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Abstract 

Endothelial function is important for the maintenance of vascular health and it can be assessed by 

measuring endothelial dependent flow mediated dilation (FMD) in response to an imposed increase in 

shear stress (SS). While the 5 min reactive hyperemia FMD test (5 min RH-FMD) of the brachial artery 

(BA) remains the most commonly employed method of increasing shear stress, other methods, including 

handgrip exercise (HGEX), also exist. The purpose of this study was to determine whether obesity is 

associated with a uniform, or a SS profile specific impact on FMD. 19 healthy controls (21.42 +/- 2.46 

years) and 9 obese subjects (27 +/- 5.43 years old) participated in this study. Each subject performed two 

5 min RH-FMD tests, two HGEX-FMD tests, and one 15 min RH-FMD test. BA diameter and blood 

velocity (BV) were assessed using ultrasound. Data are means ± SD. No differences in mean SS 

experienced during HGEX were observed between groups (p>0.05). %HGEX-FMD was significantly 

higher in the controls (11.34 ± 4.72% vs. 5.19 ± 3.00%)(p<0.001), while no differences in 5 min or 15 

min RH-FMD were observed in the full study sample (p>0.05). To account for higher SS area under the 

curve (SS AUC) experienced by the obese group in both the 5 min RH- (p=0.055) and 15 min RH-FMD 

tests (p=0.004), a subset of the 9 controls with the highest SS AUC in each test was compared to the 

obese group. In this subset, the lower RH-FMD in the obese group approached significance (5 min RH-

FMD: controls 8.52 ± 2.0 % vs. obese 6.22± 2.5%, p=0.052; 15 min RH-FMD: controls 17.75 ±5.03% vs. 

obese 13.28± 5.14%, p =0.08). The findings demonstrated for the first time, that HGEX-FMD was more 

than 50% lower in an obese group vs. a control group with a matched SS stimulus. It appears that the 

larger RH SS stimulus in the obese group played a role in masking impaired RH-FMD. When the SS 

magnitude was considered, the ability of the endothelium to respond to all stimulus profiles was more 

similarly attenuated in obese participants.   
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Chapter 1 

 Introduction 

Cardiovascular disease (CVD) is a significant health and economic problem affecting 

much of the developed world. It is responsible for almost a third of annual deaths in Canada, with 

one Canadian dying from heart disease or a stroke every 7 minutes (122). This causes a 

tremendous encumbrance on our already-overburdened health care system and national fiscal 

budget. For example, CVD was estimated to cost 20.9 billion dollars in lost wages, decreased 

productivity, and hospital costs in 2005; a number that is expected to rise to 28.3 billion dollars 

by the year 2020 (71). Identifying individuals at risk before symptoms arise could help to rectify 

this issue. Pharmacological and nonpharmacological treatments have been shown to prevent CV 

events caused by the progression of atherosclerosis, thereby potentially decreasing healthcare 

costs. The crux of the issue is that in order to recommend interventions aimed at reversing the 

atherogenesis, tests must exist that are reliable in assessing vascular health. Therefore 

understanding vascular function in health and disease and developing tools to assess it is an 

important research objective. 

 The endothelium is single layer of cells lining the inner walls of our arteries and is 

essential in preserving cardiovascular health (44, 79). It is integral in maintaining a healthy 

vascular tone through the production and release of vasoactive molecules that induce relaxation 

or constriction of the vasculature. In addition to maintaining vascular tone, a healthy endothelium 

is also capable of inhibiting the development of atherosclerosis by limiting the adhesion of white 

blood cells to the endothelium (21, 32, 48), inhibiting excess proliferation of smooth muscle (28, 
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113), and preventing excessive platelet aggregation near any existing atherosclerotic lesions  (52, 

84) . It is now widely accepted that endothelial dysfunction precedes, and plays a role in the 

development of morphological atherosclerotic changes, as well as in the appearance of 

cardiovascular disease (32). 

As a result of its potential for providing an early indication of dysfunction; before any 

cardiovascular condition develops, testing endothelial function has gained momentum in 

cardiovascular research. Elevations in blood flow through an artery cause an increase in shear 

stress, which is the tangential force exerted on a vessel wall by the blood. The endothelium senses 

the shear stress and initiates the release of vasodilatory molecules including nitric oxide (NO), 

prostaglandins (PGI2), and endothelium derived hyperpolarization factor (EDHF) (98, 112) which 

stimulate the relaxation of the arterial smooth muscle cells.  This phenomenon is known as flow-

mediated vasodilation (FMD). A seminal study by Celermajer et al. (22) described a non-invasive 

endothelial function test that exploits this shear stress sensitivity.   

The test involves a 5-minute forearm occlusion and release to cause a substantial, 

transient increase in shear stress through the brachial artery, which acts as a stimulus for FMD (5 

min RH-FMD test). The magnitude of the FMD is representative of endothelial function, with a 

large dilation being indicative of preserved function (22). The 5 min RH-FMD test has 

subsequently been shown to predict the incidence of CVD in healthy populations, as well as the 

progression of CVD and future CV events in clinical populations (14, 111, 117, 141). The results 

of a recent meta-analysis suggest that a 1% increase in 5 min RH-FMD is associated with a 9% 

decrease in cardiovascular risk (53, 62). As a result of the ability of the test to reflect coronary 

artery endothelial function (124), as well as to predict risk for developing cardiovascular disease 
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in the future, the 5 min RH-FMD has become the standard test for assessing endothelial function 

(106, 126). 

 While the prognostic ability of 5 min RH-FMD should not be disregarded, the 

overwhelming attention devoted to this one technique has limited our understanding of how the 

endothelium responds to various other shear stress profiles. This is critical given the evidence 

demonstrating that there are multiple mechanisms (transduction and vasodilatory pathways) 

involved in FMD (68, 93, 102), and that the mechanism of FMD that is recruited may be 

dependent on the shear stress profile sensed by the endothelium (93).  It is possible that different 

diseases differentially affect the various shear stress transduction pathways. Therefore including 

various shear stress profiles (e.g. prolonged vs. transient increases in shear stress) in FMD 

research could ensure the most comprehensive evaluation of the nature and extent of endothelial 

dysfunction present in a given disease or at-risk population.  

 Other methodologies that can be used to increase brachial artery shear stress for FMD 

assessment include: occlusions of varying duration (1 min – 15 min), the longer the occlusion, the 

more prolonged the hyperemia (27); adding ischemic exercise to the occlusion period, which 

prolongs the hyperemia (22); hand warming, which creates a moderate, sustained stimulus (29); 

and finally, handgrip exercise (HGEX), which causes a sustained intensity dependent increase in 

shear stress (21).   HGEX creates a stimulus profile that is similar to how shear stress is increased 

during normal activities and is therefore physiologically relevant. Apart from any possible utility 

in predicting future disease, studying FMD stimulated by exercise induced increases in shear 

stress is of interest due to its potential role in supporting perfusion of the musculature (114) , i.e. 

an impaired HGEX stimulated FMD response (HGEX-FMD) could be indicative of compromised 

perfusion.  
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 A small number of recent studies using at-risk populations, such as those with type I 

diabetes, the elderly (54), and smokers (41), have demonstrated  the utility of HGEX-FMD (or 

FMD stimulated by a similar a sustained shear stress stimulus) in detecting endothelial 

dysfunction. Findlay et al. (41) observed impaired  brachial artery HGEX-FMD  but intact RH-

FMD in young smokers. Similarly, Grzelak et al. (54), reported that differences between healthy 

controls and participants with diabetes as well as between old and young subjects were greater 

using HGEX-FMD vs. RH-FMD. Finally, Bellien et al. (8) reported that FMD stimulated by a 

sustained, hand warming induced shear stress stimulus was impaired patients with type I diabetes, 

as compared to controls, while no group differences were observed in RH-FMD.   However, in 

patients with high cholesterol, Mullen et al. (93) observed an impaired 5 min RH-FMD, but no 

FMD impairment in response to a progressive, sustained shear stress stimulus, similar to that 

created through exercise.  These studies collectively suggest that we cannot generalize impaired 

HGEX-FMD responses to RH-FMD, and that in some populations HGEX-FMD might be 

impaired sooner or with a smaller perturbation in endothelial function than 5 min RH-FMD. 

Obesity is a recognized public health issue in Canada, which contributes over 7 billion 

dollars in direct and indirect costs to our health care system (65). Obesity has also been 

established as an independent predictor of the risk for developing CVD (59). Given the proposed 

role of endothelial dysfunction in linking obesity and CVD (4, 18, 45), endothelium-related 

research has received significant attention.  The majority of existing literature has found an 

impaired 5 min RH-FMD response in obese adults (male and female) and, adolescents, compared 

to matched lean controls (15, 57, 95, 143), particularly in the presence of an abdominally obese 

phenotype (15, 57). No study to date has looked specifically at the FMD response to a sustained 

shear stress stimulus in an obese population. This might provide important, complimentary 
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information (in addition to 5 min RH-FMD) regarding the mechanistic links between CVD and 

obesity and may also ultimately enable improved differentiation regarding risk. 

 With this as a background the study described in chapter 3 of this thesis was designed to 

investigate whether abdominal obesity is associated with a uniform, or a shear stress profile 

specific impact on FMD. 

 

Specific objective: 

To compare FMD in abdominally obese participants vs. lean controls in response to three 

distinct shear stress stimulus profiles: 1. Transient reactive hyperemia resulting from the release 

of a 5 min forearm occlusion (5 min RH); 2. Prolonged reactive hyperemia resulting from the 

release of a 15 min forearm occlusion (15 min RH), and 3. A sustained shear stress stimulus 

resulting from 10 min of moderate HGEX. 

 

Hypothesis: 

The obese group will have a lower FMD response in all tests and the HGEX stimulus will 

result in the largest group difference in FMD. Given the potential for group differences in the 

shear stress stimulus with the uncontrolled RH profiles, methods to account for any stimulus 

differences will also be applied to enable appropriate interpretation of FMD results with respect 

to endothelial function. 
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Chapter 2 

Literature Review 

This literature review will focus on 1) the relationship between the endothelium and 

atherosclerosis, 2) non-invasive measures of vascular function and structure, 3) current evidence 

of impaired vascular function associated with obesity and 4) the potential mechanisms explaining 

this impairment. 

 

2.1 The Endothelium 

The endothelium is a single layer of cells that lines the vascular system, forming a 

boundary between the blood and the vessel wall. The location of the endothelium allows it to 

transduce physical and chemical signals carried or caused by the blood.  It responds by 

synthesizing and releasing a wide array of factors, including the vasodilators nitric oxide 

(NO)(49), prostacyclin (PGI2)(91) and endothelium derived hyperpolarization factor (EDHF)(24), 

as well as the vasoconstrictor endothelin-1 (ET-1)(77).  Vasodilator release is stimulated by 

increases in shear stress (16): the frictional force exerted on the endothelium by the blood as it 

moves along the vessel wall, which can be represented by the equation 4ηV/D  (where η = blood 

viscosity, V= blood flow velocity and D = vessel diameter) (50). The increase in NO release in 

response to increased shear stress is the result of increased activation of existing endothelial nitric 

oxide synthase (eNOS)(35), as well as possibly increasing eNOS content through up regulation of 

its mRNA expression (133). Endothelial-derived NO diffuses to the vascular smooth muscle cells 

(VSMC) causing activation of soluble guanylyl cyclase (GC), which converts guanosine 
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triphosphate  (GTP) to guanosine monophosphate (cGMP)(90). Similarly, PGI2 stimulates cell 

surface prostacyclin (IP) receptors linked to activation of adenylate cyclase (AC), which induces 

the conversion of adenosine triphosphate (ATP) to adenosine monophosphate (cAMP)(90).  The 

increased cGMP and cAMP derived through NO and PGI2 cause decreases in VSMC intracellular 

calcium (Ca2+) concentration, facilitating VSMC relaxation and thus dilation.  In contrast to the 

release of vasodilators, the endothelium also synthesizes and releases the potent vasoconstrictor 

ET-1 in response to low flow/shear stress conditions as well as in certain pathological states (77, 

82, 139). Briefly, ET-1, a mitogenic factor, is thought to induce smooth muscle cell proliferation, 

vasoconstriction, inflammation, and fibrosis by decreasing the bioavailability of NO by either 

impeding NO production or by increasing its degradation (60). A functioning endothelium 

ensures a healthy balance of vasodilator to vasoconstrictor release thus facilitating a healthy 

vascular tone.  Endothelial function is therefore of particular importance in maintaining blood 

pressure and adequate perfusion of tissue, which are well-known contributors to avoiding the 

development and consequences of cardiovascular disease (69, 94). 

2.1.1 The Endothelium and Atherogenesis 

The release of endothelial-derived NO in particular has garnered significant attention 

on account of its dual vasoprotective and vasodilatory roles (61, 109). As a result, the term 

endothelial dysfunction is commonly used to refer to a decreased bioavailability of NO (19). This 

can reference a decreased production of NO by the endothelium or an increased rate of 

degradation by reactive oxygen species (56).  Atherosclerosis can be described as thickening 

of the arterial walls caused by the formation of hard plaques through a series of steps (Epstein and 

Ross, 1999).  Briefly, atherogenesis is initiated as low-density lipoprotein LDL passes through the 

endothelium into the intima. LDL is oxidized, typically as a result of increased oxidative stress 
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caused by uncoupled NO synthase, xanthine oxidase, and NADPH oxidase (19), which then 

causes monocyte chemoattractant protein (MCP-1) to be released from endothelium and VSMCs 

facilitating the migration of monocytes into the intima. Oxidized LDL also causes the 

differentiation of monocytes into macrophages which results in increased expression of adhesion 

molecules on the endothelial surface, which serves to further increase the movement of 

monocytes into the intima (43). Macrophages can then ‘consume’ oxidized LDL to form foam 

cells, which act as the core of the atherosclerotic lesions. Foam cells then release cytokines (small 

signalling molecules) that initiate smooth muscle cell proliferation and migration to the growing 

lesion (110). Consequently, a fibrous cap is formed on account of collagen deposition initiated by 

VSMCs, which hardens and causes the lesion to begin to protrude into the lumen of the artery, 

thus initiating the imposition of the lesion on blood flow within the vessel (110). Increased 

mechanical strain exerted on the narrowing vascular wall can cause rupture of the lesion exposing 

the lipid core to circulating platelets (108). If a significant clot is formed (thrombosis), blood flow 

might be attenuated or inhibited all together causing injury to downstream tissue (108).  

A functional endothelium is essential in inhibiting this process, in part as a result of 

maintained NO bioavailability. NO has been identified to play a role in attenuating the 

development of atherosclerosis by decreasing endothelial permeability leading to a decreased flux 

of low density lipoprotein (LDL) into the subendothelium (20), limiting adhesion of white blood 

cells (leukocytes and monocytes) to the endothelium (21, 48), inhibiting excess proliferation of 

smooth muscle (28, 113), and preventing excessive platelet aggregation (thrombosis)(52, 84).   

