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Abstract 

The walls of blood vessels are lined with a single-cell layer of endothelial cells. As blood flows 

through the arteries, a frictional force known as shear stress is sensed by mechanosensitive structures on 

the endothelium. Short and long term changes in shear stress can have a significant influence on the 

regulation of endothelial function. Acutely, shear stress triggers a pathway that culminates in the release 

of vasodilatory molecules from the endothelium and subsequent vasodilation of the artery. This 

endothelial response is known as flow mediated dilation (FMD). FMD is used as an index of endothelial 

function and is commonly assessed using reactive hyperemia (RH)-FMD, a method which elicits a large, 

short lived increase in shear stress following the release of a brief (5 min) forearm occlusion. A recent 

study found that a short term exposure (30 min) to a sustained elevation in shear stress potentiates 

subsequent RH-FMD. FMD can also result from a more prolonged, sustained increase in shear stress 

elicited by handgrip exercise (HGEX-FMD). There is evidence to suggest that interventions and 

conditions impact FMD resulting from sustained and transient shear stress stimuli differently, indicating 

that HGEX-FMD and RH-FMD provide different information about endothelial function. It is unknown 

whether HGEX-FMD is improved by short term exposure to shear stress. Understanding how exercise 

induced FMD is regulated is important because it contributes to blood flow responses during exercise. 

The study purpose was therefore to assess the impact of a handgrip exercise (intervention) induced 

sustained elevation in shear stress on subsequent brachial artery (BA) HGEX-FMD. Twenty healthy male 

participants (22±3yrs) preformed a 30-minute HGEX intervention on two experimental days. BA-FMD 

was assessed using either an RH or HGEX shear stress stimulus at 3 time points: pre-intervention, 10 min 

post and 60 min post. FMD and shear stress magnitude were determined via ultrasound. Both HGEX and 

RH-FMD increased significantly from pre-intervention to 10 min-post (p<0.01).  These findings indicate 

that FMD stimulated by exercise induced increases in shear stress is potentiated by short term shear stress 

exposure.  These findings advance our understanding regarding the regulation of endothelial function by 

shear stress.  
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Chapter 1 

Introduction 

Endothelial cell function is important because of its significant influence on physiological 

processes including the regulation of vascular tone. Arterial endothelial cells line the vessel 

lumen and are exposed to in blood flow associated shear stress, a frictional force that results in 

the immediate production of endothelial cell vasodilators. The ultimate result of vasodilator 

production is flow mediated dilation (FMD), a response that is commonly used as an index of 

endothelial cell function. FMD is most commonly assessed using reactive hyperemia-FMD (RH-

FMD) in the brachial artery. RH elicits a transient increase in shear stress following the release of 

a brief forearm occlusion (Thijssen, Black et al. 2011). The RH-FMD response, is characterized 

as the peak dilation following the increase in shear stress. 

FMD can also be assessed in response to sustained increases in shear stress. A sustained 

increase in brachial artery shear stress can be created by hand heating (Tinken et al., 2009) or 

handgrip exercise (HGEX) (Pyke, Poitras et al. 2008). An RH induced transient increase in shear 

stress vs. sustained increases in shear stress may recruit distinct transduction pathways within the 

endothelium (Frangos, Huang, & Clark, 1996), therefore, the resulting FMD in response to each 

stimulus may provide different information about endothelial function. In support of this, specific 

conditions that influence endothelial function, e.g. smoking (Findlay, Gupta et al. 2013) or acute 

mental stress (Szijgyarto, King et al. 2013), were shown to impact FMD differently depending on 

what shear stress stimulus was used to test FMD (either RH or HGEX; stimulating RH-FMD or 

HGEX-FMD respectively). This suggests that endothelial function, or the impact of interventions 

on endothelial function, may be more thoroughly interrogated if FMD is tested in response to 

both transient and sustained increases in shear stress. Understanding the factors that influence 
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FMD in response to exercise induced increases in shear stress may be particularly important 

because this response occurs in everyday life and may play a role in determining perfusion (Delp 

& Laughlin, 1998) 

Beyond the acute FMD response, chronic shear stress exposure (days, months, years) 

regulates endothelial function and morphology.  In vitro evidence suggests that chronic exposure 

to elevations in shear stress increases superoxide dismutase levels (Topper, Cai, Falb, & 

Gimbrone  Jr., 1996) and endothelial nitric oxide synthase (eNOS) expression (Berk, 2008).  

eNOS is an enzyme that produces nitric oxide (NO), an important vasodilator that is released by 

the endothelium in response to shear stress. In addition, chronic elevations in shear stress can 

inhibit the production of Endothelin-1, a known vasoconstrictor (Miller & Burnett  Jr., 1992) and 

can also unify endothelial cell alignment and morphology (Chiu, Wang, Chien, Skalak, & Usami, 

1998). In contrast, oscillatory shear stress at branch points increases vulnerability to plaque 

production and non-uniform cellular morphology (Chiu et al., 1998). Chronic aerobic exercise 

improves endothelial function, and there is evidence that this is due in large part to elevations in 

shear stress that occur during each exercise bout (Tinken et al., 2010). 

Recent evidence indicates that endothelial function is also dynamically influenced by 

shear stress on a shorter time scale. Indeed, acute interventions that substantially increase brachial 

artery mean shear stress for 30 minutes (e.g. handgrip exercise, cycling exercise, forearm heating) 

have been shown to potentiate subsequent brachial artery RH-FMD (Atkinson et al., 2015; 

Tinken et al., 2009). Although these interventions may increase shear stress in both the forward 

(anterograde) and reverse (retrograde) direction, the evidence suggests that the increase in 

anterograde shear stress is what is responsible for FMD potentiation (Tinken et al., 2009). For 

example, Atkinson et al. assessed endothelial function in healthy participants before and after a 
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30-minute, mild intensity, handgrip exercise intervention which acutely increased anterograde, 

but not retrograde shear stress in the brachial artery (Atkinson et al., 2015). Brachial artery FMD, 

when tested with a transient increase in shear stress (RH-FMD), was significantly improved post 

intervention (Atkinson et al., 2015). This indicates that exposure to a short-term, sustained 

increase in anterograde shear stress enhances the ability of the endothelium to respond to a 

transient increase in shear stress. 

There is still much to learn in regard to the capacity of short-term shear stress exposure to 

potentiate FMD. In particular, it is unknown whether short term shear stress exposure potentiates 

HGEX-FMD.  This is because all studies examining the impact of previous short-term shear 

stress exposure on FMD have tested RH-FMD exclusively.  The capacity for FMD potentiation 

may be greater if the intervention shear stress and FMD testing shear stress stimulus recruit the 

same shear stress transduction pathway; and this may occur when the intervention shear stress 

profile is more similar in nature to the FMD testing shear stress profile.  For example, a 30-

minute intervention elevation in shear stress stimulated by handgrip exercise may result in greater 

potentiation of HGEX-FMD vs. RH-FMD; the former having a similar intervention and FMD 

testing shear stress profile, the latter having an FMD testing shear stress profile that is distinct 

from the intervention. To support this idea, there is some evidence that exercise training (which 

results in repeated sustained increases in shear stress) has a larger impact on FMD in response to 

longer, more sustained RH profiles created with the addition of ischemic exercise during 

occlusion (Tinken, Thijssen, Black, Cable, & Green, 2008).    
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With this as a background, the primary purpose of the study described in Chapter 3 is to 

determine, for the first time, whether a short term elevation in shear stress (30 minutes of HGEX 

intervention) potentiates subsequent HGEX-FMD.  

The secondary purpose is to determine whether the degree of potentiation differs between 

RH-FMD (sustained intervention shear stress elevation and transient shear stress stimulus for 

FMD dissimilar) vs. HGEX-FMD (sustained intervention shear stress elevation and sustained 

shear stress stimulus for FMD).  

This research will further elucidate the nature of endothelial function regulation by shear 

stress. 
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Chapter 2 

Literature Review 

2.1 Vascular endothelial function and its assessment via FMD 

2.1.1 The endothelium and shear stress 

The endothelium is the thin, continuous monolayer of cells that line the interior surface of 

blood vessels (Vane, Anggard, & Botting, 1990). The endothelium represents the interface 

between flowing blood and the vascular smooth muscle cells of the vessel, and is thereby directly 

influenced by changes in blood chemistry and flow (Topper & Gimbrone  Jr., 1999). Shear stress 

is a biomechanical frictional force determined by blood flow, vessel diameter and the blood 

viscosity (Cunningham & Gotlieb, 2005). Shear stress exerts its force on the endothelial cells, 

temporarily modifying their structure, leading to the recruitment of endothelial cell transduction 

pathways (Langille, 1996). Modifications to vasculature by shear stress, specifically in the large 

elastic conduit arteries, are experienced and depend upon an intact endothelial layer (Langille & 

O’Donnell, 1986). This intact endothelium has been found to have a crucial role in the release of 

vasodilatory and vasoconstrictor molecules that ultimately regulate vascular tone (Pohl, Holtz, 

Busse, & Bassenge, 1986).  Other, more chronic genetic modifications within the endothelium 

also result from changes in blood flow and shear stress pattern (Cho, Courtman, & Langille, 

1995; Cho, Mitchell, Koopmans, & Langille, 1997).  
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2.1.2 FMD and current FMD methodology 

Furchgott and Zawadzki (1980) discovered that an intact, uninterrupted endothelial cell 

layer was required for the release of a vasodilator substance in response to acetylcholine. This 

vasodilator release resulted in relaxation of the vascular smooth muscle cells and subsequent 

dilation of the artery (Furchgott & Zawadzki, 1980). Building on the award winning findings of 

Furchgott and Zawadzki, Celermejer et al. (1992) was one of the first to introduce the concept of 

FMD testing to assess endothelial function using temporary limb occlusion. An occlusion cuff 

was placed distal to the site of conduit artery diameter measurement and, upon occlusion release, 

a transient increase in shear stress resulted in an increase in brachial artery diameter (Figure 2-

1A) (Celermajer et al., 1992).  This method to elicit FMD is termed RH-FMD for the “reactive 

hyperemia” that ensues following cuff deflation (Celermajer et al., 1992). The methodological 

approaches to RH-FMD in terms of the duration of limb occlusion, cuff location and data analysis 

have differed between studies since the technique’s inception in 1992, yielding variation in RH-

FMD response magnitude (Thijssen et al., 2011). Thijssen et al. (2011) recently addressed this 

documented methodological discrepancy and proposed a guideline for methodological and 

physiological approaches to RH-FMD. These guidelines are followed in the experiment described 

in Chapter 3. Lastly, RH-FMD is believed to be clinically relevant as there is evidence to suggest 

RH-FMD has some prognostic capability in populations with cardiovascular disease (CVD) 

(Inaba, Chen, & Bergmann, 2010; Lieberman et al., 1996). 

  HGEX is another method used to induce a dynamic change in the shear stress stimulus 

experienced by the vasculature. The sustained increase in shear stress experienced by the brachial 

artery results in FMD, and thus, the process is known as HGEX-FMD (K. E. Pyke, Poitras, & 

Tschakovsky, 2008). This method of altering the vascular shear stress profile is arguably 
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physiologically relevant as this form of shear stress alteration reflects what arteries are exposed to 

during normal daily activity (K. E. Pyke, Poitras, et al., 2008). Furthermore, there is evidence to 

suggest that FMD stimulated by exercise induced alterations in shear stress may play a role in 

skeletal muscle perfusion (Pohl et al., 1986). HGEX allows researchers to create a controlled, 

sustained increase in shear stress that can be altered by the intensity of the handgrip contraction. 

