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Abstract 

The endothelium is a single cell layer that plays a critical role in determining the health and function of 

blood vessels. Endothelial function is shaped by shear stress, the frictional force exerted by the speed of 

blood flow and the thickness (viscosity) of the blood. Exposure to shear stress that reverses direction back-

and-forth impairs endothelial function in young men. Whether women are equally susceptible to this 

perturbation and the isolated impact of a low level of shear stress with and without reversal of shear had 

not been investigated. Hypoxia, the low levels of oxygen that are experienced at high-altitude, has been 

shown to influence flow reversal and impair endothelial function. However, no previous study had 

accounted for the changes in blood thickness, and hence shear stress that occur at high-altitude. This may 

be especially important in the context of excessive erythrocytosis, a high-altitude disease characterized by 

exceptionally thick blood and increased cardiovascular risk. This thesis examined 1) whether there are sex 

differences in the impact of exposure to low and reversing shear stress on endothelial function, 2) whether 

isolated low shear stress impairs endothelial function, 3) the impact of reversing shear stress on endothelial 

function in short-term exposure to low levels of oxygen and after trekking to 5050m in the Himalayas, and 

4) the role of high levels of blood viscosity on endothelial function in high-altitude natives in Cerro de 

Pasco, Peru (4330m) with excessive erythrocytosis. We identified that 1) premenopausal women have some 

protection against reductions in endothelial function after being exposed to reversing shear stress, 2) 

isolated low shear stress impaired endothelial function, 3) short-term exposure to low levels of oxygen and 

sustained high-altitude exposure reduced endothelial function, while superimposing reversing shear stress 

had no effect, and 4) high levels of hemoglobin and blood viscosity contributed to lower endothelial 

function in Andean high-altitude natives with excessive erythrocytosis. Altogether, this dissertation 

advances our understanding of how the components of shear stress (the pattern, magnitude, and blood 

viscosity) impact endothelial function in humans under normoxic (normal levels of oxygen) and hypoxic 

(low levels of oxygen, such as high-altitude) conditions.  
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Chapter 1 

Introduction 

The vascular endothelium is a single layer of cells that lines the luminal surface of blood vessels. 

Endothelial cell signaling is involved in determining vascular tone, structure, and permeability as 

well as thrombosis and thus plays a key role in determining vascular health (44, 135). Its position 

at the interface of blood and the vasculature directly exposes endothelial cells to the chemical 

composition of the blood and its associated mechanical forces. Shear stress, the frictional blood 

flow-associated force, is sensed via several endothelial membrane structures resulting in 

biochemical signaling termed shear stress transduction (61, 65, 356). Shear stress is a principal 

stimulus for both acute and (mal)adaptive effects on endothelial function.  

A key theme of this dissertation is exploring how shear stress regulates or determines 

endothelial function. However, it is important to identify that experimenter-imposed increases in 

shear stress are also used to assess endothelial function. Acute increases in shear stress stimulate 

endothelium-dependent vasodilator production, provoking relaxation of the adjacent vascular 

smooth muscle (271, 307). Vasodilation in response to an increase in shear stress (stimulus), termed 

flow-mediated dilation (FMD) (5, 334), is interpreted as a marker of endothelial function. In 

humans, FMD is typically assessed in a conduit artery, such as the brachial artery. Briefly, FMD 

can be stimulated via transient (reactive hyperemia-induced, RH-FMD) or sustained (i.e. heat or 

exercise-induced, SS-FMD) increases in shear stress (5, 55, 167, 246, 281, 334). RH-FMD and SS-

FMD tests interrogate distinct aspects of endothelial function, and collectively provide more 

comprehensive insight on shear stress-associated endothelial function (376). Both RH- and SS-

FMD are at least partially nitric oxide (NO)-mediated (26, 127, 413), however the signaling 

transduction pathways (106, 188), subcellular sources of NO (101, 109), and contributions of other 

vasodilators may differ (88, 297). As such, RH-FMD and SS-FMD do not always yield similar 
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findings. For instance, SS-FMD, but not RH-FMD, is reduced in participants with uncomplicated 

type 1 diabetes (24), young smokers (102), and young obese participants (336) compared with 

control participants. By contrast, RH-FMD, but not SS-FMD, is impaired following acute mental 

stress (351), high-fat meal ingestion (254), and in participants with hypercholesterolemia (246). 

When endothelial dysfunction is severe, such as in hypertension (28) and lifelong smokers (111), 

both SS-FMD and RH-FMD demonstrate impairment. Therefore, there is considerable evidence to 

suggest that SS-FMD and RH-FMD provide distinct information on endothelial function. 

 

Exposure to low and oscillatory shear stress impairs endothelial function and promotes 

atherosclerosis (9, 50, 419). Oscillatory shear stress is characterized by nearly equal parts of 

forward (antegrade; towards periphery) and backward (retrograde; towards heart) shear stress with 

a low time-averaged mean across the cardiac cycle. Flow patterns resulting in oscillatory shear 

stress occur naturally at arterial branch points, such as the outer wall of the carotid sinus (187). 

Atherosclerotic lesions occur preferentially at arterial segments that are chronically exposed to low 

mean and oscillatory shear stress (50, 187, 419). Oscillatory shear stress also occurs naturally when 

vascular resistance is high (41, 136, 255, 260) and can be experimentally-induced (13) in otherwise 

atherosclerosis-resistant conduit arteries. This has led to the development of a model to study the 

acute effects of oscillatory shear stress exposure on endothelial function (359). By inflating a 

pneumatic cuff on the forearm to a moderate pressure (60-75mmHg), oscillatory shear stress is 

generated in the upstream brachial artery (13, 359). Exposing the brachial artery to oscillatory shear 

stress for 20-to-30 minutes typically reduces brachial artery FMD (18, 170, 303, 317, 318, 359, 

360, 370, 378), and these findings established a causal link between oscillatory shear stress and 

endothelial dysfunction in humans. However, there is a gap in the literature concerning the 

contribution of the components of oscillatory shear stress, namely the heightened retrograde shear 

stress versus the low mean shear stress, on this detrimental effect in humans. Determining the 



 

 

 

3 

isolated impact of atherogenic shear stress components on different aspects of endothelial function 

in diverse populations and environmental conditions is critical to advancing our understanding of 

endothelial (dys)regulation in humans.  

 

Cardiovascular disease is the leading cause of death worldwide in both women and men 

(68). While premenopausal women demonstrate reduced mortality from coronary artery disease 

compared to similarly-aged men (37). However, over the past twenty years, age-specific reductions 

in coronary artery disease have been greater in men than women (37). This may be due, in part, to 

a smaller representation of women in physiology and cardiovascular research (23, 229, 344). For 

example, of the 12 studies that have investigated the impact of imposed oscillatory shear stress on 

endothelial function, nine did not include women (165, 170, 303, 317, 318, 347, 359, 360, 371) and 

three had mixed-sex design (18, 370, 378) but none were designed to detect any effect modification 

by sex. This is a critical gap in the literature (addressed in Chapters 3 and 4), as there are established 

sex differences in endothelial and vascular function (252, 345) that may influence vulnerability to 

acute exposure to deleterious shear stress patterns. For instance, men experience impairments in 

FMD while women present preserved FMD following acute inflammation (287), high-fat meal 

ingestion (142), and prolonged sitting (395). Studying the impact of acute insults on endothelial 

function in men and women is important as repeated transient impairments may progress to 

endothelial dysfunction and subsequently atherosclerosis. Preserved endothelial function in 

response to acute insults may represent an underlying mechanism for the decreased prevalence of 

cardiovascular disease in premenopausal women compared to men (174, 201). 

  

Hypoxia is a fundamental physiological challenge and occurs when oxygen supply does 

not meet demand. Systemic hypoxia of varying durations and severities can occur in disease (30, 

130). However, systemic hypoxia is not exclusively pathologic. Ascent to higher elevations or 
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breathing air with a lower percentage of oxygen decreases the partial pressure of atmospheric 

oxygen, decreasing the pressure gradient of oxygen from the air (high pressure) to the blood (low 

pressure). An estimated 83 million humans live at high-altitude (20) and adapt to continuous 

hypoxia. High-altitude tourism is becoming more accessible to and popular among lowlanders 

(122, 327). The physiological processes involved in hypoxic acclimatization and (mal)adaptation 

are poorly understood. The peripheral vasculature is a site of integration for the systemic response 

to hypoxia. Low levels of arterial oxygen elicit concomitant increases in sympathetic nerve activity 

(191) and production of vasoactive mediators in the vasculature (84, 222), resulting in competing 

vasoconstrictor and vasodilator signals. The net balance of vasodilation to vasoconstriction 

influences conduit artery shear stress pattern. Recent studies have identified a potential role for 

oscillatory shear stress in promoting endothelial dysfunction under hypoxic conditions (205, 378), 

however a thorough investigation of the impact of acute and sustained severe hypoxic exposure on 

the impact of oscillatory shear stress on endothelial function is lacking. Namely, whether acute and 

sustained hypoxic exposure generate and/or increase vulnerability to oscillatory shear stress is 

unknown (addressed in Chapter 5). Uncovering the interaction between hypoxic exposure, shear 

stress patterns, and endothelial function provides insight on the mechanisms of endothelial 

dysfunction often encountered in hypoxic conditions.   

 

 The indigenous populations of the Tibetan, Andean, and Ethiopian plateaux have 

developed three separate physiological adaptive strategies to thrive in their respective harsh 

hypoxic environments (21). The different steps of oxygen transport and utilization have adapted to 

yield impressive function at high-altitude in these populations compared to lowlanders (20-22, 

117). When native lowlanders are transplanted to altitudes above 2500m, hyperventilation and 

increased red blood cell formation (erythropoiesis) compensate for the reduced oxygen levels in 

the blood. Andeans (Quechua and Aymara populations) present what can be considered an 
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exaggerated form of typical lowlander high-altitude adaptation with increased hemoglobin 

concentration (Hb) increasing the oxygen content in arterial blood. In some instances (~5-10%), 

this adaptive response is perturbed with an excessive production of red blood cells, and thus 

elevated Hb (390). The resultant exceptionally thick blood combined with hypoxemia leads to 

chronic mountain sickness (CMS), which involves cardiovascular and neurogenic sequelae (268). 

Andeans appear to be especially susceptible to this maladaptation, and large increases in Hb and 

blood viscosity may not represent the ideal adaptive strategy. This excessive production of red 

blood cells, termed excessive erythrocytosis (EE), is associated with increased cardiovascular risk 

in Andean highlanders (71). Endothelial dysfunction may contribute to the increased cardiovascular 

risk in Andean highlanders (15, 300), however this has not been conclusively elucidated due to 

unknown levels of blood viscosity, and hence shear stress, complicating the interpretation of FMD 

(addressed in Chapters 6 and 7). Comprehensively characterizing shear stress and FMD when EE 

is present would provide insight on a potential mechanism of increased cardiovascular risk. 

   

The five manuscript chapters in this dissertation address the described gaps in the literature, 

exploring the interacting effects of shear stress exposure, endothelial function (Chapters 3-7) and 

hypoxia (Chapters 5-7) (Figure 1-1). Chapters 3 and 4 describe the effects of acute interventions to 

modify shear stress pattern in men and women. Chapter 5 encompasses the results of a combined 

laboratory and field study comparing the impact of short (inhaled gas manipulation) and long-term 

(trekking in Nepal) hypoxia exposure. Finally, Chapters 6 and 7 explore the impact of chronic 

(mal)adaptation to high-altitude in Andeans living at 4330m in Cerro de Pasco, Peru. 

1.1 Objectives and hypotheses 

This thesis sought to investigate the impact of shear stress in the regulation and determination of 

endothelial function in humans under normoxic and hypoxic conditions. The objective(s) and 

hypothesis(es) for each chapter are outlined below.  
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Figure 1-1. Simplified model of the thesis themes and hypotheses. 

Solid lines depict established links while dashed lines are unknown. Oscillatory shear stress impairs 

endothelial function as assessed via reactive hyperemia flow-mediated dilation (RH-FMD). The 

modulatory role of sex and impact of oscillatory shear stress on sustained stimulus flow-mediated 

dilation (SS-FMD) are explored in chapter 3. Oscillatory shear stress is characterized by increased 

retrograde and low mean shear stress; chapter 4 investigates isolating the impact of low mean shear 

stress on endothelial function. Whether acute and sustained hypoxic exposure enhances oscillatory 

shear stress under resting conditions and/or impacts the vulnerability of oscillatory shear stress-

induced endothelial dysfunction is studied in chapter 5. Prolonged hypoxic exposure can progress 

to excessive erythrocytosis, and the effects of this maladaptation to high-altitude exposure on 

endothelial function on RH-FMD and SS-FMD are explored in chapters 6 and 7 respectively. -, 

impairs. 
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1.1.1 Chapter 3 

Objectives: 

1. To investigate the impact of imposed oscillatory shear stress on flow-mediated dilation 

stimulated by transient and, for the first time, sustained increases in shear stress. 

2. To investigate whether there are sex differences on the impact of oscillatory shear stress 

on flow-mediated dilation. 

Hypotheses: 

1. Acute exposure to imposed oscillatory shear stress will reduce flow-mediated dilation 

stimulated by transient and sustained increases in shear stress in male, but not female, 

participants. 

1.1.2 Chapter 4 

Objectives: 

1. To examine the impact of thirty minutes of reduced mean shear stress, with and without 

increases in retrograde shear stress, on RH-FMD. 

Hypothesis: 

1. Thirty minutes of reduced mean shear stress, with and without increases in retrograde shear 

stress, will reduce RH-FMD. 

1.1.3 Chapter 5 

Objectives: 

1. To investigate the impact of imposed oscillatory shear stress on RH-FMD in acute and 

sustained hypoxic exposure compared to normoxia. 

Hypothesis: 
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1. The impairment in RH-FMD following imposed oscillatory shear stress will be attenuated 

under acute and sustained hypoxic exposure compared to normoxia due to the presence of 

elevated oscillatory shear stress at baseline. 

1.1.4 Chapter 6 

Objectives: 

1. To compare RH-FMD, after adjusting for the shear stress stimulus, in Andeans with and 

without excessive erythrocytosis.  

2. To test the impact of isovolemic hemodilution, to reduced Hb and blood viscosity, on RH-

FMD in Andeans with excessive erythrocytosis. 

Hypotheses: 

1. RH-FMD will be lower in Andeans with excessive erythrocytosis compared to those 

without after accounting for the shear stress stimulus. 

2. RH-FMD will be greater following isovolemic hemodilution. 

1.1.5 Chapter 7 

Objective: 

1. To assess SS-FMD using progressive handgrip exercise in Andeans with and without 

excessive erythrocytosis. 

Hypothesis: 

1. SS-FMD will be reduced in Andeans with excessive erythrocytosis compared to those 

without. 
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Chapter 2 

Literature Review 

Part 1 - Flow-mediated dilation stimulated by sustained increases in shear stress: A 

useful tool for assessing endothelial function in humans? 

 

Part 1 of Chapter 2 is published (376) as: 

Tremblay JC, Pyke KE. Flow-mediated dilation stimulated by sustained increases in shear stress: 

A useful tool for assessing endothelial function in humans? Am J Physiol Heart Circ Physiol 

314(3):H508-H520, 2018. 
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2.1 Abstract 

Investigations of human conduit artery endothelial function via flow-mediated vasodilation (FMD) 

have largely been restricted to the reactive hyperemia (RH) technique, wherein a transient increase 

in shear stress after the release of limb occlusion stimulates upstream conduit artery vasodilation 

(RH-FMD). FMD can also be assessed in response to sustained increases in shear stress [sustained 

stimulus (SS)-FMD], most often created with limb heating or exercise. Exercise in particular 

creates a physiologically relevant stimulus because shear stress increases, and FMD occurs, during 

typical day-to-day activity. Several studies have identified that various conditions and acute 

interventions have a disparate impact on RH-FMD versus SS-FMD, sometimes with only the latter 

demonstrating impairment. Indeed, evidence suggests that transient (RH) and sustained (SS) shear 

stress stimuli may be transduced via different signaling pathways, and, as such, SS-FMD and RH-

FMD appear to offer unique insights regarding endothelial function. The present review describes 

the techniques used to assess SS-FMD and summarizes the evidence regarding 1) SS-FMD as an 

index of endothelial function in humans, highlighting comparisons with RH-FMD, and 2) potential 

differences in shear stress transduction and vasodilator production stimulated by transient versus 

sustained shear stress stimuli. The evidence suggests that SS-FMD is a useful tool to assess 

endothelial function and that further research is required to characterize the mechanisms involved 

and its association with long-term cardiovascular outcomes. 