Endothelial dysfunction can be apparent long before any clinical complications 

associated with atherosclerosis are present. For example, endothelial dysfunction can be observed 

even in young children or adolescents when factors including smoking, obesity and 
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hypercholesterolemia are present (22, 87, 121).  It is desirable to identify and implement 

interventions to reverse endothelial dysfunction before significant atherosclerosis develops to 

avoid any associated health complications. Therefore, the potential utility of non-invasive tests 

that identify early signs of endothelial dysfunction is evident, and has stimulated a field of 

research.  

2.2 Non-Invasive Measures of Endothelial Function  

 

The most frequently used non-invasive measure of endothelial function is referred to 

as flow-mediated dilation (FMD). The test involves measuring the change in diameter of a 

conduit artery, using high-resolution ultrasound, following the induction of an increase in blood 

flow-associated shear stress; the stimulus for endothelial-mediated release of NO and other 

vasodilators. There are several means by which conduit artery shear stress can be elevated to 

allow assessment of FMD, and this portion of the review will focus on reactive hyperemia (RH-

FMD) and handgrip exercise (HGEX-FMD).  

2.2.1 Reactive Hyperemia FMD (RH-FMD) 

 

The most commonly used method to stimulate an increase in blood flow to evaluate 

endothelium-dependent vasodilation is through a technique referred to as RH-FMD (29). This test 

was first developed in 1992 (22) and involves inflating a pneumatic cuff around the lower arm or 

leg to a suprasystolic pressure for 5 min.  This decreases perfusion and stimulates dilation in the 

limb vasculature distal to the cuff.   Upon releasing the cuff there is a large, transient increase in 

blood flow, and therefore shear stress, through the upstream conduit artery (reactive hyperemia 

(RH)).  The stimulus is quantified as an area under the curve until the time of peak diameter 
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measurement (Figure 1). The magnitude of conduit artery FMD (RH-FMD) in response to this 

shear stress stimulus is used as the index of endothelial function. This test can be performed in 

several conduit vessels including the brachial (103), radial (102), femoral (46) and popliteal 

arteries (99); however, brachial artery RH-FMD is the most common. 
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Figure 1. The shear stress is plotted for each individual. The shaded portion represents the area 
under the curve (AUC) until peak dilation (indivdually determined).  This AUC is used to 
characterize the shear stress stimulus for RH-FMD.  
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2.2.2 Correlation between peripheral conduit artery RH-FMD and coronary artery 

endothelial function 

Peripheral conduit arteries, especially those in the upper limb, do not typically 

develop clinically relevant atherosclerotic lesions. However, brachial artery RH-FMD has been 

shown to correlate well with more invasive measures of the clinically relevant coronary arteries. 

Anderson and colleagues (1995) first investigated this relationship by comparing the response of 

the coronary arteries to serial intracoronary infusions of acetylcholine (ACH) (endothelial-

dependent agonist) with brachial artery RH-FMD. A weak but significant correlation was 

observed (r=0.36) (2). A subsequent study conducted by Takase and colleagues (1998) used ATP 

infusion of the coronary conduit artery to stimulate FMD, and demonstrated a substantially 

stronger correlation with brachial artery RH-FMD (r=0.78) (125). The difference in the strength 

of the observed correlation between the two studies can likely be attributed to Takase and 

colleagues stimulating FMD in both the brachial and coronary artery through an increase in shear 

stress (125), which was not the case in the study conducted by Anderson and colleagues (2).  

2.2.3 RH-FMD and Prediction of CVD 

Numerous studies have attempted to quantify the predictive ability of RH-FMD in 

the brachial artery. Some studies have demonstrated that RH-FMD is an independent predictor for 

the development of CVD in apparently healthy populations (111, 115). For instance, Shechter et 

al. demonstrated using multivariate analysis that FMD was the best independent predictor of 

long-term cardiovascular disease (all-cause mortality, non-fatal myocardial infarction, heart 

failure or angina pectoris hospitalization, stroke, coronary artery bypass grafting and 

percutaneous coronary interventions) compared to traditional risk factors like lipoprotein levels, 

c-reactive protein, and fasting glucose.   Other studies have demonstrated that the value of RH-
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FMD in predicting the progression of CVD and incidences of CV events in clinical populations 

(51, 70, 88, 101) might exceed the prognostic value of more traditional risk factors. There have 

been conflicting findings, however, that question the magnitude to which RH-FMD predicts 

future cardiovascular disease and/or events. Yeboah et al. followed almost 300 older adults (72-

98 years old) for 5 years, and found that while individuals that had an FMD greater than their sex-

specific mean experienced significantly fewer cardiovascular events, RH-FMD added only 

approximately 1% to the most predictive existing model (150).  

As a result of the conflicting evidence, as well as a desire to more definitively 

quantify the relationship between RH-FMD and risk of cardiovascular disease, Inaba et al. 

conducted a meta-analysis (62), which demonstrated that the relative risks of cardiovascular 

events (pooled across multiple outcomes) per 1% increase in brachial FMD, adjusted for 

confounding risk factors, was 0.87. This provides reasonable evidence that RH-FMD is capable 

of predicting risk for future CV risk. One limitation of this study is that some heterogeneity of 

RH-FMD methodologies used between studies was not accounted for, which could potentially 

influence predictive value.   

It is also of note, that no clear FMD ‘cut offs’ have yet been established to indicate a 

healthy or desirable vs. an ‘at risk’ value. In fact, due to variability between studies the ‘at-

risk’/impaired group in one study might have the same magnitude of FMD as the healthy group 

from another. 

2.2.4 The Evolution of Our Understanding Regarding the NO dependence of FMD and the 

Influence of the Assessment Protocol 

Shortly following the debut of the RH-FMD test, evidence indicating that could be 

used as a bioassay of NO bioavailability was reported (68).  Based on these data and additional 
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similar findings (93), it was hypothesized that RH-FMD represents the prevailing degree of NO 

mediated vasoprotection, and for many years this was used as a mechanistic explanation for any 

RH-FMD disease prediction ability.  Specifically, Joannides and colleagues (68) and others (93) 

found that compared to the control condition, infusing the NO synthase inhibitor N-

Methylarginine (L-NMMA) abolished the FMD response. However, subsequent studies 

challenged the NO dependence of RH-FMD and therefore the validity of using RH-FMD as an 

isolated index of NO bioavailability.  

Doshi and colleagues (2001) investigated the role of cuff placement in determining 

the dependence of RH-FMD on NO, and demonstrated that while 5 minutes of cuff occlusion 

distal to the site of FMD measurement in the brachial artery was nearly completely abolished  

(~7% to 0.14%) by L-NMMA infusion, FMD stimulated by cuff occlusion in the upper arm 

(proximal to the site of ultrasound measurement) was only partially attenuated through L-NMMA 

infusion (~12 to 7.5%) (36). This demonstrates that the location of cuff placement significantly 

affects the mechanisms through which dilation occurs, and that FMD stimulated through proximal 

cuff placement could not be used to represent NO bioavailability. 

Mullen et al. (93) further investigated how different methodologies affect the 

dependency of FMD on NO release from the endothelium. They demonstrated that while radial 

artery FMD in response to a transient RH stimulated by 5 minutes of cuff occlusion was 

dependent on NO, FMD in response to a more prolonged hyperemia elicited with 15 minutes of 

occlusion, distal hand warming, or incremental distal infusion of ACH was not affected by L-

NMMA infusion (93). This further substantiates the idea that different methodologies of 

increasing shear stress, which result in distinct shear stress profiles, facilitate dilation through 

different mechanistic pathways and should not be generalized as a single, NO dependent 
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phenomenon. Specifically, the findings by Mullen et al. would suggest that transient increases in 

shear stress evoke dilatory responses that are more highly NO-dependent than those stimulated by 

a more prolonged hyperemia. 

Based on this evidence a methodological review indicated that a 5 min occlusion, 

with FMD measurement distal to the site of occlusion, was optimal for eliciting an exclusively 

NO dependent FMD response (‘index of NO bioavailability’)(106). Recent evidence, however, 

suggests that even adhering to this ‘standard’ protocol does not ensure an NO dependent FMD 

response. Pyke et al. (102) (2010) evaluated the NO-dependency of the standard 5 min RH 

protocol in the radial artery, and observed no differences in FMD between RH trials with or 

without L-NMMA infusion, (102).  Subsequently, Wray et al. used L-NMMA to test the 

dependency of brachial artery RH-FMD on NO pathways. The infusion of L-NMMA resulted in a 

significant but incomplete attenuation of the RH-FMD as compared to the control condition 

(8.9±1.3%–6.0±0.7%), which did not remain significant when normalized to account for 

differences in the stimulus for vasodilation (shear rate AUC)(148).Finally, in contrast to the 

findings of Mullen et al. (93), evidence now also suggests that sustained increases in shear stress 

may involved a significant, but not exclusive NO component (9, 147).  As a whole these studies 

demonstrate that while NO contributes to FMD of conduit arteries in vivo, it does not appear to 

be obligatory or simplistically isolated to one profile, and suggests that other factors (PGI2 and 

EDHF for example) are capable of compensating in the absence of NO.  

2.2.5 RH-FMD Assessment Protocol and Disease Prediction 

The recent evidence that has questioned whether RH-FMD is an isolated index of NO 

bioavailability does not eliminate the predictive value of the test, rather it demonstrates that our 

understanding of the mechanisms by which RH-FMD relates to CVD are incompletely 
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understood. More specifically, in contrast to previous prevailing theory, emerging evidence 

suggests that any predictive ability of RH-FMD may not be wholly explained by its indication of 

the degree of NO mediated vasoprotection. For example, Green and colleagues (2011) evaluated 

14 studies used in the Inaba et al. meta-analysis (described above) (62), and determined that for 

every 1% increase in FMD measured using distal cuff placement (often NO-dependent), a 9% 

(relative risk 0.91) decrease in the future risk of CV events was observed. By comparison, with 

studies that evaluated FMD using proximal cuff placement (significant NO –independent 

component), they observed a 17% (relative risk of 0.83) decrease in CV risk for every 1% 

increase in FMD. These results suggest that the prognostic value of RH-FMD in predicting future 

CV events is not predicated on it isolating NO bioavailability. These studies looked exclusively at 

the effect of cuff placement on the predictive value of RH-FMD response and the predictive 

power of other protocols previously avoided for fear of ‘losing’ NO dependency (e.g. >5 min 

occlusion) remains to be established. 

2.2.6 Applying non-standard RH-FMD Techniques to Learn More About Endothelial 

Function 

  While the 5 min occlusion reactive hyperemia test has the most established value in 

predicting cardiovascular disease status (53, 62), other research has explored manipulations of the 

RH protocol to understand basic endothelial cell function, and also to continue to probe for 

additional assessments that provide important information about vascular health.  Padilla et al. 

used five different durations of cuff occlusion (1,2,3,4 and 5 minutes) to stimulate five different 

magnitudes of hyperemia (97). This enabled the researchers to quantify the stimulus-response 

relationship of shear stress and FMD in a linear regression. While no difference in standard 5 min 

RH-FMD was detected when comparing groups classified as having either low or moderate 
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cardiovascular risk, the slope of the regression line was significantly lower in the moderate-risk 

group. A lower slope indicates an impaired dilation response to graded shear stress, which 

suggests that it may be possible to enhance the discriminatory ability of the RH-FMD test by 

including multiple variations of the test in a given study.  

  Several studies have also investigated the utility of superimposing ischemic exercise with 

cuff-occlusion to cause increases in the subsequent SS stimulus (76, 146). Creating a larger 

stimulus allows for the shear stress – FMD response relationship to be studied in greater detail by 

identifying characteristics such as the FMD response ceiling, which could potentially provide 

further information pertaining to vascular health.  

  Wray et al. (146) used the addition of ischemic handgrip exercise to try to match the 

shear stress stimulus between groups.  They compared the FMD responses of young (22 +/- 1 

year) and old (71 +/-2) subjects, and witnessed a significantly larger RH shear stress stimulus and 

FMD response in the young subjects. However, when the authors added ischemic handgrip 

exercise to the 5-minute occlusion in the old group, a larger shear stress stimulus was observed 

that matched the shear stress stimulus experienced by the young group. Interestingly, the 

subsequent FMD response was no longer significantly different from the young group. This fact, 

in addition to the discovery of a correlation between age and the post-cuff release increase in SS, 

led the authors to conclude the differences in FMD were at least partly the result of differences in 

the magnitude of the stimulus, as opposed to being explained by differences in endothelial 

function. This demonstrates the complications that can arise from the variability associated with 

the stimulus created by the RH-FMD test (146), and how departure from standard testing 

procedures may facilitate greater understanding of endothelial function.  
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2.2.7 Testing FMD with non-RH Stimulus Profiles 

  Despite the value of RH-FMD in measuring endothelial function and predicting future 

CV risk, it is not without limitations.   While some manipulation is possible (Figure 2) with 

altered occlusion duration, cuff placement or ischemic exercise, the increase in blood flow is not 

sustained, controllable nor consistent (within or between individuals) (67, 89, 103).  
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Figure 2. Shear stress profile schematics. Panel A. represents the shear stress profile elicited with 
the 5 min RH-FMD (standard) test; Panel B. represents an RH-FMD superimposed with ischemic 
handgrip exercise OR with an occlusion duration > 5 mins; Panel C. represents the submaximal, 
sustained shear stress profile elicited through heating or handgrip exercise. 
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In addition to issues surrounding the difficulties of between subject comparisons and 

stimulus controllability, the average person seldom experiences transient reactive hyperemia on 

account of cuff occlusion and release. This lack of physiological relevance suggests that while the 

test has predictive value, it does not necessarily inform us of impairment in the ability of the 

artery to respond to ‘typical day-to-day’ stimuli (moderate magnitude, sustained elevations in 

shear stress during activity). With that in mind, some researchers have started investigating 

alternative means to increase shear stress to stimulate FMD, including limb heating (8, 93) and 

exercise (105, 118, 147). The rest of this section will focus on exercise-induced increases in shear 

stress because, in comparison to limb heating, this method confers greater ease in controlling the 

stimulus magnitude. 

2.2.8 Exercise FMD (EX-FMD) 

Exercise and physical activity are the means through which humans increase shear 

stress through their arteries on a daily basis.  Exercise and physical activity stimulate increases in 

shear stress via the rapid vasodilation of the resistance vessels feeding the relevant musculature. 

This is followed by a sustained dilation caused through the accumulation of metabolites and 

increased O2 demand, which results in an increase in flow and shear stress in the upstream 

conduit arteries (34). A potential complication associated with using exercise to increase shear 

stress for the purpose of FMD assessment is the possible contribution of conducted vasodilation 

to the dilatory response.  

Conducted vasodilation refers to the process in which a changing metabolic 

environment in the muscle causes the conduction of exercise-induced vasodilation of small 

arterioles up the arterial tree causing dilation in more remote arteries (140). This would 
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complicate the interpretation of subsequent findings, as the measured dilation in the conduit 

artery would not be exclusively attributable to an FMD response. Pyke et al. (105) however, used 

HGEX to induce a change in the metabolic environment of the muscle while preventing any 

increase in shear stress by compressing the upstream conduit artery in order to isolate the effects 

of FMD and conducted vasodilation. No increase in brachial artery diameter was observed when 

shear stress was maintained at baseline levels. This provides reasonable evidence that EX-FMD, 

which has been demonstrated to be NO and EDHF dependent (9, 147), and not conducted 

vasodilation, is the mechanism through which conduit arteries increase in diameter in response to 

exercise.  