(Figure 2-1B).  

 

 

 

Figure 2-1 A) A typical example of an average shear rate profile during RH-FMD with one 
minute of baseline, the last minute of a 5 min occlusion and, at time zero, occlusion cuff 
deflation, resulting in a transient increase in shear stress. B) A typical example of an average 
shear rate profile in response to HGEX-FMD. The handgrip exercise is initiated at time zero, and 
within a minute, a targeted sustained shear rate is obtained. Shear rate is a commonly used 
estimate of shear stress without including blood viscosity.  
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2.2 Vasodilators contributing to FMD  

The identity of the vasodilator primarily responsible for stimulating FMD may differ 

depending on the shear stress stimulus. A majority of studies find attenuated RH-FMD with 

eNOS inhibition; leaving little doubt that a major contributor to RH-FMD is NO (Joannides et al., 

1995; Kooijman et al., 2008; Parker et al., 2011). A recent met-analysis by Green et al. (2014) 

including 20 studies sought to estimate the contribution of NO to RH-FMD. They included 

studies that tested RH-FMD with a standardized approach (distal cuff placement and 

approximately 5 min of cuff inflation in healthy individuals) under eNOS inhibition with L-N-

mono methyl arginine (L-NMMA), vs. a control infusion of saline. Overall, and across all studies, 

they identified a pooled mean decrease in FMD by 4.6%; concluding, that when using automated 

edge detection analysis software, approximately 67% of the RH-FMD response is NO mediated 

(Green, Dawson, Groenewoud, Jones, & Thijssen, 2014). However, there is also evidence to 

suggest that NO is not obligatory for RH-FMD, and that between subjects variability in the 

contributions of NO to FMD exist (K. Pyke et al., 2010; Wray et al., 2011). 

Evidence regarding the identity of the primary vasodilator responsible for FMD 

stimulated by a sustained increase in shear is equivocal. A study by Mullen et al. (2001) used a 

sustained shear stress stimulus in the radial artery (created via hand heating) accompanied with L-

NMMA and found the inhibition of NO synthesis had no impact on FMD, suggesting that this 

stimulus may recruit an NO-independent transduction pathway (Mullen et al., 2001). In contrast, 

when testing with a transient shear stress stimulus (RH induced by a 5 min wrist occlusion at 300 

mmHg) accompanied by eNOS inhibition, radial artery FMD was abolished (Mullen et al., 2001). 

In contrast, a more recent study by Wray et al. (2011) infused L-NMMA with increasing handgrip 

exercise intensity (sustained shear stress intervention). The HGEX-FMD was diminished by 40-
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70% with NO synthase inhibition (Wray et al., 2011). Further research is required to determine 

the primary combination of vasodilators that determine FMD in response to a sustained stimulus. 

In addition to NO, both endothelium-derived hyperpolarizing factor (EDHF) and 

prostacyclin have also been implicated in the FMD response, and are closely associated to NO 

pathways suggesting that, although FMD may be primarily NO-mediated, there is cross-talk 

between NO, prostacyclin and EDHF (Bellien, Thuillez, & Joannides, 2008; Green et al., 2014; 

Mitchell, Ali, Bailey, Moreno, & Harrington, 2008; Stoner et al., 2012). For example, Bellien et 

al. (2010) found that blocking both NO (via L-NMMA) and EDHF (via 

tetraethylammonium/fluconazole) production resulted in a greater FMD inhibition in response to 

a hand heating induced sustained increase in radial artery shear stress vs. the inhibition of either 

vasodilator alone (Bellien et al., 2010). 

 

2.3  Evidence to suggest a difference in the transduction pathways recruited by 

transient and sustained shear stress stimuli 

There is in vitro evidence that suggests the existence of multiple shear stress transduction 

pathways leading to vasodilatory molecule production.  Specifically, there have been several 

observations of potential endothelial mechanosensors to shear stress that eventually lead to the 

release of NO including ion channels (Köhler et al., 2006), tyrosine kinase receptors (Jin et al., 

2003), G-protein-coupled receptors (Gudi et al., 2003), and adhesion molecules like platelet 

endothelial cell adhesion molecule (PECAM-1) (Dusserre et al., 2004). Unfortunately, little 

research has been done on differentiating transduction pathways that are specific to sustained or 

transient shear stress stimuli. 
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However, in vitro work on G-protein coupled receptors by Kuchan et al (1994) and 

Frangos et al. (1996) supports the idea that shear stress transduction pathways resulting in NO 

production may be dependent on the duration of shear stimulus applied (Frangos et al., 1996; 

Kuchan & Frangos, 1994). This study found that impulse flow (transient shear stress) exposure 

stimulated a G-protein dependent NO production, whereas, ramp flow (sustained shear stress) 

stimulated NO production that was G-protein independent (Frangos et al., 1996). In 2003, Gudi et 

al. furthered the investigation of the role of G-protein dependent responses to transient increases 

in shear stress. It was hypothesized that the Ras/mitogen activated protein kinase (MAPK) 

pathway is a mediator in the cascade stimulated by transient increases in shear stress. The study 

showed that G-protein subunits are initially activated in response to increases in transient shear 

stress, these subunits then activate Ras. The activation of Ras was determined by measuring 

bound Ras with Guanosine triphosphate (GTP) and Guanosine diphosphate (GDP). The results 

showed that there was a dose dependent increase in Ras activation with increases in transient 

shear stress. This lends support to the evidence that suggests transient increases in shear stress are 

G-Protein dependent (Gudi et al., 2003). 

Taken together the evidence suggests that transient and sustained increases in shear stress 

can result in the recruitment of distinct transduction pathways, and that both may ultimately result 

in the production of NO. Shear stress stimulus duration specificity of transduction pathways that 

result in the production of other vasodilators requires further investigation. 

Recent in vivo studies also produced results that support the existence of differences in 

the shear stress transduction pathways recruited by transient vs. sustained shear stress exposure. 

These in vivo studies have suggested that the influence of various factors on FMD may be 

specific to the duration of the shear stress stimulus that is created during the FMD test (Findlay, 
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Gupta, Szijgyarto, & Pyke, 2013; Szijgyarto et al., 2013) (Figure 2-2). Subjects that have been 

exposed to a specific condition that impairs endothelial function like smoking (Findlay et al., 

2013) or acute mental stress (Szijgyarto et al., 2013) were tested using two methods of FMD 

measurement: RH-FMD (transient stimulus) and HGEX-FMD (sustained stimulus). In Findlay et 

al. (2013), there was no difference between healthy non-smokers and healthy smokers when 

testing using RH-FMD; however, when testing with HGEX-FMD, the response was significantly 

impaired in smokers (Table 2-1). Szijgyarto et al., (2013) reveals further discrepancy in FMD 

between the two testing measures, where, within the same group of individuals, HGEX-FMD did 

not differ pre vs. post acute mental stress, while post-stress RH-FMD was impaired (Table 2-1). 

These findings provide indirect evidence to support the idea that the transduction pathways 

involved in FMD responses to transient and sustained increases in shear stress may differ, in that 

signals present with smoking or mental stress may have a more profound effect on one pathway, 

leading to the more profound effect on one FMD test. Furthermore, these results indicate that 

what a condition or intervention does to RH-FMD cannot be generalized to HGEX-FMD. 

Understanding the impact of various factors on HGEX-FMD should be fully explored, both to 

have a more comprehensive understanding of endothelial responses to shear stress, but also to 

specifically understand FMD as a mechanism of vasoregulation during exercise. 
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Figure 2-2: This model assumes that transduction pathways recruited by exposure to 
sustained and transient increases in shear stress (pathways A and B respectively in figure) 
have both distinct and common components, and are both capable of resulting in NO 
production. A) Findlay et al. (2013) found that smoking significantly impacted FMD when 
tested with a sustained shear stress stimulus, however, FMD in response to a transient 
stimulus was unchanged. B) Szijgyarto et al. (2012) found that exposure to acute mental 
stress reduced FMD in response to a transient shear stress stimulus but FMD was 
unchanged when tested with a sustained stimulus. C) Slattery et al. 2016 studied FMD in 
an obese population and found, when testing with a sustained shear stress stimulus, FMD 
was attenuated in obese vs. lean individuals, however there was no difference in FMD 
between lean and obese populations when tested with a transient stimulus. 

B	 C	

Brachial	artery	

- Sustained stimulus 

- Transient stimulus 
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Reference Type Participants Condition/Intervention 
Effect on FMD 

Effect on sustained/HGEX-FMD Effect on RH-FMD 

 
Findlay et al. 

2013 

 
In vivo 

 
8 smokers 

14 non-smokers 

 
Smoking 

 
HGEX-FMD was impaired (¯) in 

smokers. 
 

 
There was no effect (-) of 

smoking on RH-FMD. 

 
 

Szijgyarto et al. 
2012 

 
 

In vivo 

 
 

16 healthy young males 

 
Acute mental stress 

 
HGEX-FMD did not differ (-) from 

pre-post acute mental stress. 
 

 
RH-FMD was attenuated 

(¯) post acute mental stress 
task. 

 
 

Slattery et al. 
(2016) 

 
 

In vivo 

 
9 obese males 
19 lean males 

 
Obesity 

 
The obese group had impaired HGEX-
FMD (¯) response compared to healthy 

controls. 
 

 
There were no differences 
(-) in RH-FMD between 

obese and control 
participants. 

 

 
 

Padilla et al. 
(2006) 

 
 

In vivo 

 
 

8 healthy adults 

 
High fat meal 

 
There was no difference 

(-) in HGEX-FMD between high fat 
meal condition and low fat mean 

condition. 
 

There was impaired RH-
FMD (¯) in the high fat 
meal condition. 

Mullen et al. 
(2001) 

 
In vivo 

 
 

9 healthy adults 
9 hypercholesterolemia 

 

 
Hypercholesterolemia 

 
There was no effect (-) of 
hypercholesterolemia on 

prolonged/sustained RH-FMD 
 

 
Transient RH-FMD was 
reduced (¯) in patients 

with hypercholesterolemia 

 
 

Bellien et al. 
(2010) 

 
 

In vivo 

 
 

24 healthy adults (13men) 
24 diabetic adults (12 men) 

 
 

Type 1 diabetes 

 
In a subgroup of participants, FMD 

was impaired (¯) in patients with Type 
1 diabetes in response to hand heating 

(sustained stimulus) 
 

 
In a subgroup of 

participants, there was no 
change 

(-) in FMD when testing 
with RH-FMD 

Table 2-1. In vivo studies that suggest FMD specificity to the type of shear stress stimulus elicited.  