2.2 New and noteworthy 

Sustained increases in peripheral conduit artery shear stress, created via distal skin heating or 

exercise, provide a physiologically relevant stimulus for flow-mediated dilation (FMD). Sustained 

stimulus FMD and FMD stimulated by transient, reactive hyperemia-induced increases in shear 

stress provide distinct assessments of conduit artery endothelial function. 
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2.3 Introduction 

The endothelium is a critical determinant of vascular function and health and plays a key role in 

the regulation of vascular tone (81). The endothelial cells respond to blood flow-induced 

increases in vascular wall shear stress by increasing vasodilatory autocoid synthesis, leading to 

vascular smooth muscle relaxation (flow-mediated dilation (FMD)). Shear stress is proportional to 

blood velocity and viscosity, and inversely related to vessel diameter, while shear rate excludes the 

viscosity component and is frequently reported as a surrogate for shear stress (283).  FMD 

following experimentally-imposed increases in shear stress is often used as an index of endothelial 

function.  The most popular technique used to evoke an increase in conduit artery shear stress for 

FMD assessment in humans involves a five-minute limb occlusion, achieved by inflating a 

pneumatic cuff to suprasystolic pressures (283, 358). The occlusion results in decreased resistance 

in the distal vasculature, such that upon cuff release there is a reactive hyperemia (RH) and transient 

surge of shear stress in the upstream artery, provoking FMD. RH-FMD has been shown to have 

some utility in predicting cardiovascular events (129, 157) and advanced the understanding that 

endothelial dysfunction precedes and contributes to the development of atherosclerosis (55). While 

extensively studied, RH represents only one approach to augment shear stress for FMD assessment, 

and this transient shear stress profile is atypical in day-to-day life.  

 

Sustained increases in shear stress represent a more common in vivo physiological 

occurrence, however assessment of FMD in response to sustained increases in shear stress 

(sustained stimulus (SS)-FMD) has been used relatively infrequently to interrogate peripheral 

conduit artery endothelial function in humans in vivo. Sustained increases in conduit artery shear 

stress can be achieved by limb heating (167, 278), distal vasodilator infusion (246), and exercise 

(281, 413). Evidence suggests that transient and sustained shear stress stimuli may be differentially 

transduced by the endothelium (106) such that SS-FMD and RH-FMD may test different aspects 
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of, and offer unique insight regarding, endothelial function. Indeed, several studies suggest that 

RH- and SS-FMD are impacted differently by various acute interventions (e.g. mental stress (351), 

high fat meal (254)) and chronic conditions (e.g. smoking (102), obesity (336), 

hypercholesterolemia (246)). The non-uniform findings observed between transient and sustained 

stimulus FMD indicate endothelial dysfunction that is undetected with RH-FMD may sometimes 

be detected with SS-FMD, and vice versa. 

 

Techniques used to stimulate SS-FMD permit stimulus control such that while an 

uncontrolled RH stimulus may differ between conditions or groups (195), hampering RH-FMD 

comparisons, it is usually possible to create a uniform sustained shear stress stimulus (or an 

overlapping range) (280, 382). While limb heating and distal vasodilator infusion effectively 

increase upstream arterial shear stress, they have the disadvantage of being technically challenging, 

time-consuming, and, in the case of infusion, invasive. Rhythmic handgrip exercise produces 

sustained increases in brachial artery shear stress by rapidly reducing downstream vascular 

resistance in the forearm. The resultant brachial artery vasodilation (SS-FMD) appears to be 

stimulated by the mean increase in shear stress and does not seem to be influenced by the fluctuating 

shear stress pattern that occurs with contraction (48, 69). Further, the vasodilation appears to be 

stimulated exclusively by shear stress, without a contribution from conducted vasodilation or 

attenuation due to any accompanying increases in sympathetic nervous activity or altered systemic 

hemodynamics (162, 281). Given that changes in shear stress in vivo are typically the result of 

exercise, rhythmic handgrip exercise represents a physiologically-relevant stimulus profile. 

Although arteriolar dilation is typically more important for determining perfusion, conduit artery 

SS-FMD may become more relevant in arteries compromised by atherosclerosis (115, 116, 126, 

137, 393). 
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In summary, current evidence suggests that SS-FMD and RH-FMD provide distinct information 

regarding endothelial function. The present review will describe the common experimental 

techniques used to assess SS-FMD and will synthesize the evidence regarding i) SS-FMD as an 

index of peripheral conduit artery endothelial function in humans, highlighting comparisons with 

RH-FMD, and ii) potential differences in shear stress transduction and vasodilator production 

stimulated by transient versus sustained shear stress stimuli. 

2.4 FMD: common experimental techniques 

2.4.1 Transient shear stress stimulus (RH) FMD 

There are several published reviews (72, 139, 358) that provide guidelines for RH-FMD assessment 

and procedures will be reviewed only briefly here. Reactive hyperemia is achieved via distal 

circulatory arrest induced by a prolonged suprasystolic occlusion. In a matter of minutes, 

downstream resistance is reduced and upon release of occlusion, this facilitates a high flow 

environment in the feeding conduit artery, exposing the endothelium to an immediate, transient, 

uncontrolled increase in shear stress. The shear stress is laminar, and almost exclusively antegrade. 

Peak hyperemia during RH generally occurs within the first 10 seconds of cuff release (282) before 

rapidly decaying, returning to near baseline levels by 2-3 minutes post-release. The RH-FMD 

response is characterized as the peak change in diameter from baseline, which occurs well after the 

peak hyperemia (33). RH-FMD is most frequently assessed in the brachial artery (Figure 2-1, top 

panel), and has been shown to be stable over multiple repeat trials (141, 280). With cuff placement 

on the wrist, calf or thigh, RH-FMD can also be assessed in the radial, popliteal, and femoral 

arteries.  
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Figure 2-1. Schematic representation of reactive hyperemia flow-mediated vasodilation (RH-

FMD; top) and handgrip exercise flow-mediated vasodilation (SS-FMD; bottom) in a protocol 

designed to target a single shear rate.  

The solid lines represent the stimulus (shear stress), while the broken lines depict the response 

(vasodilation). The shear stress stimulus for RH-FMD is large and transient, compared to a more 

gradual onset, sustained increase in shear stress with exercise induced SS-FMD. The ultrasound 

velocity trace (middle) illustrates that the shear rate is entirely antegrade during RH, while it is 

mildly oscillatory during handgrip exercise due to contraction induced impedance to flow.  

Increases in diameter correspond to the shear stress stimuli, with RH evoking a generally parabolic 

increase and decrease in diameter, while SS produces a slower, sustained increase in diameter.   

The uncontrolled stimulus that occurs with RH presents a challenge to FMD interpretation 

if different RH stimuli are experienced between groups or experimental conditions. A non-uniform 

stimulus is a real possibility given that several factors, including baseline conduit artery diameter 

and the impact of cardiovascular disease risk on microvascular function, can influence the 

magnitude of RH (167, 235, 278). If one group experiences a smaller RH-FMD in response to a 

smaller RH stimulus, it becomes unclear whether this group has inferior conduit artery endothelial 

function (195). Although ratio normalization, allometric scaling, and covariate analysis are used, 
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there is currently no generally accepted practice to enable correction for group/condition 

differences in the RH stimulus when interpreting RH-FMD (358). 

2.4.2 Sustained shear stress stimulus FMD 

Sustained increases in shear stress can be achieved via stimulating prolonged vasodilation of the 

vasculature downstream of the conduit artery of interest. For example, vasodilator infusion distal 

to the site of arterial diameter measurement has been employed in the coronary and upper limb 

vasculatures (73, 246, 326). Continuous infusion of acetylcholine in the brachial artery at the 

antecubital fossa induces a dose-dependent, sustained rise in flow and shear stress in the proximal 

portion of the artery (246). However, the infusion of vasoactive drugs necessitates arterial 

cannulation and the presence of a physician, rendering the task expensive and invasive, thereby 

limiting its feasibility. Forearm or hand heating using a heating pad, hot water, or hot air offers an 

alternative to increase conduit artery shear stress in a ‘dose’ (temperature)-dependent manner via 

downstream skin arteriolar vasodilation without altering systemic hemodynamics; however 

attaining a steady-state increase in shear stress takes ~10-35 minutes (26, 167, 246, 278, 279, 281, 

314). Skin heating has been used for the assessment of SS-FMD in different populations (e.g. men 

and women (167), healthy versus clinical condition (24, 28, 387)) or and pre versus post prolonged 

intervention (e.g. angiotensin-converting enzyme treatment in heart failure patients (166)) though 

the duration of the protocol and persistence of the skin dilation limits its utility for assessing SS-

FMD pre and post-acute interventions (314).  

 

Exercise produces an active hyperemia and, similar to both vasodilator infusion and skin 

heating, induces ‘dose’ (intensity)-dependent increases in shear stress and consequently FMD 

(Figure 2-1; bottom panel, and Figure 2-2). Rhythmic handgrip exercise causes a rapid reduction 

in forearm vascular resistance, evoking an associated increase in brachial artery flow, and thus 

shear stress. The increase in conduit artery shear stress is not instantaneous, rather mean shear stress 
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increases gradually before reaching a sustained, steady state in thirty-to-sixty seconds, returning to 

resting levels only after exercise completion. 

 

 

Figure 2-2. Synthesis of investigations implementing rhythmic handgrip exercise sustained shear 

stimulus flow-mediated vasodilation (SS-FMD).  

Studies included measured brachial artery diameter and maximal voluntary contraction (MVC, 

panel A) or mean shear rate (SR, panel B) in young, healthy participants. Data are presented as 

mean with standard error of the mean error bars and include 11 studies. 

 

 Primarily, two general rhythmic handgrip exercise protocols have been adopted to study 

SS-FMD. The first involves progressive increases in workload, at 3 minutes per workload separated 

by one-minute of rest (88, 297, 413). This technique elicits progressive increases in brachial artery 

vasodilation with increased workload, and establishes within-subject shear rate-diameter (stimulus-

response) relationships. The second technique, depicted in Figure 1, involves matching shear rate 

between- and/or within-subjects, and performing the handgrip exercise at an intensity required to 

produce the desired shear rate (1, 102, 162). The single stimulus method typically involves 

sustaining a similar workload for six-to-ten minutes, permitting the assessment of the time course 

of SS-FMD (279). When real-time Doppler velocity output to an external computer with data 
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acquisition software is possible (i.e. (144)), velocity can be displayed as a moving average (for 

example: a 1 second contraction to 5 second relaxation duty cycle could be monitored as a 6 second 

average moving forward in 1 second increments ((180)). Combined with baseline or real time 

assessment of arterial diameter, the intensity of rhythmic handgrip contraction can be altered ‘on-

the-fly’ to either increase or decrease blood velocity to maintain a targeted shear rate (i.e. shear rate 

= 4 x mean velocity / vessel diameter; required velocity = target shear rate * vessel diameter / 4).  

Several studies from our group provide a description of this methodology (162, 180, 336).   

 

Single versus progressive intensity handgrip protocols represent the two most commonly 

adopted techniques to evoke exercise-induced SS-FMD, however a strength of the technique is its 

versatility, as it can be adapted to address the research question. While exercise-induced SS-FMD 

is usually assessed in the upper limb, SS-FMD has been reported in the femoral arteries using 

cycling (111), single leg kicking (125, 412), and plantar flexion exercise (179) to generate an 

increase in shear stress.  

 

All methods of inducing SS-FMD afford some degree of stimulus control, enabling the 

generation of a similar stimulus magnitude between groups and conditions. Creating the same 

stimulus over four trials, corresponding stability of brachial artery SS-FMD during handgrip 

exercise has been demonstrated (280), however superficial femoral artery SS-FMD during plantar 

flexion exercise increased systematically over four trials (179). Creation of a controlled stimulus 

facilitates isolation of macrovascular function and group/condition comparisons of SS-FMD. For 

example, researchers have used heating and exercise to create uniform stimuli in order to compare 

SS-FMD between groups with heterogeneous arterial diameters (167) and within-individuals to 

compare reactivity in different-sized arteries (162). 
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2.5 Using Exercise to Elevate Shear Stress for FMD Assessment: Is the Conduit 

Artery Vasodilation Stimulated During Exercise Exclusively Flow Mediated? 

Putative Nonshear Stress Contributions to Conduit Artery Diameter Changes During 

Exercise 

Exercise is the most commonly encountered stimulus for increases in muscle blood flow, and 

associated conduit artery shear stress. However, exercise is a complex stimulus that involves 

metabolite production, and sympathetic nervous system activation. If these factors influence 

conduit artery diameter changes during exercise, changes in conduit artery diameter will not 

exclusively reflect SS-FMD/endothelial function. Indeed conduit artery diameter changes during 

exercise of the downstream muscle mass have been described as distinct from FMD due to these 

concerns (297, 328).    

2.5.1 Conducted Vasodilation 

Exercise-induced vasodilation originating at terminal arterioles in activated skeletal muscle can 

conduct up the arterial tree (322, 401) via direct coupling between endothelial cells and/or smooth 

muscle cells through gap junctions (321). If vasodilation can conduct up to the level of the conduit 

artery, exercise-induced conduit artery vasodilation could be a combination of flow-mediated and 

conducted vasodilation. Pyke, et al. (281) examined whether exercise-induced conducted 

vasodilation reached the brachial artery during rhythmic handgrip exercise. During exercise, 

simultaneous brachial arterial compression was applied to prevent any increase in brachial artery 

shear stress while maintaining muscle activation. If conducted signals contributed to exercise-

induced brachial artery vasodilation, muscle activation, independent of changes in upstream shear 

stress, would be expected to produce increases in brachial artery diameter. However, eliminating 

the shear stress stimulus prevented any change in brachial artery diameter, suggesting that 

conducted vasodilation does not reach the brachial artery. Similarly, in the radial artery, employing 

arterial compression to prevent increases in shear stress during hand muscle exercise prevented 
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radial artery vasodilation (162). Prevention of increases in shear stress during forearm heating also 

prevents increases in brachial artery diameter (281). Therefore, the evidence to date suggests that 

the conduit artery dilation that occurs with distal heating and exercise is stimulated by shear stress 

without a contribution from conducted vasodilation, thus reflecting FMD. Studies of this 

phenomenon to date have been performed in the upper limb and included only young and healthy 

participants. Confirmation in the lower limb, and in additional populations will help to strengthen 

the conclusion that conducted vasodilation does not reach the conduit artery. 

2.5.2 Sympathetic Nervous System Activity 

Sympathetic activation can increase vascular tone, and has the potential to restrict RH-FMD (93, 

146). Exercise itself is sympatho-excitatory, and the sympathoexcitation could have an impact on 

SS-FMD stimulated by exercise. To examine whether rhythmic handgrip exercise-associated 

increases in sympathetic activity restrict SS-FMD, Pyke, et al. (281) matched the mean shear rate 

in the brachial artery achieved with rhythmic handgrip exercise via forearm heating. Although the 

exercise trial increased both heart rate and mean arterial pressure, SS-FMD was similar to the 

passive forearm heating condition, providing evidence that handgrip exercise SS-FMD is not 

affected by any concomitant sympathetic activation or associated alterations in systemic 

hemodynamics. To assess whether simultaneous superimposition of sympathoexcitation restricts 

SS-FMD, Stuckless and Pyke (349) performed SS-FMD stimulated by handgrip exercise-induced 

increases in shear stress during a cold pressor test. The cold pressor test increased mean arterial 

pressure from 98 ± 10 mmHg to 115 ± 10 mmHg, yet handgrip exercise SS-FMD remained 

unaltered, suggesting that SS-FMD is preserved during exaggerated sympathoexcitation. 

Collectively, this evidence suggests that sympathetic activation does not appear to restrict SS-FMD. 

However, whether other sympatho-excitatory maneuvers restrict SS-FMD in healthy participants 

or if clinical populations experience blunted SS-FMD during sympathoexcitation merits future 

investigation. 
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In summary, rhythmic handgrip exercise appears to be an effective means to elicit flow-

mediated vasodilation, as putative confounders including conducted vasodilation and sympathetic 

activation do not appear to influence SS-FMD.  

2.6 Using exercise to elevate shear stress for FMD assessment: Does exercise-

associated retrograde shear stress negatively impact SS-FMD? 

Unlike limb heating and distal vasodilator infusion, rhythmic exercise used to stimulate SS-FMD 

induces mildly oscillatory shear patterns, owing to contraction-induced impedances in blood flow 

followed by surges in antegrade flow during relaxation. Studies in humans have shown that brief 

exposure of a conduit artery to oscillatory shear stress (30 minutes) is sufficient to decrease RH-

FMD (359, 370). Accordingly, whether the fluctuating shear pattern during rhythmic exercise 

mitigates SS-FMD was tested by matching mean shear rate in three conditions: i) a handgrip 

exercise protocol (mildly oscillatory), ii) a forearm heating protocol (steady shear stress- not 

oscillatory), and iii) forearm heating with rhythmic cuff inflation to mimic the shear rate pattern 

during handgrip exercise (mildly oscillatory without muscle activation) (281). If the mildly 

oscillatory pattern applied to the endothelium during rhythmic handgrip exercise or heating with 

rhythmic cuff inflation had a detrimental effect on SS-FMD, a greater vasodilation would be 

expected during forearm heating alone. However, both SS-FMD and the relationship between the 

increase in shear rate and SS-FMD was similar in each condition, suggesting that SS-FMD responds 

to the mean sustained shear rate rather than its pattern during exercise.  

 

Further exploring the influence of shear rate pattern on SS-FMD, King, et al. (180) 

compared the FMD response to varying handgrip duty cycles, again whilst sustaining a uniform 

mean shear rate. Duty cycles of 1 second contraction to 1, 3, and 5 second relaxation periods 

produced nearly identical FMD responses in the brachial artery, despite the 1:1 duty cycle creating 
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a greater retrograde shear rate. Therefore, the mildly oscillatory shear pattern present during 

exercise does not appear to influence SS-FMD.  

