & Chaudhuri G (1987). Endothelium-derived 

relaxing factor produced and released from artery and vein is nitric oxide. Proc Natl Acad 

Sci 84, 9265–9269. 

Imamura M, Biro S, Kihara T, Yoshifuku S, Takasaki K, Otsuji Y, Minagoe S, Toyama Y & Tei 

C (2001). Repeated thermal therapy improves impaired vascular endothelial function in 

patients with coronary risk factors. J Am Coll Cardiol 38, 1083–1088. 

Inaba Y, Chen JA & Bergmann SR (2010). Prediction of future cardiovascular outcomes by flow-

mediated vasodilatation of brachial artery: a meta-analysis. Int J Cardiovasc Imaging 26, 

631–640. 

Irace C, Padilla J, Carallo C, Scavelli F & Gnasso A (2014). Delayed vasodilation is associated 



 

 

 

153 

with cardiovascular risk. Eur J Clin Invest; DOI: 10.1111/eci.12268. 

Ives SJ, Harris RA, Witman MAH, Fjeldstad AS, Garten RS, Mcdaniel J, Wray DW & 

Richardson RS (2014). Vascular Dysfunction and Chronic Obstructive Pulmonary Disease: 

The role of redox balance. Hypertension 63, 459–467. 

Jazuli F & Pyke KE (2011). The impact of baseline artery diameter on flow-mediated 

vasodilation: a comparison of brachial and radial artery responses to matched levels of shear 

stress. Am J Hear Circ Physiol 301, 1667–1677. 

Joannides R, Haefeli WE, Linder L, Richard V, Bakkali EH, Thuillez C & Luscher TF (1995). 

Nitric Oxide Is Responsible for Flow-Dependent Dilatation of Human Peripheral Conduit 

Arteries In Vivo. Circulation 91, 1314–1319. 

Johnson BD, Mather KJ, Newcomer SC, Mickleborough TD & Wallace JP (2012a). Brachial 

artery flow-mediated dilation following exercise with augmented oscillatory and retrograde 

shear rate. Cardiovasc Ultrasound 10, 34. 

Johnson BD, Mather KJ, Newcomer SC, Mickleborough TD & Wallace JP (2013). Vitamin C 

prevents the acute decline of flow-mediated dilation after altered shear rate patterns. Appl 

Physiol Nutr Metab 38, 268–274. 

Johnson BD, Padilla J & Wallace JP (2012b). The exercise dose affects oxidative stress and 

brachial artery flow-mediated dilation in trained men. Eur J Appl Physiol 112, 33–42. 

Jones H, Green DJ, George K & Atkinson G (2010). Intermittent exercise abolishes the diurnal 

variation in endothelial-dependent flow-mediated dilation in humans. Am J Physiol Regul 

Integr Comp Physiol 298, R427-32. 

Joras M & Poredos P (2008). The association of acute exercise-induced ischaemia with systemic 

vasodilator function in patients with peripheral arterial disease. Vasc Med 13, 255–262. 

Katayama K, Fujita O, Iemitsu M, Kawano H, Iwamoto E, Saito M & Ishida K (2013). The effect 

of acute exercise in hypoxia on flow-mediated vasodilation. Eur J Appl Physiol 113, 349–

357. 

Katayama K, Yamashita S, Iwamoto E & Ishida K (2014). Flow-mediated dilation in the inactive 

limb following acute hypoxic exercise. Clin Physiol Funct Imaging1–10. 

King TJ, Lemke H, Green AD, Tripp DA, Poitras VJ, Gurd BJ & Pyke KE (2015). Impaired 

brachial artery endothelial function in young healthy women following an acute painful 

stimulus. Eur J Appl Physiol 115, 1547–1557. 

King TJ, Schmitter SM & Pyke KE (2017). Assessment of flow-mediated dilatation in the 

superficial femoral artery using a sustained shear stress stimulus via calf plantar-flexion 

exercise. Exp Physiol 102, 725–737. 

King TJ, Slattery DJ & Pyke KE (2013). The impact of handgrip exercise duty cycle on brachial 

artery flow-mediated dilation. Eur J Appl Physiol 113, 1849–1858. 