FMD- Flow mediated dilation; HGEX-Handgrip exercise; RH- Reactive hyperemia 
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2.4 The effect of shear stress exposure on the endothelium 

2.4.1 Exposure to retrograde shear  

In contrast to anterograde shear stress, retrograde shear stress has been shown to have 

detrimental effects on the endothelium. Specifically, retrograde flow alters the morphology of the 

endothelial cells making them more round with short actin filaments randomly located at the 

periphery of the endothelial cells (Chiu & Chien, 2011). As a result of this morphological change, 

these regions exposed to retrograde flow are more susceptible to macromolecule permeation, 

increasing the risk of plaque development (Chiu & Chien, 2011). Furthermore, retrograde flow 

results in an increased production of ROS which increases deleterious reactions with NO, and 

decreases the bioavailability of NO (Cai & Harrison, 2000; Harrison et al., 2006). Also 

contributing to a decrease in NO bioavailability, retrograde flow has been shown to downregulate 

the expression of eNOS, limiting the production of NO in the endothelium (Hwang et al., 2003). 

Lastly, retrograde flow increases the expression of the gene that controls the vasoconstrictor 

molecule Endothelin-1 (ET-1) (Ziegler, Bouzourene, Harrison, Brunner, & Hayoz, 1998), which, 

with increased expression, would contribute to attenuated FMD (Chiu & Chien, 2011).  

In vivo chronic exposure to retrograde/oscillatory shear seems to be pro-atherogenic as 

evidenced by increase plaque accumulation at arterial branch points (Chien, 2003; Ku, Giddens, 

Zarins, & Glagov, 1985). Human in vivo studies have explored the effect of short term retrograde 

shear stress exposure on FMD. Thijssen et al. 2009 examined FMD following a 30 min cuff 

inflation designed to incrementally increase retrograde shear stress. FMD was attenuated with 

incremental increases in retrograde shear, suggesting a dose-dependent decrease in endothelial 

function with increased exposure to retrograde shear (Thijssen, Dawson, Black, et al., 2009). 
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2.4.2 Exposure to anterograde shear  

 The impact of exposure to anterograde shear stress on the endothelium follows a time 

course from initial acute FMD responses, to eventual morphological changes. Animal studies 

have found that acute (approximately 3hrs) anterograde flow is associated with the upregulation 

of many endothelial cytoprotective genes at various regions in the arterial tree: namely, 

superoxide dismutase (Topper & Gimbrone  Jr., 1999) and eNOS (Miller & Burnett  Jr., 1992). 

Superoxide dismutase (SOD) is an enzyme responsible for eliminating harmful reactive oxygen 

species (ROS), a factor that has been shown to attenuate FMD (Johnson, Mather, Newcomer, 

Mickleborough, & Wallace, 2013). ROS have this effect by reacting with NO, thereby limiting 

NO bioavailability and subsequently causing a decreased FMD. Therefore, it is likely that 

increasing SOD concentration favors the maintenance of a robust FMD response (Cai & Harrison, 

2000). Moreover, eNOS mediates the production of NO from its precursor L-arginine (Andrew & 

Mayer, 1999). The upregulation of eNOS increases the bioavailability of endothelial NO, which 

would be expected to contribute to an augmented FMD (Green, Maiorana, O’Driscoll, & Taylor, 

2004). Similar in vitro studies have determined that anterograde shear stress can impact arterial 

endothelial cell morphology. Prolonged anterograde shear stress effectively localizes actin 

filaments to the center of the cell, which allows the cells to flatten and align in the direction of 

blood flow (Chiu et al., 1998).  

 

2.5 Impact of exposure to anterograde shear stress on FMD 

Human in vivo studies have shown that exercise training induced increases in anterograde 

shear stress (repeated or ‘chronic’ shear stress exposure) improve RH-FMD (G. K. Birk et al., 

2012; Tinken et al., 2009) and there is evidence that increased eNOS expression may be involved 
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(Cheng et al., 2005; Gomez-Cabrera et al., 2005; Hellsten et al., 2007). Going forward, this 

review will focus on the impact of a single short term ‘bout’ of shear stress exposure on FMD. 

The effects of short term (30 min) anterograde shear stress exposure on brachial artery 

endothelial function have been recently investigated by testing with RH-FMD (Table 2-2). A 

similar FMD assessment protocol is apparent among these studies: an initial baseline brachial 

artery RH-FMD measurement is taken prior to a short-term intervention induced brachial artery 

increase in anterograde shear stress, followed by post intervention brachial artery RH-FMD 

measurement to determine if the intervention had an effect. A consistent finding is that 

intervention induced increases in brachial artery anterograde shear stress are followed by 

increased post intervention RH-FMD compared to baseline. This finding is consistent regardless 

of whether the increase in brachial artery anterograde shear was induced via isolated hand grip 

exercise (Atkinson et al., 2015; Credeur, Hollis, & Welsch, 2010; Tinken et al., 2010); lower 

body exercise (Tinken, Thijssen et al. 2009, Birk, Dawson et al. 2012) forearm heating (Tinken, 

Thijssen et al. 2009) or rhythmic cuff inflation and deflation known as Enhanced External 

Counterpulsation (EECP)(Gurovich & Braith, 2013) (Table 2). 

Tinken et al., (2009) used 30 minutes of handgrip exercise to assess the impact of brief 

shear stress exposure on brachial RH-FMD. They instructed participants to perform this handgrip 

exercise in both arms; one cuffed (to a pressure of 60mmHg) and the other uncuffed. The cuff 

was implemented to prevent an increase in anterograde shear stress in one arm (control limb), 

thereby isolating the effect of shear stress from any systemic effects of the handgrip exercise (e.g. 

increases in sympathetic nervous activity, heart rate, blood pressure or ROS). The results showed 

that there was no improvement in FMD in the cuffed arm, however, improvements in FMD were 

observed in the uncuffed arm. Overall, this suggests that a short term elevation in anterograde 
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shear stress, independent of any systemic effects of handgrip exercise, acutely improves 

endothelial function. 

With respect to the studies outlined in Table 2-2, all implemented RH-FMD 

measurements immediately after the shear stress elevating intervention. In addition to 

immediately post RH-FMD, Atkinson et al. (2015) also conducted an RH-FMD test 60 min post 

intervention and found that there were improvements in FMD at this time point, however, no 

improvement was seen immediately after the intervention. Atkinson et al. (2015) sought to further 

characterize the parameters required for anterograde shear stress enhancement of RH-FMD, 

identifying the “anterograde threshold” or minimum amount of anterograde shear stress required 

to see beneficial effects on endothelial function as assessed by RH-FMD. They found that RH-

FMD was enhanced following 30-minutes of HGEX at 15% maximal voluntary contraction 

(MVC), but not following 30 min of exercise at 5% or 10% MVC. This finding suggests that 5 

and 10% MVC elicited increases in shear stress below the threshold required to see improvement 

in RH-FMD.  The impact of short term shear stress exposure on HGEX-FMD is unknown. 

The mechanisms responsible for this potentiation of RH-FMD following short term 

exposure to shear stress have not been identified.  However, there is evidence that anterograde 

shear stress may result in an increase of eNOS (Fisslthaler, Dimmeler, Hermann, Busse, & 

Fleming, 2000; Gallis et al., 1999; Haram et al., 2006), MAPK and SOD (Ji, 2002) within 30 to 

60 minutes following shear stress onset, and therefore, these mechanisms may contribute to the 

RH-FMD potentiation observed following short term shear stress. Increased shear stress 

upregulates the production of anti-oxidant enzymes (Haram et al., 2006; Ji, 2002). An increase in 

antioxidants would decrease the number of reactions between NO and ROS and therefore 

increase the bioavailability of NO. Increased NO production as a result of increased eNOS 
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activity is another theory that would explain the ability of acute exercise to improve FMD 

potentiation. Increased eNOS activity in humans has been observed following an acute bout of 

exercise (Gomez-Cabrera et al., 2005; Hellsten et al., 2007). 

 

2.6 Is the impact of shear stress exposure on FMD specific to the FMD testing 

stimulus? 

As stated earlier, there are several in vitro studies that suggest that transient vs. sustained 

shear stress stimuli may recruit distinct transduction pathways. A recent in vivo study has also 

provided some evidence to support the idea that the impact of shear stress exposure on FMD may 

be specific to the FMD testing stimulus. Tinken et al., 2010 used a training intervention where 

participants preformed handgrip exercise 3 days a week for 8 weeks. Tinken and colleagues then 

tested FMD every two weeks using a standard RH-FMD stimulus (transient) in addition to an 

ischemic exercise stimulus (large and prolonged RH-FMD). The ischemic exercise stimulus 

consisted of one minute of ischemia via forearm cuff inflation, followed by 3 minutes of handgrip 

exercise while the cuff remained inflated and a final minute of ischemia. RH-FMD was improved 

at weeks 2,4, and 6 compared to baseline. However, when testing FMD with the prolonged RH 

stimulus (ischemic exercise), improvements in FMD were seen at weeks 6 and 8 compared to 

baseline. Not only were there differences in the time course of FMD improvement, but the 

magnitude of FMD improvement when testing with the prolonged stimulus (a stimulus that was 

more similar to the shear stress exposure of the intervention) was much larger than when testing 

with the transient stimulus. It is unknown whether potentiation of shear stress by a single bout of 

short term shear stress exposure (Table 2-2) is specific to the shear stress stimulus used to test 
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FMD or whether it is sensitive to similarity between the intervention shear stress stimulus and the 

FMD testing stimulus. 
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FMD = Flow mediated dilation; EECP = Enhanced External Counterpulsation; MVC = Max Voluntary Contraction; HRmax = Heart Rate max; SS=Shear      
stress; EF= Endothelial function. 

 

Reference Type Participants Protocol Effect of 

Anterograde on EF 

Key Results 

Tinken et al. 

(2009) 

In vivo 10 M; 

healthy 

Age- 28± 7 

- Pre/ immediately post FMD measurements 
taken after 30-minutes of heating, handgrip 
exercise and leg cycling. A cuff was placed 
on one arm to negate the changes in shear 
pattern in response to intervention. 

-  FMD post 
intervention in all 
conditions in non-
cuffed arm 

- Anterograde SS was increased in all 
interventions.  

- Cuffed arm had less anterograde SS,  
- While maintaining the same mean SS 

across all interventions, similar 
increases in FMD were recorded in 
non-cuffed arm. Cuffed arm saw no 
improvements in FMD.  

Gurovich & 

Braith. 

(2013) 

In vivo 18; M 

healthy 

Age-25±4  

- 45 min of EECP where cuff around the 
calves, lower thigh and upper thigh are 
rhythmically inflated to 250mmHg 

- FMD taken within 10 min post 
intervention. 

-  Post intervention 

FMD  

- Anterograde SS in the brachial artery 
was increased with intervention, and 
this correlated with increased FMD 
post intervention 

Tinken et al. 

(2010) 

In vivo 10 M; 

healthy  

Age- 28± 7 

- 30-minutes of handgrip exercise (30 
contractions/min) with pre/immediately 
post FMD measurement. Cuff inflated to 
60mmHg was inflated around one arm. 

-  Post intervention 

FMD 

- Increase in anterograde SS was seen in 
the un-cuffed arm whereas cuffed arm 
anterograde was attenuated. Increase in 
mean anterograde  SS is believed to be 
responsible for increase in FMD. 

Atkinson et 

al. (2015) 

In vivo 11 M; 

healthy 

BMI-23.7 

Age- 27±3 

- 5, 10, and 15% of MVC in handgrip 
exercise for 30-minutes at a cadence of 30 
contractions per minute.  

-  Post intervention 
FMD in the 15% 
MVC condition 
only 

- Anterograde SS increased with each 
increase in intensity. No change in 
retrograde SS  

- FMD increased 60min post exercise. 
FMD immediately after exercise was 
not different from baseline. 