2.7 Comparisons between FMD stimulated by sustained versus transient increases in 

shear stress: do RH- and SS-FMD provide distinct information about endothelial 

function? 

A small number of studies have compared RH-FMD and SS-FMD in populations with increased 

cardiovascular risk, or within-individuals pre- versus post-intervention.  These studies provide 

insight regarding whether FMD in response to transient versus sustained increases in shear stress 

should be viewed as interchangeable or distinct assessments of endothelial function (Summary - 

Table 2-1). 
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Table 2-1. Summary of intervention and cross-sectional studies that have administered sustained shear stress flow-mediated dilation and, 

where applicable, reactive hyperemia flow-mediated dilation.  

Intervention Artery Technique SS-FMD 

Arrows versus pre-intervention 

RH-FMD Reference 

Prior antegrade shear stress Brachial Rhythmic handgrip ↑   (1) 

L-NMMA and EDHF receptor inhibition Radial Hand heating ↓  (26, 29) 

ACE inhibitors in congestive heart failure Radial Hand heating ↑  (166) 

L-NMMA and aspirin Radial Hand heating ↔  (246) 

ET-B receptor inhibition Radial Hand heating ↓  (27) 

Anemia correction in ESRD Brachial Forearm heating ↑  (387) 

Antioxidant  Brachial Progressive handgrip ↓  (297) 

Antioxidant or exercise training in elderly Brachial Progressive handgrip ↑  (88) 

Acute and chronic folic acid ingestion in elderly Brachial Progressive handgrip ↑  (305) 

 

L-NMMA  Brachial Progressive handgrip ↓  (413) 

L-NMMA in elderly Brachial Progressive handgrip ↓  (381) 

Ascorbic acid and L-NMMA in elderly Brachial Progressive handgrip ↔  (382) 

High-fat meal  Brachial Rhythmic handgrip ↔ ↓ (254) 

Altered contraction duty cycles  Brachial Rhythmic handgrip ↔  (180) 

Cold pressor test  Brachial Rhythmic handgrip ↔  (349) 

Acute mental stress  Brachial Rhythmic handgrip ↔ ↓ (351) 
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Acute mental stress and cold pressor test  Brachial Rhythmic handgrip ↑  (352) 

Cross-sectional   Arrows versus healthy control   

Uncomplicated type I diabetes Radial Hand heating ↓ ↔ (24) 

Hypertension Radial Hand heating ↓ ↓ (28) 

ADPKD Radial Hand heating ↓ ↔ (211) 

ESRD Brachial Forearm heating ↓  (387) 

Hypercholesterolemia Brachial Distal ACh infusion ↔ ↓ (246) 

Young smokers  Brachial Rhythmic handgrip ↓  ↔ (102) 

Obese young adults Brachial Rhythmic handgrip ↓ ↔ (336) 

Systemic sclerosis Brachial Progressive handgrip ↓  (214) 

Definition of abbreviations: ACE, angiotensin-converting enzyme; Ach, acetylcholine; ADPKD, Autosomal dominant polycystic kidney disease; 

EDHF, endothelium-derived hyperpolarizing factor; ESRD, end-stage renal disease; L-NMMA, NG-monomethyl-L-arginine; SS-FMD, sustained 

shear stress flow-mediated dilation; RH-FMD, reactive hyperemia flow-mediated dilation. 
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2.8 RH-FMD versus SS-FMD in populations with increased cardiovascular risk 

2.8.1 Smokers 

Young male smokers with a short smoking history were found to have a significantly blunted 

handgrip exercise-induced SS-FMD compared to young male non-smokers while RH-FMD did not 

differ between groups (102). Neither the reactive hyperemia nor the handgrip exercise shear rate 

stimulus differed between groups. Interestingly, the difference in SS-FMD between groups became 

more pronounced over time during the 10 minutes of steady state shear rate. Therefore, endothelial 

responses to a transient increase in shear rate did not appear to be impaired, however the response 

to sustained shear stress was blunted in young, otherwise healthy, smokers. Assessing an older 

cohort (~40 years old) with a longer smoking history, Gaenzer, et al. (111) found that femoral artery 

FMD in response to cycle exercise (SS-FMD) and brachial artery RH-FMD were both impaired in 

smokers versus nonsmokers. It is possible that SS-FMD is initially impaired in individuals with a 

short smoking history, and that with continued smoking responses to transient shear stress stimuli 

are also impaired (i.e. impaired RH-FMD). If so, SS-FMD may permit earlier identification of 

endothelial dysfunction in smokers, and this requires further research. 

2.8.2 Type 1 diabetes 

Bellien, et al. (24), found reduced radial artery RH-FMD and hand heating SS-FMD in people with 

type 1 diabetes versus healthy controls. When solely assessing those with uncomplicated type 1 

diabetes (without microangiopathic complications), however, FMD was impaired versus matched 

controls only in response to sustained shear stress (and when heating shear stress was similar 

between groups). This initial evidence from individuals with type 1 diabetes suggests that SS-FMD 

may be impaired earlier in the course of the pathology.  
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2.8.3 Hypertension 

In essential hypertension, endothelial/vascular dysfunction is often present in both the micro- and 

macrovasculature (193). Therefore, the hyperemic stimulus for RH-FMD may be blunted in 

essential hypertension compared to healthy control participants, complicating the interpretation of 

RH-FMD as an index of conduit artery endothelial function. For example, Bellien, et al. (28) 

performed RH-FMD and hand heating SS-FMD in the radial artery of patients with essential 

hypertension. RH-FMD was lower in patients with hypertension compared to matched controls, 

however so was the duration of the post-ischemic hyperemia, and hence the RH-FMD stimulus. 

The lower RH makes it more difficult to ascertain whether the smaller RH-FMD is truly due to 

impairment in the endothelium’s ability to transduce the transient stimulus (i.e. endothelial 

dysfunction) or simply due (or at least due in part) to the smaller stimulus.  In this case, the 

impairment in RH-FMD was maintained with statistical adjustment for the stimulus, supporting the 

presence of endothelial dysfunction. Hand heating evoked equivalent increases in shear stress 

between groups, while SS-FMD was lower in patients with essential hypertension compared to 

matched controls, thus providing firm evidence of reduced conduit artery endothelial function. 

Taken together, this evidence suggests that endothelial responses to both transient and sustained 

increases in shear stress are impaired in essential hypertension. 

2.8.4 Renal disease 

Autosomal dominant polycystic kidney disease patients have cardiovascular complications that are 

thought to be related to the presence of abnormal polycystins in endothelial cells that may interfere 

with shear stress mechanotransduction; however there are conflicting findings regarding whether 

patients with autosomal dominant polycystic kidney disease present conduit artery endothelial 

dysfunction as assessed by RH-FMD (67, 181). Lorthioir, et al. (211) performed radial artery RH-

FMD and hand warming SS-FMD in patients with autosomal dominant polycystic kidney disease 

and observed an impaired SS-FMD, but similar RH-FMD compared to controls with no difference 
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in the shear stress stimuli (SS or RH) between groups. Thus, patients with autosomal dominant 

polycystic kidney disease may have impairments in mechanotransduction of sustained, but not 

necessarily transient shear stress. 

2.8.5 Obesity 

Slattery, et al. (336) examined a 10-minute rhythmic handgrip exercise-induced SS-FMD and RH-

FMD in lean and obese young males. A marked reduction in SS-FMD was observed in the obese 

group compared to lean (obese ~50% lower), without any difference in the standard 5 min occlusion 

RH-FMD. There were no group differences in the stimulus for SS-FMD, although there was a trend 

for a larger RH stimulus in the obese group. However, the lack of group difference in RH-FMD 

persisted after adjusted analysis to account for stimulus differences. Although other studies have 

reported impaired RH-FMD in obese populations (251) the results suggest that in this sample, 

obesity was predominantly associated with an impairment in endothelium-dependent vasodilation 

in response to sustained shear stress.  

2.8.6 Hypercholesterolemia 

Mullen, et al. (246) compared RH-FMD and SS-FMD in hypercholesterolemic subjects. Brachial 

artery RH-FMD was lower in patients with hypercholesterolemia compared to healthy controls, 

despite a similar hyperemic stimulus, while brachial artery SS-FMD in response to stepwise 

increases in flow evoked by distal acetylcholine infusion was similar between groups. Exposure to 

high cholesterol, therefore, may have an adverse effect on the ability to transduce transient 

increases in shear stress, but not sustained increases in shear stress.  

2.8.7 Evidence of impairment in SS-FMD in other populations 

Several studies have examined SS-FMD in disease populations versus healthy controls without 

including an assessment of RH-FMD. Patients with end-stage renal failure present lower whole 

blood viscosity, chronically lower mean shear stress, and reduced hand warming brachial artery 
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SS-FMD compared to controls (lower FMD:shear stress slope in patients) (387). Chronic anemia 

correction, to increase blood viscosity and shear stress, enhanced heating-induced SS-FMD 

(improved the FMD: shear stress slope) (387). Systemic sclerosis is an autoimmune disease that 

results in fibrosis and is often associated with vascular dysfunction. Machin, et al. (214) found that 

compared to healthy controls, patients with systemic sclerosis presented a lower SS-FMD in 

response to progressive handgrip exercise induced increases in shear rate (214). Donato, et al. (88) 

compared SS-FMD in young and elderly participants during a progressive handgrip exercise 

protocol. The elderly participants displayed a reduced SS-FMD over the whole range of shear rates, 

and thus a reduced ability to transduce a sustained shear stress stimulus with aging, in agreement 

with numerous studies reporting reduced RH-FMD with aging (56, 96, 319). Recently, both acute 

and chronic folic acid ingestion have been shown to improve progressive handgrip exercise SS-

FMD in elderly adults (305). Joannides, et al. (166) assessed radial artery SS-FMD achieved via 

stepwise hand warming in patients with congestive heart failure before and after treatment with 

angiotensin converting enzyme-inhibitors (ACE inhibitors). Treatment improved SS-FMD for a 

given increase in shear stress, thereby indicating a beneficial effect of ACE inhibition on this aspect 

of conduit artery endothelial function in heart failure patients.  

 

In summary, several studies have noted distinct impacts of chronic conditions on RH versus 

SS-FMD. The potential for dissociation in FMD responses stimulated by transient and sustained 

shear stress in populations at increased cardiovascular risk may provide insight on the progression 

of endothelial dysfunction. Although evidence to date is limited, initial findings suggest that in 

some populations SS-FMD can detect endothelial dysfunction that is not revealed by RH-FMD. In 

addition, these findings indicate that the impact of clinical conditions on FMD in response to a 

physiologically relevant pattern of shear stress during exercise cannot be reliably predicted from 

RH-FMD responses. The shear stress stimulus-specific heterogeneity of FMD deserves further 
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exploration in larger numbers of distinct populations, and assessing responses to both transient and 

sustained increases in shear stress may provide a more comprehensive understanding endothelial 

function. Whether SS-FMD impairment predicts cardiovascular disease risk/events is unknown, 

and this intriguing possibility requires investigation with prospective studies. Studies that include 

both RH and SS-FMD to enable comparison of their predictive value are also needed. 

2.9 RH-FMD versus SS-FMD pre- and post-acute stimuli 

Differences between RH-FMD and SS-FMD have been observed not only amongst distinct 

populations, but also within-individuals in response to acute perturbations.  

2.9.1 High-fat meal 

Padilla, et al. (254) compared RH-FMD and SS-FMD four hours after ingestion of low- and high-

fat meals. Adopting a low-intensity five-minute rhythmic handgrip exercise protocol (10% 

maximum voluntary contraction, 1 second contraction, 1 second relaxation), no change in SS-FMD 

was observed following the high-fat meal, while RH-FMD was significantly reduced. Ingestion of 

a high-fat meal may therefore impair endothelial function in a manner that is specific to the 

transduction of transient increases in shear stress. 

2.9.2 Mental stress 

Acute mental stress, elicited using the Trier Social Stress Test, was shown to reduce RH-FMD, 

with no changes in handgrip exercise induced SS-FMD ten minutes post-test (351). Several other 

studies have also reported impaired RH-FMD following acute mental stress (272) while a follow-

up SS-FMD investigation found a transient increase in handgrip exercise induced SS-FMD 15 

minutes following the Trier Social Stress Test (352). These studies suggest that acute mental stress 

has opposing effects on RH- and SS-FMD.  
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2.9.3 Antegrade shear stress 

Acute augmentation (30 minutes) of shear stress in the brachial artery, achieved via forearm 

heating, has previously been shown to potentiate RH-FMD (365). A similar forearm heating 

intervention (40 minutes) enhanced handgrip exercise SS-FMD 15-minutes post-intervention 

compared to baseline (1). Thus, antegrade shear stress-mediated potentiation of endothelial 

function appears to improve FMD in response to both transient and sustained elevations in shear 

stress. 

In summary, investigations that have measured FMD in response to both sustained and 

transient shear stress stimuli have often found unique responses to acute interventions. In 

combination with the disparate impact of various clinical conditions on RH- and SS-FMD, it is 

tempting to speculate that distinct mechanisms or vasodilator pathways with a potential for 

heterogeneous vulnerability to vascular insults are involved in the FMD response to unique shear 

stress stimuli. However, the comparison of RH- versus SS-FMD has often been performed in only 

one study for a given population or intervention. Therefore, replication of these findings in 

additional and larger studies is needed.  

2.10 Mechanisms of Transient and Sustained Shear Stress FMD 

The observation of distinct impacts of cardiovascular disease risk factors (e.g. smoking, diabetes 

and obesity) and acute stimuli (e.g. mental stress, high fat meal) on SS-FMD versus RH-FMD 

suggests that the endothelium distinguishes between these disparate shear stress stimuli (summary 

schematic - Figure 2-3). Shear stress is converted into biochemical signals by a variety of 

mechanosensitive structures at the luminal surface of the endothelium, including: ion channels, 

plasma membrane receptors, G proteins, adhesion molecules, the cytoskeleton, caveolae, the 

glycocalyx, primary cilia, and the plasma membrane lipid bilayer (7). Signal transduction can lead 

to the production of numerous different vasodilators (e.g. nitric oxide (NO), prostaglandins, 

endothelium-derived hyperpolarizing factors (EDHFs)). Specific vasodilator production and/or 
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signaling pathways leading to the production of a given vasodilator appear to be dependent on the 

nature of the shear stress.   

 

Figure 2-3. Summary schematic of sustained shear stimulus flow-mediated vasodilation (SS-FMD) 

compared to reactive hyperemia flow-mediated vasodilation (RH-FMD).  

Cell culture and isolated vessel studies suggest that transient and sustained shear stress are 

differentially transduced by the endothelium. Transient increases in shear stress are thought to 

activate endothelial nitric oxide synthase (eNOS), and produce nitric oxide (NO), via a Ca2+-

dependent pathway, while sustained increases in shear stress activate eNOS in a distinct, Ca2+-

independent pathway (106, 188). Hypothetically extrapolated to in vivo conduit artery studies, RH-

FMD is depicted as reflecting primary recruitment of the Ca2+-dependent eNOS activation pathway. 

SS-FMD is depicted as initially eliciting Ca2+-dependent eNOS activation (if the initial increase in 

shear is abrupt), however the prolonged stimulus is identified as relying to a greater extent on Ca2+-

independent eNOS activation. There is evidence for involvement of endothelium-derived 

hyperpolarizing factors, namely epoxyeicosatrienoic acids (EETs), in both RH- and SS-FMD (26, 
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103). Reactive oxygen species appear to contribute to SS-FMD (297), and hydrogen peroxide 

(H2O2) may be the responsible signaling molecule. There is emerging evidence that endothelin-1 

(ET-1) binding to endothelial endothelin receptor type B (ETB) contributes to SS-FMD by 

facilitating ET-1 uptake; when ET-1 binds to endothelin receptor type A (ETA), vasoconstriction is 

promoted (25). Distinct RH- versus SS-FMD pathways may be differentially-affected by certain 

interventions and cardiovascular risk factors (smoking, type 1 diabetes mellitus (T1DM), 

hypercholesterolemia, high-fat meal, acute mental stress), thereby providing a theoretical basis for 

the disparate findings of SS-FMD and RH-FMD. There is a need to incorporate both SS-FMD and 

RH-FMD in future studies to further understand the mechanistic and functional distinctions of SS-

FMD and RH-FMD in the context of endothelial function. 