Kingwell B, Sherrard B, Jennings G & Dart A (1997). Four weeks of cycle training increases 



 

 

 

154 

basal production of nitric oxide from the forearm. Am J Physiol 273, H2186-91. 

Koller A, Huang A, Sun D & Kaley G (1995). Exercise Training Augments Flow-Dependent 

Dilation in Rat Skeletal Muscle Arterioles: Role of Endothelial Nitric Oxide and 

Prostaglandins. Circ Res 76, 544–550. 

Koller A, Sun D & Kaley G (1993). Role of shear stress and endothelial prostaglandins in flow- 

and viscosity-induced dilation of arterioles in vitro. Circ Res 72, 1276–1284. 

Kooijman M, Thijssen DHJ, de Groot PCE, Bleeker MWP, van Kuppevelt HJM, Green DJ, 

Rongen GA, Smits P & Hopman MTE (2008). Flow-mediated dilatation in the superficial 

femoral artery is nitric oxide mediated in humans. J Physiol 586, 1137–1145. 

Kröger K, Kucharczik A, Hirche H & Rudofsky G (1999). Atherosclerotic lesions are more 

frequent in femoral arteries than in carotid arteries independent of increasing number of risk 

factors. Angiology 50, 649–654. 

Kuchan MJ & Frangos JA (1994). Role of calcium and calmodulin in flow-induced nitric oxide 

production in endothelial cells. Am J Physiol 266, C628-36. 

Ladurner A, Schmitt CA, Schachner D, Atanasov AG, Werner ER, Dirsch VM & Heiss EH 

(2012). Ascorbate stimulates endothelial nitric oxide synthase enzyme activity by rapid 

modulation of its phosphorylation status. Free Radic Biol Med 52, 2082–2090. 

Lauer N, Suvorava T, Ruther U, Jacob R, Meyer W, Harrison DG & Kojda G (2005). Critical 

involvement of hydrogen peroxide in exercise-induced up-regulation of endothelial NO 

synthase. Cardiovasc Res 65, 254–262. 

Laughlin MH (1995). Endothelium-mediated control of coronary vascular tone after chronic 

exercise training. Med Sci Sport Exerc 27, 1135–1144. 

Laughlin MH, Pollock JS, Amann JF, Hollis ML, Woodman CR & Price EM (2001). Training 

induces nonuniform increases in eNOS content along the coronary arterial tree. J Appl 

Physiol 90, 501–510. 

Laughlin MH, Welshons W V, Sturek M, Rush JWE, Turk JR, Taylor J a, Judy BM, Henderson 

KK & Ganjam VK (2003). Gender, exercise training, and eNOS expression in porcine 

skeletal muscle arteries. J Appl Physiol 95, 250–264. 

Lavrencic A., Salobir BG & Keber I (2000). Physical Training Improves Flow-Mediated Dilation 

in Patients With the Polymetabolic Syndrome. Arterioscler Thromb Vasc Biol 20, 551–555. 

Lee JF, Barrett-O’Keefe Z, Garten RS, Nelson AD, Ryan JJ, Nativi JN, Richardson RS & Wray 

DW (2016). Evidence of microvascular dysfunction in heart failure with preserved ejection 

fraction. Heart 102, 278–284. 

Llewellyn TL, Chaffin ME, Berg KE & Meendering JR (2012). The relationship between shear 

rate and flow-mediated dilation is altered by acute exercise. Acta Physiol (Oxf) 205, 394–

402. 

Lucchesi PA, Belmadani S & Matrougui K (2005). Hydrogen peroxide acts as both vasodilator 



 

 

 

155 

and vasoconstrictor in the control of perfused mouse mesenteric resistance arteries. J 

Hypertens 23, 571–579. 

Malek AM, Jiang L, Lee I, Sessa WC, Izumo S & Alper SL (1999). Induction of nitric oxide 

synthase mRNA by shear stress requires intracellular calcium and G-protein signals and is 

modulated by PI 3 kinase. Biochem Biophys Res Commun 254, 231–242. 

McGowan CL, Levy AS, McCartney N & MacDonald MJ (2007). Isometric handgrip training 

does not improve flow-mediated dilation in subjects with normal blood pressure. Clin Sci 

112, 403–409. 