- Identified “anterograde threshold” 
where a minimum SS elicited by 15% 
MVC for 30-minutes showed 
improvements in EF. 

Gurovich et 

al. (2010) 

 

In vivo 18 M; 

healthy  

Age-25±4 

- One 45 min EECP treatment with pre and 
within 10 min post FMD measurements 

-  Post FMD - Increased brachial artery anterograde 
SS. 

Table 2-2: A summary of the studies that have examined the effect of short term anterograde shear stress exposure on RH-FMD. 
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2.7 Summary and Conclusion 

Understanding endothelial function is an important area of research. Endothelial exposure 

to shear stress plays a significant role in arterial vasoactive and structural/functional regulation 

and is used as a means to elicit FMD, an index of endothelial function. Endothelial function is 

usually assessed by RH-FMD; however, FMD stimulated by a sustained increase in shear stress 

(e.g. HGEX-FMD) may be mediated by a distinct transduction pathway and may provide distinct 

information regarding endothelial function. Exercise, limb heating and rhythmic cuff inflation all 

increase anterograde and mean shear stress within the brachial artery. Short term (~30 min) 

increases in anterograde shear stress have been shown to enhance brachial artery RH-FMD 

immediately post intervention (Table 2). Further research is needed to determine the impact of 

short term shear stress exposure on endothelial function using HGEX-FMD (K. E. Pyke, Poitras, 

et al., 2008). 
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Chapter 3 

A single bout of handgrip exercise enhances post-exercise brachial 

artery flow mediation dilation in response to a handgrip exercise shear 

stress stimulus 

Abstract  

Brief exposure (30 min) of the brachial artery (BA) to a sustained elevation in shear stress has 

been shown to potentiate subsequent BA flow-mediated dilation (FMD) in response to a transient 

shear stress stimulus (reactive hyperemia (RH)-FMD). It is unknown whether matching the 

sustained shear stress exposure to a subsequent sustained shear stress stimulus for FMD (handgrip 

exercise (HGEX-FMD) might enhance the FMD potentiation. The study purpose was therefore to 

assess the impact of a handgrip exercise intervention induced sustained elevation in shear stress 

on subsequent BA HGEX-FMD vs. RH-FMD. Nineteen healthy male participants (22±3yrs) 

preformed a 30-minute HGEX intervention on two experimental days (15% max voluntary 

contraction; 1 sec contraction: 1 sec relaxation). BA-FMD was assessed using either an RH or 

HGEX shear stress stimulus (order of visits counterbalanced) at 3 time points: pre-intervention, 

10 min post and 60 min post. BA diameter and blood velocity were assessed using ultrasound. 

Shear stress was estimated as shear rate (BA blood velocity/BA diameter). Data are mean ± SD. 

Both HGEX and RH-absolute FMD increased significantly from pre-intervention to10 min-post 

(HGEX-FMD: 0.11 ±0.05mm to 0.16±0.08mm; p=0.008 RH-FMD: 0.25±0.1mm to 

0.32±0.11mm; p=0.008).  The magnitude of enhancement in RH and HGEX-FMD did not differ 

(p=0.344). In conclusion, these findings suggest that acute exposure to a sustained elevation in 
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shear stress potentiates subsequent FMD in response to sustained and transient elevations in shear 

stress to a fairly similar extent. 

 

3.1 Introduction 

A healthy cardiovascular system depends upon the quality of vascular endothelial cell 

function. An increase in blood flow, and subsequent increase in shear stress, results in an 

endothelium dependent dilation (flow-mediated dilation (FMD)). Reactive hyperemia (RH) 

following brief limb occlusion creates a large transient increase in conduit artery shear stress and 

the FMD response to this stimulus (RH-FMD) is commonly used as an index of endothelial 

function.  Shear stress not only stimulates FMD, but also influences endothelial function 

following both acute and chronic exposure (Atkinson et al., 2015; G. Birk et al., 2012; Tinken et 

al., 2009). Specifically, acute interventions that increase brachial artery shear stress for 30 min 

(e.g. handgrip exercise, cycling exercise, forearm heating) have been shown to potentiate 

subsequent brachial artery RH-FMD (Atkinson et al., 2015; Tinken et al., 2009). This indicates 

that exposure to a short-term, sustained increase in shear stress enhances the ability of the 

endothelium to respond to a transient increase in shear stress. 

 

In addition to RH-FMD, limb heating, distal drug infusion and exercise can be used to 

create sustained increases in upstream conduit artery shear stress which stimulate FMD (Bellien 

et al., 2010; Mullen et al., 2001; K. E. Pyke, Poitras, et al., 2008). The profile of the shear stress 

stimulus used when testing FMD may influence the shear stress transduction pathways (Frangos 

et al., 1996). Thus, FMD stimulated by different shear stress profiles may provide distinct 

information regarding endothelial function. In support of this, it has been shown that acute 
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interventions and chronic conditions can impact RH-FMD and FMD stimulated by handgrip 

exercise (HGEX-FMD; sustained shear stress stimulus) differently (Findlay et al., 2013; Padilla, 

Harris, Fly, Rink, & Wallace, 2006; Slattery, Stuckless, King, & Pyke, 2016; Szijgyarto et al., 

2013). Therefore, RH-FMD responses cannot be generalized to HGEX-FMD, and the impact of 

acute (~30 min) shear stress exposure HGEX-FMD remains unknown. This is important because 

the influence of prior short-term shear stress exposure on the ability of the endothelium to 

stimulate dilation in response to an exercise stimulus (e.g. HGEX-FMD) informs us about 

endothelial vasoactive function during normal activity.  

  

When testing HGEX-FMD following an acute handgrip exercise intervention designed to 

elevate shear stress, the intervention and FMD stimulus shear stress profiles are similar.  In 

contrast, when RH is used to assess FMD, the intervention shear stress is sustained, while the 

FMD testing stimulus is transient.  It is currently unknown whether FMD potentiation by prior 

shear stress exposure demonstrates shear stress profile specificity i.e. whether the magnitude of 

potentiation is influenced by the congruity of the intervention shear stress and FMD testing 

stimulus.  If transient and sustained increases in shear stress do indeed recruit distinct 

transduction pathways, the potentiation may be influenced by the degree of similarity between the 

transduction pathway that is recruited by the intervention vs. the FMD test. The exercise training 

literature provides some evidence in support of the concept that the impact of shear stress 

exposure on FMD may be, at least to some degree, specific to the profile of the FMD testing 

stimulus. Exercise training creates repeated, sustained increases in shear stress, and has been 

shown to have a distinct influence on FMD stimulated by a brief, vs. a more sustained RH profile 

(Tinken et al., 2010).  
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With this as a background, the purpose of this study is to determine 1) whether there is an 

improvement in HGEX-FMD after a 30 min handgrip exercise intervention that exposes the 

brachial artery to a sustained elevation in shear stress and 2) whether the influence of the 

intervention differs for RH-FMD (intervention shear stress and FMD testing stimulus dissimilar) 

vs. HGEX-FMD (intervention shear stress and FMD testing stimulus similar). We hypothesized 

that HGEX-FMD would be enhanced following the 30 min exposure to a handgrip exercise 

induced increase in shear stress.  Furthermore, because the intervention shear stress and the shear 

stress that stimulates HGEX-FMD are similar and likely stimulate the same shear stress 

transduction pathway, we hypothesized that the potentiation of HGEX-FMD would be greater 

than the potentiation of RH-FMD. Identifying whether the potentiation of FMD by short-term 

shear stress exposure extends to HGEX-FMD, and whether it exhibits evidence of shear stress 

profile specificity, will further elucidate the ways in which endothelial function is regulated by 

shear stress exposure. 

 

 

 

3.2 Methods 

3.2.1 Participants 

Twenty, healthy young males (aged 22±3 years) from the Queen’s University community 

in Kingston, Ontario, Canada participated in the study.  Due to poor ultrasound scans, one 

participant was excluded from all analysis, and another was excluded from RH-FMD analysis, 

resulting in an n of 19 for HGEX-FMD and an n of 18 for RH-FMD.  Comparisons between the 
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HGEX and RH-FMD testing conditions therefore have an n of 18 unless otherwise stated. The 

study protocol was approved by the Health Sciences Human Research Ethics Board at Queen’s 

University. All participants provided written consent on a form approved by the same board. 

3.2.2 Screening Visit 

All participants completed a medical questionnaire (Appendix A). FMD has been shown 

to be influenced by risk factors for cardiovascular disease and physical activity/fitness (Gokce et 

al., 2003; Moyna & Thompson, 2004). The inclusion and exclusion criteria were in place to 

minimize the impact of these factors on baseline FMD, and to match previous studies that have 

reported potentiation of RH-FMD following a similar acute handgrip exercise intervention 

(Atkinson et al., 2015; Tinken et al., 2009). Participants were required to be between 18 and 28 

years of age. Volunteers reporting cardiovascular or metabolic medical conditions, dyslipidemia, 

hypertension or taking vasoactive medications or medications to control cardiovascular risk 

factors were excluded.  Height and weight were assessed for calculation of body mass index 

(BMI) and blood pressure was assessed using a BPM-200 automated blood pressure monitor 

(BpTRU Medical Devices, Coquitlam, British Columbia, Canada).  Volunteers who were obese 

(BMI>30) or hypertensive (systolic blood pressure >140 mmHg, diastolic BP >90 mmHg) at the 

time of screening were excluded.  Participants reporting participation in structured exercise of > 

60 min per day on more than three days per week were also excluded. Volunteers who met the 

inclusion/exclusion criteria were asked to perform a maximal voluntary contraction (MVC) and a 

short bout (<5min) of handgrip exercise in a 1:5 contraction: relaxation duty cycle to familiarize 

them with the protocol and confirm that a clear brachial artery ultrasound image and velocity 

signal could be obtained.  A target exercise intensity for HGEX-FMD (%MVC) was also 

determined (see HGEX-FMD description below).   
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3.2.3 Experimental Design 

Participants attended 2 experimental visits over a 3-week period, with a minimum of 

48hrs between sessions. The experimental visits took place in the morning, beginning between 

7am and 10am in a quiet, temperature controlled room (20-23°C).  Participants were asked to 

abstain from exercise, alcohol, caffeine and food for 12 hours prior to experimental visits. The 

protocol timeline is outlined in Figure 3-1.  After a 30-minute supine resting period, a pre 

intervention FMD measurement (RH-FMD or HGEX-FMD- both described below) was taken on 

the left arm. Participants then performed the 30-minute handgrip exercise intervention. Ten 

minutes and 60 minutes following the handgrip exercise intervention a post intervention FMD 

measurement was taken (RH-FMD or HGEX-FMD; same test as pre intervention). The FMD test 

performed on the first experimental visit was counterbalanced between participants. 

 

 

Figure 3-1: Protocol timeline. Whether FMD measurement was RH-FMD or HGEX-FMD on the first 
experimental visit was counterbalanced. FMD- flow mediated dilation.  HGEX- Handgrip exercise.  MVC= 
Maximal voluntary contraction. RH- reactive hyperemia. 
 