2.10.1 Identification of the primary vasodilator(s) responsible for peripheral conduit artery 

FMD in response to transient and sustained shear stress stimuli 

2.10.2 RH-FMD 

NO exerts several vasoprotective functions and there has been considerable interest in evaluating 

the NO-dependence of RH-FMD and thereby its utility as a functional assay of NO bioavailability 

(129, 283). Early investigation attempting to discern the contribution of NO to RH-FMD inhibited 

NO synthase with N(G)monomethyl-L-arginine (L-NMMA), which resulted in complete abolition 

of radial artery RH-FMD upon distal cuff release (168). A similar effect was observed by Doshi et 

al. (89) in the brachial artery, where RH-FMD following release of distal cuff occlusion was 

completely abolished during L-NMMA infusion. Extending the distal cuff occlusion beyond 5 

minutes increases the peak and total RH (44, 60, 65) and several studies (though not all; (65)) 

indicate diminished influence of L-NMMA on RH-FMD following distal cuff occlusion >10 

minutes in duration (25, 127, 183, 246). This suggests a dampened contribution of NO, or greater 

compensation or involvement from other vasodilators, in response to a larger, more prolonged RH 

stimulus. 
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However the finding of predominant RH-FMD dependence on NO with even a ‘standard’ 

5 min distal cuff occlusion protocol has not been unanimous. For example, Pyke et al. (277) found 

no effect of L-NMMA infusion on radial artery RH-FMD, while Parker et al. (263), found only a 

modest mean reduction (~25%) with considerable inter-individual variability in young men and 

women. In the brachial artery, Wray et al. (414) found that L-NMMA reduced RH-FMD by a third, 

however, after accounting for the reduction in shear rate stimulus during L-NMMA infusion, RH-

FMD was similar with and without endothelial NO synthase (eNOS) inhibition. A meta-analysis 

of 20 investigations that have administered L-NMMA attributed ~70% of the RH-FMD response 

to NO, and this was consistent (~72%) when analysis was done on a subset of studies that employed 

a ‘standard’ technique (5 min distal occlusion in healthy volunteers) (127). However, the evidence 

of considerable interindividual variability indicates the potential for important involvement of other 

vasodilators and/or physiological redundancy. While prostaglandins do not appear to make an 

important contribution (246, 263), the role of one EDHF pathway was identified in the radial artery.  

 

Increases in shear stress increase endothelial intracellular [Ca2+] leading to the release of 

arachidonic acid from the cell membrane. Arachidonic acid can be subsequently metabolized by 

cytochrome P450 epoxygenases, generating epoxyeicosatrienoic acids (EETs; an EDHF), leading 

to smooth muscle cell hyperpolarization via several potential pathways including the activation of 

large conductance calcium-activated potassium channels on the vascular smooth muscle cell (47, 

104). Fischer, et al. (103) inhibited eNOS and an EET producing enzyme (CYP 2C9 inhibition via 

sulfaphenazole) separately and in combination in young healthy volunteers. Single inhibition of 

either enzyme reduced RH-FMD (~48% and ~36% for NO and EET respectively) while co-infusion 

of inhibitors caused a further reduction without changing the hyperemic stimulus. Similar responses 

were observed in a separate group of patients with heart failure.   
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 Taken together these results suggest that the degree of NO dependence of RH-FMD varies 

and that EDHFs, specifically EETs, may make an important contribution. Further studies are 

required to elucidate the factors that influence interindividual variability in reliance on a particular 

vasodilator pathway.   

2.10.3 SS-FMD 

Only one study has directly compared the mechanisms responsible for RH- versus SS-FMD. 

Mullen, et al. (246) assessed the involvement of NO in radial artery FMD in response to a variety 

of shear stress stimuli. While L-NMMA nearly abolished radial artery RH-FMD in response to the 

hyperemia following release of a 5-minute occlusion, FMD in protocols that involved a more 

sustained increase in shear stress (i.e. shear stress elevated by hand heating and hyperemia 

following release of 15 min of occlusion) were unaffected by NO synthase inhibition, suggesting 

that SS-FMD is mediated via non-NO mechanisms.  

 

Studying the mechanisms of SS-FMD only, Bellien, et al. (26) examined the contributions 

of both NO and an EDHF pathway. They observed a downward shift in the radial artery shear stress 

– SS-FMD relationship with either L-NMMA infusion or inhibition of EET production (via 

inhibition of CYP-2C9 with fluconazole) or action (via inhibition of calcium-activated potassium 

channels with tetraethylammonium). Combined eNOS and EDHF pathway inhibition resulted in a 

further blunting of SS-FMD. The reduced SS-FMD during L-NMMA infusion conflicts with the 

findings of Mullen, et al. (246), however Bellien, et al. (26) administered a higher dose of L-

NMMA, which would have elicited a more complete eNOS inhibition. Employing a similar 

protocol, Bellien, et al. (28), reproduced these results in normotensive control participants, but 

found that in patients with essential hypertension, inhibition of NO but not EET production 

significantly reduced their already smaller hand heating SS-FMD. This suggests that there is a 

reduced contribution of EETs to SS-FMD in patients with hypertension. 
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SS-FMD may also reflect a balance between vasodilating and vasoconstricting factors. 

Endothelin-1 (ET-1) is a potent vasoconstrictor produced by endothelial cells that can be released 

in response to shear stress (189). The balance and distribution of ET-1 receptors determine its 

vasoactive effects. Vascular smooth muscle cell ET-1 type A and type B receptors elicit 

vasoconstriction (225, 323). In contrast, endothelial cell ET-1 type B receptor binding stimulates 

vasodilator formation and clears ET-1 from the circulation (i.e. they are involved in ET-1 uptake) 

(225, 367). Selective ET-1 type A receptor antagonism does not appear to influence RH-FMD in 

young, healthy individuals (343). However, Bellien, et al. (27), found that in healthy males, ET-1 

type B receptor blockade prevented a decrease in local ET-1 concentration during hand heating and 

reduced radial artery SS-FMD (the latter was prevented with co-inhibition of ET-A receptors). This 

suggests an important role for ET-1 B receptors in ET-1 uptake and mitigating ET-1 constriction 

via ET-1 A receptor binding during a sustained increase in shear stress. In patients with essential 

hypertension, and other cardiovascular risk factors, local ET-1 concentration was not found to 

decrease with heating, which may suggest an alteration in ET-1 release or uptake (27, 28). Whether 

a similar importance of ET-1 B receptors in mitigating ET-1-mediated vasoconstriction is present 

in RH-FMD or in individuals at increased cardiovascular risk (i.e. hypertension) is unknown. There 

is, however, some evidence that ET-1 may contribute to decreases in RH-FMD with age (87). The 

role of vasoconstricting (ET-1) factors and receptor subtypes in SS and RH-FMD merits further 

investigation.  

 

Concerning SS-FMD stimulated by handgrip exercise, in agreement with the findings of 

Bellien et al. (26, 28), there is evidence that NO makes an important contribution (413). Wray, et 

al. (413) infused L-NMMA in the brachial artery of young, healthy adults during three minutes of 

rhythmic handgrip exercise at six levels of increasing workload separated by one-minute of rest. 



 

 

 

35 

SS-FMD was significantly lower during L-NMMA infusion at the three highest shear rates 

(workloads of ~30-50% maximum voluntary contraction) compared to control, highlighted by a 

~70% lower SS-FMD at the highest shear rates. Importantly, shear rate was similar between control 

and L-NMMA infusion trials at each workload. Thus, in young, healthy adults, handgrip exercise 

SS-FMD in the brachial artery appears to be partially NO-dependent. Employing a similar 

progressive handgrip exercise technique with L-NMMA infusion in elderly (mean age = 69 years) 

individuals, Trinity, et al. (381) found a 30% lower SS-FMD at the highest workload (~50% 

maximum voluntary contraction) during L-NMMA infusion compared to control. Thus, the 

contribution of NO to SS-FMD appears to diminish with healthy aging. 

 

There is also evidence of a vasodilatory role of reactive oxygen species (ROS) in SS-FMD 

that is influenced by aging. Progressive handgrip exercise SS-FMD was blunted following oral 

antioxidant ingestion without altering shear rate in young, healthy adults, suggesting that ROS play 

an important role in exercise-induced SS-FMD (297). This may involve hydrogen peroxide, which 

is produced in response to shear stress exposure (40) and can cause vasodilation via NO-dependent 

and -independent (hyperpolarization) pathways (45). In contrast, oral antioxidant treatment and 

ascorbic acid infusion increased exercise-induced SS-FMD in sedentary elderly participants (88, 

382).  However, similar to the observations in younger adults, when the elderly participants were 

exercise trained, the effect of antioxidant administration was reversed, and resulted in attenuated 

SS-FMD.   

 

The disparate influence of antioxidant administration on SS-FMD may reflect an 

age/training-related distinction in redox balance (88) wherein the sedentary elderly are 

experiencing deleterious levels of oxidative stress and antioxidant administration improves the 

imbalance, permitting enhanced vasodilation, perhaps via an increase in NO bioavailability. By 
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contrast, in the young and trained elderly groups, in the absence of excess oxidative stress, 

antioxidant administration may interfere with ROS signaling involved in vasodilation (380). 

Whether ROS signaling functions in the same way for RH-FMD is unclear. Similar to the SS-FMD 

findings, antioxidant administration has been shown to improve RH-FMD in sedentary elderly 

participants (96). Furthermore, in elderly men Wray et al. (411), found that RH-FMD was impaired 

by antioxidant administration following, but not before, undergoing 6 weeks of exercise training. 

This is in contrast, with the findings of Eskurza, et al. (96), who reported that antioxidant 

administration did not alter RH-FMD in young, or endurance trained older men. The nature of the 

antioxidant administration (oral versus infused, single versus cocktail) may contribute to the 

conflicting results.    

 

In summary, there is evidence indicating that both RH- and SS-FMD can have an NO and 

EDHF (EET) dependent component, though individual heterogeneity and cross-talk between 

vasodilator pathways makes it difficult to clearly identify whether the proportionate contributions 

differ as shear stress duration increases. In addition, although NO appears to be involved in both 

RH- and SS-FMD, the underlying pathways eliciting NO synthesis may be distinct (see The shear 

stress profile and Ca2+-dependent versus Ca2+-independent NO production below). Furthermore, 

there is evidence to suggest that handling of ET-1 by ET-B receptors may be important for SS-

FMD while this remains unexplored for RH-FMD. Antioxidant administration studies suggest that 

ROS signaling plays a vasodilatory role in SS-FMD in the young and trained elderly.  While ROS 

signaling could also contribute to RH-FMD, sustained shear stress, perhaps in response to exercise 

in particular, may provide a more potent stimulus for endothelial ROS generation and involvement 

in conduit artery vasodilation (88, 297).  
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Additional studies directly comparing the mechanisms involved in RH versus SS-FMD are 

required in healthy and disease populations to define the importance of stimulus duration for the 

predominance of a given vasodilatory mechanism. Such studies examining SS-FMD must consider 

the potential for vasodilatory mechanisms to differ with different magnitudes of shear stress and/or 

to transition over time. For example, the predominant FMD mechanism may differ early and late 

in a sustained stimulus, and the timing or nature of the transition could be altered by disease. A 

better understanding of the mechanisms mediating FMD in response to RH versus sustained 

increases in shear stress is critical for interpretation of data as well for deciding which test may be 

most suitable based on the research question.   

2.10.4 The shear stress profile and Ca2+-dependent versus Ca2+-independent NO production 

The profile of the shear stress stimulus appears to influence the Ca2+ dependence of resulting NO 

production. Human umbilical vein endothelial cells subjected to impulse, step, and ramped 

increases in flow demonstrate biphasic NO production. A step increase in shear stress causes an 

initial transient burst in NO production that is Ca2+ and calmodulin-, and G protein-dependent (106, 

188). Slower rates of onset and sustained shear stress appear to evoke a distinct stimulus for 

augmenting NO production that is Ca2+ and calmodulin -, and G protein-independent (106, 188). 

One intriguing hypothesis is that Ca2+-dependent and –independent eNOS regulation may localize 

in distinct pools of the enzyme. Plasma membrane eNOS appears to produce Ca2+-activated NO 

synthesis, while Golgi-associated eNOS is primarily activated by a Ca2+-independent 

phosphorylation (109). Indeed, in isolated resistance vessels, plasma membrane eNOS, associated 

with Ca2+-dependent NO production in response to an abrupt in shear stress, appears to translocate 

to the cytosol and Golgi complex under conditions of prolonged shear stress, continuing to produce 

NO via a Ca2+-independent pathway (101). Functionally, plasma membrane restricted eNOS is 

more susceptible to changes in membrane cholesterol and modified low-density lipoprotein 

compared to Golgi-associated eNOS (420). Whether distinct shear stress profiles preferentially 
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target separate pools of eNOS, or other vasodilators, in humans is intriguing and would provide 

detailed biological insight on endothelial function in health and disease.   

 

It is possible that RH-FMD and SS-FMD result in primarily Ca2+-dependent and -

independent NO production, by plasma membrane versus Golgi or cytosol localized eNOS, 

respectively. The differential sources and pathways to increase NO raises the interesting possibility 

that distinct shear stimuli may provide information on NO bioavailability from unique intracellular 

sources, although work is needed to establish the link between in vitro and in vivo studies. Putative 

differences in mechanotransduction and vasodilator production pathways with distinct shear stress 

stimuli may underlie the apparent disparate sensitivity of RH-FMD and SS-FMD to certain 

conditions and acute interventions.  

2.11 Summary and Conclusions 

Although the majority of human FMD research has utilized transient increases in shear stress 

created with reactive hyperemia (RH), limb heating, distal vasodilator infusion, and exercise 

provide effective means to create sustained increases in conduit artery shear stress for FMD 

assessment (SS-FMD). SS-FMD is physiologically relevant, reflecting how conduit arteries 

respond to heat and exercise stress. There is now an abundance of evidence suggesting that FMD 

in response to transient (RH-FMD) and sustained (SS-FMD) increases in shear stress can be 

impacted differently by various chronic conditions and acute interventions. In some cases, the 

evidence suggests that FMD impairment may be isolated to SS-FMD, or that impairment in SS-

FMD may develop before RH-FMD is impaired. While more research is required to clarify the 

overlap/distinction in primary vasodilators, in vitro evidence indicates that the signaling pathways 

involved in transducing transient and sustained shear stress profiles differ, and this may underlie 

the distinct vulnerability of RH- and SS-FMD to various vascular insults. Collectively, the evidence 

suggests that RH- and SS-FMD reflect distinct aspects of endothelial function and characterizing 
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both responses may provide more comprehensive insight. Future research is required to clearly 

distinguish the signaling pathways involved and to explore the utility of SS-FMD, in comparison 

with RH-FMD, in predicting cardiovascular events. 
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Part 2 – Impact of shear stress pattern, magnitude, and hypoxia on FMD 

2.1 Shear stress components and endothelial function 

Shear stress is the flow-generated frictional force exerted against the endothelial cells that line the 

blood vessels. Shear stress pattern refers to the direction of shear stress in an artery, and is 

quantified as the antegrade (forward, towards periphery) and retrograde (backward, towards the 

heart) shear stress. Oscillatory shear stress occurs when the sum of antegrade and retrograde shear 

stress yield a low time-averaged mean shear stress. Shear stress magnitude refers to the time-

averaged mean shear stress in an artery. Low mean shear stress and oscillatory shear stress differ 

in that oscillatory shear stress requires a substantial retrograde component (i.e. bi-directional 

fluctuations across a cardiac cycle). Investigating the impact of shear stress pattern on arterial 

function is of interest because chronically, arterial regions exposed to low and oscillatory shear 

stress (i.e. branch points, outer wall of bifurcations, inner wall of curvatures) preferentially develop 

atherosclerotic plaques (50). Low mean shear stress may facilitate early atheroma by allowing 

increased mass transport between the blood and arterial wall, while this is minimized under 

situations of high shear stress (51). The manifestation of flow reversal, generating retrograde shear 

stress, can be conceptualized using the Starling resistor model (Figure 2-4) (136). In this model, 

diastolic flow reversal (retrograde flow and therefore shear stress) manifests when perfusion 

pressure falls below a critical closing pressure in the downstream vasculature. Vasoconstriction 

increases the critical pressure (330) and vasodilation decreases the critical pressure (329); therefore 

retrograde shear stress is more likely to occur when vasoconstriction predominates in the resistance 

vasculature. Indeed, endothelial nitric oxide synthase (eNOS) inhibition increases retrograde shear 

stress (259) while α-adrenergic receptor blockade abolishes retrograde shear stress (52). As such, 

increased vascular resistance is associated with increased diastolic flow reversal in the Framingham 

Heart Study (41), and sympathoexcitatory maneuvers induce oscillatory shear stress (260, 357). 

Aging, preeclampsia, menopause, hypoxia, and anabolic steroid use are associated with increased 
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resting conduit artery retrograde and oscillatory shear stress (18, 41, 52, 53, 74, 79, 205, 259, 316, 

340, 355, 418).  
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Figure 2-4. Model depicting the influence of resistance vessel tone on the generation of retrograde 

flow. 