Another consideration when using EX-FMD is that exercise results in patterns of 

reverse (retrograde) and forward flow due to repeated contraction and relaxation of the exercising 

muscle. A study conducted by Thijssen and colleagues demonstrated that prolonged exposure to 

increases in retrograde flow could attenuate the post-exposure 5 min RH-FMD (127). This 

finding corroborated an earlier in vitro study where increased retrograde shear stress exposure 

was shown to negatively influence endothelial cell function (47). However, Pyke et al. (2008) 

compared forearm heating (steady mean shear stress with no retrograde shear stress) to handgrip 

exercise (HGEX) (substantial fluctuation around the mean shear stress with a retrograde 

component) when the mean shear stress was equal between conditions and observed a similar 

%FMD (105). Furthermore, King et al. compared three different duty cycles (ratio of contraction 

to relaxation) of HGEX with a matched mean shear stress but significant differences in the 

magnitude of retrograde shear stress.  They observed a similar EX-FMD response in all three 

conditions (74). Together, these findings support the notion that the endothelium responds to the 
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mean shear stimulus during exercise, and that the increase in retrograde shear does not have a 

deleterious effect.  

Since the increases in blood flow associated with exercise are dependent on the intensity 

of exercise being performed (105, 147), researchers are able to target and maintain the magnitude 

of the desired shear stress stimulus through manipulation of exercise intensity (41, 74, 123). For 

example, the equation for shear stress can be rearranged to the following: 

Target Blood Flow Velocity=Desired Shear stress x Arterial Diameter/4 x Blood Viscosity 

Provided that the researchers have access to a real-time representation of the blood 

velocity it is possible to coach the subjects through small increases or decreases in contraction 

intensity to achieve this targeted blow flow velocity. This can be used to ensure that the shear 

stress stimulus is consistent within and between all subjects. Similarly, it provides a more 

effective opportunity to evaluate the shear stress-FMD relationship in greater depth than with RH-

FMD on account of it being easier to manipulate the shear stress magnitude, to sustain the shear 

stress for a desired period of time, and ultimately to quantify the stimulus imposed on the artery 

when interpreting the subsequent findings.  

2.2.9 Does EX-FMD Provide Information that is Relevant to Cardiovascular Health? 

    

The ultimate goals of developing ‘non-standard’ FMD tests are improving our ability to 

understand endothelial patho/physiology and to identify individuals at risk for developing CVD 

or experiencing a CV event. There are several ways in which EX-FMD may make an important 

contribution to endothelial function research.   
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Studying EX-FMD: 

1. May provide relevant information regarding the perfusion of the musculature, either by 

contributing to or reflecting perfusion issues (114).  

2. May yield information regarding the function of shear stress transduction pathways that 

are distinct from those recruited in 5 RH-FMD (41, 54, 93, 102, 147).   

3. Could permit identification of emerging endothelial dysfunction (prior to 5 RH-FMD)(41, 

54). 

4. Allows the FMD response to be quantified for the duration of the exercise stimulus 

which, in contrast to assessing a peak response alone (RH-FMD), provides insight 

regarding the time course of dilation(41).   

5. Allows for the accurate targeting of shear stress to ensure no inter- or intra- test 

variability in the stimulus for dilation (41, 76, 123). 

2.2.10 Evidence Supporting a role for Exercise Mediated FMD in Perfusion 

As previously mentioned, exercise and physical activity are how humans typically 

increase blood flow, and therefore shear stress in conduit arteries in vivo. Furthermore, there is 

evidence to suggest that the FMD in response to these exercise induced increases in shear stress is 

functionally relevant for muscle perfusion.   In a study conducted by Nabel and colleagues 

(1990), healthy subjects and subjects with coronary arterial irregularities (confirmed via 

angiography) were compared in terms of their dilatory response in large coronary arteries to 

incremental increases in blood flow; more similar to how blood flow would be increased in 

response to exercise than through reactive hyperemia. It was found that the presence of 

atherosclerosis impeded the vasodilatory response. The researchers then demonstrated that when 

given nitroglycerin (NTG), an endothelium-independent stimulus for vasodilation, there were no 
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differences between groups. These findings demonstrate that individuals with atherosclerosis in 

the large coronary arteries are impeded in their ability to dilate in response to incremental 

increases in blood flow, which could impede perfusion of downstream tissue (94).This is 

corroborated by Vita et al. (137), who suggest stenosis severity in an atherosclerotic vessel might 

be increased due to impaired FMD, as the decreased dilatory response to increased flow results in 

increased resistance (and therefore strain) on the arterial walls.  

 Duffy and colleagues provided further insight by determining whether the dilation in 

response to increased pacing of the heart (representing increased metabolic demand that might 

occur during exercise) was dependent on NO and PG release indicating endothelial dependence. 

Using acetylsalicylic acid (ASA) and L-NMMA to block PG and NO respectively it was 

demonstrated that both NO and PGs contribute significantly to resting conduit and resistance 

vessel tone, to peak functional hyperemia, and to flow-mediated dilation after metabolic 

stimulation (38).  Schrage et al. (114) investigated the influence of endothelium-produced NO and 

PGI2 on steady state hyperemia in HGEX. It was observed that both NO and PGI2 independently 

contributed to exercise hyperemia, and thus perfusion of the active musculature, but that 

compensatory mechanisms existed to account for the impairment of PG producing transduction 

pathways. 

Collectively, the evidence demonstrates the importance of a functioning endothelium for 

metabolic vasodilation (that seen in exercise for example). And while resistance vessel dilation 

remains the most critical determinant of perfusion, these data suggest that FMD may play an 

important role in preventing the ‘underperusion’ of active musculature in the face of increased 

metabolic demand.   
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2.2.11 Evidence of EX-FMD Impairment in Populations with Elevated Cardiovascular Risk 

or Cardiovascular Disease 

While there are no studies that exist to support EX-FMD as an independent predictor of 

CVD, recent research has started to identify EX-FMD impairment in some disease populations. 

Grzelak and colleagues utilized a HGEX protocol to evaluate FMD and observed that FMD was 

significantly impaired in males with type 1 diabetes (T1D) compared to healthy age matched 

controls (54).  This study was also interesting because HGEX-FMD was compared to RH-FMD 

and it was determined that the difference between the healthy and unhealthy groups was greater 

using HGEX-FMD. This would suggest that HGEX might be more sensitive than RH-FMD in 

detecting endothelial dysfunction in that population. A more recent study that compared the 

HGEX-FMD and RH-FMD responses in young smokers with a short smoking history vs. non-

smokers observed that while significant differences in HGEX-FMD were observed between 

smokers (a population known to be susceptible to endothelial dysfunction) and controls, no 

significant group differences in RH-FMD were found (41). In contrast, Gaenzer et al. (46) 

observed both impaired RH-FMD and EX-FMD in an older population with a longer smoking 

habit. Collectively, this evidence suggests that the transduction pathway involved with an 

exercise shear stress stimulus is more vulnerable to the negative impact of smoking, and might be 

capable of detecting smaller or earlier differences in endothelial function than the 5 min RH-FMD 

test. This study also demonstrated the utility of HGEX-FMD in potentially identifying the 

specific vasodilatory mechanisms impaired due to smoking. It was observed that the group 

difference in HGEX-FMD widened over time, which would suggest that mechanisms involved in 

the maintenance rather than initiating dilation were more affected by smoking. These findings are 

in agreement with a study that employed hand warming to evoke a moderate, sustained shear 

stimulus, similar to that evoked by HGEX. In that study, it was determined that differences in 
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FMD magnitude between healthy control subjects vs. individuals with type I diabetes were 

greater following a sustained stimulus as compared to a more transient hyperemia stimulated 

through RH (8).  

In contrast, Mullen and colleagues (2001) only observed a reduced 5 min RH-FMD in 

patients with high cholesterol, whereas the FMD response to more sustained hyperemia, elicited 

with distal vasodilator infusion, was normal (93). Taken together these findings suggest that in 

certain (but not all) conditions FMD stimulated by a sustained increase in shear stress might be 

impaired before, or with a smaller perturbation in endothelial health than RH-FMD. Therefore 

populations that have been demonstrated to have impaired RH-FMD should not be assumed to 

have impaired EX-FMD (and vice versa). This demonstrates the importance of including EX-

FMD in future studies investigating endothelial health. Future research should also look to use 

EX-FMD in long-term prospective studies, similar to those done with RH-FMD, as these are 

needed to confirm the ability of EX-FMD to predict CVD and CV events in both healthy and 

clinical populations.   

2.3 RH-FMD and Obesity 

Obesity has received substantial attention as a risk factor for CVD and in as early as 1956 

was suspected to contribute to the advancement of premature atherosclerosis (134). It was not 

until data from the Framingham study was published, however, that there was significant 

evidence of obesity contributing to an increased risk for CVD independent of concomitant risk 

factors like hypertension, glucose intolerance, and hypercholesterolemia (59). Given the rising 

prevalence of obesity in the Canadian population, (from 10% in 1972 to 26% in 2009-2011) (65), 

it is clear that this could have serious ramifications for CVD development. 
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  There is substantial evidence that obesity is linked to endothelial dysfunction (Table 1) 

and it is thought that an associated attenuation of endothelially-mediated vasoprotection 

contributes to the increased risk for developing CVD in obesity. Hashimoto et al. compared the 

effects of different forms of obesity (primarily visceral or subcutaneous) on endothelial function 

as measured using the standard brachial artery 5 min RH-FMD test.  The RH-FMD of 23 

viscerally and 15 subcutaneously obese men and 23 healthy age matched controls were compared 

(average age=37.6 +/- 1.8 year). It was observed that FMD was significantly attenuated (3.09 +/- 

0.43%) in men with visceral obesity compared to the subcutaneously obese men (7.90 +/- 0.51%) 

and healthy weight men (8.91 +/- 0.44%). Through multiple regression analysis it was also 

determined that %FMD correlated significantly with the ratio of visceral to subcutaneous fat (r = -

0.70, p<0.0001)(57). This suggests the phenotype of the obesity is of critical importance, a 

finding that was further substantiated by Brook and colleagues (2001) who demonstrated that the 

waist-to-hip ratio (WHR) (a non-invasive measure of abdominal obesity) was a significant 

predictor of endothelial dysfunction. Those individuals (14 male/18 female, mean age=34.6 +/- 

9.6) with a WHR greater than 0.85 (indicative of substantial central adiposity) had a significantly 

lower FMD (3.93 +/- 2.85%) as compared to those who had a WHR of less than 0.85 (8.34 +/- 

5.47%) despite BMI (kg/m2) being similar between groups (15). All of the subjects in this study 

presented with uncomplicated obesity, having blood pressures of <140/90 mmHg, fasting total 

cholesterol <200 mg/dl, fasting glucose <126 mg/dl, and no family history of premature 

cardiovascular disease.



 

 

 

28 

Citation Subjects FMD results Notes of Interest 

 
Hashimoto et al. (1998) 
The impairment of flow-
mediated vasodilatation in 
obese men with visceral 
fat accumulation. Int J 

Obes Relat Metab Disord 
22: 477–84.. 

 
Non-Obese Subjects: 

 BMI = 22.5 +/- 0.4 

Subcutaneously Obese: 

 BMI = 30.4 +/- 1.1 

 Pmax/Smin  < 1 

Viscerally Obese: 

 BMI = 29.7 +/- 0.5 

 Pmax/Smin ≥1 

Pmax = maximum thickness preperitoneal fat 
Smin = minimum thickness of the subcutaneous 
fat 

 
Non-Obese Subjects: 8.91 +/- 0.44% 
Subcutaneously Obese: 7.90 +/- 0.51% 
Viscerally Obese: 3.10 +/- 0.43% 
 

  Viscerally obese significantly lower than 
non-obese and subcutaneously obese 
groups 

 
Multiple Regression analysis indicates that 
Pmax/Smin (indicator of obesity phenotype) 
is the only variable shown to be correlated 
with %FMD 

 No influence of blood lipids, glucose, 
insulin etc. Despite significant 
differences being observed between 
groups. 
 

 No inflammatory markers analyzed 

 

Brook et al. (2001) 
Usefulness of Visceral 
Obesity (Waist/Hip Ratio) 
in Predicting Vascular 
Endothelial Function in 
Healthy Overweight 
Adults . The American 

Journal of Cardiology. 88 

(11): 1264-9 

 

 Men/women 14/18 

 BMI = 33.9 +/- 5.5 

 Waist to hip ratio (WHR) = 0.86 +/- 0.09 

Abdominally Obese = WHR > 0.85 
Peripherally Obese = WHR < 0.85 
Subject characteristics were NOT divided by group 

 
Abdominally Obese = 3.93 % 
Peripherally Obese = 8.34% 
FMD-WHR Correlation: 

 R = -0.58 (p=0.001) 

Significant differences in FMD observed 
between the abdominally obese and the 
peripherally obese group were still observed 
when females were evaluated separately 

 

 Traditional risk factors (c-reactive 
protein, postprandial lipemia, LDL 
particle size, HDL, glucose, insulin, FFA, 
triglycerides) did NOT predict %FMD 

 Only WHR predicted %FMD and this 
relationship remained significant even 
when other covariates were accounted for 

 

Olson et al. (2006) 
Vascular Structure and 
Function in Women: 
Relationship with BMI. 
American Journal of 

Preventative Medicine, 30 
(6): 487-92 

 
Female Subjects 
Lean:  

 BMI = 22.0 +/- 0.5 

 34 +/- 2 years 

Overweight: 

 BMI = 26.7 +/- 0.4 

 38 +/- 1 years old 

Obese: 

 BMI = 31.8 +/- 0.4 

 
Lean: 9.1 +/- 0.7% 
Overweight: 8.0 +/- 0.9% 
Obese: 5.2 +/- 0.9 

 FMD in the obese group is significantly 
lower than in both the lean and overweight 
groups.  