McNally JS, Davis ME, Giddens DP, Saha A, Hwang J, Dikalov S, Jo H & Harrison DG (2003). 

Role of xanthine oxidoreductase and NAD(P)H oxidase in endothelial superoxide 

production in response to oscillatory shear stress. Am J Physiol Heart Circ Physiol 285, 

H2290–H2297. 

McPhee I & Pyke KE (2016). Thirty minutes of handgrip exercise enhances brachial artery 

dilation in response to two different shear stress profiles. Abstract. Appl Physiol Nutr Metab 

41, S374. 

Miller VM & Burnett JC (1992). Modulation of NO and endothelin by chronic increases in blood 

flow in canine femoral arteries. Am J Physiol 263, H103-8. 

Milstien S & Katusic Z (1999). Oxidation of Tetrahydrobiopterin by Peroxynitrite: Implications 

for Vascular Endothelial Function. Biochem Biophys Res Commun 263, 681–684. 

Mitchell GF, Parise H, Vita JA, Larson MG, Warner E, Keaney JF, Keyes MJ, Levy D, Vasan RS 

& Benjamin EJ (2004). Local shear stress and brachial artery flow-mediated dilation: the 

Framingham Heart Study. Hypertension 44, 134–139. 

Miyachi M, Tanaka H, Yamamoto K, Yoshioka A, Takahashi K & Onodera S (2001). Effects of 

one-legged endurance training on femoral arterial and venous size in healthy humans. J 

Appl Physiol 90, 2439–2444. 

Moreau KL, Stauffer BL, Kohrt WM & Seals DR (2013). Essential role of estrogen for 

improvements in vascular endothelial function with endurance exercise in postmenopausal 

women. J Clin Endocrinol Metab 98, 4507–4515. 

Moriguchi J, Itoh H, Harada S, Takeda K, Hatta T, Nakata T & Sasaki S (2005). Low frequency 

regular exercise improves flow-mediated dilatation of subjects with mild hypertension. 

Hypertens Res 28, 315–321. 

Morishima T, Restaino RM, Walsh LK, Kanaley JA, Fadel PJ & Padilla J (2016). Prolonged 

sitting-induced leg endothelial dysfunction is prevented by fidgeting. Am J Physiol Heart 

Circ Physiol 311, H177-82. 

Mullen MJ, Kharbanda RK, Cross J, Donald AE, Taylor M, Vallance P, Deanfield JE & 

MacAllister RJ (2001). Heterogenous Nature of Flow-Mediated Dilatation in Human 

Conduit Arteries In Vivo : Relevance to Endothelial Dysfunction in Hypercholesterolemia. 

Circ Res 88, 145–151. 



 

 

 

156 

Naylor LH, Carter H, Fitzsimons MG, Cable NT, Dick HJ & Green DJ (2011). Repeated 

increases in blood flow , independent of exercise , enhance conduit artery vasodilator 

function in humans. Am J Hear Circ Physiol 300, 664–669. 

Nishiyama SK, Wray DW, Berkstresser K, Ramaswamy M & Richardson RS (2007). Limb-

specific differences in flow-mediated dilation: The role of shear rate. J Appl Physiol 103, 

843–851. 

Okahara K, Sun B & Kambayashi JI. (1998). Upregulation of Prostacyclin Synthesis Related 

Gene Expression by Shear Stress in Vascular Endothelial Cells. Arterioscler Thromb Vasc 

Biol 18, 1922–1926. 

Ouriel K (2001). Peripheral arterial disease. Lancet 358, 1257–1264. 

Padilla J, Harris RA, Fly AD, Rink LD & Wallace JP (2006). A comparison between active- and 

reactive-hyperaemia-induced brachial artery vasodilation. Clin Sci (Lond) 110, 387–392. 

Padilla J, Simmons GH, Vianna LC, Davis MJ, Laughlin MH & Fadel PJ (2011). Brachial artery 

vasodilatation during prolonged lower limb exercise: role of shear rate. Exp Physiol 96, 

1019–1027. 

Parker BA, Tschakovsky ME, Augeri AL, Polk DM, Thompson PD & Kiernan FJ (2011). 

Heterogenous vasodilator pathways underlie flow-mediated dilation in men and women. Am 

J Hear Circ Physiol 6102, 1118–1126. 