When critical closing pressure (CCP) remains below arterial pressure, flow continues along the 

pressure gradient without flow reversal (panel A). When CCP exceeds arterial pressure, the 

resistance vasculature collapses and retrograde flow occurs (panel B). Nitric oxide (NO) decreases 

CCP, while sympathetic nerve activity (SNA) increases CCP. Thus, a shift towards 

vasoconstriction increases the likelihood of diastolic pressure falling below CCP, resulting in 

retrograde flow (136). 
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2.1.1 Experimental models to induce oscillatory shear stress in humans 

Until 10 years ago, the impact of experimentally-induced oscillatory shear stress on endothelial 

function had never been examined in humans. Inflating a blood pressure cuff distal to a conduit 

artery experimentally-increases vascular resistance, thereby generating retrograde shear stress in 

the upstream artery (13). Thijssen, et al. (359) applied this technique to the brachial artery, 

demonstrating dose-dependent increases in retrograde shear rate with forearm cuff inflation to 25, 

50, and 75mmHg. Consequently, FMD was reduced following shear rate manipulation at 50 and 

75mmHg (359), providing the first experimental evidence that oscillatory shear stress induces 

transient endothelial dysfunction in humans. In the years since, this technique has been frequently 

adopted, as summarized in Table 2-2. The observed reduction in FMD following cuff-induced 

oscillatory shear stress has been replicated in the superficial femoral artery (317, 370, 371), in 

individuals with spinal cord injury (370), hypertension (303), chronic obstructive pulmonary 

disease (18), and after 2-3 days exposure to hypoxia (378). Using this model, oscillatory shear 

stress has also been shown to disrupt other aspects of endothelial function, including increasing 

markers of endothelial apoptosis (18, 165, 303, 378) and activation (165, 303), and inducing 

hemostatic imbalance (347). The reduction in FMD is prevented with prior vitamin C ingestion, 

suggesting that oscillatory shear stress impairs FMD via increases in oxidative stress (170). There 

is conflict in the literature surrounding the impact of experimental oscillatory shear stress on 

endothelial function in aging, as some studies show no effect of experimental oscillatory shear 

stress on FMD in elderly participants (318, 360), with others showing a reduction (18). The former 

may be due to floor effect of FMD at baseline, as individuals with endothelial dysfunction may not 

demonstrate further impairments following the intervention. The cuff model is an established 

technique to study the acute impact of altered shear stress on endothelial function. The majority of 

evidence suggests that imposed oscillatory shear stress  is detrimental to endothelial function. 
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Table 2-2. Comprehensive list of studies that have experimentally-induced oscillatory shear stress in the brachial artery of humans. 

 Population/Condition n Age 

(mean±SD) 

Cuff 

(mmHg) 

Artery Duration 

(minutes) 

Effect of intervention on endothelial function 

Barak, et al. (18) COPD 17 69±8 75 BA 20 ↓ FMD, ↔ markers of endothelial cell activation, ↑ 

markers of endothelial cell apoptosis 

 COPD + O2 17 69±8 75 BA 20 ↓ FMD, ↔ markers of endothelial cell activation and 

apoptosis 

 Healthy 10 65±7 75 BA 20 ↓ FMD, ↔ markers of endothelial cell activation and 

apoptosis 

Jenkins, et al. 
(165) 

Healthy 10 29±3 220 BA 20 ↑ markers of endothelial cell activation and apoptosis 

Johnson, et al. 
(170) 

Healthy 12 26±3 60 BA 30 ↓ FMD 

 Healthy + vitamin C 12 26±3 60 BA 30 ↔ FMD 

Rocha, et al. 
(303) 

Hypertension 8 34±23 75 BA 30 ↓ FMD, ↑ markers of endothelial cell activation and 

apoptosis 

 Healthy 7 32±15 75 BA 30 ↓ FMD, ↑ markers of endothelial cell activation, ↔ 

markers of endothelial cell apoptosis 

Schreuder, et al. 
(317) 

Healthy 13 24±3 30 BA 30 ↔ FMD 

 Healthy 13 24±3 60 BA 30 ↓ FMD 

 Healthy 13 24±3 30 SFA 30 ↔ FMD 

 Healthy 13 24±3 60 SFA 30 ↓ FMD 

Schreuder, et al. 
(318) 

Healthy 15 68±9 30 BA 30 ↔ FMD 

 Healthy 15 68±9 60 BA 30 ↔ FMD 

 Healthy 15 68±9 30 SFA 30 ↔ FMD 

 Healthy 15 68±9 60 SFA 30 ↔ FMD 

Storch, et al. 
(347) 

Healthy 10 35±7 75 BA 30 ↑ markers of platelet activation, prothrombin time, 

tissue plasminogen activator, plasminogen activator 

inhibitor-1, matrix metalloproteinase-9 

Thijssen, et al. 
(359) 

Healthy 10 24±3 25 BA 30 ↔ FMD 

 Healthy 10 24±3 50 BA 30 ↓ FMD 
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 Healthy 10 24±3 75 BA 30 ↓ FMD 

Thijssen, et al. 
(360) 

Healthy 13 23±2 Sleeve BA 30 ↓ FMD 

 Healthy 13 23±2 Sleeve BA 2 weeks ↓ FMD 

 Healthy 13 61±5 Sleeve BA 30 ↔ FMD 

 Healthy 13 61±5 Sleeve BA 2 weeks ↔ FMD 

Totosy de 
Zepetnek, et al. 
(371) 

Healthy 7 27±6 75 SFA 30 ↓ FMD 

 Healthy 7 27±6 100 SFA 30 ↓ FMD 

Totosy de 
Zepetnek, et al. 
(370) 

Spinal cord injury 8 43±7 75 BA 30 ↓ FMD 

 Spinal cord injury 8 43±7 75 SFA 30 ↓ FMD 

 Healthy 8 43±7 75 BA 30 ↓ FMD 

 Healthy 8 43±7 75 SFA 30 ↓ FMD 

Tremblay, et al. 
(378) 

Healthy, 2-3 days at 

3800m 

12 25±3 75 BA 30 ↓ FMD, ↔ markers of endothelial cell apoptosis 

 Healthy 12 25±3 75 BA 30 ↔ FMD, ↑ markers of endothelial cell apoptosis 

Definition of abbreviations: BA, brachial artery; COPD, chronic obstructive pulmonary disease; FMD, flow-mediated dilation; SD, standard deviation; SFA, 

superficial femoral artery. 
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2.1.2 Specific effects of low mean versus elevated retrograde shear stress – in vitro studies 

Although the majority of investigations on the impact of oscillatory shear stress on endothelial 

function have emphasized the negative effects of heightened retrograde shear stress (317, 359, 360), 

there is considerable evidence that isolated low mean shear stress (without an increased retrograde 

component) exerts atherogenic effects. It is difficult to discern between the effects of oscillatory 

shear stress (i.e. the presence of low mean shear stress accompanied by retrograde shear stress) and 

low mean shear stress alonewhen high laminar shear stress conditions are used as a control. For 

instance, in endothelial cell cultures, oscillatory shear stress (± 5 dyn cm-2, mean=0) induced a 

sustained activation of pro-oxidant processes while laminar shear stress (+5 dyn cm-2, mean=5) 

initially increased oxidative stress but restored redox balance by increasing antioxidant defense 

(78); similar findings have been observed when comparing an oscillatory shear stress condition to 

pulsatile shear stress and static control (155, 227). Compared to static conditions, oscillatory shear 

stress also induced a pro-inflammatory state and increased expression of adhesion molecules (60). 

Thus, oscillatory shear stress appears to exert a deleterious impact, but the discrete effects of the 

low mean versus reversing characteristics are not evident in these studies. Some studies have, 

however, compared oscillatory shear stress to a matched low shear stress (without flow reversal) 

condition. Conway et al. (70) examined the changes in gene expression in endothelial cells exposed 

to static conditions, high shear stress, low shear stress, and oscillatory shear stress. The vast 

majority of differences in gene expression compared to high shear stress were attributed to low 

mean shear stress (138 genes) while only a small number were specifically regulated by retrograde 

shear stress (22 genes). Further, the genes regulated by low mean shear stress increase cell 

proliferation, while the genes regulated by retrograde shear stress increase monocyte adhesion (70). 

Oscillatory shear stress increases endothelin-1 mRNA to a greater extent and eNOS mRNA to a 

lesser extent than unidirectional low flow in endothelial cells (424). In agreement, Gambillara et 

al. (112) exposed isolated porcine carotid arteries to high or low unidirectional shear stress or 
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oscillatory shear stress (i.e. with flow reversal) for three days; the low and oscillatory conditions 

had similar magnitude of mean shear stress. Only the oscillatory shear stress condition 

demonstrated impaired NO-mediated vasodilation, however both low shear stress and oscillatory 

shear stress conditions decreased eNOS gene expression compared to control (112). A murine 

partial carotid artery ligation model exposed separate arterial segments to high shear stress, low 

shear stress, and oscillatory shear stress (248). Although eNOS expression was markedly reduced 

in regions exposed to either low or oscillatory shear stress, the intracellular localization of eNOS 

differed between regions exposed to low or oscillatory shear stress (64). Using the same partial 

carotid ligation model, Cheng et al. (63) observed that experimentally-induced low shear stress and 

oscillatory shear stress both promoted atherosclerotic plaque development in carotid arteries, 

although these plaque were larger and more vulnerable in regions exposed to isolated low mean 

shear stress. Therefore, exposure to low mean shear stress either with or without flow reversal (i.e. 

oscillation) appears to induce deleterious responses in endothelial cells. However, the nature of the 

negative effect is influenced by the presence or absence of oscillation. 

2.1.3 Specific effects of low mean versus elevated retrograde shear stress – human evidence 

Exposing the brachial artery to an elevated hydrostatic pressure via arm hanging decreased mean 

shear stress without increasing retrograde shear stress (258). Three hours of arm hanging reduced 

RH-FMD in the brachial artery, potentially due to the decreased mean shear stress (258). Thus, 

exposure to low mean shear stress without concomitant increases in retrograde shear stress appear 

to induce reductions in endothelial function. This has since been supported by a number of studies 

investigating the impact of prolonged sitting on RH-FMD (253). Prolonged sitting decreases mean 

shear stress without increasing retrograde shear stress in the lower limb arteries, most often assessed 

in the superficial femoral or popliteal artery. Interventions lasting longer than one-hour have 

reported reductions in lower limb conduit artery RH-FMD (17, 184, 226, 243, 244, 253, 258, 291, 

292, 361-363, 395, 397). These impairments in RH-FMD are mediated via the low mean shear 
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stress, as preventing, mitigating, or interrupting the reduction in mean shear stress via heating (292), 

fidgeting (243), or exercise (17, 244, 361) preserve RH-FMD. The mechanism of impairment may 

be similar to oscillatory shear stress-induced impairments using the cuff model as described above 

(2.1.1). Thosar, et al. (362) observed preserved RH-FMD following prolonged sitting with prior 

vitamin C administration, similar to the findings of Johnson, et al. (170) following the forearm cuff 

intervention, suggesting that both interventions impair RH-FMD via increased oxidative stress. 

Thus, there is evidence to suggest that reductions in mean shear stress, without elevated retrograde 

shear stress, has a deleterious effect on RH-FMD in humans.  

2.2 Impact of sex on endothelial function 

The Framingham Heart Study reported a lower incidence of cardiovascular disease in pre-

menopausal women compared with age-matched men (174, 201). Globally, women demonstrated 

reduced mortality from coronary artery disease compared to similarly-aged men until old-age (37). 

The lower incidence and mortality from cardiovascular disease are likely mediated by a 

vasoprotective effect of sex hormones. Evidence supporting the antiatherogenic effects of female 

sex hormones, in particular estradiol, is well-established. A profoundly higher incidence of 

cardiovascular disease has been reported in post-menopausal compared to pre-menopausal women 

(174). This sudden increase in the prevalence of cardiovascular disease at the onset of menopause 

may be attributed at least in part to the removal of the vasoprotective effects of estradiol on 

endothelial function. Estradiol acutely and chronically promotes endothelial function by increasing 

NO bioavailability (230). In the short term (i.e. within 5 minutes of exposure), estradiol activates 

eNOS by binding to estrogen receptors, increasing NO bioavailability (54, 62, 192). Further, acute 

estradiol infusion improved coronary artery endothelium-dependent vasodilation (69, 118, 134) by 

increasing NO bioavailability (134). The long-term vasoprotective effects of estradiol are mediated 

by estrogen receptor-mediated changes in gene and protein expression, including upregulation of 

eNOS (58, 147).  
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To that end, both acetylcholine-mediated endothelium-dependent vasodilation and RH-

FMD are reduced in post-menopausal compared to pre-menopausal women (56, 241, 353). 

Estradiol treatment improved RH-FMD in post-menopausal women, further supporting a role of 

female sex hormones in promoting endothelial function (207, 242, 335). The protective effects of 

estradiol have also been noted in pre-menopausal women across the menstrual cycle. Some studies 

have observed increased RH-FMD during the late follicular phase, when circulating estradiol levels 

reach the cyclical zenith, compared to the early follicular phase, when circulating estradiol levels 

are at the cyclical nadir (2, 142, 143, 403), however several recent investigations have not observed 

an effect of menstrual cycle phase on FMD (76, 285, 315, 325). Indeed, the vasoprotective 

influences of female sex hormones may persist throughout the menstrual cycle in pre-menopausal 

women, perhaps via the long-term or genomic influences of estrogen receptors that retain the 

benefits of estradiol even when circulating levels are low (230). This may, in turn, confer 

vasoprotection via the antioxidant effects of NO (152, 407). Indeed, increased levels of antioxidants 

(121) and decreased oxidative stress in response to interventions (36) have been observed in 

premenopausal women. As such, pre-menopausal women are protected against high-fat meal 

induced reductions in RH-FMD in both low and high estradiol menstrual cycle phases, while men 

experience a decline (142). Similarly, women tested during the early follicular phase demonstrated 

preserved RH-FMD following prolonged sitting, an insult that reduces RH-FMD in men (395). 

Therefore, protection against acute endothelial insults, irrespective of menstrual cycle phase, may 

contribute to the lower incidence of cardiovascular disease in premenopausal women (174, 201). 

Despite the established vasoprotective properties of estradiol, cardiovascular disease 

remains the leading cause of death in both men and women (68). Women remain underrepresented 

in preclinical cardiovascular and physiology research as whole (23, 153, 333, 344), thus there is an 

incomplete understanding of the determination of endothelial function in female humans in vivo. 

Specifically, the impact of acute insults on endothelial function in premenopausal women remains 
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incompletely understood and may represent an underlying mechanism of vasoprotection in this 

population. 

2.3 Hypoxia and endothelial function 

Hypoxia occurs when the amount of available oxygen is reduced relative to an unchallenged state 

at sea level. Hypoxemia, or hypoxia of the arterial blood, occurs at high-altitude as the atmospheric 

partial pressure of oxygen drops and in disease, such as chronic obstructive pulmonary disease 

(COPD). To compensate and attempt to correct for hypoxemia, chemoreceptors stimulate 

ventilation and hypoxia-inducible factors orchestrate cardiorespiratory and hematological 

adjustments to enhance oxygen delivery (83, 273). These processes are time-dependent, 

overlapping, and interactive, leaving the system in a state of physiological flux. A site of 

convergence for the acclimatization and adaptation responses is the vascular endothelium. Hypoxia 

imposes concurrent and opposing metabolic vasodilation and sympathetic vasoconstriction (84, 

222), the net result of which influences vascular tone, critical closing pressure, and hence conduit 

artery shear stress patterns. At the same time, acute and chronic hypoxia increase oxidative stress 

(15, 99, 164, 169, 204, 216, 217), which can decrease NO bioavailability (132, 234, 309), directly 

and indirectly (via altering shear stress patterns) impacting endothelial function. Furthermore, 

hypoxic exposure increases hemoglobin concentration (Hb) (90, 275, 294) and consequently whole 

blood viscosity (261). Elevated Hb and blood viscosity can influence endothelial function as 

described in 2.3.4. Collectively, many factors, chemical and mechanical, contribute to endothelial 

function under hypoxic conditions. The putative mechanisms responsible for reducing FMD are 

presented in Figure 2-5. A summary of studies that have performed FMD in hypoxic conditions is 

presented in Table 2-3. The remainder of this section summarizes investigation of endothelial 

function under acute and sustained hypoxia in lowlanders, followed by the impact of CMS, a 

maladaptive high-altitude disease, on endothelial function.  
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Figure 2-5. Putative mechanisms contributing to endothelial dysfunction in hypoxia. 

Hypoxic exposure increases oxidative stress and sympathetic nerve activity (SNA). These increases 

are exaggerated when exercise is performed under hypoxic conditions. Oxidative stress, via 

decreased NO bioavailability, and increase SNA (when exceeding hypoxic vasodilation) may 

increase retrograde shear stress and decrease mean shear stress. Collectively, this sequence of 

events may impair FMD. Additionally, prolonged hypoxic exposure increases Hb, in turn 

increasing blood viscosity. Increases in blood viscosity elicit opposing increases in vascular 

resistance and vasodilation via increased shear stress. If the increase resistance caused by the 

increase in viscosity, and NO scavenging by Hb, exceeds the shear stress-associated vasodilator 

production, this may contribute to endothelial dysfunction (see 2.3.4). Hypoxia has also been shown 

to impair vascular smooth muscle function, which may contribute to the reduction in FMD. 
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Table 2-3. Summary of studies that have performed flow-mediated dilation in hypoxic conditions. 