 No difference between the overweight 
group and the lean control for %FMD 

 

 No significant correlations between 
%FMD and fasting blood lipid levels, 
blood glucose, insulin or HOMA-IR 

 When adjusted for age, total cholesterol, 
LDL-C, HDL-C, triglycerides, blood 
pressure it was observed that BMI and 
FMD were significantly correlated (r=-
0.31) 

 No inflammatory markers analyzed 
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 37 +/- 1 years old 

 

Woo et al. (2004) 
Overweight in children is 
associated with arterial 
endothelial dysfunction 
and intima-media 
thickening. International 

Journal of Obesity, 28 (7): 
852-857 

 
Control: 

 BMI = 17.1 +/- 2.1 

 10.3 +/- 0.9 years old 

Obese: 

 BMI = 26.7 +/- 3.0 

 10.3 +/- 0.9 

 
Control: 9.7 +/- 3.0% 
Obese: 6.6 +/- 2.3% 

 FMD is significantly lower in the obese 
group than in the controls 

 

 

 No relationship observed between the 
variables that differed between the two 
groups (trigylcerides, insulin, body fat%) 
and %FMD  
 

 Multivariate linear analysis demonstrated 
a significant association between BMI 
and FMD (r=-0.55, p=0.001)  

 No inflammatory markers analyzed 

 
Biasucci et al. (2010). 
Paradoxical Preservation 
of Vascular Function in 
Severe Obesity. The 

American Journal of 

Medicine, 123 (8), 727-34 

 
Control: 

 BMI = 23.2 +/- 1.6 

 48.4 +/- 5.6 years old 

 Waist Circum = 79.5 +/- 9.9 

Obese: 

 BMI = 32.6 +/- 2.5 

 51 +/- 6.2 years old 

 Waist Circum: 106.7 +/-10.9 

Superobese: 

 BMI = 49 +/- 7.9 

 52 +/- 9.9 years old 

 Waist Circum = 142.8 +/- 20.9 

  
Control = 7.33 +/- 3.68 
Obese = 7.53 +/- 5.47 
Superobese = 13.02 +/- 6.50 

 FMD is significantly larger than the 
control and obese groups in the superobese 
group 

 
 

  Hs-CRP was analyzed 
o No difference between the obese 

and control group 
o Significantly higher in superobese 

group than the other two groups  
  

 Multivariate analysis reveals association 
between BMI and FMD but not with any 
of the other variables 
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Arcaro et al. (1999) 
Body fat distribution 
predicts the degree of 
endothelial dysfunction in 
uncomplicated obesity. 
International Journal of 

Obesity, 23 (9): 936-942 

 
Controls 

  Age-matched, healthy 

 BMI = 21.9 +/- 0.8 

 35 +/- 3 

Obese: 

 18 premenopausal with uncomplicated obesity  

 BMI= 37.2 +/- 1.6 

 32 +/- 3 

 Significantly higher visceral/subcutaneous 
adipose tissue 

 
Controls =  ~ 9.5% 
Obese = ~ 3.5% 
 
The control group has a significantly higher 
FMD than the obese group 
 

 
 

 FMD correlated significantly (and 
negatively) with visceral/subcutaneous 
adipose tissue  (r=0.624, p = 0.0058) 
 

 Blood pressure and body weight did NOT 
correlate with FMD 

 
           Table 1. Summary of Studies Investigating FMD in obese populations
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Additionally, the only significant predictor of FMD in this entire cohort was WHR, 

which further demonstrates the importance of obesity phenotype in determining the impact on 

endothelial function (15).  

Olson and colleagues (2006) compared lean (body mass index [BMI] = 18.0–24.9 

kg/m2); overweight (BMI = 25–29.9 kg/m2); and obese (BMI = 30 kg/m2), healthy, eumenorrheic 

women in terms of their brachial artery RH-FMD. In this study it was determined that only the 

abdominally obese group had significantly impaired FMD (5.2 +/- 0.9%) as compared to the 

overweight (8.0 +/- 0.9%) and lean women (9.1 +/-0.7%). This study potentially demonstrates the 

importance of the degree of adiposity, but also establishes the negative relationship between 

obesity and endothelial function in an exclusively female population. This suggests that obesity 

has a similar influence on endothelial function in both men and women.  

  It is currently unknown whether the duration that someone is obese influences the degree 

of endothelial dysfunction present. The previous studies all used adults as participants and they 

may have had a long history of obesity. Woo and colleagues (2004) compared RH-FMD and 

carotid artery IMT in 36 asymptomatic obese children (BMI>23) aged 9-12 and 36 gender and 

age matched healthy weight children (BMI<21). These children were well matched for blood 

pressures, serum cholesterol, and glucose levels, thus accounting for factors that often rise 

concomitantly with obesity. This allows the researchers to be confident that the effects of obesity 

itself were isolated while interpreting the evidence of vascular pathology. It was observed that the 

overweight/obese children had impaired brachial artery RH-FMD (6.6 +/- 2.3 vs. 9.7 +/- 3.0%, 

P<0.0001) and increased carotid IMT (0.49 +/- 0.04 mm vs. 0.45 +/- 0.04 mm, P<0.006) as 

compared to the normal weight children. This demonstrates that even from an early age obesity is 

capable of inducing endothelial dysfunction. 

 In contrast to the vast majority of the presented research, impairment in RH-FMD is not 

always present in obese populations. Biassuci et al. compared a lean control group (BMI = 23 

kg/m2) with an obese group (BMI = 32 kg/m2), and a super obese group (BMI= 49 kg/m2), and 



 

 

 

32 

the results were surprising.  It was found that no differences in RH-FMD existed between the lean 

control group and obese group (7.33 +/- 3.68 vs. 7.53 +/- 5.47) and that the super obese group 

actually had an enhanced FMD (13.02 +/- 6.50) compared to the other groups. This study had 

several limitations that made it difficult to interpret the results, for example: no hyperemic 

stimulus (velocity or shear) was made available the authors; diameter was measured at discrete 

points (40 seconds post cuff-release and every 20 seconds thereafter), making it possible that the 

actual peak diameters were not accurately captured. It seems unlikely that this would account for 

the larger and directionally unexpected differences observed between the super obese and the 

remaining two groups, but it could plausibly explain the lack of difference observed between the 

healthy controls and the obese participants. This is because some subjects could have reached 

their peak diameter (and therefore be on their way down to baseline again) before the 40-second 

point. Given the existing literature that suggests at-risk populations might have longer time-to-

peak dilation (13, 40, 63), it is likely that more peak diameters would have been missed in the 

control group, thus underestimating the %FMD of the controls relative to the obese groups.  

 

Nevertheless, this study demonstrates that while the majority of research is indicative of 

impairment of FMD in obese populations, there is some evidence that exists to the contrary. It 

also demonstrates an instance where it is possible that endothelial dysfunction existed, but that the 

specific signal-transduction pathway effected was not recruited by the RH shear stress stimulus.  

FMD in response to a sustained shear stress stimulus (like exercise) could have elicited different 

results. 

All of the aforementioned studies also investigated VSMC reactivity through the 

induction of an endothelium-independent vasodilation using nitroglycerin (NTG). There were no 

group differences observed in any of the studies indicating that any impairment observed in RH-

FMD was due to endothelial dysfunction rather than dysfunctional vascular smooth muscle cells 

(VSMCs). All of the studies described above utilized RH-FMD as a measure of endothelial 
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dysfunction, and no studies to date have investigated the ability of an obese population to dilate in 

response to a sustained shear stress profile, which could provide unique insight regarding the 

nature and extent of endothelial dysfunction.   

2.4 Potential Mechanisms of Obesity-related endothelial dysfunction 

Several characteristics of obesity including inflammation, hyperglycemia, dyslipidemia, 

and the resulting oxidative stress have been connected to endothelial dysfunction. The rest of this 

review will briefly focus on the evidence supporting each of these mechanisms and how they 

relate to endothelial dysfunction. 

2.4.1 Oxidative Stress 

 Oxidative stress can be defined as a disturbance in the balance between the production of 

reactive oxygen species (free radicals) and antioxidant defenses (10). It is capable of inducing 

endothelial dysfunction, as when free radicals react with NO, NO loses its vasoactive and 

vasoprotective properties. Several studies have used the consumption of antioxidants to 

demonstrate in humans what had already been confirmed in animal models: that certain disease 

conditions result in elevated levels of oxidative stress, which are capable of causing impairments 

in RH-FMD (83, 120, 129). Obesity is a condition characterized by elevated oxidative stress. 

Keaney et al. examined 2828 subjects from the Framingham Heart Study (73). It was determined 

that the body mass index and waist-to-hip ratio, both indices of obesity, were positively 

associated with oxidative stress. Despite this, none of the studies investigating the effects of 

obesity on RH-FMD have measured oxidative stress. Therefore, it is difficult to confirm the role 

of oxidative stress in the observed endothelial dysfunction. 

2.4.2 Inflammation 

Adipose tissue is an active endocrine and paracrine organ that releases a large 

number of cytokines (small signalling molecules) called adipokines that can contribute to 
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endothelial dysfunction and the development of the atherosclerosis. For instance, C-reactive 

protein (CRP; acute phase reactant synthesized in the liver) levels are elevated in obese subjects, 

and are correlated with the amount of body fat, as assessed anthropometrically by body mass 

index and visceral obesity (136). CRP is thought to contribute to endothelial dysfunction through 

the decreased NO bioavailability caused by the downregulation of eNOS (135), and through the 

elevated release of the vasoconstrictor ET-1 and several adhesion molecules that contribute to 

atherogenesis (100). Other inflammatory adipokines have also been implicated in the 

development of endothelial dysfunction and atherosclerosis including various interleukins, PAI-1, 

leptin, resistin, and TNF-α, among others (80). While acute inflammation has been demonstrated 

to impair RH-FMD (58), no significant relationships between inflammatory markers and impaired 

RH-FMD have been observed in the existing literature investigating endothelial dysfunction in 

obese populations (11, 15). It is possible that the atherogenic properties of inflammatory markers 

influence pathways independent of those used to elicit dilation in response to a 5 min RH 

stimulus, which was the sole stimulus used for stimulating dilation in the aforementioned studies. 

It is important to note that only two of the reviewed studies (11, 15) actually measured 

inflammatory markers, thus the evidence either for or against a role in inflammatory markers 

contributing to obesity-related impairments in FMD is not overwhelming. 

2.4.3 Hyperglycemia 

 It has been shown in acute studies that oral glucose loading is capable of attenuating 

endothelial function as demonstrated by a decrease in FMD (72, 130, 151). It has also been 

proposed that elevated glucose levels can cause endothelial dysfunction through increases in free 

radical production (30), as well as through decreased eNOS activity (37) which both contribute, 

ultimately, to a decrease in NO bioavailability. However, while the connection between acute 

hyperglycemia and FMD has been demonstrated (72, 130, 151), no evidence exists suggesting 

that glucose levels were able to explain the differences in RH-FMD observed in any of the studies 
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investigating the effect of obesity on RH-FMD (15, 57, 95, 143). One possible explanation for 

this is that the blood glucose levels observed in the studies investigating RH-FMD in obese 

populations were lower than those observed in studies specifically designed to demonstrate the 

ability for glucose to impair FMD. For instance, in the study conducted by Kawano et al., in 

which subjects performed an oral glucose tolerance test, plasma glucose levels rose to 153.5 +/- 

6.3 mg/dl when FMD impairment was observed (72). In contrast, the plasma glucose levels in the 

viscerally obese group in the study by Hashiomoto et al. were only 105.2 +/- 1.98 mg/dL (57), 

which is approximately fifty percent less. Thus, it is possible that the degree to which glucose 

levels rise in asymptomatic obese individuals is not large enough to cause a maladaptation of the 

endothelium.  

2.4.4 Dyslipidemia 

Obesity can be associated with abnormal metabolic markers, with BMI and WHR 

long being acknowledged to be associated with blood lipid and lipoprotein levels (1). It has also 

been discovered that acute serum increases in blood lipids cause impaired endothelial function as 

measured by RH-FMD. In these studies, the impairment in RH-FMD associated with acute 

exposure to elevated blood lipids is attributed to increased levels of inflammation and oxidative 

stress (5, 131, 132). However, as with the inflammation and elevated blood glucose levels, no 

clear relationship between blood lipids and RH-FMD has been observed in studies investigating 

the effect of obesity on RH-FMD (15, 57, 95, 143).  

Therefore, while evidence exists for a role of inflammation, hyperglycemia, 

dyslipidemia and oxidative stress in attenuated endothelial function, in vivo studies of FMD have 

failed to identify a clear relationship between these markers and impaired FMD in obese 

populations. In fact, several of the studies discussed in this review observed impaired FMD in 

abdominally obese children and adults who had completely normal blood pressure, blood lipid 

and blood glucose levels (15, 143). This suggests that while individual variables can influence 
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endothelial function in a controlled setting, determining relative contributions to endothelial 

dysfunction in small samples of obese participants may prove challenging, and unidentified 

deleterious mechanisms may also be involved.  

2.5 Additional evidence of vascular dysfunction in obesity 

In addition to FMD, there exist several other non-invasive measures of vascular 

health that have value in predicting CVD risk. For instance, aging, atherosclerosis and other 

clinical conditions can result in the stiffening of arteries. Elastic arteries are capable of absorbing 

energy during systole, which causes a reduction in the work required from the heart (64). Pulse 

Wave Velocity (PWV) is a non-invasive measure of arterial stiffness (86), which has been 

demonstrated to be an independent predictor of coronary artery disease and stroke in seemingly 

healthy individuals (85), as well as all-cause and cardiovascular mortality in hypertensive and 

end-stage renal failure populations (12, 81). It is also known that measures of obesity are 

associated with increased vascular stiffness in both young and older adults (142).  However, 

PWV might reflect different aspects of vascular damage than FMD, as PWV was not shown to be 

correlated with FMD in a sample of 1754 young adults (aged 30-45, 45% male) (75). 

Consequently, measuring both PWV and FMD might provide a more comprehensive 

understanding of the effects of obesity on vascular function/structure. 

In addition to arterial stiffness represented by PWV, intima media thickness (IMT) 

of the carotid artery is also a commonly used measure of vascular health. Specifically, IMT is a 

marker of structural change indicative of atherosclerotic adaptation affecting vascular beds, such 

as the cerebral, peripheral, and coronary arteries (17).  Carotid artery IMT is also related to 

measures of abdominal obesity. In a study conducted by Lakka and colleagues (2001) it was 

shown that as WHR and WC increased progressively (both accepted markers of abdominal 

obesity) as did carotid artery IMT, even when adjusted for age and BMI. This increase was 

associated with increased serum concentrations of LDL which could suggest a possible 
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mechanism for the increased presence of atherosclerosis (78). This study taken in conjunction 

with one described earlier (143), in which increased carotid IMT was apparent in obese children 

as compared to controls, further demonstrates how obesity can have detrimental effects on 

vascular health even from an early age. It is currently unclear whether carotid IMT reflects a 

similar aspect of vascular injury as brachial artery FMD. For example, in a study using middle 

aged healthy men from Canada (n=1578) no association was found (149), whereas in a study 

using young Finnish adults (aged 25-39), a multivariate analysis determined that IMT was 

significantly associated (p<0.001) with numerous traditional risk factors (age, cholesterol, blood 

pressure, WHR etc) except when high endothelial function (represented by a high FMD) was 

present (p =0.27), which would suggest an interaction between the two variables. Similarly to 

PWV, the lack of definitive evidence suggesting IMT and FMD represent the exact same aspect 

of vascular injury demonstrates the advantage of measuring IMT in addition to FMD to provide a 

more complete idea of how obesity influences vascular health. 