Pearson J, Low DA, Stöhr E, Kalsi K, Ali L, Barker H & González-Alonso J (2011). 

Hemodynamic responses to heat stress in the resting and exercising human leg : insight into 

the effect of temperature on skeletal muscle blood flow. Am J Physiol Regul Integr Comp 

Physiol 300, 663–673. 

Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves J, Hill MN, Jones DW, Kurtz T, Sheps SG 

& Roccella EJ (2005). Recommendations for blood pressure measurement in humans and 

experimental animals: part 1: blood pressure measurement in humans: a statement for 

professionals from the Subcommittee of Professional and Public Education of the American 

Heart Association Cou. Circulation 111, 697–716. 

Pierce GL, Eskurza I, Walker AE, Fay TN & Seals DR (2011). Sex-specific effects of habitual 

aerobic exercise on brachial artery flow-mediated dilation in middle-aged and older adults. 

Clin Sci 120, 13–23. 

Poitras VJ & Pyke KE (2013). The impact of acute mental stress on vascular endothelial function: 

evidence, mechanisms and importance. Int J Psychophysiol 88, 124–135. 

Pyke K, Green DJ, Weisbrod C, Best M, Dembo L, Driscoll GO & Tschakovsky M (2010). Nitric 

oxide is not obligatory for radial artery flow-mediated dilation following release of 5 or 10 

min distal occlusion. Am J Hear Circ Physiol 298, 119–126. 

Pyke K, Hartnett J & Tschakovsky M (2008a). Are the dynamic response characteristics of 

brachial artery flow-mediated dilation sensitive to the magnitude of increase in shear 

stimulus? J Appl Physiol 105, 282–292. 



 

 

 

157 

Pyke K & Jazuli F (2011). Impact of repeated increases in shear stress via reactive hyperemia and 

handgrip exercise: no evidence of systematic changes in brachial artery FMD. Am J Physiol 

Circ Physiol1078–1089. 

Pyke KE, Dwyer EM & Tschakovsky ME (2004). Impact of controlling shear rate on flow-

mediated dilation responses in the brachial artery of humans. J Appl Physiol 97, 499–508. 

Pyke KE, Poitras V & Tschakovsky ME (2008b). Brachial artery flow-mediated dilation during 

handgrip exercise: evidence for endothelial transduction of the mean shear stimulus. Am J 

Hear Circ Physiol 294, 2669–2679. 

Pyke KE & Tschakovsky ME (2005). The relationship between shear stress and flow-mediated 

dilatation: implications for the assessment of endothelial function. J Physiol 568, 357–369. 

Quyyumi AA & Ozkor M (2006). Vasodilation by hyperpolarization: Beyond NO. Hypertension 

48, 1023–1025. 

Rakobowchuk M, Tanguay S, Burgomaster KA, Howarth KR, Gibala MJ & MacDonald MJ 

(2008). Sprint interval and traditional endurance training induce similar improvements in 

peripheral arterial stiffness and flow-mediated dilation in healthy humans. Am J Physiol 

Regul Integr Comp Physiol 295, R236-42. 

Restaino RM, Holwerda SW, Credeur DP, Fadel PJ & Padilla J (2015). Impact of prolonged 

sitting on lower and upper limb micro- and macrovascular dilator function. Exp Physiol 100, 

829–838. 

Richardson RS, Donato AJ, Uberoi A, Wray DW, Lawrenson L, Nishiyama S & Bailey DM 

(2007). Exercise-induced brachial artery vasodilation: role of free radicals. Am J Physiol 

Heart Circ Physiol 292, H1516-22. 

Robinson AT, Franklin NC, Norkeviciute E, Bian JT, Babana JC, Szczurek MR & Phillips SA 

(2016). Improved arterial flow-mediated dilation after exertion involves hydrogen peroxide 

in overweight and obese adults following aerobic exercise training. J Hypertens 34, 1309–

1316. 

Rush JWE, Denniss SG & Graham DA (2005). Vascular nitric oxide and oxidative stress: 

determinants of endothelial adaptations to cardiovascular disease and to physical activity. 

Can J Appl Physiol 30, 442–474. 