Time (min) 
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3.2.4 Experimental Measurements  

3.2.4.1 Subject monitoring 

 Heart Rate (HR) was monitored throughout the testing session using a three electrode 

ECG. Blood pressure was continually measured via Finometer (Finometer PRO, Finapres 

Medical Systems) in the first 6 participants. In these participants, a pneumatic cuff was placed 

distal to the proximal interphalangeal joint of the middle finger of the non-exercising hand. Due 

to equipment failure, the use of the Finometer was discontinued for all subsequent participants 

and instead automated blood pressure readings were taken via an upper arm cuff (BpTRU 

Medical Devices, Coquitlam, British Columbia, Canada) prior to each FMD test and at three time 

points (10 min, 20 min and 30 min) during the intervention.   

3.2.4.2 Brachial artery blood velocity and brachial artery diameter 

As previously described (K. E. Pyke & Jazuli, 2011) brachial artery blood velocity was 

measured using Doppler ultrasound operating at 4-MHz and the diameter was measured using a 

12-MHz B-mode ultrasound (Vivid i2 GE Medical Systems). An insonation angle of 68° was 

used for reasons outlined in Pyke et al. (2008) (K. E. Pyke, Hartnett, & Tschakovsky, 2008). A 

Multigon 500P TCD (Multigon Industries, Yonkers, NY) was used to assess the Doppler 

frequency shift spectrum. The voltage output corresponding to the mean velocity was obtained 

and recorded in LabChart (ADInstruments) for future analysis. Brachial artery images were 

transferred to an independent computer using a VGA to USB frame grabber (Ephiphan Systems 

Inc.) and recordings were saved as .avi files using Camtasia Studio Software (TechSmith) for 

subsequent analysis of brachial artery diameter. 
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3.2.4.3 Handgrip exercise intervention 

The intervention consisted of 30-minutes of isometric handgrip exercise at an intensity of 

15% maximal voluntary contraction (MVC).  It was performed while participants lay supine with 

their left arm extended out at an 80° angle with the handgrip dynamometer in their left hand. The 

rate was 30 contractions a minute (1:1 ratio of contraction: relaxation). This intervention has been 

shown to result in a significant potentiation of brachial artery RH-FMD (Atkinson et al., 2015).  

To characterize the shear rate during the handgrip exercise intervention, 1-minute ultrasound 

recordings were taken at minutes 0, 10, 20, and 30. 

 

3.2.4.4 Flow mediated dilation assessment  

3.2.4.4.1 RH-FMD  

The left arm was extended at an 80° angle from the torso and an ultrasound probe was 

placed over the left brachial artery.  A pneumatic cuff (REUSE-13, Welch Allyn) was placed 

around the forearm, distal to the olecranon process. When testing began, the brachial artery 

diameter and blood velocity were recorded for a one-minute baseline. After baseline, the 

pneumatic cuff was inflated to 250mmHg and remained inflated for 5-minutes. After 4-minutes of 

cuff occlusion, recording of brachial artery diameter and blood velocity resumed.  The cuff was 

deflated after 5-minutes and recording of diameter and blood velocity continued for 3-minutes 

post cuff deflation. 

3.2.4.4.2 HGEX-FMD 

Subjects laid supine with the handgrip dynamometer in their left hand and the ultrasound 

probe was placed over the left brachial artery.  One-minute of baseline diameter was recorded 
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prior to 6-minutes of continuous handgrip exercise at a 1:5 (contraction: rest) duty cycle.  

Subjects exercised at an intensity (%MVC; determined in screening visit) required to elicit a 

shear rate of 75 s-1, up to a maximum of 45% MVC. A shear rate target of 75 s-1 has been used 

previously (K. E. Pyke & Jazuli, 2011; K. E. Pyke, Poitras, et al., 2008) and to achieve this, a 

required blood velocity was calculated (to achieve a target shear rate of 75s-1: required blood 

velocity = 75s-1 * brachial artery diameter (cm)). A maximum HGEX-FMD intensity of 45% 

MVC was implemented to limit fatigue over the multiple trials and in some cases this resulted in 

targeting a shear rate below 75s-1. The blood velocity was displayed as a moving average in real 

time to enable maintenance of the required velocity and adjustments in %MVC were made as 

needed.  Participants viewed a force readout line to reach the desired %MVC (LabChart, AD 

Instruments).  

  

3.2.5 Data Analysis 

3.2.5.1 Heart rate 

HR data were analyzed using LabChart (ADInstruments) in 3-s average time bins.  The 

baseline HR prior to each FMD test is reported as a 1-minute average.  HR was also reported as a 

1-minute average at minutes 0, 10, 20, 30 of the intervention.   

3.2.5.2 Blood pressure 

The baseline MAP prior to each FMD test was reported. A 1-minute average was used 

when blood pressure was assessed with the Finometer (n=6).  If blood pressure was assessed via 

the BP Tru (n=14), the device performed three measurements and the average of the last two 

measurements was reported. MAP was calculated using the equation MAP = Pdias + !" (Psys – 
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Pdias).   During the intervention, MAP was analyzed in the same fashion and reported for minutes 

0, 10, 20 and 30.  Due to technical difficulties, MAP was not obtained in one participant in the 

RH-FMD testing condition, and one participant in the HGEX-testing condition.  Therefore, 

comparisons of MAP between conditions have an n of 16. 

3.2.5.3 Brachial artery blood velocity and diameter 

LabChart (ADInstruments) data acquisition software was used to analyze blood velocity 

in 3-second time bins as previously described in Pyke et al. (2008)(K. E. Pyke, Hartnett, et al., 

2008). An automated edge detection software package was used to analyze brachial artery 

diameter (Encoder FMD and Bloodflow, version 3.0.3, Reed Electronics) as previously described 

(K. E. Pyke & Jazuli, 2011). The investigator was blinded to trial (pre intervention, 10 min post 

and 60 min post-intervention) while doing image analysis.  Diameter measurements were grouped 

into 3-second time bins and time aligned with the 3-second velocity time bins for the calculation 

of shear rate.   

 

3.2.5.4 Shear rate  

Shear rate was calculated as the mean blood velocity/vessel diameter. Estimating shear 

stress without viscosity measurements is considered an appropriate practice in this population 

(Thijssen et al., 2011). The magnitude of mean, anterograde and retrograde shear rate during the 

exercise intervention was quantified at times 0, 10, 20, and 30. Shear rate during the intervention 

on the HGEX-FMD testing day was not characterized in 1 participant due to poor intervention 

images.  Therefore, the testing condition comparison for intervention diameter and shear rate has 

an n of 17.   
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For the FMD tests, the baseline shear rate is reported as a 1 min average. The RH-FMD 

shear stress stimulus was reported as the area under the curve (AUC) from the time of cuff release 

to the time of peak diameter measurement (K. E. Pyke, Hartnett, et al., 2008). The 60 min post 

RH-FMD trial shear rate AUC was missing for 3 participants due to a lost velocity signal. The 

shear stress stimulus for HGEX-FMD was characterized as both a minute-by-minute average and 

as the average during the last 5-minutes of HGEX-FMD (steady state shear stress)(K. E. Pyke, 

Hartnett, et al., 2008; K. E. Pyke & Jazuli, 2011). 

 

3.2.5.5 Flow mediated dilation  

The RH-FMD response was reported as an absolute (mm) and percent (%) increase from 

the resting baseline diameter to the peak 3-second average time bin. 

The HGEX-FMD was quantified as the absolute and %increase from baseline diameter to 

the average diameter during each minute of exercise. 

	

3.2.6 Statistical Analysis 

 
HR, MAP, and shear rate during the intervention were analyzed using a two-way 

repeated measures ANOVA with the factors being testing condition (HGEX-FMD and RH-FMD) 

and time (Baseline, 10min, 20min, and 30min).  Baseline brachial artery diameter prior to the 

intervention was compared between testing conditions with a paired t-test. 

The baseline HR, MAP, shear rate and diameter prior to each FMD test were analyzed 

using a two-way repeated measures ANOVA with factors testing condition (HGEX-FMD and 

RH-FMD) and trial (Pre-intervention, 10 min post and 60 min post).  
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A two-way repeated measures ANOVA with the factors trial (Pre-intervention, 10 min post and 

60 min post) and time (minutes 1-6 of exercise) was used to analyze shear rate and FMD during 

each minute of the HGEX-FMD tests. A one-way repeated measures ANOVA, with the factor 

trial (pre-intervention, 10 min post and 60-min post intervention), was used to analyze HGEX-

FMD steady shear rate as well as RH shear rate AUC and RH-FMD. Significant main effects 

were explored with the Tukey post hoc test.   

The impact of the intervention on RH-FMD vs. HGEX-FMD was compared by analyzing 

effect sizes (Cohen’s D). The absolute FMD (HGEX-FMD pooled over the 6 min of exercise) in 

the pre-intervention vs. 10 min post intervention was used for this calculation.  A paired t-test was 

also used to compare the change in RH vs. HGEX-FMD from pre-intervention to 10 min post.   

Statistical analysis was performed using Sigmaplot 11(Systat Software, Chicago, IL). All values 

are expressed as the mean ± standard deviation (SD). Statistical significance was set at p<0.05. 
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3.3 Results  

3.3.1 Subject characteristics 

Participants were 22±3 years of age with an average BMI of 24±3 kg/ m2.  
 

3.3.2 Intervention variables 

3.3.2.1 Heart rate 

HR increased significantly over time during the intervention (p<0.001), however, there 

was no effect of testing condition (p=0.686) or interaction between time and testing condition 

(p=0.228) (Table 3-1). 

3.3.2.2 Mean Arterial Pressure 

MAP increased significantly over time during the intervention (p<0.001), however, there 

was no effect of testing condition (p=0.858) or interaction between time and testing condition 

(p=0.223) (Table 3-1). 

3.3.2.3 Pre-intervention baseline brachial artery diameter 

There were no testing condition differences in the pre-intervention baseline diameter 

(RH-FMD condition: 0.373±0.04; HGEX-FMD condition: 0.370±0.04, p=0.291). 
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 Handgrip Exercise Intervention 
(min) 

2way RM ANOVA 

HR (bpm) BL 10min 20min 30min Time Testing 
condition 

Time x Testing 
condition 

HGEX-FMD 
condition 

 

58±8 60±8 62±7 62±8 <0.001 0.686 0.228 

RH-FMD 
condition  

 

58±6 62±7 62±8 63±8    

        
MAP (mmHg) BL 10 min 20 min 30min    
HGEX-FMD 

condition 
  

84±10 89±9 90±10 91±9 <0.001 0.858 0.223 

RH-FMD 
condition  

82±9 89±10 90±10 91±10    

        

Table 3-1. Heart rate and mean arterial pressure during the intervention. 

 
Data expressed as mean ± SD. HR-Heart rate. RH-FMD; reactive hyperemia flow mediated 
dilation. HGEX-FMD; handgrip exercise flow mediated dilation. MAP; mean arterial pressure. 
N=18 for HR and N=16 for MAP. 
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3.3.2.4 Intervention shear rate  

3.3.2.4.1 Mean shear rate  

Mean shear rate increased during the intervention (main effect of time: p<0.001). The 

baseline mean shear rate was smaller than all other time points (p<0.001). There was no effect of 

testing condition (p=0.308) or interaction between time and testing condition (p=0.547) (Figure 

3-2).   

3.3.2.4.2 Anterograde shear rate  

Anterograde shear rate increased during the intervention (main effect of time: p<0.001). 