Study Population Level of 

Hypoxia 

Duration Impact on 

FMD 

Comments 

Acute - laboratory 

Frobert et 
al. (108) 

10 men increased CV 

risk 

10 healthy men 

12.5% 5 minutes ↓ RH-

FMD/GTN  

GTN performed in normoxia 

 20 high cv risk, 1 day 

and 3 months of statin 

therapy  

12.5% 5 minutes ↓ RH-

FMD/GTN 

GTN performed in normoxia 

Rieger et al. 
(299) 

16 young, healthy Isocapnic 

PetO2=50 

mmHg 

15 minutes ↔ RH-

FMD  

Repeated 1h, 24h, and 48h after RIPC or sham 

Lewis, et al. 
(205) 

12 young, healthy Isocapnic 

PETO2=74 

mmHg 

PETO2=50 

mmHg 

30 minutes ↓ RH-FMD GTN performed after 60 minutes of isocapnic 

hypoxia. ↓ SRAUC, corrected-RH-FMD GTN, 

FMD/GTN. Greater reduction in 50 vs 74. ↑ 

retrograde shear, ↓ mean, ↓ antegrade 

Lewis, et al. 
(204) 

11 young, healthy  11% 60 minutes 

210 minutes 

330 minutes 

↓RH-FMD α1-adrenergic receptor blockade 90 minutes prior 

to 330-minute RH-FMD increased RH-FMD vs 

placebo 

Iglesias et 
al. (156) 

10 healthy male 

sportsmen or 

mountaineers 

Hypobaric 

chamber, 

4000m 

4h ↔ RH-

FMD 

Proximal cuff placement 

Acute – Field, passive ascent 

Bruno et al. 

(42) 

22 AMS-, healthy 3842m 4h ↔ RH-

FMD  

↑ SRAUC 

 12 AMS+, 

healthy 

3842m 4h ↓ RH-FMD ↔ SRAUC 
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Frick et al. 
(107) 

18 men with 

metabolic syndrome 

1700m Day of arrival ↔ RH-

FMD 

No change in GTN, proximal cuff placement 

Sustained – Passive  

Tremblay, 
et al. (378) 

12 young, healthy 3800m Day 2/3 ↔ RH-

FMD 

↑ SRAUC, ↓ diameter. ↓ RH-FMD post-oscillatory 

shear stress. 

Tymko et al. 
(385) 

9 young, healthy 3800m 

 

Day 3-7 ↔ RH-

FMD 

Decreased diameter, ↔ SRAUC.  

α1-adrenergic receptor blockade did not impact 

baseline RH-FMD. 

α1-adrenergic receptor blockade larger post-

exercise RH-FMD and SRAUC, greater mean SR. 

Rieger, et al. 
(299) 

12 young, healthy 3800m Day 8-12 ↔ RH-

FMD 

Repeated 1h, 24h, and 48h post RIPC/sham  

Sustained - trekking 

Lewis, et al. 
(204) 

12 healthy 5050m Day 3 and 12-14 

after 8-day trek 

↓ RH-FMD Acetazolamide during ascent. 

↓ RH-FMD with larger hyperemia (ischemic 

handgrip), ↓ GTN, ↔ FMD/GTN, ↔ SRAUC day 3, 

↓ SRAUC day 12-14  

Bakker et al. 

(16) 

11 young, healthy Trekking 

above 2500m 

Measures at 

3700m, 

4200m 

3700m: 3 days 

trekking, one day 

residing at 3700m 

4200m: 5 days 

above 2500m 

Day after return: 

after 4 weeks 

above 2500m 

↓ RH-FMD FMD stimulus calculated as peak blood flow / peak 

diameter. No change in RH-FMD with beetroot 

juice supplementation at 3700m. Baseline measures 

made at 1370m. 

Frick, et al. 
(107) 

18 men with 

metabolic syndrome 

Trekking at 

1700m 

3 weeks ↓ RH-FMD Decreased diameter. RH-FMD remained reduced 6 

weeks after return to lower altitude 

Definition of abbreviations: GTN, glyceryl trinitrate; RH-FMD, reactive hyperemia flow-mediated dilation; RIPC, remote ischemic 

precondition; SRAUC, shear rate area under the curve. 
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2.3.1 Acute hypoxia (<6 hours) 

The impact of acute, continuous exposure to hypoxia on endothelial function has been assessed in 

laboratory settings (i.e. modified inspired gases or hypobaric chamber) and upon arrival to high 

altitude. Five minutes after steady-state breathing 12.5% O2, the ratio of brachial artery RH-FMD 

60 seconds post-occlusion to endothelium-independent vasodilation (nitroglyceride) was 

significantly reduced in middle-aged men with and without risk factors for endothelial dysfunction 

(108). In young, healthy adults, breathing 11% O2 decreased RH-FMD following 1, 3.5, and 5.5 

hours (204). Similarly, exposure to mild (end-tidal partial pressure of oxygen = 75mmHg 

[~2000m]) and moderate (end-tidal partial pressure of oxygen = 50mmHg [~4600m]) isocapnic 

hypoxia for 30 minutes decreased RH-FMD after accounting for the reduced shear rate stimulus 

(205). Despite reduced endothelium-independent vasodilation, the ratio of RH-FMD to 

endothelium-independent vasodilation was reduced in both mild and moderate hypoxia compared 

to normoxia suggesting that endothelial function was indeed impaired (205). In contrast, 15 minutes 

of isocapnic hypoxia (end-tidal partial pressure of O2 = 45 mmHg) did not reduce RH-FMD in 

healthy adults receiving remote ischemic preconditioning or sham protocol (299). Four hours after 

passive ascent to 3842m, RH-FMD was reduced in individuals who developed acute mountain 

sickness but unchanged in healthy individuals who did not, however this “preserved” RH-FMD 

was accompanied by an increased shear rate stimulus (42). One other study found no change in 

RH-FMD after four hours in a hypobaric chamber simulating 4000m, however RH was provoked 

with proximal cuff occlusion, exposing the measured segment of the brachial artery to ischemia 

and decreased arterial inflow (156). Endothelium-dependent vasodilation in response to 

acetylcholine was impaired in high-altitude pulmonary edema-susceptible (exaggerated hypoxic 

pulmonary vasoconstriction) but preserved in control participants following four hours of 12% O2 

(31), suggesting that individuals at high risk of adverse response to hypoxia present impaired 

resistance vessel endothelial function. The conflicting findings of acute hypoxic exposure on RH-
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FMD and endothelial function may relate to differences in duration of hypoxia or individual 

differences in response to hypoxia. 

 Alternatively, the heterogeneity in the impact of hypoxia on endothelial function may relate 

to differences in the mechanisms responsible for the impairment. Acute hypoxia increases 

sympathetic nerve activity (202, 306, 311, 341), and sympathoexcitation has been shown to reduce 

RH-FMD (93, 146, 208, 357). Following 4 hours of hypoxic exposure, α1-adrenergic receptor 

antagonist administration reversed the 28-36% reduction in RH-FMD compared to normoxia, 

suggesting that elevated sympathetic nerve activity contributes to the impairment in RH-FMD in 

acute hypoxia (204). The reduction in RH-FMD caused by increased sympathetic nerve activity 

has been shown to be mediated, at least in part, due to alterations in shear stress (i.e. increases in 

retrograde shear stress) (357). Acute hypoxic exposure has been shown to increase retrograde shear 

stress (159, 176, 205) and decrease mean shear stress (205). These pro-atherogenic alterations in 

shear stress have a well-established deleterious impact on RH-FMD (253, 258, 359), and thus 

alterations in baseline shear stress magnitude and pattern may contribute to the observed reductions 

in RH-FMD. Lastly, acute hypoxic exposure increases oxidative stress (99, 169, 270), which could 

reduce RH-FMD by decreasing NO bioavailability (46). Additionally, reductions in NO 

bioavailability by oxidative stress may promote pro-atherogenic shear stress patterns (259), which 

can independently impair FMD (359). Thus, under acute hypoxic conditions, RH-FMD may be 

reduced via increased sympathetic nerve activity and oxidative stress. These may in turn promote 

pro-atherogenic shear stress magnitude and pattern, exacerbating hypoxic endothelial dysfunction.  

2.3.2 Sustained hypoxia 

The impact of sustained hypoxia on RH-FMD has been investigated as part of high-altitude 

expeditions. While this introduces uncontrolled variables (i.e. diet, temperature), expeditions 

provide greater ecological validity and are generally more feasible than long-term lab-based 

studies. Frick, et al. (107) tested male participants with metabolic syndrome on the first day and 
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after three weeks at 1700m. Participants arrived to 1700m via bus, but during the three-week stay 

partook in 12 moderate intensity hiking tours. RH-FMD was unaltered upon arrival compared to 

pre-departure, but was reduced following three weeks at 1700m, and this reduction persisted 6 

weeks after returning to 576m. Two studies have investigated the impact of trekking in the 

Himalaya on RH-FMD in young, healthy adults. Lewis, et al. (204) observed reduced RH-FMD, 

endothelium-independent vasodilation, and FMD in response to a larger RH-FMD shear stress 

stimulus (proximal cuff inflation combined with ischemic handgrip exercise) after 3 and 12-14 days 

at 5050m following an 8-day trek. The shear rate stimulus for RH-FMD was similar after 3 days at 

5050m and reduced after 12-14 days at 5050m. The reductions in RH-FMD appeared to have been 

due to impairments in smooth muscle function, as the ratio of RH-FMD to endothelium-

independent vasodilation was unaffected. The observed increase in markers of lipid peroxidation 

reflected increased oxidative stress, which may have interfered with the signaling processes in 

vascular smooth muscle cells required for relaxation (233). As part of a separate expedition, 

Bakker, et al. (16) tested the hypothesis that dietary nitrate supplementation, to increase NO 

bioavailability through the nitrate-nitrite-NO pathway, would prevent high-altitude trekking 

associated decreases in RH-FMD. After 5 days above 2500m, participants were tested at 4200m, 

and RH-FMD was decreased with placebo but preserved with dietary nitrate supplementation 

compared to pre-trek baseline levels (acquired at 1370m). Following four weeks of trekking, RH-

FMD remained reduced one-day after returning to 1370m, although this was attributed to a reduced 

RH-FMD stimulus (16). Thus, high-altitude trekking expeditions are associated with reductions in 

RH-FMD. This may be due to reductions in NO bioavailability, as nitrate supplementation 

abolished the impairment, decreased vascular smooth muscle function, or potentially a reduced 

RH-FMD stimulus.  

RH-FMD was assessed in a number of studies as part of the 2015 White Mountain 

expedition to the Barcroft Laboratory situated at 3800m. The ascent profile was rapid and inactive; 
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instead of a gradual ascent via trekking, the participants drove from sea level to 3800m. RH-FMD 

was similar to sea level baseline in participants tested after 2-7 days at high-altitude (378, 385), and 

remote ischemic preconditioning did not impact RH-FMD after 8-12 days at 3800m (299). On days 

2 and 3, Tremblay, et al. (378) observed smaller baseline diameters and a greater shear rate stimulus 

at 3800m compared to sea level. Although baseline shear patterns were not different from sea level, 

the endothelium appeared to more susceptible to imposed oscillatory shear stress at high-altitude 

(378). This sample of young, healthy participants was resistant to RH-FMD impairment following 

imposed oscillatory shear stress (30 minutes, 75 mmHg forearm cuff inflation) at sea level but 

exhibited a 26% impairment in RH-FMD following the same intervention at 3800m (378). This 

suggested that in instances where RH-FMD is preserved under hypoxic conditions, the endothelium 

may be more vulnerable to oscillatory shear stress-associated dysfunction. To assess whether 

increased sympathetic nervous system activity impacted RH-FMD at 3800m, Tymko, et al. (385) 

administered an α1-adrenergic receptor blockade. Although α1-adrenergic receptor blockade did 

not alter RH-FMD, it increased mean shear rate, suggesting that sympathetic activity suppresses 

shear rate at high-altitude (385). The findings from White Mountain are in conflict with the studies 

performed during trekking at high-altitude. Differences in altitude notwithstanding, one relevant 

distinction is the presence of trekking itself. Ascent to White Mountain was passive and RH-FMD 

was unchanged, in agreement with the findings of Frick, et al. (107) and Bruno, et al. (42) in which 

participants were transported to high-altitude by bus or cable car and on arrival to high-altitude, 

RH-FMD was not impaired. Exercise under hypoxic conditions produces exaggerated increases in 

oxidative stress (284), sympathetic nerve activity (175, 320), and increases in retrograde and 

oscillatory shear stress (159-161, 176). Therefore, a plausible hypothesis is that when RH-FMD is 

preserved at high-altitude, the endothelium (or vascular smooth muscle) is in a vulnerable state (59, 

378), and the adverse stimuli accumulate with prolonged exercise at high-altitude resulting in 

eventual RH-FMD impairment, as observed in trekking expeditions. However, a major gap in the 
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literature that may also be contributing to the discrepant findings is the absence of blood viscosity 

measures, a requisite for calculating shear stress and properly interpreting FMD. Blood viscosity 

has been shown to increase with high-altitude exposure (95, 261, 262, 289), as expected due to the 

hematological responses and adaptations (275, 331). Thus, when the FMD stimulus has been 

estimated as shear rate in sustained hypoxia, it likely underestimates the actual shear stress stimulus 

(256, 257), which would be higher with greater blood viscosity. 

Although RH-FMD is typically reduced under hypoxic conditions, whether the reduction 

is pathologic is unknown. There is some evidence that endothelial function is impaired in 

individuals who are susceptible to or experiencing high-altitude illness (31, 42, 300). In contrast, 

living at moderate altitude may be cardioprotective; mortality from coronary artery disease and 

stroke decrease with increasing altitude in Switzerland (98). The following section summarizes 

endothelial function in the chronic maladaptive high-altitude disease, CMS. 

2.3.3 Chronic mountain sickness 

The hematological response to hypoxia is characterized by erythropoiesis, which leads to increased 

Hb and thereby increases the oxygen carrying capacity of the blood (100, 113, 194, 275, 294). 

Although this response is generally beneficial, as evidenced by the popularity and effectiveness of 

high-altitude training in sport (32, 203), when exaggerated or ineffective at improving oxygenation, 

erythrocytosis can become pathogenic. CMS is characterized by excessive erythrocytosis (EE), 

defined as Hb ≥21 g dl-1 in men and ≥19 g dl-1 in women (197) and the presence of signs and 

symptoms, defined by the Qinghai CMS score (Table 2-4). By comparison, the Canadian Blood 

Services classifies normal Hb levels as between 14-18 g dl-1 in men and 12-16 g dl-1 in women. 

CMS is diagnosed based on the presence of EE combined with three or more of the following 

symptoms: breathlessness, palpitations, sleep disturbance, cyanosis, dilation of veins, paresthesia, 

headache, or tinnitus (197). An estimated 5-10% of all high-altitude dwellers are at risk of 

developing EE (197, 388, 390), however this varies depending on the population studied. EE is 
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extremely rare in Tibetan high-altitude natives (265), but highly prevalent in some Andean 

highlander communities (236, 239).  

Table 2-4. The Qinghai score for chronic mountain sickness (CMS) severity.  

A cumulative score of 0-5 indicates CMS is absent; 6-10, mild; 11-14, moderate; and >15, 

severe. From Leon-Velarde, et al. (197). 
Signs or symptoms Score 

Breathlessness and/or palpitations 0 No breathlessness/palpitations 

 1 Mild breathlessness/palpitations 

 2 Moderate breathlessness/palpitations 

 3 Severe breathlessness/palpitations 

  

Sleep disturbance 0 Slept as well as usual 

 1 Did not sleep as well as usual 

 2 Woke up many times, poor night's sleep 

 3 Could not sleep at all 

  

Cyanosis 0 No cyanosis 

 1 Mild cyanosis 

 2 Moderate cyanosis 

 3 Severe cyanosis 

  

Dilatation of veins 0 No dilatation of veins 

 1 Mild dilatation of veins 

 2 Moderate dilatation of veins 

 3 Severe dilatation of veins 

  

Paresthesia 0 No paresthesia 

 1 Mild paresthesia 

 2 Moderate headache 

 3 Severe headache, incapacitating 

  

Tinnitus 0 No tinnitus 

 1 Mild tinnitus 

 2 Moderate tinnitus 

 3 Severe tinnitus 

  

Hemoglobin concentration  Men: 

 <21 g/dL; score = 0 

 ≥21 g/dL; score = 3 

 Women: 

 <19 g/dL; score = 0 

 ≥19 g/dL; score = 3 

The pathophysiology of EE has not been clearly elucidated and is likely multifaceted. 

Hypoxemia, secondary to a blunted or loss of hypoxic ventilatory response, may contribute to a 

continuous erythropoietic response in an attempt to correct for the hypoxemia (288, 324). Nocturnal 
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hypoxemia (133, 172, 185, 186, 293, 342, 391), higher circulating erythropoietin to soluble 

erythropoietin receptor (an erythropoietin antagonist) ratio (391, 392), cobalt toxicity (163), and 

high serum testosterone levels (123, 124) are also postulated to contribute to EE. Additionally, 

there is evidence of a genetic component to EE which may explain its high prevalence in specific 

communities. The transcription response of sentrin-specific protease 1 to hypoxia, an 

erythropoiesis regulator, appears to be higher in individuals with CMS compared to those without 

(346, 423). Thus, some combination of hypoxemia, abnormal regulation of erythropoiesis, and 

genetic predisposition appears to contribute to high-altitude EE. 