Sales ARK, Fernandes IA, Rocha NG, Costa LS, Rocha HM, Mattos JD, Vianna LC, Silva BM & 

Nóbrega ACL (2014). Aerobic Exercise Acutely Prevents the Endothelial Dysfunction 

Induced By Mental Stress Among Subjects With Metabolic Syndrome: the Role of Shear 

Rate. Am J Physiol Heart Circ Physiol; DOI: 10.1152/ajpheart.00811.2013. 

Santos-Lozano A, Santín-Medeiros F, Cardon G, Torres-Luque G, Bailón R, Bergmeir C, Ruiz 

JR, Lucia A, Garatachea N, Sports Med IJ & Garatachea N (2013). Actigraph GT3X: 

Validation and Determination of Physical Activity Intensity Cut Points. Int J Sports Med 34, 

975–982. 

Schaun MI, Dipp T, Rossato JDS, Wilhelm EN, Pinto R, Rech A, Plentz RDM, Homem de 

Bittencourt PI & Reischak-Oliveira A (2011). The effects of periodized concurrent and 



 

 

 

158 

aerobic training on oxidative stress parameters, endothelial function and immune response 

in sedentary male individuals of middle age. Cell Biochem Funct 29, 534–542. 

Scholten RR, Thijssen DJH, Lotgering FK, Hopman MTE & Spaanderman MEA (2014). 

Cardiovascular effects of aerobic exercise training in formerly preeclamptic women and 

healthy parous control subjects. Am J Obstet Gynecol 211, 516.e1-516.e11. 

Silvestro A, Scopacasa F & Oliva G (2002). Vitamin C prevents endothelial dysfunction induced 

by acute exercise in patients with intermittent claudication. Atherosclerosis 165, 277–283. 

Simmons GH, Padilla J, Young CN, Wong BJ, Lang JA, Davis MJ, Laughlin MH & Fadel PJ 

(2011). Increased brachial artery retrograde shear rate at exercise onset is abolished during 

prolonged cycling: role of thermoregulatory vasodilation. J Appl Physiol 110, 389–397. 

Slattery DJ, Stuckless TJR, King TJ & Pyke KE (2016). Impaired handgrip exercise-induced 

brachial artery flow-mediated dilation in young obese males. Appl Physiol Nutr Metab 41, 

528–537. 

Sorensen KE, Celermajer DS, Georgakopoulos D, Hatcher G, Betteridge DJ & Deanfield JE 

(1994). Impairment of endothelium-dependent dilation is an early event in children with 

familial hypercholesterolemia and is related to the lipoprotein(a) level. J Clin Invest 93, 50–

55. 

Spence AL, Carter HH, Naylor LH & Green DJ (2013). A prospective randomized longitudinal 

study involving 6 months of endurance or resistance exercise. Conduit artery adaptation in 

humans. J Physiol 591, 1265–1275. 

Stuckless TJ & Pyke KE (2015). The impact of a cold pressor test on brachial artery handgrip 

exercise-induced flow-mediated dilation. Vasc Med1–8. 

Szijgyarto IC, King TJ, Ku J, Poitras VJ, Gurd BJ & Pyke KE (2013). The impact of acute mental 

stress on brachial artery flow-mediated dilation differs when shear stress is elevated by 

reactive hyperemia versus handgrip exercise. Appl Physiol Nutr Metab 38, 498–506. 

Szijgyarto IC, Poitras VJ, Gurd BJ & Pyke KE (2014). Acute psychological and physical stress 

transiently enhances brachial artery flow- mediated dilation stimulated by exercise induced 

increases in shear stress. Appl Physiol Nutr Metab 39, 927–936. 

Taddei S, Virdis A, Ghiadoni L, Salvetti G, Bernini G, Magagna  a. & Salvetti  a. (2001). Age-

Related Reduction of NO Availability and Oxidative Stress in Humans. Hypertension 38, 

274–279. 

Takabe W, Jen N, Ai L, Hamilton R, Wang S, Holmes K, Dharbandi F, Khalsa B, Bressler S, 

Barr ML, Li R & Hsiai TK (2011). Oscillatory Shear Stress Induces Mitochondrial 

Superoxide Production: Implication of NADPH Oxidase. Antioxid Redox Signal 15, 1379–

1388. 