The baseline anterograde shear rate was smaller than all other time points (p<0.001). There was 

no effect of testing condition (p=0.679) or interaction between time and testing condition 

(p=0.527) (Figure 3-2). 

3.3.2.4.3 Retrograde shear rate 

Retrograde shear rate increased during the intervention (main effect of time: p=0.014). 

The baseline retrograde shear rate was significantly smaller than both 10min (p=0.03) and 20min 

(p=0.018) into the intervention. There was no effect of testing condition (p=0.066) or interaction 

between time and testing condition (p=0.523) (Figure 3-2).  
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Figure 3-2. HGEX-Intervention shear rates working at 15% MVC in a 1:1 
contraction: relaxation duty cycle for 30 minutes. Displayed are mean, 
anterograde, and retrograde shear rates during the intervention. Hashed bars 
denote RH-FMD testing condition and open bars HGEX-FMD testing 
condition. Error bars represent SD. HGEX- Handgrip Exercise condition. RH- 
Reactive hyperemia condition. N=17. Error bars represent ± SD. *-denotes 
significant difference from all other time points (p<0.05). #-denotes significant 
difference from 10 min post and 20 min post. 
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3.3.3 FMD test variables 

3.3.3.1 Baseline HR 

There was no effect of testing condition (p=0.302), trial (p=0.403) or interaction between 

testing condition and trial (p=0.606) for baseline HR (Table 3-2).  

3.3.3.2 Baseline MAP  

There was no effect of testing condition (p=0.475) or interaction between testing 

condition and trial for baseline MAP (p=0.183). However, there was an effect of trial (p<0.001) 

with the 10 min post and 60 min post trials having a slightly larger MAP compared to the pre-

intervention trial (Table 3-2). 

3.3.3.3 Baseline brachial artery diameter 

There was no effect of testing condition (p=0.147), trial (p=0.931) or interaction between 

testing condition and trial (p=0.206) for baseline diameter (Table 3-3). 

3.3.3.4 Baseline shear rate 

There was no effect of testing condition (p=0.809) or interaction between testing 

condition and trial (p=0.643).  However, there was a main effect of trial (p<0.001), such that the 

baseline shear rate during the10 min post trial was larger than both the pre-intervention trial 

(p=0.015) and the 60 min post trial (p<0.001)(Table 3-3).  
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 Trial Two-way repeated measures ANOVA 
 

HR (bpm) 
Pre-intervention 10 minutes post  

 
60 minutes post  Trial Testing 

condition 
Trial x testing 

condition 

HGEX-FMD 57±8 56±7 56±7 0.403 0.302 0.606 
RH-FMD 56±7 55±9 55±8    

       
MAP (mmHg)       
HGEX-FMD 80±10 84±8 86±11 <0.001 0.475 0.183 

RH-FMD 81±8 87±9 86±8    

Table 3-2. Baseline heart rate and mean arterial pressure prior to the FMD tests. 

Data expressed as mean ± SD. Pre-intervention MAP was lower than both post intervention trials (p<0.001).  HR-Heart 
rate. RH-FMD; reactive hyperemia flow mediated dilation. HGEX-FMD; handgrip exercise flow mediated dilation. 
MAP; mean arterial pressure. N=16 for MAP  
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 Trial 2way RM ANOVA 
 

Baseline Diameter 
(cm) 

Pre-Intervention 10min post 60min post Trial Testing 
condition 

Trial x testing 
condition 

HGEX-FMD 0.37±0.03 0.37±0.03 0.37±0.04 0.931 0.147 0.206 

RH-FMD 0.38±0.04 0.37±0.04 0.37±0.04    

Baseline Shear rate 
(s-1) 

      

HGEX-FMD 20±9 23±8 17±5 <0.001 0.809 0.643 

RH-FMD 20±5 25±10 17±6    

Table 3-3: Baseline diameter and shear rate prior to FMD tests. 

Data expressed as mean ± SD. 10 min post baseline shear rate was greater than baseline shear rate in the other two trials. 
RH-FMD; reactive hyperemia flow mediated dilation. HGEX-FMD; handgrip exercise flow mediated dilation.  
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3.3.3.5 Shear rate during HGEX-FMD and RH-FMD 

There were no significant trial differences in the steady shear rate shear rate stimulus for 

HGEX-FMD (p=0.213) (Figure 3-3A). When analyzed as one minute averages over the 6 min 

HGEX bout there was no main effect of trial (p=0.416), however, there was a main effect of time 

(p<0.001) and an unexpected interaction between time and trial (p<0.001) (Figure 3-3B). Post 

hoc analysis identified small but significant trial differences in shear rate during minutes 1 and 4 

of exercise only.  Shear rate in minute 1 of exercise was larger in the 10 min post trial compared 

to the pre-intervention (p<0.001) and the 60 min post trials (p=0.007) (Figure 3-3B). Shear rate in 

minute 4 of the pre-intervention trial was significantly larger than that in the 60 min post trial 

(p=0.037).  

For RH-FMD shear rate AUC to peak diameter, there was a main effect of trial 

(p<0.001). The 10 min post shear rate AUC was significantly larger than the pre intervention trial 

(p= 0.004) and the 60 min post trial (p<0.001). The pre-intervention shear rate AUC was also 

significantly larger than the shear rate AUC during the 60 min post trial (p=0.039) (Figure 3-3C).  
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Figure 3-3.  Shear rate stimulus in HGEX-FMD and RH-FMD. A) Average shear rate in the 
final 5 minutes of exercise (steady state period) in the HGEX-FMD test (normality test failed, 
comparison run on ranks, trial p=0.065). B) The shear rate stimulus during each minute of the 
HGEX-FMD test. C) RH-FMD test shear rate AUC to peak diameter. Error bars represent ± 
SD. ^- denotes 10 min post trial significantly greater than the two other trials in minute 1 of 
exercise. #- denotes significant difference between pre-intervention and 60 min post trial in 
minute 4 of exercise. *- denotes significant difference from all other trials. †-denotes 
significant difference from pre-intervention. 
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3.3.4 Flow-mediated dilation  

3.3.4.1 HGEX-FMD 

 When comparing each minute of exercise, there was an effect of trial for absolute HGEX-

FMD (p=0.009). Post hoc analysis identified that the 10 min post-intervention trial HGEX-FMD 

was significantly larger than the pre intervention trial (p=0.008) (Figure 3-4A). There was also a 

main effect of time (p<0.001), but no interaction between time and trial (p=0.198).  Results for 

%HGEX-FMD were similar (main effect of trial, p=0.008, main effect of time, p<0.001, 

interaction, p=0.207) (Figure 3-4B).  Trial differences in HGEX-FMD were not related to trial 

differences in shear rate during the first minute of exercise (data not shown). 
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Figure 3-4: A) Absolute HGEX-FMD. B) % HGEX-FMD. Error bars represent ± SD. * denotes 
significant difference between Pre-Intervention and 10 min post-intervention trials. 
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3.3.4.2 RH-FMD 

  There was a main effect of trial on absolute RH-FMD (p=0.002). Post hoc testing 

identified that the 10 min post trial was significantly larger than the pre-intervention trial 

(p=0.008) and the 60 min post trial (p=0.004) (Figure 3-5A).  Similar results were obtained for 

%RH-FMD (Main effect of trial p=0.004; 10 min post significantly larger than both pre 

intervention and 60 min post intervention trials) (Figure 3-5B).  Trial differences in RH-FMD 

were not related to trial differences in SR-AUC (data not shown).   

 

 

 

 

 

 

 

 

 

Figure 10. Absolute RH-FMD and % RH-FMD. A) Absolute RH-FMD B) % RH-FMD. Error bars 
represent ± SD. *-denotes significant difference from pre-intervention and 60 min post (p<0.05) 
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Figure 3-5. Absolute RH-FMD and % RH-FMD. A) Absolute RH-FMD B) % RH-FMD. Error bars 
represent ± SD. *-denotes significant difference from pre-intervention and 60 min post (p<0.05) 
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3.3.5 Impact of intervention on HGEX-FMD vs. RH-FMD  

The change in absolute FMD from pre-intervention to 10 min post did not differ between 

RH-FMD and HGEX-FMD (p=0.344) (same comparison with %FMD, p=0.932; or the change 

expressed relative to the pre intervention FMD magnitude, p=0.564). The impact of the 

intervention on FMD (pre vs. 10 min post) when testing with RH-FMD vs. HGEX-FMD was also 

similar as indicated by a moderate effect size (Cohen’s d) for both HGEX-FMD (r=.70) and RH-

FMD (r=.61). 

 

 

 

3.4 Discussion 

The primary purpose of this investigation was to determine, for the first time, whether 

exposure to a 30 min handgrip exercise intervention designed to elevate brachial artery shear 

stress resulted in an elevation in subsequent HGEX-FMD.  The secondary purpose was to identify 

whether the magnitude of post intervention improvement in FMD differed when testing with 

HGEX-FMD vs. RH-FMD, conditions in which, the intervention and FMD testing shear stress 

profile are similar and dissimilar respectively.  The main findings of this study are that 1) there 

was a post intervention improvement in HGEX-FMD and 2) the magnitude of post-intervention 

FMD improvement was similar for HGEX and RH-FMD. This suggests that the magnitude of 

FMD potentiation is not sensitive to congruity between the profile of the short term 

(‘intervention’) shear stress exposure the FMD shear stress stimulus profile.  The potentiation of 

HGEX-FMD by prior shear stress exposure indicates that FMD capacity may increase over 

multiple bouts of exercise and the significance of this for vasoregulation during exercise requires 

further study. 



 

46 

 

3.4.1 Hemodynamic changes and shear rate during the intervention 

Similar HR and MAP changes indicate that the hemodynamic response to the 30 min 

handgrip exercise intervention was the same in the RH and HGEX-FMD testing conditions.  The 

intervention protocol also successfully created the same shear stress alteration in both testing 

conditions. We examined mean, anterograde and retrograde shear because the goal of the 

intervention was to elevate anterograde shear rate. This is because anterograde shear rate is 

thought to be responsible for RH-FMD potentiation (Tinken et al., 2009), while increases in 

retrograde shear tend to impair FMD (Thijssen, Dawson, Tinken, Cable, & Green, 2009).Over the 

course of the intervention, there was an increase in anterograde and mean shear rate compared to 

baseline. This is consistent with studies using a similar intervention (Atkinson et al., 2015; 

Tinken et al., 2009, 2010). In contrast with Atkinson et al. (2015), but in agreement with Tinken 

et al., 2010, we observed a small increase in retrograde shear rate in the first 20 min of the 

intervention. Several studies have found that small amounts of retrograde shear stress during 

exercise do not have deleterious effects on FMD (King, Slattery, & Pyke, 2013; K. E. Pyke, 

Hartnett, et al., 2008; Tinken et al., 2010). 

 

3.4.2 Impact of the intervention on HGEX-FMD 

The magnitude of pre intervention HGEX-FMD is comparable to other studies that have 

created similar steady shear rates in the same population (King et al., 2013; K. E. Pyke & Jazuli, 

2011; Szijgyarto et al., 2013). In keeping with our primary hypothesis, we observed for the first 

time that HGEX-FMD was enhanced following the 30min handgrip exercise intervention.  