CMS is a public health problem in the Andes. For instance, in the mining city of Cerro de 

Pasco, Peru, 15% of men aged 30-39, and 34% aged 60-69 have EE, defined as Hb ≥ 21 g dl-1 (196, 

237). This is often accompanied by elevated pulmonary vascular resistance, increased pulmonary 

artery pressures and can progress to right heart failure (200, 218, 268, 269). Furthermore, in Cerro 

de Pasco, EE, independent of hypoxemia, is associated with increased cardiovascular risk, 

calculated using the Framingham General Cardiovascular risk Score (71). Systemic vascular 

dysfunction may contribute to the increased cardiovascular risk in EE. Rimoldi, et al. (300) reported 

increased arterial stiffness (carotid-femoral pulse-wave velocity and augmentation index), carotid 

intima-media thickness, and decresaed RH-FMD in individuals with CMS compared to age-

matched Andeans without CMS. These patients did not present traditional cardiovascular risk 

factors, thus the vascular dysfunction is likely specific to CMS rather than pre-existing 

cardiovascular complications, and this provides important initial evidence of systemic vascular 

dysfunction and endothelial dysfunction (endothelium-independent vasodilation was similar 

between groups) in this population. When participants with and without CMS were pooled, RH-

FMD correlated with and pulse-wave velocity and carotid intima-media thickness were inversely 

correlated with oxyhemoglobin saturation. In a subset of participants, O2 supplementation 

improved RH-FMD in individuals with oxyhemoglobin saturation levels below 90%. Further, 
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hemodilution to reduce Hb did not change RH-FMD. Collectively, these findings suggest that 

hypoxemia rather than EE per se is responsible for the vascular and endothelial dysfunction in 

individuals with CMS. The participants with CMS also presented exaggerated markers of oxidative 

stress compared to Andeans without CMS, providing a potential mechanism for the vascular 

dysfunction (15). However, whether endothelial function is impaired remains incompletely 

understood in EE. Shear stress, the stimulus for FMD, is the product of shear rate and blood 

viscosity. No study investigating the impact of high-altitude EE on RH-FMD has measured blood 

viscosity to calculated shear stress, thus the stimulus for FMD has not been quantified. Although 

this may not be essential at sea level (264), in conditions where blood viscosity is expected to be 

markedly elevated and different between groups (154), assessing shear stress, rather than shear rate, 

is essential for the proper interpretation of FMD (228) (Figure 2-6). Thus, accounting for shear 

stress may provide greater insight on whether endothelial dysfunction is a characteristic of the EE 

phenotype, which may establish a mechanistic link between EE and increased cardiovascular risk.  

In high-altitude EE, hemodilution and bloodletting to reduce Hb have been noted to 

improve clinical signs and symptoms (197), pulmonary function (75), oxygen transport (408), and 

cardiac output (219). The attendant alterations in Hb, blood viscosity, and iron stores may impact 

endothelial function, as discussed in the next section. 
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Figure 2-6. Example of shear stress-flow-mediated dilation (FMD) stimulus-response relationship.  

This figure depicts a hypothetical stimulus-response relationship between two individuals or 

groups. If administering an uncontrolled shear stress stimulus, a comparison as depicted in box B 

may occur, similar FMD between 1 and 2. However, in reality, 1 may have worse endothelial 

function compared to 2, as displayed in box A where in response to a similar shear stress stimulus, 

2 has a greater FMD. Modified from (358). 

2.3.4 Excessive erythrocytosis and endothelial function 

Blood viscosity increases vascular resistance, thereby reducing blood flow for a given perfusion 

pressure (298). Simultaneously, blood viscosity increases shear stress at a given shear rate, leading 

to endothelium-dependent vasodilator production, decreasing vascular resistance. Thus, a balance 

between the resistance and shear stress mediated dilation effects of elevated viscosity influences 

blood flow (105, 158, 182, 313). Further adding to the complexity, Hb is a potent NO scavenger 

(12, 82, 312), and can reduce endothelial-derived NO to nitrite-nitrate. Additionally, the diffusive 

conductance from endothelial cells to red blood cells increases as the plasma layer separating the 

circulating red blood cells and endothelium narrows, which occurs with increases in hematocrit 

(Hct) (178, 312). Thus, increases in Hb increase blood viscosity, which causes opposing increases 

in vascular resistance and shear stress-associated vasodilation, and increases NO scavenging.  
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2.3.5 The impact of manipulation of Hb on endothelial function in humans 

In humans, the findings regarding the impact of Hb manipulation on FMD has yielded conflicting 

findings. Giannattasio et al. (114) observed a markedly reduced RH-FMD in patients with 

hemochromatosis following 500 ml hemodilution, replaced with 500 ml of saline, which decreased 

Hb from 13.3±1.0 to 12.2±1.4 g dl-1. Similarly, patients with end-stage renal disease presented 

lower whole blood viscosity and SS-FMD compared to a control group (387). In the same study, 

anemia correction, via erythropoietin administration and intravenous iron infusion, increased Hb 

from 9.4±1.2 g dl-1 to 12.0±0.9 g dl-1 and improved SS-FMD (387). In hypoxemic patients with 

chronic obstructive pulmonary disease, Hb was related to shear stress-associated endothelial 

function (RH-FMD) but was inversely related to acetylcholine receptor-mediated resistance vessel 

endothelium-dependent vasodilation (39). In contrast, isovolemic hemodilution with human serum 

albumin (removal/replacement of 20% of blood volume) in young, healthy men improved RH-

FMD (150). Indeed, inverse relationships between RH-FMD and Hb have been observed in chronic 

kidney disease (417) and healthy middle-aged participants (215). A similar inverse relationship was 

observed in middle-aged men and women (364). However, this relationship did not persist after 

adjusting for age, sex, and systolic blood pressure, suggesting that the relationship between Hb and 

RH-FMD may be attributed to confounding factors (364). Furthermore, endothelium-dependent 

resistance vessel vasodilation (via acetylcholine) is inversely related to Hb in individuals with type 

2 diabetes and middle-aged control participants (249). Therefore, the effects of acute reductions in 

Hb appear to have mixed effects on endothelial function. These disparities may be disease-specific 

or relate to baseline Hb and blood viscosity levels. However, phlebotomy has also been speculated 

to provide vasoprotection via a reduction in iron stores.   

2.3.6 Iron and endothelial function 

The iron hypothesis stipulates that chronic cyclical iron depletion from menstruation, rather than 

sex hormones, accounts for the reduced risk of coronary heart disease in premenopausal women 
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(350). This hypothesis was based on epidemiological observations that showed age-dependent 

increases in serum ferritin, which reflects iron stores, and increased coronary risk (350). Iron is a 

pro-oxidant cofactor linked to atherosclerosis progression (80, 276). Thus, iron depletion may 

protect endothelial function. Frequent blood donors (≥ 8 donations in the past 2 years) have lower 

levels of serum ferritin (i.e. decreased iron stores) and greater RH-FMD compared to infrequent 

blood donors (1-2 donations in the last 2 years) (421, 422). In male patients with hereditary 

hemochromatosis, an impaired RH-FMD compared to a control group was associated with elevated 

iron stores and markers of oxidative stress (110). Six months of phlebotomy treatment improved 

RH-FMD, lowered Hb from 15.5±0.9 g dl-1 to 14.2±1.2 g dl-1, decreased iron stores, and reduced 

markers of oxidative stress (110), providing causal support for the iron hypothesis. Further 

supporting the iron hypothesis, iron chelation improved resistance vessel endothelium-dependent 

vasodilation (via methacholine) in patients with coronary artery disease (91). Therefore, iron status 

also appears to influence the interplay between Hb, viscosity, and endothelial function. 

2.3.7 Hemoglobin and blood viscosity: a balancing act 

There is a U-shaped relationship between Hct and vascular resistance and MAP (223, 224, 312). 

Moderate increases in Hct reduce vascular resistance and lower MAP, this lowering of MAP 

persisted until Hct is increased 20% (312). However, using red blood cells without the NO 

scavenging properties of Hb, the lowering of MAP persisted until Hct is increased 30% (312). 

Beyond these points, MAP increases (312). Initially, increases in viscosity increase shear stress, 

stimulating endothelium-dependent vasodilation (312). Beyond these ‘thresholds’, viscosity and 

increased NO scavenging, due in part to the decreased plasma layer, outstrips the vasodilator effects 

(312, 313). Hypothetically, enhanced endothelial function, where endothelium-derived vasodilator 

production exceeds NO scavenging, would allow a greater increase in Hb before becoming 

outstripped by NO scavenging and the increased blood viscosity-associated vascular resistance. In 

contrast, a dysfunctional endothelium that elicits lesser shear stress-associated vasodilation would 
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become outstripped at a lower relative increase in Hb, which may become relevant in conditions 

with high Hb and blood viscosity such as EE (Figure 2-7). It is important to note that in this study 

a 30% increase in Hb was from 14.7 g dl-1 to 18.7 g dl-1, and Hct from 48% to 62% (312), which 

does not approach the lower limit for EE. This in vitro evidence has important implications for 

individuals with EE. An individual with EE may experience a 30% reduction in Hb with prolonged 

residence at sea level. Within-individuals, after spending 2 years at sea level, ten Andean 

highlanders without EE experienced a 26±5% decrease in Hb; the one participant with EE 

experienced a 34% decrease in Hb (332). In another case report on an Andean highlander with EE, 

Hb decreased from 23.2 g dl-1 to 17.0 g dl-1, a relative change of 27% after 2 months at sea level 

(269). Therefore, individuals with EE may possess Hb levels well-beyond the “threshold” whereby 

the vasodilatory effects of increasing shear stress are outstripped by NO scavenging and/or 

viscosity-incurred increased resistance. This, in turn, may contribute to the increased 

cardiovascular risk in EE.  

There appears to be a relationship between blood viscosity and endothelial function, where 

small increases in viscosity are beneficial. The threshold at which an increase viscosity and/or NO 

scavenging caused by high Hb becomes deleterious may be dependent on endothelial function, 

where endothelial dysfunction may shift this threshold to lower blood viscosities, this hypothesis 

is illustrated in Figure 2-7. This remains incompletely understood in humans and unknown in the 

context of very high blood viscosities. 
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Figure 2-7. A hypothesized relationship between Hb and cardiovascular risk. 

Individuals with endothelial dysfunction experience an increase in cardiovascular risk (dashed 

line), at a lower Hb threshold than individuals with healthy endothelial function. A dysfunctional 

endothelium would produce a lower number of vasodilators for a given shear stress (i.e. NO) than 

a healthy endothelium, thus becoming outstripped by NO scavenging and unable to offset the 

resistance to flow via blood viscosity at a lower Hb. This becomes increasingly important in EE. 

Based on the findings of the relationship between MAP and vascular resistance and Hct in Salazar 

Vazquez, et al. (312). 

2.3.8 Conclusion 

This chapter reviewed the impact of shear stress pattern, sex, hypoxia, and EE on endothelial 

function and reviewed techniques to assess FMD in humans. The following chapters describe 5 

studies that were performed to address these topics to advance the understanding of shear stress 

and endothelial function in normoxic and hypoxic humans.  
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Chapter 3 

Evidence of sex differences in the acute impact of oscillatory shear stress 

on endothelial function 

Chapter 3 is published (377) as: 

Tremblay JC, Stimpson TV, Pyke KE. Evidence of sex differences in the acute impact of 

oscillatory shear stress on endothelial function. J Appl Physiol 126:314-321, 2019.  
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3.1 Abstract 

Acutely-imposed oscillatory shear stress (OSS) reduces reactive hyperemia flow-mediated dilation 

(RH-FMD) in conduit arteries of men; however, whether a similar impairment occurs in women or 

with FMD in response to a controlled, sustained shear stress stimulus (SS-FMD) is unknown. The 

study purpose was to determine the impact of OSS on RH-FMD and SS-FMD in men and women. 

OSS was provoked in the brachial artery using a 30-minute forearm cuff inflation (70-mmHg). 

Healthy men (n=16, 25 years (SD 3)) and women (n=16, 21 years (SD 2)) completed the OSS 

intervention twice (separate days). Brachial artery endothelial function was assessed pre- and post-

intervention via either RH-FMD or 6-minutes of handgrip SS-FMD using Duplex ultrasound. The 

RH-FMD stimulus was calculated as shear rate area under the curve 60-seconds post-deflation 

(SRAUC60) while SS-FMD shear rate was targeted to produce a similar stimulus pre- and post-

intervention. The OSS intervention decreased RH-FMD in both sexes (men: 6.2% (SD 3.4) to 5.2% 

(SD 3.0); women: 5.4% (SD 2.0) to 3.1% (SD 1.8), P<0.001), although this was accompanied by 

a reduced SRAUC60. There was no significant effect of the intervention on RH-FMD with SRAUC60 

as a covariate (P=0.310). Handgrip exercise elicited a similar stimulus before and after the 

intervention (P=0.287) in men and women (P=0.873). Men demonstrated blunted SS-FMD (4.8% 

(SD 1.9) to 3.2% (SD 1.9), P<0.001) while women displayed preserved SS-FMD following the 

intervention (3.5% (SD 1.9) to 4.0% (SD 1.9), P=0.061). The lower SS-FMD in men but not women 

following OSS provides evidence of sex differences in the effects of OSS on conduit artery 

endothelial function.    

3.2 New and Noteworthy 

Acute exposure to oscillatory shear stress induces transient endothelial dysfunction in men, 

however whether women experience similar impairments was unknown. Following acutely-

imposed oscillatory shear stress, there was a decrease in flow-mediated dilation stimulated by a 
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physiologically-relevant sustained increase in shear stress in men, but not in premenopausal 

women. These findings demonstrate, for the first time in humans, that there are sex differences in 

the impact of oscillatory shear stress on endothelial function. 

 

3.3 Introduction 

Oscillatory shear stress, characterized by a low time-averaged mean shear and large 

retrograde component, exerts a pro-atherogenic influence on the endothelium. This is supported by 

observational evidence in humans, wherein atherosclerotic lesions preferentially develop along 

arterial regions exposed to low and/or oscillating flow, such as outer curvatures and bifurcations 

(9, 50, 419). The causal role of shear stress pattern has been corroborated by in vitro and in vivo 

animal studies demonstrating that experimentally induced oscillatory shear stress generates an 

atherogenic endothelial phenotype and impairs endothelial function (112, 248, 424).  

In humans, inflating a pneumatic cuff around a limb to a moderate pressure induces 

oscillatory shear stress in the upstream conduit vessel (359). This model has been used frequently 

to examine the acute impact of oscillatory shear stress on brachial artery endothelial function (18, 

170, 303, 317, 318, 347, 359, 360, 370, 375, 378). Exposing the brachial artery to 30 minutes of 

oscillatory shear stress typically causes a transient reduction in reactive hyperemia flow-mediated 

dilation (RH-FMD) in studies performed primarily in men (18, 170, 303, 317, 318, 359, 360, 370, 

375, 378). However, whether a similar impairment occurs in women or when FMD is stimulated 

by a controlled, sustained stimulus (SS-FMD), is unknown.   

Transient (RH-FMD) and sustained (SS-FMD) increases in shear stress evoke distinct 

FMD responses, which may provide unique insight on different aspects of endothelial function 

(376). SS-FMD is also physiologically relevant, occurring in vivo in the heat and during exercise 

when there is a sustained increase in downstream microvascular conductance. In vitro and isolated 
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vessel studies suggest that the transduction pathways for transient and sustained shear stress stimuli 

are somewhat distinct (101, 106) and human studies suggest the potential for differing vulnerability 

of RH- and SS-FMD to acute interventions and chronic conditions (102, 351). However, similar 

RH- and SS-FMD responses to acute interventions have also been observed. For example, exposure 

to 30 minutes of elevated mean shear stress has been shown to augment both subsequent RH- and 

SS-FMD (1, 365). Given the similar responses to increased mean shear stress, it is possible that 

increased oscillatory shear stress will have a similar deleterious impact on RH and SS-FMD in men.  

Premenopausal women have a lower incidence of cardiovascular disease compared to 

similarly-aged men (174, 383), which may relate to the protective influence of female sex hormones 

on endothelial function (57). Emerging evidence also suggests that premenopausal women are 

protected against the impact of some acute vascular insults that have been shown to impair RH-

FMD in men. For example women demonstrate preserved RH-FMD following a high fat meal 

(142), induction of an inflammatory response (287), and prolonged sitting that decreases mean 

shear stress (395). Collectively, this suggests that premenopausal women may be protected against 

acute reductions in FMD following exposure to a period of oscillatory shear stress. 

With this as a background, the purpose of this investigation was to determine 1) whether acutely 

imposed oscillatory shear stress reduces SS-FMD, and 2) whether women demonstrate similar 

oscillatory shear stress – induced reductions in FMD compared to men. We hypothesized that acute 

oscillatory shear stress would decrease SS-FMD and RH-FMD in men, but not women. These 

findings have important implications for understanding whether sex influences the manifestation 

of endothelial dysfunction in response to oscillatory shear stress patterns. Comparing the RH- and 

SS-FMD responses provides novel insight regarding the extent, nature, and functional 

consequences of endothelial dysfunction following acute exposure to oscillatory shear stress. 
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3.4 Materials and Methods 

 

3.4.1 Ethical approval 

All experimental procedures and measurements were approved by the Queen’s University 

Health Sciences Research Ethics Board, which conforms to the standards set by the Declaration of 

Helsinki (with the exception that this study was not registered in a database). Written informed 

consent was obtained on forms approved by this board prior to study participation. 