2.6 Summary and Conclusion 

It is clear that obesity is associated with an increased risk for cardiovascular disease, and 

endothelial dysfunction is thought to contribute to this relationship. It is apparent that obesity is 

associated with a decrease in standard RH-FMD; the most commonly used non-invasive measure 

of endothelial dysfunction. While standard RH-FMD may provide a valuable assessment of 

endothelial function, the overwhelming focus on this one test has left a gap in our knowledge 

regarding how the endothelium might respond to different, and/or more physiologically relevant 

patterns of shear stress. EX-FMD is an emerging tool to measure endothelial function, and is 

advantageous in that it may provide information regarding how different CVD risk factors might 

affect muscle perfusion, as well as conferring a methodological advantage in that the shear stress 

stimuli can be tightly controlled. Furthermore, recent studies in smokers and adults with diabetes 

suggest that the two tests (standard RH-FMD and EX-FMD) might provide unique insight 



 

 

 

38 

regarding the health of the endothelium, which demonstrates the importance of using both tests in 

future studies. The chapter that follows describes the first study to assess multiple variations of 

RH-FMD in addition to EX-FMD in obese adults.  
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Chapter 3 

Obesity and endothelial function: investigating the importance of the 

shear stress stimulus used for FMD assessment 

3.1 Introduction 

The endothelium plays an integral role in maintaining vascular health (33).  Endothelial 

function can be assessed non-invasively by measuring the magnitude of endothelial dependent 

dilation following an experimenter imposed increase in blood flow associated shear stress (flow 

mediated dilation; FMD)(22). The standard methodology used to test FMD is the 5 min reactive 

hyperemia test (5 min RH-FMD), which stimulates a large but transient increase in conduit artery 

shear stress via the release of a 5 minute limb occlusion (126). While the 5 min RH-FMD test has 

been shown to have some utility in predicting future risk of cardiovascular events in both disease 

and healthy populations (14, 53, 62), there is growing evidence to suggest that assessing the FMD 

response to other shear stress profiles may provide distinct or complementary information 

regarding the function of the endothelium (41, 93, 123).   Thus inclusion of more than one unique 

shear stress profile when investigating FMD may allow a more comprehensive characterization of 

endothelial function.  This is likely due in part, to different shear stress profiles engaging distinct 

transduction and dilatory mechanisms (42, 93, 106). 

Lengthening the duration of occlusion can prolong the shear stress stimulus created by 

reactive hyperemia.  This yields a larger FMD response than the 5 min-RH test (76, 93), and has 

been minimally studied with respect to its ability to detect endothelial dysfunction in a variety of 

populations (93).  In addition, performing a range of occlusion durations permits construction of a 

shear stress stimulus-FMD response relationship (76, 97). This may be useful as a recent study 

demonstrated that compared to the 5 min RH-FMD alone, the relationship was more effective at 
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discriminating differences in endothelial function between moderate and low cardiovascular 

disease (CVD) risk groups (97).     

Handgrip exercise (HGEX) elicits a sustained, intensity-dependent increase in brachial 

artery shear stress (105, 147) and compared to an RH profile this better reflects how shear stress 

increases in response to daily activity.  Exercise induced FMD (EX-FMD) may play an important 

role in perfusion (38, 94, 137), therefore it is important that the factors that influence this 

response are fully  understood. Recent evidence suggests that HGEX stimulated FMD (HGEX-

FMD) vs. 5 min RH-FMD may be impacted differently by acute stimuli (96, 123) and that 

HGEX-FMD but not 5 min RH-FMD is impaired, with a short history of smoking (41).  

Collectively this indicates that 1) 5 min RH-FMD responses cannot be generalized to HGEX-

FMD and 2) HGEX-FMD may be a sensitive indicator of emerging endothelial dysfunction (8, 

41).   

The majority of (3, 15, 57, 95, 143), but not all (11), studies have reported impaired 5 

min RH-FMD in obese vs. healthy weight populations, and it is thought that endothelial 

dysfunction may provide an important mechanistic link between obesity and increased risk of 

CVD (45). However, no studies to date have examined the ability of the arteries to respond to 

more sustained shear stress stimuli in an obese population, which might provide more detailed 

information regarding the extent or nature of endothelial dysfunction. The purpose of the present 

study was therefore to compare FMD between obese participants vs. lean controls in response to 

three distinct shear stress stimulus profiles (5 min RH, 15 min RH and HGEX).  We hypothesized 

that FMD would be lower in all tests in the obese participants and that the most pronounced 

difference between the groups would be found for the HGEX-FMD response. Given the potential 

for group differences in the shear stress stimulus with the uncontrolled RH profiles, methods to 

account for any stimulus differences  were applied to enable appropriate interpretation of FMD 

results with respect to endothelial function. 
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3.2 Methods 

3.2.1 Ethical Approval 

The study protocol was approved by the Health Sciences Research Ethics Board at 

Queen's University, which operates under the terms of the Declaration of Helsinki, and subjects 

provided written informed consent to participate on forms approved by this board. 

3.2.2 Subjects 

Nine obese males (aged 18-40) and nineteen healthy-weight, control subjects were 

recruited to participate in this study. Recruitment consisted of posters dispersed around the 

Queen’s and downtown Kingston community, as well as through online advertisements through 

Facebook and Kijiji. In order to be included in the obese group, subjects were required to have a 

waist circumference of ≥102 cm (40 inches). This waist circumference requirement criteria 

ensured that an abdominally obese population was recruited,; however, due to the age-group 

being collected, it is unlikely to result in the obese group being ‘viscerally obese’, as was the case 

in several previous studies investigating obesity and endothelial function (57). In order to be 

included in the control group, subjects were required to have a BMI that was less than 25 kg/m2 

and a waist circumference of ≤ 86 cm (34 inches) (55). All subjects were non-smokers, not 

engaged in any regular structured physical activity, and free from any known cardiovascular 

disease. Hypertensive individuals (hypertension defined as systolic ≥140 mmHg and diastolic ≥ 

90 mmHg) (25) and individuals taking medications related to cardiovascular risk factor control 

(i.e. to control plasma lipid, glucose levels or blood pressure) were excluded. 

3.2.3 Experimental Protocol 

In an initial visit participants provided informed consent and were screened for 

anthropometric measurements, medical history and blood pressure to ensure that they met the 
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inclusion/exclusion criteria.  Reasons for which subjects were excluded from participating in this 

study included: failing to meet anthropometric criteria, difficulties in obtaining a clear ultrasound 

image and/or blood velocity signal, consumption of medications that were contraindicated, and 

activity levels that exceeded the study requirements. They were then familiarized with the study 

equipment and protocol.   Subjects were instructed to abstain from alcohol, caffeine, and food 12 

hours and from exercise for 24 hours prior to the single experimental visit. The study took place 

in the morning (starting between 8 am - 9:30 am) in a quiet temperature controlled room (20.5°C 

– 23°C). 

Upon arriving at the laboratory, subjects were asked to lie in a supine position for 30 

minutes. During the rest period, subjects completed a 7-day physical activity questionnaire to 

estimate physical activity levels.   At the end of this initial rest period arterial stiffness (via pulse 

wave velocity (PWV) and common carotid artery intima media thickness (IMT) were also 

assessed to provide a thorough characterization of vascular health. The subjects then participated 

in five FMD trials: two successive HGEX trials, two successive 5 min RH trials, and one 15 min 

RH trial.  The order in which the HGEX and 5 min RH trials occurred was randomized, while the 

15 min RH test was always the final test of the collection. A minimum of 10 minutes, or until 

baseline diameter was re-established elapsed between trials. Figure 3 outlines the experimental 

protocol. 

3.2.4 Anthropometric measurements  

 

Height and Weight: Height and Weight were measured using a combination balance scale/height-

measuring instrument (Neuvo Leon). 

Waist Circumference: Waist Circumference was measured according to the protocol established 

by the National Institute of Health (152).   
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3.2.5 Hypertension screening  

To determine if each subject met the normotensive status inclusion criteria, blood 

pressure was measured in the initial screening visit using a BpTRU device (BpTRU Medical 

Devices, Coquitlam, British Columbia, Canada) following a minimum of 15 minutes of rest (7). 

The BpTRU device measured systolic and diastolic blood pressure six times over a 6-minute 

period. The first measurement was discarded, with the last five measurements averaged to 

provide a final blood pressure reading. 

Heart Rate and Blood Pressure monitoring 

Heart rate (HR) was monitored with a three-lead electrocardiogram for the duration of the 

study. Mean arterial pressure was monitored throughout each trial via photoplethysmography 

(Finometer PRO; Finapres Medical Systems, Amsterdam, The Netherlands). To achieve this a 

pneumatic finger cuff was secured around the right middle finger with the hand placed at heart 

level. 

3.2.6 Brachial artery blood velocity and diameter measurement  

The ultrasound probe (Vivid i2; GE Medical Systems, London, ON, Canada) was placed 

over the left brachial artery to acquire an optimal image of the vessel and a clear arterial blood 

velocity signal. Once in position, a guide was secured to the skin so that the same region of the
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Figure 3. Protocol timeline. The order of the handgrip exercise (HGEX) reactive hyperemia (RH) flow-mediated dilation (FMD) tests was randomized between 
subjects. The * denotes the time of a venous blood draw for blood viscosity determination.
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vessel was scanned in all trials. For reasons previously described, all scans were performed at an 

insonation angle of 68° (104). The brachial artery image was measured with the ultrasound probe 

operating at 12 MHz. Image capture for diameter analysis from the Vivid i2 was achieved with a 

VGA to USB frame grabber (Epiphan systems Inc.), and was recorded in .avi format on an 

external computer with commercially available software (Camtasia Studio; TechSmith, Okemos, 

MI, USA) for later analysis.  The brachial artery blood velocity was measured with Doppler 

ultrasound operating at 4 MHz (GE Vivid i2; GE Medical Systems, London, ON, Canada). The 

Doppler shift frequency spectrum was analyzed using a Multigon 500P TCD (Multigon 

Industries, Yonkers, NY, USA). The corresponding voltage output was sampled continuously 

(Powerlab; AD Instruments, Colorado Springs, CO, USA) before being stored (LabChart; AD 

Instruments) for later analysis.   

3.2.7 Blood Viscosity 

Blood was drawn from the antecubital vein prior to the beginning of data collection and 

was promptly analyzed at a shear rate of 225 s-1 (Brookfield Viscometer DV-II+ Pro) at 37 ± 2oC. 

The venous blood sample was not obtained in 3 subjects (obese: n=2; control: n=1).  

3.2.8 Blood Lipid and Glucose Analysis       

              

A small sample of the venous blood collected was used for analysis of fasting blood lipid 

and glucose levels using a Cholestech LDX System (Alere Inc., Ottawa, ON, Canada).  

3.2.9 Handgrip exercise flow-mediated dilation test (HGEX-FMD) 

Subjects extended their left arm and the handgrip device was placed in their left hand.  

The real time blood velocity was displayed on a computer screen as a 6s moving average.  

Following 1 minute of baseline recordings, subjects started the handgrip exercise at the intensity 

established in the initial familiarization visit.  In order to establish the required exercise intensity, 
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the real-time blood velocity was displayed on a computer screen as a 6s moving average.  The 

subject was asked to perform contractions at varying intensities to identify the intensity of 

exercise that was required to elicit the blood velocity needed to achieve an exercise target shear 

stress of 17.5 dyn/cm2.  The blood velocity required to achieve the target shear stress was 

calculated for each subject as:  

 

Required Velocity = 17.5 dyn/cm2 
x brachial artery diameter/4 x Viscosity 

 

 To perform this calculation, the brachial artery diameter for each subject was estimated 

using manual caliper placement on the ultrasound image. The subject received visual feedback on 

their exercise intensity by displacing a force output line on a computer screen to a target 

controlled by an experimenter (105).   Contractions were performed in a 1s contraction, 5s 

relaxation pattern. 

3.2.10 Reactive hyperemia flow-mediated dilation tests (RH-FMD) 

Subjects extended their left arm and an occlusion cuff was secured around their forearm 

immediately distal to the antecubital fossa.  Baseline recordings were made for 1 min.  The 

occlusion cuff was then inflated to a pressure of 250mmHg for a period of 5 minutes or 15 

minutes.  Recording of blood velocity and vessel diameter resumed 1 min prior to cuff deflation 

and continued for a further 3 minutes post-deflation 

3.2.11 Common Carotid artery Intima Media Thickness (IMT) 

IMT was measured by applying a linear ultrasound probe operating at 12 MHz in B-mode 

(Vivid i2; GE Medical Systems, London, ON, Canada) to the left common carotid artery, such 

that the carotid sinus was visible. This ensured that the image was taken at a similar location in all 

subjects. Each recording lasted for a minimum of 10 seconds.  Carotid artery image capture for 

IMT assessment was as described for the brachial artery. 
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3.2.12 Central and peripheral arterial stiffness 

Pressure waves were measured using a tonometer (Millar Instruments, Houston, Texas, 

USA) on the right carotid and femoral arteries, as well as a small infrared sensor (AD 

Instruments, Colorado Springs, CO, USA) on the right dorsalis pedis artery.  A minimum of 10 

consecutive beats was obtained. For carotid-femoral PWV (an index of central arterial stiffness), 

the transit distance was derived by subtracting the distance between the suprasternal notch and 

carotid artery from the distance between the carotid and femoral artery [(carotid femoral) - 

(carotid suprasternal notch)] (138). Transit distance for femoral-dorsalis pedis PWV (an index of 

peripheral arterial stiffness) was the distance between the two measurement points in the supine 

position.  All distances were measured using a measuring tape held above the body surface to 

avoid distortion due to varying contours of the body between subjects. 

3.3 Data Analysis 

3.3.1 Brachial Artery Blood Velocity                                                                                                                             

Blood velocity was analyzed offline in 3 s average time bins for mean shear stress determination 

using the data acquisition software program LabChart (AD Instruments).  

3.3.2 Brachial Artery Diameter 

Vessel diameter was analyzed using automated edge-detection software ((Encoder FMD & 

Bloodflow v3.0.3, Reed Electronics, Perth, WA, Australia; an updated version of the software 

described in Woodman et al.(144)) as previously described (66). The diameter data were then 

compiled in 3 s time bins. Repeat trials (of both 5 min RH and HGEX-FMD) were averaged and 

treated as a single response for comparison between subjects. The investigator was blinded to 

group when performing this analysis. 

3.3.3 Shear Stress 

Shear stress was calculated as: 4 x mean blood velocity x blood viscosity/vessel diameter, 

calculated from the 3 s average velocity and diameter time bins. In the cases (n=3) where blood 
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viscosity was not obtained, the group mean was used in its place. For the HGEX-FMD test the 

shear stress was characterized as 1-minute averages over the 10-minute exercise bout for 

descriptive display. For a comparison between the groups, an average of the last 9 minutes of 

exercise (the steady state period) was used to represent the stimulus for dilation. For the RH trials 

the area under the curve (AUC) of the shear stress stimulus from the time of cuff release until the 

time of peak diameter measurement were reported. 

3.3.4 Flow-Mediated Dilation  

The RH-FMD was quantified by calculating the percent increase in diameter from the baseline 

diameter measured for 1-minute prior to cuff inflation to the peak 3s average diameter post 

occlusion cuff release. In the case that artery wall tracking prior to occlusion was poor, the 

diameter recorded during the last minute of occlusion was used in its place (5 min RH: 1 (control) 

out of 56 scans; 15 min RH: 1 (obese) out of 28 scans). Some scans were excluded due to poor 

wall tracking. In such circumstances (HGEX: 7 (4 obese, 3 control) out of 56 scans; 5 min RH: 2 

(1 obese, 1 control) out of 56 scans; the remaining single trial with good wall tracking was used 

instead of an average.   One control subject was excluded from 15 min RH-FMD analysis due to 

exclusion of their single 15 RH-FMD trial. 