In this condition we wanted to have similarity between the intervention shear stress 

stimulus and the FMD testing stimulus. Although the shear stress stimulus of the intervention and 
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HGEX-FMD were both sustained, the duty cycles were not matched (intervention 1:1, whereas 

the HGEX-FMD was 5:1).  The 1:1 intervention duty cycle was chosen to match that of Atkinson 

et al., (2015), because it was shown to significantly potentiate RH-FMD (Atkinson et al., 2015).  

The HGEX-FMD 5:1 duty cycle was chosen because fewer contractions results in less arm 

movement and therefore facilitates continuous ultrasound imaging.  With a matched mean shear 

rate, this duty cycle (5:1) has been shown to elicit the same magnitude of dilation as a 1:1 duty 

cycle (King et al., 2013). This suggests that it is unlikely that the duty cycle difference between 

the intervention and the HGEX-FMD test had a significant impact on endothelial transduction of 

the shear stress stimulus. Despite differences in duty cycle, there was substantially greater 

similarity between the intervention and HGEX-FMD test shear stress profile vs. that of the 

intervention vs the RH-FMD test profile.  

There were unexpected trial differences in the HGEX-FMD shear rate stimulus at two 

time points during exercise (min 1 and 4).  Of particular relevance to the larger HGEX-FMD at 

10 min post vs. pre-intervention, the 10 min post trial shear rate during the first minute of 

exercise was significantly larger than the shear rate in the pre intervention trial.  Regression 

analysis determined that this trial difference in the shear rate stimulus did not correlate with the 

corresponding change in HGEX-FMD between trials, suggesting that the minor trial difference in 

shear rate did not drive the potentiation of HGEX-FMD. This was confirmed with analysis of 

HGEX-FMD with the addition of minute 1 shear rate as a covariate (data not shown).   

Potentiation of exercise stimulated FMD in consecutive bouts of exercise may have 

implications for perfusion.  For example, reduced coronary vascular resistance and reduced 

ischemia has been observed in the second of two closely spaced bouts of exercise (Lockie et al., 

2012). It is possible that shear stress exposure during the first bout of exercise may potentiate 
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coronary artery FMD during the second bout, and this may contribute to improvements in 

perfusion. Continuing research to develop a more comprehensive understanding of the 

implications of shear stress mediated exercise-FMD potentiation is warranted. 

 

3.4.3 Impact of the intervention on RH-FMD  

 The observation of improvement in RH-FMD following 30 min exposure to elevated 

shear stress is keeping with previous observations in young healthy males (Atkinson et al., 2015; 

Tinken et al., 2009). The magnitude of RH-FMD improvement in the 10 min post trial in the 

present study is somewhat lower than the previous studies of Tinken et al. and Atkinson et al. 

(29% vs 51% and 76% improvement respectively). Furthermore, the time course of improvement 

in RH-FMD was in agreement with Tinken et al., (2009), who also reported improvement 

immediately after the 30 min shear stress elevation intervention, and different from Atkinson et 

al. (2015) who reported improvement 60 minutes, but not immediately post intervention.  The 

reason for these discrepancies is not obvious.  The population studied, and protocol for RH-FMD 

and the interventions, are similar between studies.  The magnitude of anterograde shear rate 

created with the intervention in the present study is similar to that reported by Tinken et al., 2009, 

however it is somewhat lower than that of Atkinson et al., 2015.  A larger shear stress stimulus 

exposure during the 30 min intervention may contribute to their greater observed potentiation. In 

the present study, as well as in Tinken et al., (2009), the intervention protocol used isometric 

contractions, whereas, in Atkinson et al.,(2015) the intervention involved isotonic contractions. 

This difference in intervention methodology may have contributed to the different timecourse of 

FMD potentiation.  
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The shear stress stimulus for RH-FMD was different between trials such that the 10 min 

post trial had a significantly larger shear rate AUC when compared to pre-intervention and 60 

min post trials. A regression analysis determined that the change in shear rate AUC between the 

pre-intervention trial and the 10 min post trial did not correlate with the change in FMD.  

Furthermore, with addition of shear rate AUC as a covariate, RH-FMD remained significantly 

improved in the 10 min post trial compared to pre-intervention (data not shown). This suggests 

that the increased shear rate magnitude experienced by the brachial artery during the 10 min post 

trial did not drive the potentiation of RH-FMD. 

 

3.4.4 Impact of congruity between intervention and FMD testing stimulus 

Contrary to our secondary hypothesis, the influence of the intervention on FMD 

magnitude was not different between testing conditions.  If there are distinctions between the 

transduction pathways recruited by transient (RH) vs. sustained (HGEX) elevations in shear stress 

(Frangos et al., 1996), this may suggest that the root of FMD potentiation by short term shear 

stress exposure is in a common, rather than distinct part of the pathway. However, the pattern of 

trial differences suggests that the impact of the intervention on HGEX-FMD may have been more 

prolonged. Indeed, RH-FMD in the 10min post trial was significantly larger than both the pre-

intervention and 60 min post trials, reflecting the complete return of RH-FMD to pre-intervention 

levels by 60 min post (Figure 3-5). In contrast, HGEX-FMD in the 10 min post trial was only 

significantly larger than the pre-intervention trial, suggesting an incomplete return of the HGEX-

FMD response to pre-intervention levels by the 60 min post trial.  Further research will be 

required to confirm the presence of a more prolonged potentiation of exercise induced, vs. RH 

induced FMD following shear stress exposure. 
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Aerobic training results in repeated, sustained increases in shear stress and studies have 

identified that training can have a beneficial effect on FMD as assessed through RH-FMD 

(Clarkson et al., 1999; Tinken et al., 2008). There is some evidence that the impact of training on 

FMD is specific to the shear stress stimulus profile used in testing, and particularly that the 

impact of training may be greater when examining FMD stimulated by a more sustained increase 

in shear stress.  Tinken et al. 2010 tested the effect of 8 weeks of handgrip exercise training on 

brachial artery FMD stimulated by the standard 5 min forearm occlusion protocol and on brachial 

artery FMD stimulated by a prolonged reactive hyperemia, created with the addition of ischemic 

handgrip exercise to the 5 min occlusion period.  They observed that while the training 

intervention improved FMD when testing with the standard RH-FMD at weeks 2, 4 and 6, the 

improvement in FMD in response to the prolonged hyperemia appeared to be larger in magnitude 

and followed a different time course of improvement, with the largest responses occurring at 8 

weeks.  A similar disparate time course of adaptation in brachial artery FMD when testing with 

these two different shear stress stimulus profiles was also reported by Tinken et al., 2008 in 

response to lower body exercise training. This suggests that the impact of more chronic shear 

stress exposure (training) on FMD may demonstrate some FMD stimulus profile specificity, and 

further research is required.  

 

3.4.5 Baseline shear rate and MAP prior to the FMD tests 

Baseline shear rate was elevated in the 10 min post trial compared to the pre-intervention 

and 60 min post trials in both conditions, and this is likely due to residual effects of the 

intervention on forearm vascular resistance. Despite this slight elevation in shear rate, baseline 

brachial artery diameter was back to its pre intervention level in the 10 min post trial.   
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Baseline MAP values were slightly elevated following the pre intervention trial which is 

consistent with previous studies that have found an upward drift in MAP with supine rest (K. E. 

Pyke & Jazuli, 2011). It is possible that the increased MAP reflects an increase in sympathetic 

nervous activity (SNA).  Interventions that result in very substantial elevations in SNA have been 

reported to impair RH-FMD (e.g. Lower body negative pressure)(Hijmering et al., 2002) 

however, this has not been consistently shown (Dyson, Shoemaker, & Hughson, 2006), and has 

not been shown for HGEX-FMD (Stuckless & Pyke, 2015).  Therefore, it is unlikely that any 

small increase in SNA, if present, had an influence on our FMD observations.  

 

3.4.6 Limitations 

The participants used in this study were all young healthy males, and therefore, the 

findings are not generalizable to other populations including the elderly or non-healthy 

individuals. This study was not designed to evaluate mechanisms of FMD potentiation. 

Upregulation of eNOS stimulated by anterograde shear stress exposure has been proposed as a 

potential factor contributing to the increased dilatory response following acute bouts of exercise 

(Atkinson et al., 2015). Furthermore, increased microvascular eNOS content has been observed in 

humans following an acute bout of exercise (Gomez-Cabrera et al., 2005; Hellsten et al., 2007). A 

condition including L-NMMA infusion in future studies could be implemented to determine if the 

potentiation effect is dependent upon nitric oxide in RH and HGEX-FMD.  This study did not 

include a protocol in which responses to glyceryl trinitrate were measured pre and post 

intervention in place of FMD.  This is a limitation because the FMD potentiation could have been 

a result of the intervention induced improvement in vascular smooth muscle function. However, 

Tinken et al. (2009) found that shear stress associated with 30 minute of handgrip exercise had no 
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effect on brachial artery dilation induced by GTN (Tinken et al., 2009). Therefore, it is unlikely 

that the potentiation of FMD was a result of a change in vascular smooth muscle function. 

3.4.7 Conclusions 

This study was the first to investigate the ability of a 30 min handgrip exercise 

intervention to potentiate both HGEX-FMD and RH-FMD; conditions in which the intervention 

and FMD testing shear stress profile are similar and dissimilar respectively. We observed a 

similar degree of FMD improvement 10 min post-intervention with both tests. Therefore, 

similarity between the 30 min intervention shear stress profile and the 6 min shear stress stimulus 

for HGEX-FMD did not significantly increase the magnitude of FMD potentiation. Future studies 

are needed to elucidate the factors that determine the duration of FMD potentiation by shear 

stress and the functional role of FMD potentiation in perfusion during exercise. 
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Chapter 4 

General Discussion 

4.1 Introduction 

As previously stated, the primary purpose of this study was to determine if 30 minutes of 

HGEX resulted in potentiation of FMD in response to two different shear stress stimuli, HGEX-

FMD and RH-FMD. The secondary purpose was to determine if the magnitude of post 

intervention improvement in FMD differed depending on which shear stress stimulus (transient 

vs. sustained) was used.  It was hypothesized that FMD would be improved post intervention in 

response to both HGEX-FMD and RH-FMD, but that the magnitude of improvement in FMD 

would be greater when testing with a similar shear stress stimulus (HGEX-FMD). In line with our 

first hypothesis, there was an improvement in FMD post intervention when testing with HGEX 

and RH; however, the magnitude of improvement was similar between testing methods.  This 

suggests that FMD potentiation by short term shear stress exposure is not sensitive to the testing 

stimulus profile.  

Although there is considerable evidence indicating that shear stress has a significant 

regulatory influence on the endothelium, the nature of that regulation is still an active area of 

research. Therefore, it is worthwhile to continue investigating the regulatory effects of an acute 

sustained increase in shear stress, and how it may improve FMD when tested with a similar shear 

stress profile. Furthermore, this research could contribute to the understanding of how blood flow 

changes over successive bouts of exercise. Patients with ischemic heart disease often experience 

angina in response to physical exertion. Warm-up angina is a phenomenon where, after the initial 

physical exertion in which patient angina is induced, a brief reduction in exercise 
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intensity/workload results in reduced angina upon return to the initial intensity/workload (R. & 

M.S., 2006). The mechanism of the warm-up angina phenomenon is currently unclear. As 

mentioned in Chapter 3, Lockie et al. (2012) found reduced coronary vascular resistance and 

reduced ischemia in the second of two closely spaced bouts of exercise (Lockie et al., 2012). It is 

possible that FMD potentiation during the second bout of exercise due to the shear stress 

exposure during the first bout of exercise, may have contributed to improved perfusion in the 

second exercise bout.  Continuing acute FMD potentiation research will generally advance our 

understanding of the nature of endothelial regulation by shear stress, and could identify whether it 

plays a specific mechanistic role in the warm up angina phenomenon. 