Thijssen DH, de Groot P, Kooijman M, Smits P & Hopman MT (2006). Sympathetic nervous 

system contributes to the age-related impairment of flow-mediated dilation of the superficial 

femoral artery. Am J Physiol Hear Circ Physiol 291, H3122-9. 



 

 

 

159 

Thijssen DHJ, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, Parker B, Widlansky ME, 

Tschakovsky ME & Green DJ (2011). Assessment of flow-mediated dilation in humans : a 

methodological and physiological guideline. Am J Hear Circ Physiol 300, 2–12. 

Thijssen DHJ, Dawson EA, Tinken TM, Cable NT & Green DJ (2009b). Retrograde flow and 

shear rate acutely impair endothelial function in humans. Hypertension 53, 986–992. 

Thijssen DHJ, Dawson EA, Black MA, Hopman MTE, Cable NT & Green DJ (2008). 

Heterogeneity in conduit artery function in humans : impact of arterial size. Am J Hear Circ 

Physiol 295, 15–21. 

Thijssen DHJ, Dawson EA, Black MA, Hopman MTE, Cable NT & Green DJ (2009). Brachial 

artery blood flow responses to different modalities of lower limb exercise. Med Sci Sports 

Exerc 41, 1072–1079. 

Thijssen DHJ, de Groot PCE, Smits P & Hopman MTE (2007). Vascular adaptations to 8-week 

cycling training in older men. Acta Physiol 190, 221–228. 

Thijssen DHJ, Heesterbeek P, Van Kuppevelt DJM, Duysens J & Hopman MTE (2005). Local 

Vascular Adaptations after Hybrid Training in Spinal Cord–Injured Subjects. Med Sci Sport 

Exerc 37, 1112–1118. 

Thomas S, Reading J & Shephard RJ (1992). Revision of the Physical Activity Readiness 

Questionnaire (PAR-Q). Can J Sport Sci 17, 338–345. 

Thosar SS, Bielko SL, Mather KJ, Johnston JD & Wallace JP (2015a). Effect of prolonged sitting 

and breaks in sitting time on endothelial function. Med Sci Sports Exerc 47, 843–849. 

Thosar SS, Bielko SL, Wiggins CC & Wallace JP (2014). Differences in brachial and femoral 

artery responses to prolonged sitting. Cardiovasc Ultrasound 12, 50. 

Thosar SS, Bielko SL, Wiggins CS, Klaunig JE, Mather KJ & Wallace JP (2015b). Antioxidant 

Vitamin C Prevents Decline in Endothelial Function during Sitting. Med Sci Monit 21, 

1015–1021. 

Tinken TM, Thijssen DHJ, Black MA, Cable NT & Green DJ (2008). Time course of change in 

vasodilator function and capacity in response to exercise training in humans. J Physiol 586, 

5003–5012. 

Tinken TM, Thijssen DHJ, Hopkins N, Black MA, Dawson EA, Minson CT, Newcomer SC, 

Laughlin MH, Cable NT & Green DJ (2009). Impact of shear rate modulation on vascular 

function in humans. Hypertension 54, 278–285. 

Tinken TM, Thijssen DHJ, Hopkins N, Dawson EA, Cable NT & Green DJ (2010). Shear stress 

mediates endothelial adaptations to exercise training in humans. Hypertension 55, 312–318. 

Totosy De Zepetnek JO, Ditor DS, Au JS & Macdonald MJ (2015). Impact of shear rate pattern 

on upper and lower limb conduit artery endothelial function in both spinal cord-injured and 

able-bodied men. Exp Physiol Exp Physiol Exp Physiol 1001010, 1107–1117. 

Tremblay JC & King TJ (2016). Near-infrared spectroscopy: can it measure endothelial function? 



 

 

 

160 

Exp Physiol 101, 1443–1444. 

Tremblay JC, Thom SR, Yang M & Ainslie PN (2016). Oscillatory shear stress, flow-mediated 

dilatation, and circulating microparticles at sea level and high altitude. Atherosclerosis 256, 

115–122. 

Trinity JD, Broxterman RM & Richardson RS (2016a). Regulation of exercise blood flow: Role 

of free radicals. Free Radic Biol Med 98, 90–102. 