        [                                                    ]       

The HGEX-FMD was quantified by calculating the percent increase from baseline diameter (1 

minute pre-exercise baseline) to the average diameter in each minute of exercise.  

          [                                                 ]       

 

3.3.5 Shear stress stimulus-FMD response slope 

 The slope of the shear stress – FMD relationship was determined for each subject using 

the 5 min RH- and 15 min RH-FMD tests. 
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3.3.6 Intima Media Thickness 

Carotid artery intima media thickness was analyzed using Carotid Analyzer for Research 

(Medical Imaging Applications, Coralville, Iowa, USA). In a similar fashion to brachial artery 

analysis, the program allows for the selection of a region of interest and then tracks the intima and 

media of the artery’s far wall via the intensity of the brightness of the lines. The program also 

allowed for the removal of erroneous data points due to tracking errors. The mean far wall IMT 

value from the 10s image clip was used in statistical analyses. 

3.3.7 Pulse Wave Velocity (PWV)  

The data was band pass filtered (max 30 Hz, min 5 Hz) then, the time elapsed between the 

minimum point in each cycle of the carotid and femoral, and the femoral and dorsalis pedis pulse 

waves was identified (31). PWV was calculated with the following equation: 

                                                              

A minimum of 10 heart cycles was collected for analysis. A PWV value was calculated for each 

cycle, and then an average 10 cycle PWV was calculated for each subject. Individual cycles that 

differed from the mean by more than 2 SD were eliminated from the individual average 

calculation (all individual averages included a minimum of 8 cycles). 

3.3.8 Statistical Analysis 

A mixed-model analysis of variance (ANOVA) (factors: between subjects – group (obese 

vs. control) and within subjects – time) was used analyze HGEX-FMD responses.  Bonferonni 

corrected pairwise comparisons were applied to perform post hoc analysis on significant main 

effects and interactions. T-Tests were used to compare 5 min RH-FMD, 15 min RH-FMD, the 

steady state shear stress stimulus HGEX-FMD, the shear stress – FMD slope, and subject 
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characteristics between the two groups. Two subset analyses were performed: 1) T-tests were 

used to compare FMD and shear stress in healthy controls (n=9) and obese participants (n=9) 

matched for baseline diameter and 2) T-tests were used to compare 5 and 15 min RH-FMD in 

healthy controls (n=9) and obese participants (n=9) matched for 5 and 15 min-RH shear stress 

AUC. Matching was achieved by sorting control participants by baseline diameter and shear 

stress AUC respectively, and taking the 9 control participants with the largest values.   Cohen’s d 

was calculated for FMD to assist in comparing the magnitude of impact of group on the three 

distinct FMD responses. All statistical analysis was completed using IBM SPSS, Version 20 

(SPSS Inc., Chicago, IL, USA). Data was presented as means ± SD. 

3.4 Results 

3.4.1 Baseline Characteristics 

 The baseline characteristics of the subjects are displayed in Table 2. Significant group 

differences existed in several variables, including: age, BMI, waist circumference, baseline 

diameter, mean arterial pressure, HDL and LDL.
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Obese Control p-value 

Age (years) 27.11 ± 5.62  21.42 ± 2.46 p = 0.016 

BMI (kg/m2) 36.09 ± 6.88  22.51 ± 2.51 #p < 0.001  

Waist Circumference (cm) 115.22 ± 11.73  75.96 ± 6.16 p < 0.001 

Brachial artery diameter 

HGEX (cm) 
0.38 ± 0.039 0.34 ± 0.040 p = 0.006 

Brachial artery diameter 5 

RH (cm) 
0.39 ± 0.035 0.34 ± 0.040 p = 0.004 

Brachial artery diameter 15 

RH (cm) 
0.38 ± 0.036 0.34 ± 0.040 p = 0.01 

Blood Viscosity (centipois) 4.93 ± 0.66 4.33 ± 0.40 #p=0.023 

MAP at screening (mmHg) 92.33 ± 8.72 84.03 ± 6.77 #p = 0.043  

Systolic Blood Pressure 
(mmHg) 

113.56 ±10.05 104.16 ± 7.24 p=0.009 

Diastolic Blood Pressure 

(mmHg) 
71.11 ± 10.78 63.89 ± 7.24 p=0.057 

PAR-Q (kcal/kg/week) 234.70 ± 12.64 235.36 ± 9.92 #p = 0..555  

HDL (mg/dL) 36.44 ± 7.40 50.16 ± 15.17 #p = 0.005  

LDL (mg/dL) 111.13 ± 37.08 88.44 ± 34.81 #p = 0.044  

Glucose (mg/dL) 86.05 ± 9.32 93.56 ± 16.06 #p = 0.160   

 

Table 2. Values are means ± SD. Bold text represents a significant difference (p>0.05). # 

signifies that the p-value was derived through a Mann-Whitney non-parametric test due to a non-

normal distribution. BMI, body mass index; MAP, mean arterial pressure (BPTru); PAR-Q, 

physical activity recall questionnaire; HDL, high density lipoprotein; LDL, low density 

lipoprotein, obese: n=8, control: n=9; Blood Viscosity, obese: n=7, control n=18. (Exclusions 

occurred when a blood draw could not be obtained, or when values were outside of the 

physiological range detected by our device.
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3.4.2 HR and MAP during FMD testing 

 The HR and MAP data are reported in Table 3. Both HR and MAP increased 

significantly during HGEX (main effect of time p<0.001), with no differences observed between 

groups (p=0.677 and p=0.260 for HR and MAP respectively). No changes in HR or MAP from 

baseline to the last minute of hyperemia were observed in the 5 minute RH-FMD protocol in 

either group (HR: main effect of time p=0.204; main effect of group p=0.921; MAP: main effect 

of time 0.811; main effect of group p=0.371). In the 15 minute RH-FMD protocol, a small but 

significant increase in HR was observed (main effect of time p=0.005), with no differences 

between groups (p=0.561). No changes in MAP were observed in the 15 minute RH-FMD test 

(main effect of time p=0.099 and main effect of group p=0.224).
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 Obese Control 

HGEX-FMD 

HR 

Baseline 61.37 ± 10.41 59.77 ± 7.43  

Exercise* 67.85 ± 5.60 66.82 ± 7.61 

MAP 

Baseline 101.55 ± 5.65  97.07 ± 8.39 

Exercise* 109.31 ± 6.56 105.07 ± 9.31 

5 RH-FMD 

HR 

Baseline 60.67 ± 7.41 59.94 ± 12.01 

Last minute of 

hyperemia 
60.92 ± 7.23 60.77 ± 12.13 

MAP 

Baseline 99.20 ± 9.69 95.51 ± 10.57 

Last minute of 

hyperemia 
99.02 ± 7.47 95.39 ± 10.44 

15 RH-FMD 

HR 

Baseline 59.32 ± 7.28 57.51 ± 6.79 

Last minute of 

hyperemia* 
60.95 ± 6.31 59.69 ± 6.05 

MAP 

Baseline 104.12 ± 5.64 100.35 ± 7.36 

Last minute of 

hyperemia* 
106.34 ± 9.61 102.65 ± 8.73 

Table 3. Heart rate (HR) and Mean arterial pressure (MAP) during flow mediated dilation 

(FMD) tests.  Values are means ± SD. * significantly different from the baseline condition within 

that test.   HGEX-FMD, handgrip exercise flow mediated dilation; RH-FMD, reactive hyperemia 

flow mediated dilation. Bold text represents a significant difference (p>0.05).
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3.4.3 Shear Stress 

No differences in baseline shear stress were observed between groups in the HGEX-FMD 

test (p=0.314) (Figure 4A).  Steady state shear stress in the HGEX-FMD test was also not 

significantly different between groups (p=0.390) (Figure 4A).  
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Figure 4. Error bars represent SD. # represents a significant difference (p<0.05). Panel A represents HGEX-
FMD (handgrip exercise flow mediated dilation) (left: average profiles; right: 9 min average for shear 
stress) Panel B represents 5 min RH-FMD (reactive hyperemia flow mediated dilation) (left: average 
profiles; right: shear stress area under the curve (AUC)) Panel C represents 15 min RH-FMD (left: average 
profiles; right: total shear stress AUC). Filled circles are obese subjects and open circles are controls. 
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 The group difference in SS AUC in the 5 min RH-FMD test approached significance 

(p=0.055) (Figure 4B). A significantly larger 15 min RH shear stress AUC was observed in the 

obese group (p=0.004)(Figure 4C).  The 15 min RH-FMD test created a significantly larger shear 

stress AUC than the 5 min RH-FMD (p<0.001). 

3.4.4 FMD 

 A significant effect of time (p<0.001), group (p=0.002), and a significant time*group 

interaction (p=0.001) were observed for FMD in the HGEX-FMD test (Figure 5). The obese 

group had a significantly impaired HGEX-FMD compared to the healthy controls (last minute of 

exercise: 5.19 ± 3.15% vs. 11.34 ± 4.47%). The difference between the two groups became 

significant in the 2nd minute of exercise and remained significantly different until the end of the 

exercise bout. 
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Figure 5. Represents %HGEX-FMD minute by minute. Error bars represent SD.  BSL- Baseline * 
represents a significant difference between controls and obese subjects from the 2nd minute to the 
10th minute (p<0.05) 
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 No group differences in %FMD (Figure 6A) or time-to-peak diameter (Table 4) were 

observed for the 5 min RH-FMD test (p=0.466 and p=0.361). In contrast, a significant group 

difference in the time-to-peak diameter was observed for the 15 min RH-FMD test (p=0.025) 

(Table 4), with the obese group taking significantly longer to reach peak diameter (108 ± 20 

seconds vs. 87 ± 22, p=0.018). Similar to the 5 min RH-FMD test, no group differences were 

observed in %FMD for the 15 min RH-FMD test (p=0.181) (Figure 6B).   Both the mean 

differences in % FMD between groups (5 min RH-FMD: 0.85 ± 3.89 %; 15 min RH-FMD: 3.42 ± 

8.27%; HGEX-FMD: 6.15 ± 5.38%) and the Cohen’s d estimate of effect size (5 min RH-FMD 

0.3; 15 min RH-FMD 0.6, HGEX-FMD 1.6) support a most prominent group difference in the 

HGEX-FMD test. 
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 Obese Control p-value 

Time-to-peak (s) (5 min RH-
FMD) 

48 ± 16  43± 14 p = 0.361 

Time-to-peak (s) (15 min 

RH-FMD) 
108 ± 20 89 ± 21 p = 0.025 

Table 4. The time from occlusion cuff release until the time of peak diameter measurement.  Values are means +/- SD. Values that are 
bolded represent a significant difference between groups. RH-FMD (reactive hyperemia flow-mediated dilation).



 

 

 

60 

 

 
Figure 6. Panel A: 5 min RH-FMD; Panel B: 15 min RH-FMD Error bars represent standard 
deviation. RH-FMD (reactive hyperemia flow-mediated dilation)



 

 

 

61 

 

3.4.5 Shear stress stimulus-FMD response slope 

The mean slope in the obese group (0.004 ± 0.002) was significantly lower than the mean 

slope of the control group (0.009 ± 0.005) (p=0.009) (Figure 7). 

3.4.6 Subset Analysis 

Subset matched for baseline diameter: When a subset of controls (n=9) with the largest baseline 

diameters was compared with the obese group (n=9), no group differences in baseline diameter 

were observed in the HGEX test (obese 0.39 ± 0.04 cm; control 0.38 ± 0.02 cm p=0.365) 5 min 

RH-FMD test (obese 0.39 ± 0.04 cm; control 0.38 ± 0.02 cm, p=0.297), or the 15 min RH-FMD 

test (obese 0.39 ± 0.04 cm; control 0.38 ± 0.02 cm, p=0.314). In agreement with the full sample, 

in this subset, the HGEX steady state shear stress was similar between groups (p=0.67) and 

HGEX-FMD was significantly lower in the obese vs. the control group (5.19 ± 3.00% vs. 10.24 ± 

3.47%, p=0.004). Also in agreement with the full sample, in this subset no group differences in 

%FMD were observed in the 5 min RH-FMD or 15 min RH-FMD tests (p>0.05).  

 

Subset Matched for 5 min RH Shear Stress AUC: When a subset of controls (n=9) with the largest 

SS AUC in the 5 min RH-FMD was compared to the obese group, no differences in shear stress 

AUC remained (obese 1079 ± 431; control 959 ± 135, p=0.48). Group differences in 5 min RH-

FMD in this subset approached significance (obese 6.22± 2.5% vs. control 8.52 ± 2.0 % p=0.052; 

cohen’s d 1.0).    
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Figure 7. Demonstrates the shear stress-FMD dose response relationship constructed using the 5 

min RH-FMD and the 15 min RH-FMD tests. Error bars represent standard deviation. 
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Subset Matched for 15 min RH Shear Stress AUC: When a subset of controls (n=9) with the 

largest SS AUC in the 15 min RH-FMD was compared to the obese group, no differences in shear 

stress AUC remained (obese 2957 ± 894; control 2490 ± 374, p=0.17). Group differences in 15 

min RH-FMD in this subset did not reach significance (obese 13.28± 5.14% vs. control 17.75 

±5.03% p=0.08; cohen’s d 0.9). 

3.4.7 Additional Measures of Vascular Health 

There were no group differences in central (5.20 ± 0.61 m/s vs. 5.72 ± 0.78 m/s, p=0.075) or 

peripheral PWV (6.84 ± 0.93 m/s vs. 6.52 ± 1.27 m/s, p=0.47). The obese group had a larger 

carotid IMT (0.44 ± 0.07) than the control group (0.39 ± 0.05) and this approached significance 

(p=0.056). 

3.5 Discussion 

This study was designed to investigate whether obesity is associated with a uniform, or a 

shear stress profile specific impact on FMD.  The key findings are as follows: 1) HGEX-FMD 

was impaired in the obese group.   2) No group differences in 5 min or 15 min RH-FMD were 

initially found; however the slope of the stimulus –response relationship constructed with these 

tests was significantly lower in the obese group.  3) The shear stress AUC in the RH tests tended 

to be larger in the obese group, and when compared to a subset of controls with a matched 

stimulus magnitude, the lower obese group RH-FMD responses approached significance.  As a 

whole these findings indicate that the shear stimulus profile influenced the detection of group 

differences.  In particular, it appears that the larger RH shear stress stimulus in the obese group 

played a role in masking impaired RH-FMD. When the shear stress magnitude was taken into 

account, the ability of the endothelium to respond to all three stimulus profiles was more similarly 

attenuated in obese participants.  The observation of a (borderline significant) larger IMT agrees 
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with the lower level of endothelial function in indicating a reduced vascular health status in the 

obese participants. 

3.5.1 Subject Characteristics 

The BMI and waist circumference of the obese group in the present study is slightly larger than 

previous studies that have detected attenuated 5 min RH-FMD in obese populations (11, 15, 57). 

The obese group presented with significantly higher blood LDL levels, lower HDL levels, higher 

MAP, and were older than the control group.  The LDL and MAP in the obese group remained in 

the ‘normal’ range although HDL was below the recommended cut point (6, 26). It is very 

unlikely that mild dyslipidemia and elevated BP contributed to the development of endothelial 

dysfunction in the obese group.  Given the modest differences in these variables it is likely that 

other obesity related factors were involved (45, 80, 92). Although the obese group was 

significantly older than the control group (27 vs. 21 years) it is unlikely that age played a 

significant role in determining FMD. Celermajer and colleagues (23) observed that %FMD 

(measured using the standard 5 min RH-FMD protocol) did not exhibit an age related decline in 

men until the 4th decade.    