 

4.2 Strengths and weaknesses 

This is the first study to assess the impact of a 30-minute handgrip exercise intervention 

on the potentiation of FMD as assessed by HGEX-FMD. Identifying whether the intervention 

potentiates FMD when testing with a similar shear stress stimulus addresses a gap in the literature 

pertaining to the endothelial response to shear stress. This is important given that FMD in 

response to a transient stimulus cannot be generalized to FMD stimulated by sustained increases 

in shear stress (Findlay et al. 2013, Szijgyarto et al. 2012, Slattery et al. 2016). Furthermore, 

testing with HGEX-FMD and identifying the endothelial response to this type of stimulus is 

relevant, as sustained increases in shear stress are frequently encountered with regular exercise 

(Pyke and Jazuli, 2011).  

There were limitations with this study. Insight into the exact mechanism of FMD 

potentiation was not explored. An increase in NO bioavailability is speculated to be the 

mechanism of FMD potentiation (Hellsten et al. 2007; Gomez-Cabrera et al. 2005; Atkinson et al. 
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2015). Therefore, infusion of L-NMMA could have been used to determine if the mechanism of 

FMD potentiation depended on NO.   

The findings of this study are not generalizable to other populations, including the elderly 

and non-healthy individuals (including those suffering from CVD). An inverse relationship 

between age/CVD and RH-FMD has been established (Benjamin et al. 2004). By investigating 

the current study protocol in different populations, we could gain insight into whether endothelial 

function is affected by certain conditions or diseases as assessed via both HGEX-FMD and RH-

FMD. This research could further elucidate whether specific conditions affect transduction 

pathways that are sensitive to a specific shear stress stimulus.  

Lastly, there was no time control for RH and HGEX-FMD. It is possible that participants 

may have had improved FMD without the intervention. However, Pyke and Jazuli (2011) 

examined successive RH-FMD (4 trials) and HGEX-FMD (4 trials) on different experimental 

visits where each trial was separated by approximately 10 minutes. The study found that FMD 

was not different between trials suggesting that the effect of time with rest between trials did not 

influence FMD. Pyke and Jazuli (2011) provides some evidence to suggest that FMD potentiation 

with rest is unlikely (K. E. Pyke & Jazuli, 2011). 

 

4.3 Directions for future research 

Future research could address the temporal aspects of the intervention that may contribute 

to FMD potentiation as assessed by HGEX-FMD. It is currently unknown if peak FMD 

potentiation may take place with either shorter or longer bouts of elevated shear stress (i.e. 15 min 

and/or 45 min intervention). Indeed, potentiation was seen with 30 min of HGEX, however, it is  

unknown whether the improvement in FMD may be more pronounced with more or less acute 
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exposure to shear stress. Furthermore, upon subjective analysis in the current study, it would 

appear that the largest differences in HGEX-FMD between trials was in the first two minutes of 

testing. It has been suggested that the mechanisms involved in FMD during a sustained stimulus 

may change over time (Pyke and Tschakovsky 2005) and it is possible that the short term shear 

stress exposure of the intervention had its most profound effect on mechanisms at work early in 

the FMD response. Given this, implementing a HGEX-FMD test of longer duration (i.e. 8 min) or 

with a larger subject pool may permit the identification of a significant difference in FMD 

between trials at a specific time point.  

Lastly, although 8 weeks of HGEX training has been shown to improve FMD as assessed 

by RH-FMD (Tinken et al. 2010), it is currently unknown if HGEX training will improve FMD 

as assessed by HGEX-FMD. Furthermore, the evidence provided by Tinken et al., (2010) 

suggests that training may have a different impact on FMD, depending on the profile of the shear 

stress stimulus used in FMD testing. Tinken et al. (2010) investigated FMD after 8 weeks of 

HGEX training and tested with both RH-FMD and a prolonged transient stimulus (created by 

occlusion with ischemic handgrip exercise) and found that the time course and magnitude of 

FMD improvement were different with these two tests.  Specifically, %FMD was improved at 

weeks 2, 4 and 6 when testing with RH-FMD, whereas %FMD was improved at weeks 6 and 8 

when testing with ischemic handgrip exercise. The magnitude of peak %FMD improvement was 

also larger when testing with ischemic exercise (60%) compared to when testing with RH-FMD 

(55%).  Given this, it would be interesting to see if FMD as assessed by HGEX-FMD may 

elucidate more information in regards to FMD adaptation after chronic exposure to elevated shear 

stress. 
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4.4 MSc. Experience 

When I first began my Master’s, my initial interest lied in researching the influence of 

training and the associated elevations in shear stress on endothelial function. While reviewing the 

literature on training interventions, I found the acute study by Atkinson et al. (2015), which began 

to shift in my interests from training interventions to acute elevations in shear stress. The 

Atkinson paper initiated the “anterograde threshold” idea, described as the minimum amount of 

acute anterograde shear exposure required to see changes in brachial arterial function (Atkinson 

et al., 2015). Intrigued by this idea, I (with guidance from my supervisor Dr. Pyke) began to see if 

we could relate the Atkinson findings to recent work from our group. Our lab had recently 

published work on FMD in response to differing testing shear stress stimuli and also explored the 

possibility (in theory) of different FMD transduction pathways that may be sensitive to the shear 

stimulus used to test endothelial function. Knowing that the HGEX intervention used in the 

Atkinson study resulted in a sustained increase in shear stress, I noticed that the testing stimulus 

used to evaluate FMD potentiation was transient, and not similar to the shear stress profile of the 

intervention. At this point, my focus shifted away from the anterograde threshold, and became 

more targeted on whether the magnitude of FMD improvement would be greater if the impact of 

the intervention (sustained elevation in shear stress) was tested with a similar shear stress 

stimulus. I hypothesized that the sustained elevation in shear stress of the intervention would 

further potentiate a transduction pathway that was sensitive to sustained increases in shear stress. 

Excited and wanting to test out this hypothesis, I conducted a pilot study of 6 participants 

to assess two things: first, whether FMD would be improved as assessed by HGEX-FMD, and 

second, whether the magnitude of FMD improvement would be greater when testing with HGEX-

FMD. The findings of the pilot work showed that there was an improvement in FMD when tested 
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with HGEX-FMD, and that the magnitude of improvement was larger when testing with a similar 

shear stress profile. Thus, my pilot study demonstrated that both of my hypotheses were correct. 

However, in my official study (reported in Chapter 3) only the first hypothesis was supported, 

while the second hypothesis regarding the magnitude of FMD potentiation was not. 

My master’s experience has also allowed me to grow and develop, both as an academic 

and as a person. Academically, I have improved my ability to assess scientific journal articles, 

find gaps in the literature, develop questions, and generate experimental designs to test my 

hypotheses.  In addition to these fundamental aspects of academic growth, I have garnered several 

technical laboratory skills including how to obtain clear and consistent ultrasound images, obtain 

pulse wave velocity, as well as how to analyze ultrasound images and velocity signals. Lastly, I 

have gained and built upon several personal skills such as professionalism, ethics, and 

communication via speech and writing.  

 

4.5 Summary and Conclusion 

Recent studies that have implemented both RH-FMD and HGEX-FMD to test endothelial 

function have found that the impact of conditions/interventions on FMD differs depending on 

which testing shear stress profile is used (Findlay et al.2013, Szijgyarto et al. 2012, Slattery et al. 

2016). These studies, along with in vitro findings (Frangos et al.1996), provide evidence for the 

idea that multiple transduction pathways for FMD may exist. In line with our hypothesis, we 

observed that a 30 min acute HGEX intervention can potentiate FMD as assessed by both HGEX-

FMD and RH-FMD. However, we also found that the magnitude of FMD potentiation was not 

enhanced by matching the intervention and FMD shear stress stimulus profile. From this we can 

speculate that it is possible that the HGEX intervention had an equal impact on the transduction 
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pathways that are recruited by both transient and sustained increases in shear stress. Future 

research exploring how FMD is influenced by both short and long term (i.e. training) exposure to 

shear stress is warranted, in order to further elucidate the ways in which endothelial function is 

regulated by shear stress exposure and how this influences responses to exercise. 
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Appendix A 

School of Kinesiology and Health Studies 

 

 

 

 

 

 

 

 

MEDICAL QUESTIONNAIRE FOR RESEARCH STUDY 

 

The effect of acute handgrip exercise on flow 

mediated dilation as assessed by exercise induced 

increases in shear stress and reactive hyperaemia.  
 
Faculty Investigator: 

Kyra E. Pyke, PhD, School of Kinesiology and Health Studies 

 

 

To the study participant:  Please answer all questions in sections 1 and 2 of 

this form.   
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SECTION 1:  PERSONAL DATA (please print) 

 

Name:  ____________________________________________ 

 

Year of birth:  ______________________________________ 

 

 

SECTION 2:  MEDICAL HISTORY 

1. Y  /   N   Has your doctor ever said that you have a heart condition and that you 
should  

only do physical activity recommended by a doctor? 

 

2. Y  /   N  Do you feel pain in your chest when you do physical activity? 
 

3. Y  /   N  In the past month, have you had chest pain when you were not doing 
physical   

activity? 

 

4. Y  /   N  Do you lose your balance because of dizziness or do you ever lose  
consciousness? 

 

5. Y  /   N  Do you have a bone or joint problem (e.g. back, knee,  
hip and or wrist) that      could be made worse by a change in your 
physical activity? 

 

6. Y  /   N  Is your doctor currently prescribing drugs (e.g. water pills) for your 
blood  

pressure or heart condition? 

 

7. Y  /   N  Do you know of any other reason you should not do physical activity? 
 

8. Do you have, or have you ever had, problems with any of the following? 
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 Yes No 

         i. Heart or blood vessels   ___ ___ 

(these might include but are not limited to: heart attack, stroke, heart 

murmur angina, coronary artery disease, high blood pressure, high 

cholesterol, congenital heart disease, any heart operation, bleeding or 

clotting disorders) 

         ii. Nerves or brain     ___ ___ 

         iii. Breathing or lungs      ___ ___ 

         iv. Hormones, thyroid, or diabetes      ___ ___ 

         v. Muscles, joints, or bones  ___ ___ 

         vi. Other (please list) __________________________________________ 

 

 

9. Please list the diagnosis or/or briefly describe any problems identified in #8 
     
 

 

 
                
 

10.  Are you presently taking any medications?  If yes, please list. 
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11..  Do you have any allergies to medications, adhesive tape, latex, etc.? 

 
 
 
 
 
 
12. Do you currently smoke? ________ yes/no    Number of cigarettes/day_____    

 

If previous smoker date of last cigarette_______________ (year, month) 

 

I acknowledge that the study investigators completed this form according to my 

specifications; this information is true to the best of my knowledge. 

 

 

______________________________ 

 ______________________________ 

Participant Name  Participant Signature 

 

Date (dd/mm/yyyy) :  ______________ 

 

 

 