Trinity JD, Wray DW, Witman MA, Layec G, Barrett-O’Keefe Z, Ives SJ, Conklin JD, Reese 

VR, Zhao J & Richardson RS (2016b). Ascorbic Acid Improves Brachial Artery 

Vasodilation during Progressive Handgrip Exercise in the Elderly through a Nitric Oxide-

Mediated Mechanism. Am J Physiol Hear Circ Physiol 310, H765–H774. 

Turrens JF (2003). Mitochondrial formation of reactive oxygen species. J Physiol 552, 335–344. 

Vignais P (2002). The superoxide-generating NADPH oxidase: structural aspects and activation 

mechanism. Cell Mol Life Sci C 59, 1428–1459. 

Viña J, Gimeno A, Sastre J & Desco C (2000). Mechanism of free radical production in 

exhaustive exercise in humans and rats; role of xanthine oxidase and protection by 

allopurinol. IUBMB Life 49, 539–544. 

Vita JA & Hamburg NM (2010). Does endothelial dysfunction contribute to the clinical status of 

patients with peripheral arterial disease? Can J Cardiol 26, 45A–50A. 

Wallace JP, Johnson B, Padilla J & Mather K (2010). Postprandial lipaemia, oxidative stress and 

endothelial function: a review. Int J Clin Pract 64, 389–403. 

Walsh J, Yong G, Cheetham C, Watts G, O’Driscoll JG, Taylor RR & Green DJ (2003a). Effects 

of exercise training on conduit and resistance vessel function in treated and untreated 

hypercholesterolaemic subjects. Eur Heart J 24, 1681–1689. 

Walsh JH, Bilsborough W, Maiorana A, Best M, O’Driscoll GJ, Taylor RR & Green DJ (2003b). 

Exercise training improves conduit vessel function in patients with coronary artery disease. 

J Appl Physiol 95, 20–25. 

Walther G, Nottin S, Karpoff L, Pérez-Martin A, Dauzat M & Obert P (2008). Flow-mediated 

dilation and exercise-induced hyperaemia in highly trained athletes: comparison of the 

upper and lower limb vasculature. Acta Physiol (Oxf) 193, 139–150. 

Warburton DER, Jamnik VK, Bredin SSD, Burr J, Charlesworth S, Chilibeck P, Eves N, Foulds 

H, Goodman J, Jones L, Mckenzie DC, Rhodes R, Riddell M, Shephard RJ, Stone J, 

Thomas S, Zehr EP & Gledhill N (2011). The 2011 Physical Activity Readiness 

Questionnaire for Everyone (PAR-Q+) and the Electronic Physical Activity Readiness 

Medical Examination (ePARmed-X+). Heal Fit J Canada 4, 24–25. 

Watts K, Beye P, Siafarikas A, Davis EA, Jones TW, O’Driscoll G & Green DJ (2004). Exercise 

training normalizes vascular dysfunction and improves central adiposity in obese 

adolescents. J Am Coll Cardiol 43, 1823–1827. 



 

 

 

161 

Williams MRI, Westerman RA, Kingwell BA, Paige J, Blombery PA, Sudhir K & Komesaroff 

APA (2001). Variations in endothelial function and arterial compliance during the menstrual 

cycle. J Clin Endocrinol Metab 86, 5389–5395. 

Wray DW, Witman MA, Ives SJ, McDaniel J, Fjeldstad AS, Trinity JD, Conklin JD, Supiano 

MA, Richardson RS. (2011). Progressive handgrip exercise: evidence of nitric oxide-

dependent vasodilation and blood flow regulation in humans. Am J Hear Circ Physiol 300, 

1101–1107. 

Wray DW, Nishiyama SK, Harris RA, Zhao J, McDaniel J, Fjeldstad AS, Witman MAH, Ives SJ, 

Barrett-O’Keefe Z & Richardson RS (2012). Acute reversal of endothelial dysfunction in 

the elderly after antioxidant consumption. Hypertension 59, 818–824. 

Wray DW & Richardson RS (2006). Aging, exercise, and limb vascular heterogeneity in humans. 

In Medicine and Science in Sports and Exercise, pp. 1804–1810. 