3.5.2  5 min and 15 min RH-FMD 

No significant differences were initially detected between the obese and control groups using 

the 5 min RH- or 15 min RH-FMD tests. These findings are in contrast with the majority of 

previous studies which have observed an impaired 5 min RH-FMD response in obese subjects (3, 

15, 57, 95, 143).   The RH shear stress AUC was larger in the obese group in the present study 

(the difference only approached significance for the 5 min RH-FMD test), and the discrepancy in 

FMD findings may be explained by a shear stress mediated masking of impaired RH-FMD in the 

obese group.  This is supported by the observation that, unlike the raw FMD values, the slope of 
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RH-FMD – shear stress stimulus relationship was lower in the obese group. This finding is 

similar to that of Padilla et al. (97) who were able to detect a difference in slope, but not 5 min 

RH-FMD between low and moderate CVD risk groups.  Padilla et al. (97) created a stimulus 

response relationship with RH stimulated by cuff inflation durations ranging from 1 – 5 min.  

Therefore the current work extends those findings by demonstrating detection of group 

differences using a relationship constructed with shear stress stimuli resulting from >5 min of 

forearm occlusion, and thus into a much greater stimulus-response range.   

  The ‘masking’ role of the RH shear stress stimulus is further supported by the 

observation that when the obese group was compared to a subset of controls with a similar shear 

stress AUC (p=0.48), a lower 5 min RH-FMD in the obese group approached significance 

(p=0.052). The same subset analysis was performed for 15 min RH-FMD with similar results 

(p=0.08; obese vs. control 15 min RH-FMD).   This evidence, which is more closely aligned with 

previous literature, suggests that the ability to respond to a transient RH stimulus profile (5 min 

RH) was impaired in the obese group.  Furthermore, these data provide the first indication that the 

ability to respond to a prolonged RH profile (15 min RH) is also attenuated in an obese 

population.  In addition, while no differences were observed for the 5 min RH-FMD test, in the 

15 min RH-FMD test the time to peak dilation was significantly longer in the obese group (Table 

3).  This is in agreement with previous reports that a longer time to peak dilation might be 

indicative of vascular dysfunction, and suggests that this effect may be more easily detected with 

a larger RH profile (13, 40, 63).   

The current findings are not the first to show that an obese population experienced a 

larger RH stimulus than healthy controls. While not statistically significant, Hashimoto et al. (57) 

and Woo et al. (143) observed larger percent increases in blood flow following cuff release in 
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their obese subjects, but did not account for this when interpreting their results. The differences 

might have been even more pronounced had either group calculated shear stress, as shear stress 

accounts for viscosity which has be demonstrated to be elevated in obese individuals (present 

study and (119)). The current findings of no group differences in 5 min RH- or 15 min RH-FMD 

until accounting for the shear stress stimulus support the importance of quantifying the stimulus 

(and therefore measuring blood viscosity). It is possible that had previous studies accounted for 

the shear stress stimulus (not accounted for in (15, 57, 95, 143)) they might have arrived at 

somewhat different conclusions when comparing lean, overweight and obese populations using 

RH-FMD. For example, a larger overweight or obese group shear stress stimulus in the presence 

of a similar or impaired RH-FMD would provide stronger evidence for dysfunction. 

3.5.3 HGEX-FMD 

 HGEX-FMD was significantly impaired in the obese group (Figure 5). This difference 

was observed in the presence of effective shear stress stimulus matching between obese and 

control participants and indicates that the ability of the endothelium to respond to a sustained 

increase in shear stress is impaired by signals related to obesity. The certainty that differences in 

the shear stress stimulus do not explain the differences in the measured response, contrasts 

substantially with what was observed using the 5 min RH- and 15 min RH-FMD tests, and 

therefore supports the utility of the HGEX-FMD test from a methodological standpoint. The 

HGEX-FMD impairment was present from the 2nd until the 10th minute of the exercise bout, and 

the difference between groups widened over time.   This finding is in agreement with a recent 

study by our group in which we observed impaired HGEX-FMD in young healthy smokers (41). 

Findlay et al. (41) also observed no impairment in 5 min RH-FMD, although no differences in 

shear rate were observed between smokers and non-smokers. This suggests, in contrast with the 
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current findings, that intergroup differences in the stimulus were not responsible for the 

preservation of RH-FMD in the smokers. However, the use of shear rate (viscosity not 

considered) as opposed to shear stress (viscosity considered) could have caused the stimulus in 

smokers to be underestimated (116, 145). If the viscosity in the smokers was larger, it is possible 

that, in agreement with the current findings, a larger stimulus was masking some impairment in 

RH-FMD.  

In addition to the present findings and those of Findlay et al. (41) a small collection of 

additional studies provide evidence that FMD in response to a sustained stimulus is impaired in 

conditions associated with a poor cardiovascular prognosis.  Bellien et al. (8) compared the FMD 

response to a 10 min RH stimulus and a sustained increase shear stress stimulated through hand 

warming in uncomplicated type I diabetics vs. healthy controls. It was observed that FMD was 

significantly impaired in type I diabetics when evoked by a sustained shear stress stimulus, but 

was preserved when the 10 min RH-FMD test was employed. Similarly, Grzelak et al. (54) used a 

HGEX protocol and 5 min RH protocol to investigate the effect of age and type 1 diabetes on 

FMD.  Significant impairments in HGEX-FMD were observed in the at-risk groups, and these 

were larger than group differences in RH-FMD. Taken together these findings and those of the 

current study (most prominent group effect size found with HGEX-FMD) suggest that HGEX 

might be a more sensitive indicator of endothelial dysfunction than the 5 min RH-FMD test. 

However, this finding is not congruent with all existing literature. Mullen et al. (93) observed an 

impaired 5 min RH-FMD in patients with high cholesterol, but no differences in FMD in response 

to a sustained shear stimulus (achieved with distal vasodilator infusion).  

There is evidence to suggest that different shear stress profiles recruit distinct endothelial 

transduction and dilatory mechanisms (42, 93, 106).  The health condition- and shear stress 
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profile-specific FMD results may indicate that some shear stress transduction pathways are more 

vulnerable to interference from particular vascular ‘insults’ or disease states. While both RH-

FMD and FMD in response to sustained stimuli like HGEX are thought to be somewhat 

dependent on NO (9, 36, 68), the dependency on NO is thought to be more substantial in 

initiating dilation than maintaining it (36, 93).  It is also possible that the specific pathway of NO 

production depends on the shear stress stimulus employed (42). Although obesity effect size 

differences between the three FMD tests in the present study were diminished when the RH shear 

stress stimulus magnitude was taken into account, a more pronounced HGEX-FMD impairment 

may reflect a greater negative impact of obesity on the mechanisms responsible for FMD 

maintenance rather than initiation.   

3.5.4 The influence of baseline diameter 

Baseline diameter was larger in the obese group and this is a concern given that baseline 

diameter could influence %FMD both via the calculation and potentially, an obesity independent 

reduction in shear stress sensitivity with a larger brachial artery diameter (128). However, 

evidence exists that demonstrates that when shear stress is controlled within the same artery, 

baseline diameter does not appear to influence FMD (66, 103).  To test this, a subset analysis was 

performed using the obese group (n=9) and the 9 controls with the largest baseline diameters, 

similar to the manner in which differences in shear stress AUC were accounted for. This approach 

was effective at eliminating group differences in baseline diameter.   The group comparison of 

FMD in this subset yielded results that were not different from the complete data set, 

demonstrating that differences in baseline diameter were unlikely to be responsible our observed 

group differences in FMD. 
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3.5.5 Limitations 

 This study population was limited to young, healthy men, which therefore limits its 

generalizability to other age groups and to women. Future studies are required to investigate 

whether the obesity-mediated inhibition of the dilatory response to a sustained shear stress 

stimulus is gender and age specific. This study also had a relatively small sample size and was 

underpowered to detect ~2-3% differences in FMD at the 0.05 alpha level in subset analysis.  

Oxidative stress and indices of inflammation were not assessed, therefore we were not able to 

evaluate whether these specific characteristics in the obese group might have influenced the FMD 

responses observed. However, these measurements would not have aided in answering the 

primary question, which was to determine whether the presence of abdominal obesity is 

associated with a uniform, or a shear stress profile specific impact on FMD. Finally, with the 

inclusion of only one abdominally obese group, the findings do not provide insight regarding the 

sensitivity HGEX-FMD in detecting dysfunction over a range of phenotypes or ‘severities’ of 

adiposity.  Future, larger studies will be required to address this limitation.   

 

3.5.6 Conclusion 

This study is the first to investigate how obesity affects the ability of the brachial artery to 

respond to various shear stress profiles.  As a whole the findings indicate that the shear stress 

stimulus profile influenced the detection of group differences in FMD.  With a matched shear 

stress stimulus, it was shown for the first time that HGEX-FMD was more than 50% lower in an 

abdominally obese group vs. a lean control group.  A near-significant trend for a lower RH-FMD 

in response to either a transient or more prolonged RH shear stress profile only emerged with 

subgroup analysis to account for group differences in the stimulus. However, with larger 
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enrollment and the same trends we expect that we would have detected significant differences in 

the full study population. This highlights the importance of the accurate quantification of shear 

stress when evaluating FMD. Future work is needed to establish: 1) the sensitivity of HGEX-

FMD in detecting endothelial dysfunction in a range of phenotypes of excess adiposity and other 

conditions, 2) The mechanisms through which obesity causes impairments in FMD and 3) 

whether the HGEX-FMD and 15 min RH-FMD are useful in the prediction of future 

cardiovascular events. 
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Chapter 4 

General Discussion 

4.1 Introduction 

Developing the most effective methods of identifying endothelial dysfunction has 

become an area of substantial interest due to the established link between endothelial dysfunction 

and CVD (ref). The study described in chapter 3 contributes to current knowledge by being the 

first to characterize endothelial function in an obese population - a population known to be at 

increased risk for CVD - by measuring FMD in response to 3 different shear stress stimuli. The 

current findings provide the first evidence that FMD stimulated by a sustained shear stress 

stimulus is significantly impaired in a young, apparently healthy obese population. 

4.2 Strengths and Weaknesses of the thesis research 

 Often in FMD research, only the FMD response, and not the shear stress stimulus is 

measured (11, 15). Furthermore, when the stimulus is measured, often only the peak RH shear 

stress and not the AUC is captured (57, 143). This is a limitation as the shear stress AUC has 

been shown to be the best characterization of the RH stimulus (107). Additionally, rather than 

continuous diameter measurements, some studies only take one discrete measure of post 

occlusion diameter at 60s post cuff release, sometimes with a few additional measures at widely 

spaced intervals (11).  In chapter 3, the ability to continuously measure brachial artery diameter 

and blood velocity for the duration of the tests enabled quantification the shear stress stimulus 

and %RH-FMD to a higher degree of accuracy. While the advantage of accurately quantifying 

shear stress was addressed in chapter 3, and is discussed below, it is also advantageous to be able 

to observe the time-course of dilation. Black et al. (13) compared the dilatory responses of young 
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and old subjects, and determined that the older subjects had significantly longer time-to-peak 

dilation that fell outside the discrete time frames typically used to assess FMD.  If the current 

study had employed the methodology described by Celermajer et al. (22), (discrete measurement 

at 60 secs) 16 out of 19 controls (84%) would have reached their true peak diameter and began 

the descent back to baseline diameter before the ‘peak’ diameter measurement would have 

occurred. This would have resulted in an underestimation of the %FMD in the control group.   

The use of discrete diameter assessment time points could partly explain the unexpected findings 

of Biasucci et al. (11) of no impairment of RH-FMD in a obese population compared to the lean 

controls.  Therefore, measuring diameter continuously is a strength of the study in chapter 3 

because FMD calculated from discrete diameter time points could cause researchers to make 

inaccurate conclusions regarding relative endothelial function between groups.  

 The differences in effect sizes between the three FMD tests provide evidence that HGEX-

FMD detected greater differences between the lean controls and the obese subjects. This would 

suggest that the HGEX-FMD test could detect smaller group differences in endothelial function 

than the 5 min RH- and 15 min RH-FMD tests. However a conclusion in this regard could have 

been made with greater certainty had we included a range of ‘risk profiles’. This could have been 

accomplished with the addition of an overweight group, or if we had recruited a ‘healthy’ obese 

group and an ‘unhealthy obese group’ with varying risk profiles. This would have required a 

significantly larger sample size, but may have elucidated more in terms of the abilities of the 3 

tests to detect emerging endothelial dysfunction. For example, we might have observed that 

HGEX-FMD was impaired in a ‘healthy’ obese group as well as an ‘unhealthy’ obese group, 

while 5 min RH-FMD might only be impaired in the unhealthy group. Such a situation would 
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provide more substantial evidence that HGEX-FMD is more sensitive at detecting emerging 

endothelial dysfunction than the standard 5 min RH-FMD test.  

4.3 Impaired Dilatory Response to Sustained Shear Stress in an Obese Population 

 This study adds to the existing evidence in smokers (41), patients with type I diabetes (8), 

and elderly populations (54), that FMD stimulated by a sustained increase in shear stress is 

impaired in ‘at-risk’ populations. This represents an important step towards HGEX-FMD being 

adopted and more widely investigated in this area of research. If used in conjunction with RH-

FMD, HGEX-FMD could potentially contribute mechanistic insight regarding what specific 

transduction mechanisms are negatively affected by obesity. It is also possible that impairment in 

both HGEX-FMD and RH-FMD could be indicative of even worse prognosis than impairment in 

either test individually.  

4.4 Importance of Quantifying the Shear Stress Stimulus 

The observation of between-group differences in shear stress AUC in the 5 min RH- and 

15 min RH-FMD tests reaffirms the importance of quantifying the stimulus when evaluating 

FMD. As described in chapter 3, it appears that by experiencing a larger stimulus for dilation, 

relative endothelial dysfunction in the obese group was masked. This is an important finding in 

the context of the current knowledge, not only because it more closely reconciled the current data 

with the existing literature, but also because it provides strong evidence to support the growing 

understanding that incorrect conclusions can easily be made if the stimulus is not properly 

quantified. 

Quantifying the shear stress stimulus in the Chapter 3 study also enabled us to evaluate 

the shear stress stimulus – FMD response relationship for each subject, which had previously 

been shown to discriminate between groups with moderate and low risk for developing CVD 
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(97).  To my knowledge this was the first study to demonstrate the ability of the dose-response 

relationship of shear stress and FMD to identify significant differences between young, healthy, 

lean controls and young, asymptomatic obese subjects. The findings in the current study built 

upon those of Padilla et al.(97) by including a (presumably) near maximal stimulus for dilation 

(76) (15 RH), which provided the opportunity to evaluate the ability of a particular pathology to 

interfere with the capacity of an artery to maximally dilate in times of need. 

4.5 Future Directions 

 First studies are needed in order to confirm the existence of obesity-mediated 

impairments of HGEX-FMD in females and a range of age groups.  Second, conducting a study 

with similar techniques as Takase et al. (124), who compared invasive measures of coronary 

arterial function with the 5 min RH-FMD, could help to establish HGEX-FMD as a valuable test 

of endothelial health.  Longitudinal research is also needed to establish the degree to which 

HGEX-FMD is capable of predicting future risk of cardiovascular disease. This would occur 

similarly to the studies used in the meta-analysis by Inaba et al. (62), with long term follow up 

and varying populations (clinical, asymptomatic, young, and old). While evidence in addition to 

the present study is accumulating demonstrating the ability of HGEX-FMD to distinguish 

between healthy populations and those with traditional cardiovascular risk factors (41, 54), 

demonstrating the predictive ability of the test is essential in determining the most effective 

methodology for measuring relative endothelial function and predicting risk for developing 

cardiovascular disease in the future. 

 Finally, identifying the barriers to HGEX-FMD testing is important. For instance, 

understanding the feasibility of using the HGEX-FMD test in certain at-risk populations, 
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(arthritis, peripheral arterial disease, coordination issues etc.), is an important precaution that 

needs to be taken before this test can be used more universally.  

4.6 Summary and Conclusion 

Obesity is a large public health and economic issue in Canada (65, 71). Endothelial 

dysfunction is one proposed explanation for the link between obesity and the increased risk for 

developing CVD. The study described in chapter 3 was designed to compare endothelial function 

in obese and lean participants using 3 different FMD tests that employed 3 distinct shear stress 

stimulus profiles. This study is the first to demonstrate an obesity-mediated impairment in the 

ability of the brachial artery to respond to a physiologically relevant, sustained HGEX shear 

stress stimulus. It also demonstrated the ability of group differences in the RH shear stress 

stimulus to mask group differences in the RH-FMD response. This provides further justification 

for obtaining as accurate a quantification of the shear stress stimulus as possible. When the 

stimuli were accounted for, the results suggest that the ability of the endothelium to respond to all 

three stimulus profiles was impaired in the obese group. The findings in this study agree with the 

majority of studies demonstrating endothelial dysfunction via the 5 RH-FMD test in obese 

populations (3, 15, 57, 95, 143), while extending our current knowledge by demonstrating 

impairment in response to 3 different shear stress profiles. This might indicate a more pervasive 

decline in endothelial function than previously understood. This study also contributed to the 

current body of knowledge by demonstrating that HGEX-FMD might be most vulnerable to 

impairment by factors associated obesity, which might provide mechanistic insight into the 

transduction mechanisms impaired by the condition. Future research is needed to determine the 

mechanisms through which obesity causes impairment in endothelial function, as well as to 

identify the precise transduction pathways stimulated by each, unique shear stress profile. 
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Appendix A 

Consent Form 

School of Kinesiology and Health Studies Queen’s University 

Kyra E. Pyke, Ph.D., Principle Investigator  Study performed in Room 400D, School of 
Kinesiology and Health Studies 

CONSENT FORM  FOR RESEARCH PROJECT ENTITLED: 

Flow mediated dilation variability : reactive hyperaemia vs. exercise induced increases in shear 
stress 

This is an important form. Please read it carefully. It tells you what you need to know about this 
study. If you agree to take part in this research study, you need to sign this form. Your signature 
means that you have been told about the study and what the risks are. Your signature on this form 
also means that you want to take part in this study. 

Purpose of the Study: 

You are being invited to participate in a research study directed by Dr. Kyra Pyke to evaluate the 
variability of the arterial response to different patterns of increased blood flow. Dr. Pyke or a 
student investigator will read through this consent form with you and describe the procedures in 
detail and answer any questions you may have. This study has been reviewed for ethical 
compliance by the Queen’s University Health Sciences and Affiliated Teaching Hospitals 
Research Ethics Board. 

The purpose of the study is to 1) examine the variability in the magnitude of brachial artery (large 
artery in the upper arm) widening (dilation) following two different patterns of increased blood 
flow. 2) To identify whether repeated exposure to elevated blood flow alters the response of the 
brachial artery. 3) To examine differences in vascular function in participants who are and are not 
overweight. 

Benefits For You: 

There are no direct benefits to you by participating in this study. 

 

____________                      ____________                             _____________ 

Participant Initials   Person Obtaining Consent Initials        Day/Month/Year  
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Description of Experiment and Risks: 

What will happen? During this study, you will take part in the specific experimental procedures 
outlined below. 

Heart Rate Measurements: 

Heart rate is continuously monitored by an electrocardiogram (EKG) through 6 spot electrodes on 
the skin surface. The electrodes are placed on the chest and abdomen and they can detect the 
electrical activity that makes your heart beat. RISKS: This procedure is entirely safe. In a very 
small group of individuals, a skin rash might occur from the adhesive on the electrodes. There is 
no way of knowing this ahead of time. The rash, if it develops, will resolve itself within a day or 
so. Avoid scratching the rash and keep clean. 

Blood Pressure Measurements: 

A small cuff is fit around your finger. This cuff inflates to pressures that match the blood pressure 
in your finger, so you feel the cuff pulsing with your heart beat. It shines infrared light through 
your finger to measure changes in the size of your finger with each heart beat. 

RISKS: This technique is non-invasive and poses no risk. 

LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER MEASUREMENTS: 

The blood flowing through your brachial (above the elbow) and carotid (on the side of the neck) 
arteries and can be detected, and your artery size measured using Doppler and imaging 
ultrasound. A probe will be placed on the skin over your artery and adjustments in its position 
will be controlled by hand by the investigator. High frequency sound (ultrasound) will penetrate 
your skin. The returning sound provides information on blood vessel size and blood flow. 

RISKS: This technique is non-invasive and poses no risk. 

HANDGRIP EXERCISE: You will be asked to perform handgrip squeezing exercise. You will be 
asked to perform maximal contractions (duration ~2s) and up to 10 min of rhythmic contractions 
at an intensity that is 10-60% of your maximal force.  RISKS: You may experience muscle 
soreness in the muscles of your forearm for 24-72 hours after performing the handgrip exercise, 
much as you would if you had been lifting weights. Your heart rate and blood pressure may 
increase slightly, but this poses no more risk than engaging in mild intensity exercise (e.g. 
walking). 
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Participant Initials   Person Obtaining Consent Initials        Day/Month/Year  
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FOREARM OCCLUSION: A blood pressure cuff will be secured just above or below your elbow 
on your left arm. This cuff will be inflated to 300mmHg for 5 or 15 min to limit blood flow into 
your forearm. You may feel a strong pressure and some mild tingling with cuff inflation and with 
the 15 min occlusion may become mildly uncomfortable. If there is pain, immediately notify the 
investigator and the cuff will be deflated and repositioned. Upon cuff release there will be a large 
rush of blood into your forearm. This may feel warm and you may experience mild tingling but 
no discomfort.  RISKS: This technique is non-invasive and poses no risk. 

ARTERIAL PULSE COMPRESSION- To ensure that blood flow increases and decreases rapidly 
and the onset and end of exercise respectively, an experimenter will apply pressure with their 
finger on your brachial pulse at your elbow to control blood flow into your forearm for 4 min 
prior to exercise and 4 min following exercise. The arterial pulse compression should cause no 
discomfort. If there is pain, immediately notify the investigator and the compression will be 
adjusted or removed. At the end of the 4 minutes of exercise the investigator will remove the 
compression and there will be an increase in blood flow through your brachial artery. 

RISKS: This technique is non-invasive and poses no risk. You may feel some discomfort or an 
enhanced sensation of effort in your exercising muscle. This is associated with the lower than 
normal level of exercising muscle blood flow. This discomfort will resolve immediately with the 
cessation of exercise and release of compression. 

ARTERIAL THICKNESS AND PRESSURE MEASUREMENTS: An ultrasound probe will be 
placed on the front of your neck over your left carotid artery to take a picture of the vessel. A 
small pencil like pressure transducer will be placed over your pulse on the right side of your neck 
and on your femoral artery pulse in your upper thigh. This will allow us to measure the change in 
pressure in your artery over the cardiac cycle. These measurements will be performed 
periodically while you rest. 

RISKS: This technique is non-invasive and poses no risk. 

PRESSURE IN YOUR FOOT: A small infrared (light) sensor will be taped to the top of your 
foot to take continuous measurements of your pulse. This will be used to measure how quickly 
the pressure wave created by your beating heart travels through your arteries. This tells us about 
the stiffness of your arteries. 

RISKS: This technique is non-invasive and poses no risk. 
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Participant Initials   Person Obtaining Consent Initials        Day/Month/Year  
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FINGER PRICK BLOOD TEST: A small lancet (sharp edge) will be placed over your finger tip 
and depressed to draw a drop of blood. This blood will be collected with a thin tube and used to 
measure the amount of fat and cholesterol in your blood. 

RISKS: Brief discomfort will be associated with the finger prick itself and an a modest amount of 
soreness may persist at the site for 1-2 days. As with any break in the skin there is risk of 
infection although it is very small in this case. This skin will be cleaned prior to the finger prick 
and a bandaid will be applied immediately following collection of blood. 

sample will be taken from a vein at your elbow or in your hand following standard venipuncture 
technique. In order to make the vein easy to identify, a non-latex tourniquet will be briefly 
applied to your upper arm. A needle will be inserted into the identified vein to collect the sample. 
Once the sample is collected the needle will be removed and a bandage will be applied. This test 
will be performed after completing the handgrip exercise trials each visit. 

RISKS: Brief discomfort will be associated with the needle prick itself and a modest amount of 
soreness may persist at the site for 1-2 days. As with any break in the skin there is risk of 
infection although it is very small in this case. This skin will be cleaned prior to the venipuncture 
and a bandaid will be applied immediately following collection of blood. Some bleeding may 
occur under the skin resulting in the formation of a bruise. Application of pressure directly 
following sample collection will minimize this risk. Puncturing a blood vessel increases the risk 
of clot formation, but this is very rare with this type of venous sampling. 

7 DAY PHYSICAL ACTIVITY RECAL: This is a questionnaire that will ask you to report your 
physical activity levels over the past 7 days.  RISKS- This poses no risk  How long will it take? 

On an initial visit you will be asked to lie down while we will use ultrasound to get an image of 
the artery in your upper arm to make sure that we can get clear pictures. You will also be asked to 
perform 3 maximal voluntary contractions (separated by 1 min rest) and some repeated handgrip 
contractions to allow you to practice and to allow us to determine the right exercise intensity for 
the subsequent visits. This visit will take approximately 20-30 min. 

 

 

 

____________                      ____________                             _____________ 

Participant Initials   Person Obtaining Consent Initials        Day/Month/Year  

 

 



 

 

 

93 

Visit 2 will take a maximum of 3 h. While lying down and resting, you will be instrumented for 
heart rate, blood pressure and blood flow (ultrasound) measurements. After a 30 min rest period 
you will perform 2 trials of 10 minutes of min of rhythmic handgrip contractions , 2 trials of 5 
min of cuff inflation and release and one trial of 15 min of cuff inflation and release while we 
measure the blood flow in your upper arm (brachial) artery. There will be at least 10 min of rest 
between each trial. 

Talking and Movements: 

Talking or moving during the times that we are taking measurements will cause variations in the 
measurements we are making If you have any discomfort, please let us know immediately and we 
can temporarily break from data collection. However, if everything is comfortable, please 
maintain a very quiet posture. Even very slight movements interfere with our experiments. 

Special Instructions:  Participants are asked to not exercise, eat, drink alcohol or caffeine during 
the 12 hours prior to the study. You should empty your bladder immediately prior to starting the 
test. When the study is finished, we will have you sit in the laboratory for a short time to allow 
you to readjust to the upright posture. These precautions should be enough to prevent any 
sensations of dizziness. Please be aware that sensations of dizziness are not normal and you 
should let us know if you experience any discomfort before you leave the laboratory. 

Attached Medical Screening Form:  This questionnaire asks some simple questions about your 
health. This information is used to guide us with your entry into the study. Current health 
problems indicated on this form which are related to cardiovascular diseases exclude you from 
the study. 

Safety Precautions:  Safety precautions for the study will include the following: 

Before entering the study you will be screened using a medical screening form. You will not be 
able to enter the study if anything is found which indicates that it is dangerous for you to 
participate. 
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We will continuously monitor your heart rate and blood pressure, and you will be laying on your 
back . These precautions allow us to quickly identify if you are experiencing an unusual response 
and simply stopping the experimental manipulation will allow you to quickly recover. 

 

CONFIDENTIALITY 

All information obtained during the course of the study is strictly confidential and will not be 
released in a form traceable to you, except to you and your personal physician. Your data and any 
personal health information reported on the health questionnaire, will be kept in locked files 
which are available only to the investigators and research assistants who will perform statistical 
analysis of the data. There is a possibility that your data file, including identifying information, 
may be inspected by officials from the Health Protection Branch in Canada in the course of 
carrying out regular government functions. The study results will be used as anonymous data for 
scientific publications and presentations, or for the education of students in the School of 
Kinesiology and Health Studies at Queen’s University. 

 

STUDY COMPENSATION 

You will receive $10 per hour of your time in the laboratory for expenses and imposition on your 
time incurred by your participation in this study. 

Freedom to Withdraw from the Study 

Your participation in this study is voluntary. You may refuse to participate or you may 
discontinue participation at any time during the duration of the study without penalty and without 
affecting your future medical care. 

Participant Statement and Signature Section 

I have read and understand the consent form for this study. I have had the purposes, procedures 
and technical language of this study explained to me. I have been given sufficient time to 
consider the above information and to seek advice if I choose to do so. I have had the opportunity 
to ask questions which have been answered to my satisfaction. I am voluntarily signing this form. 
I will receive a copy of this consent form for my information. 

If at any time I have further questions, problems or adverse events, I will contact: 

David Slattery  7djs3@queensu.ca  Room 400F, School of Kinesiology and Health Studies 28 
Division st. Queen’s University, Kingston, ON, K7L 3N6  Tel: (613) 533-6000 x 79377 

Kyra E. Pyke, Ph.D.  pykek@queensu.ca  (Principal Investigator)  Room 301C, School of 
Kinesiology and Health Studies 28 Division st. Queen’s University, Kingston, ON, K7L 3N6 
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Tel: (613) 533-6000, ext, 79631 

Jean Cote  Department head  Undergraduate/Graduate office, School of Kinesiology and Health 
Studies Queen’s University, Kingston, ON, K7L 3N6  Tel: (613) 533-6601 

If I have any questions concerning research participant’s rights, I will contact: 

Dr. Albert F. Clark, Chair of the Queen’s University Health Sciences and Affiliated Teaching 
Hospitals Research Ethics Board  Office of Research Services  Fleming Hall, Jemmett Wing 
301 

Queen’s University, Kingston, ON, K7L 3N6 Tel: (613) 533-6081 

 

By signing this consent form, I am indicating that I agree to participate in this study. 

______________________ Participant Signature 

______________________ Participant Name (please print) 

______________________ Date (day/month/year) 

_________________________ Person obtaining consent Signature 

_________________________  Person obtaining consent Name (please print) 

_________________________ Date (day/month/year) 
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