Wray DW, Uberoi A, Lawrenson L, Bailey DM & Richardson RS (2009). Oral antioxidants and 

cardiovascular health in the exercise-trained and untrained elderly: a radically different 

outcome. Clin Sci (Lond) 116, 433–441. 

Wray DW, Uberoi A, Lawrenson L & Richardson RS (2005). Heterogeneous limb vascular 

responsiveness to shear stimuli during dynamic exercise in humans. J Appl Physiol 99, 81–

86. 

Wu SP, Ringgaard S, Oyre S, Hansen MS, Rasmus S & Pedersen EM (2004). Wall Shear Rates 

Differ between the Normal Carotid, Femoral, and Brachial Arteries: An In Vivo MRI Study. 

J Magn Reson Imaging 19, 188–193. 

Yang JJ, Preston GA, Pendergraft WF, Segelmark M, Heeringa P, Hogan SL, Jennette JC & Falk 

RJ (2001). Internalization of proteinase 3 is concomitant with endothelial cell apoptosis and 

internalization of myeloperoxidase with generation of intracellular oxidants. Am J Pathol 

158, 581–592. 

Yeboah J, Crouse JR, Hsu F-C, Burke GL & Herrington DM (2007). Brachial flow-mediated 

dilation predicts incident cardiovascular events in older adults: the Cardiovascular Health 

Study. Circulation 115, 2390–2397. 

Yeboah J, Folsom AR, Burke GL, Johnson C, Polak JF, Post W, Lima JA, Crouse JR & 

Herrington DM (2009). Predictive value of brachial flow-mediated dilation for incident 

cardiovascular events in a population-based study: the multi-ethnic study of atherosclerosis. 

Circulation 120, 502–509. 

Yee A, Bosworth KA, Conway DE, Eskin SG & McIntire L V. (2008). Gene expression of 

endothelial cells under pulsatile non-reversing vs. steady shear stress; comparison of nitric 

oxide production. Ann Biomed Eng 36, 571–579. 

Yiginer O, Ozcelik F, Inanc T, Aparci M, Ozmen N, Cingozbay BY, Kardesoglu E, 

Suleymanoglu S, Sener G & Cebeci BS (2008). Allopurinol improves endothelial function 

and reduces oxidant-inflammatory enzyme of myeloperoxidase in metabolic syndrome. Clin 

Res Cardiol 97, 334–340. 



 

 

 

162 

Zhang DX & Gutterman DD (2007). Mitochondrial reactive oxygen species-mediated signaling 

in endothelial cells. Am J Physiol - Hear Circ Physiol 292, H2023–H2031. 

Ziegler T, Bouzourene K, Harrison VJ, Brunner HR & Hayoz D (1998). Influence of Oscillatory 

and Unidirectional Flow Environments on the Expression of Endothelin and Nitric Oxide 

Synthase in Cultured Endothelial Cells. Arterioscler Thromb Vasc Biol 18, 686–692. 

 

 



 

 

 

163 

Appendix A 

Chapter 3 Consent Form 



 

 

 

164 

 



 

 

 

165 

 



 

 

 

166 

 



 

 

 

167 

 



 

 

 

168 

 



 

 

 

169 

 



 

 

 

170 

 



 

 

 

171 

 

  



 

 

 

172 

Appendix B 

Chapter 4 Consent Form 

 



 

 

 

173 

 



 

 

 

174 

 



 

 

 

175 

 



 

 

 

176 

 



 

 

 

177 

 



 

 

 

178 

 

 

 



 

 

 

179 

Appendix C 

Chapter 5 Consent form 

 
 



 

 

 

180 

 



 

 

 

181 

 



 

 

 

182 

 



 

 

 

183 

 



 

 

 

184 

 



 

 

 

185 

 



 

 

 

186 

 



 

 

 

187 

 



 

 

 

188 

  



 

 

 

189 

Appendix D 

Appendix Title Physical Activity Readiness Questionnaire 

 

 

 



 

 

 

190 



 

 

 

191 

 

 



 

 

 

192 

 

  



 

 

 

193 

Appendix E 

Medical screening Questionnaire

 



 

 

 

194 

 



 

 

 

195 



 

 

 

196 

Appendix F 

Physical Activity Recall 

 

 

 



 

 

 

197 

 

 



 

 

 

198 

 