 

3.4.2 Participants and screening 

Young, healthy men (n=16, 25±3 years, body mass index=24.1±2.5 kg m-2 [mean±SD]) 

and women (n=16, 21±2 years, body mass index=23.0±2.7 kg m-2) participated in two 

counterbalanced experimental testing visits. Participants were normotensive, nonsmokers without 

cardiovascular disease and not taking any medications besides oral hormonal contraceptives (n=3). 

Women had regular menstrual cycles (>10 cycles per year). In the screening visit, the relative 

handgrip exercise intensity (% maximum voluntary isometric contraction [MVC]) required to 

achieve the targeted shear rate (300 s-1) was estimated. 

 

3.4.3 Experimental design 

The experimental protocol is illustrated in Figure 3-1. Each participant performed two laboratory 

testing visits at the same time of day within one week. Women were tested on days 1-5 of the same 

menstrual cycle or during the placebo phase of oral hormonal contraceptive use. Participants were 

fasted for a minimum of 6 hours, abstained from caffeine and alcohol for a minimum of 12 hours, 

and refrained from exercise for a minimum of 24 hours before each testing session. Upon arrival to 

the laboratory, participants laid supine in a temperature-controlled room and were instrumented 

with a three-lead ECG, which was recorded using LabChart (ADInstruments, USA) to obtain heart 

rate (HR). After laying supine for 10 minutes, arterial blood pressure was acquired in triplicate 
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(BD215, BIOS Diagnostics, Canada). All ultrasound measurements were performed in the left arm. 

The pre-intervention FMD was performed after laying supine for 30 minutes. Following the pre-

intervention FMD, a pneumatic cuff was placed distal to the epicondyles and inflated to 70-mmHg 

for 30 minutes to provoke oscillatory shear stress in the upstream brachial artery. Immediately after 

the intervention, blood pressure was acquired in triplicate. Subsequently, the post-intervention 

FMD was performed. The same stimulus to provoke FMD was employed within-visit, pre- and 

post-intervention (i.e. one visit, only SS-FMD was performed before and after the intervention, and 

the other visit, only RH-FMD was performed before and after the intervention) while the order of 

visits was counter-balanced. 

 

Figure 3-1. Schematic of the experimental protocol.  

The intervention was repeated twice: once with reactive hyperemia flow-mediated dilation (RH-

FMD) performed before and after the oscillatory shear stress intervention, and once with sustained 

stimulus flow-mediated dilation (SS-FMD) performed before and after the intervention. The 

stimulus for SS-FMD was created with rhythmic handgrip exercise. The illustration of the arm 

depicts the placement of the pneumatic cuff and its inflation level during the intervention. 

3.4.4 Experimental Measurements 

Brachial artery diameter 

Brachial artery diameter was obtained using two‐dimensional ultrasound in B‐mode (12 

MHz, Vivid i2, GE Medical Systems, Canada). Ultrasound images were recorded with a VGA‐to‐
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USB frame grabber (Epiphan Systems Inc., Canada) and saved as audio video interleave files on a 

separate computer using commercially available software (Camtasia Studio, TechSmith, USA) as 

previously described (162). 

 

Brachial artery blood velocity 

Brachial artery blood velocity was obtained at an insonation angle of 68° using Doppler 

ultrasound operating at 4 MHz (Vivid i2, GE Medical Systems) as described previously (279). The 

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

(Multigon Industries, USA) to determine the mean blood velocity. The resulting voltage output 

from the Multigon was continuously recorded (LabChart, ADInstruments) for subsequent analysis 

as previously described (162). 

 

RH-FMD 

 RH-FMD was performed in adherence with the recommended guidelines (358). One 

minute of baseline brachial artery diameter and blood velocity were acquired via Duplex 

ultrasound. Subsequently, a pneumatic cuff placed distal to the epicondyles was inflated to 

suprasystolic pressure (250 mmHg) for 5 minutes. The cuff was then rapidly deflated and 

ultrasound imaging persisted for 3 minutes post-deflation. Screen capture of the ultrasound was 

saved as an audio video interleave file (Camtasia Studio, Techsmith Co, Ltd, USA) for future 

analysis using edge-detection software (409).  

 

SS-FMD 

 Participants performed 3 MVCs using a handgrip dynamometer at the beginning of the SS-

FMD visit. Following one-minute of baseline brachial artery diameter and blood velocity recording, 

participants commenced handgrip exercise at the % MVC estimated in the screening visit as the 
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intensity required to elicit the target shear rate of 300 s-1 at a duty cycle of 1 second contraction to 

3 seconds relaxation. Real-time visual and auditory feedback were provided to ensure that the 

participant was achieving the appropriate handgrip exercise rhythm and intensity. Participants were 

coached through minor variations in intensity (%MVC) to maintain the required velocity, and 

therefore the target shear rate (162, 281).  

 

3.4.5 Data analysis 

Mean arterial pressure and heart rate 

 Systolic and diastolic blood pressures were measured four times, and the average of the 

last three recorded. Mean arterial pressure (MAP) was determined as (2*diastolic blood pressure + 

systolic blood pressure) / 3. Resting heart rate (HR) was taken as the average during the one-minute 

baseline period of each FMD test.  

 

Brachial artery diameter 

Standardized software approaches to acquire and analyze the ultrasound recordings were 

employed. A region of interest was placed around the highest quality portion of the B-mode 

longitudinal image of the artery. The software automatically and continuously tracks the walls of 

the vessel within the region of interest (FMD/BloodFlow Software Version 5.1, Reed C, Australia) 

(409). The diameter data were averaged into 3 second time bins. 

 

Brachial artery blood velocity 

Three second average time bins of antegrade (positive), retrograde (negative), and mean 

(sum of antegrade and retrograde) blood velocity were analyzed offline using data acquisition 

software (LabChart, ADInstruments) (279). 
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Shear rate 

Antegrade, retrograde, and mean shear rate were calculated as 4*blood velocity / brachial 

artery diameter (120). The oscillatory shear index (OSI) was calculated as |retrograde shear rate| / 

(|antegrade shear rate| + |retrograde shear rate|) (240). One-minute recordings of intervention shear 

rates were acquired 10, 20, and 25 minutes from the start of the intervention. The intervention shear 

rates and OSI were taken as the average of these three one-minute recordings performed during 

each intervention (375). 

 

RH-FMD 

Peak diameter was determined as the greatest 3-second average diameter post-cuff 

deflation. RH-FMD was calculated as the absolute (mm) and relative (%) change from baseline to 

peak diameter. The time to peak diameter was calculated as the time from cuff deflation to peak 

diameter. The stimulus for RH-FMD was calculated as the shear rate area under the curve from 

cuff release to 60 seconds (SRAUC60) post-deflation (278). A fixed time-point was chosen to avoid 

the influence of RH-FMD response dynamics on stimulus quantification (76, 278, 282).   

 

SS-FMD 

SS-FMD was calculated as the absolute (mm) and relative (%) change from baseline to the average 

diameter recorded during each minute of handgrip exercise (minutes 1-6) and one minute of 

recovery. When SS-FMD is characterized as one number, it is the average of all time points. The 

stimulus for SS-FMD was quantified similarly as the average shear rate during each minute of 

handgrip exercise (minutes 1-6) and one minute of recovery.   
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3.4.6 Statistics 

All statistical analyses were performed using IBM SPSS 24 (International Business 

Machines Corp, USA). Data were compared within-participants with significance set at P<0.05 

and are presented as mean (SD). Data were analyzed using a linear mixed model with a compound 

symmetry co-variance structure. Two-factor linear mixed models were performed with time 

(repeated variable; pre-intervention and post-intervention) and sex as factors for RH-FMD 

(absolute and relative), SRAUC60, baseline diameter, peak diameter, time to peak, MAP, and HR. A 

similar statistical model was used to assess baseline parameters for SS-FMD (baseline diameter, 

MAP, HR). SS-FMD (%) and the SS-FMD stimulus (mean shear rate during handgrip exercise) 

were assessed using a three-factor linear mixed model with time (repeated variable; pre-

intervention versus post-intervention), minute of exercise (repeated variable; minute 1, 2, 3, 4, 5, 

6, recovery) and sex as factors. Antegrade, retrograde, and mean shear rate, and OSI were assessed 

using a three-factor linear mixed model with time (repeated variable; pre-intervention, intervention, 

and post-intervention), condition (repeated variable; RH-FMD versus SS-FMD) and sex as factors. 

When significant main effects were detected, Bonferroni corrected post-hoc tests were used to 

make pairwise comparisons. To account for differences in the RH-FMD stimulus, testing was also 

performed with SRAUC60 included as a covariate (140).  

 

3.5 Results 

 

3.5.1 RH-FMD baseline parameters 

Baseline RH-FMD parameters and P-values are presented in Table 3-1. Men had larger baseline 

diameters than women, while diameters were not different pre- versus post-intervention. MAP was 

higher post-intervention compared to pre-intervention in men and women, while HR was higher in 

women compared to men. 
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Table 3-1. Parameters for reactive hyperemia flow-mediated dilation before and after the 

oscillatory shear stress intervention.  

 Men Women 

 Pre Post Pre Post 

Baseline Diameter (mm) 3.63 (0.41) 3.60 (0.43) 3.08 (0.31) 3.05 (0.30) 

 Time, P=0 .116; Sex, P<0.001; Interaction, P=0.999 

Peak Diameter (mm) 3.85 (0.41) 3.78 (0.42) 3.25 (0.31) 3.15 (0.29) 

 Time, P<0 .001; Sex, P<0.001; Interaction, P=0.335 

FMD (mm) 0.22 (0.11) 0.18 (0.09) 0.16 (0.06) 0.09 (0.05) 

 Time, P<0 .001; Sex, P=0.010; Interaction, P=0.146 

Time to Peak (s) 51 (25) 37 (11) 47 (13) 45 (18) 

 Time, P=0 .080; Sex, P=0.678; Interaction, P=0.166 

MAP (mmHg) 82 (8) 85 (7) 77 (9) 81 (9) 

 Time, P<0 .001; Sex, P=0.104; Interaction, P=0.997 

HR (bpm) 54 (9) 53 (8) 59 (8) 59 (7) 

 Time, P=0 .604; Sex, P=0.043; Interaction, P=0.373 

Data are presented as mean (SD). Definition of abbreviations: HR, heart rate; FMD, flow-

mediated dilation; MAP, mean arterial pressure. 

 

3.5.2 SS-FMD baseline parameters 

Baseline SS-FMD parameters and P-values are presented in Table 3-2. Men had larger baseline 

diameters than women, while diameters were not different pre- versus post-intervention. MAP was 

higher, and HR lower post-intervention compared to pre-intervention in men and women. MAP 

was higher and HR lower in men versus women. 
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Table 3-2. Parameters for sustained stimulus flow-mediated dilation before and after the 

oscillatory shear stress intervention. 

 Men Women 

 Pre Post Pre Post 

Baseline Diameter (mm) 3.53 (0.40) 3.55 (0.41) 3.06 (0.39) 3.04 (0.34) 

 Time, P=0.960; Sex, P<0.001; Interaction, P=0.327 

MVC (%) 37.6 (10.1) 38.3 (9.7) 32.1 (10.7) 36.0 (8.7) 

 Time, P=0.351; Sex, P=0.113; Interaction, P=0.516 

MAP (mmHg) 85 (6) 87 (7) 79 (9) 82 (10) 

 Time, P=0 .005; Sex, P=0.042; Interaction, P=0.282 

HR (bpm) 55 (10) 52 (8) 64 (8) 60 (6) 

 Time, P<0 .001; Sex, P=0.007; Interaction, P=0.593 

Data are presented as mean (SD). Definition of abbreviations: HR, heart rate; MAP, mean 

arterial pressure; MVC, maximum voluntary contraction. 

 

3.5.3 Intervention shear rate 

Mean, antegrade, and retrograde shear rate, and OSI are displayed in Figure 3-2. There were no 

differences between sexes and data in Figure 3-2 are therefore presented pooled across sex. Only 

OSI differed between conditions such that OSI was slightly greater during the RH-FMD visit 

compared to the SS-FMD visit (pooled across time: 0.26 (SD 0.04) versus 0.24 (SD 0.04), 

P=0.030).. Mean shear rate decreased during the intervention (P<0.001) and did not fully recover 

post-intervention (P<0.001). Antegrade shear rate and OSI increased with the intervention (both 

P<0.001). Post-intervention, antegrade shear rate was lower than pre-intervention levels (P<0.001) 

while OSI remained elevated versus pre-intervention (P<0.001). Retrograde shear rate increased 

with the intervention (i.e. became more negative) (P<0.001) and recovered post-intervention 

(P=0.704). 
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Figure 3-2. Impact of the intervention on shear rate. 

Mean, antegrade, and retrograde shear rate and oscillatory shear index (OSI) before, during and 

after the intervention for the reactive hyperemia flow-mediated dilation (RH-FMD; panels A and 

C) visit and the sustained stimulus flow-mediated dilation (SS-FMD; panels B and D) visit. Data 

from men and women were pooled. Data are presented as mean±SD. *, P<0.05 versus pre- and 

post-intervention; †, P<0.05 versus pre-intervention. 
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3.5.4 RH-FMD 

RH-FMD parameters and p-values are presented in Table 2-2 and Figure 3-3. The RH-FMD 

stimulus (SRAUC60) was lower post-intervention compared to pre-intervention in both sexes (Figure 

3-3A). RH-FMD, expressed in absolute and relative terms, was lower post-intervention compared 

to pre-intervention in both sexes (Figure 3-3B and Table 2-2). The change in SRAUC60 correlated 

with the change in RH-FMD (r2=0.31; P<0.001). Including SRAUC60 as a covariate for relative RH-

FMD abolished the difference pre- versus post-intervention and identified lower RH-FMD in 

women compared to men Figure 3-3C). 
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Figure 3-3. Impact of 30 minutes of imposed oscillatory shear stress on FMD in men and women. 

Mean (bar) and individual shear rate area under the curve from post-cuff deflation to peak diameter 

(SRAUC60) (the stimulus for RH-FMD) pre- and post-intervention are presented in panel A. Mean 

(bar) and individual RH-FMD pre- and post-intervention are presented in panel B. Mean±SD (bar) 

SRAUC60 covariate - corrected RH-FMD pre- and post-intervention are presented in panel C. Mean 

shear rate during each minute of rhythmic handgrip exercise (the stimulus for SS-FMD), pre- and 

post-intervention are presented in panel D. Minute-by-minute SS-FMD pre- and post-intervention 

are presented in panel E. Mean (bar) and individual SS-FMD pooled across minutes for men and 

women pre- and post-intervention are displayed in panel F. *, P<0.05 pre- versus post-intervention. 
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3.5.5 SS-FMD 

SS-FMD parameters are presented in Table 3-2, while SS-FMD minute-by-minute mean shear rate 

and %SS-FMD are displayed in Figure 3-3 (panels D and E, respectively). The stimulus for SS-

FMD did not differ between sexes, or over time. For SS-FMD, there was an interaction effect 

between sex and time such that SS-FMD was lower post-intervention versus pre-intervention in 

men (Cohen’s d=0.735; P<0.001), but not women (Cohen’s d=0.210; P=0.061) (-1.6% (SD 0.9) 

vs. 0.4% (SD 0.9); with all minutes of handgrip exercise collapsed). The %MVC was not different 

pre- versus post-intervention nor between sexes. 

3.6 Discussion 

The purpose of this investigation was to determine whether men and women demonstrate similar 

oscillatory shear stress – induced reductions in FMD when stimulated by transient (RH-FMD) and 

sustained (SS-FMD) increases in shear stress. Acute exposure to oscillatory shear stress was 

achieved via a 30-minute forearm cuff intervention. The primary findings were as follows. SS-

FMD was reduced following the oscillatory shear stress intervention in men but not in women. This 

occurred without any intervention-induced changes in the shear stress stimulus for SS-FMD. In 

contrast, the stimulus for RH-FMD declined significantly post-intervention. When considering this 

change in the stimulus, changes in RH-FMD did not clearly reflect post-intervention endothelial 

dysfunction in either sex. These findings indicate that SS-FMD is vulnerable to impairment by 

exposure to oscillatory shear stress in men, but not in premenopausal women. Understanding the 

impact of shear stress pattern on endothelial function in men and women is important given the 

known role of these factors in the development of atherosclerosis. 
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3.6.1 Impact of imposed oscillatory shear stress on RH-FMD 

Following 30 minutes of oscillatory shear stress, both men and women presented a reduction in 

RH-FMD. The reduction in RH-FMD agrees with most investigations implementing the forearm 

cuff inflation intervention in men (18, 170, 303, 317, 359, 360, 370, 375) and this is the first 

extension of these findings to women. Although previous investigations have utilized a mixed sex 

design (18, 370, 378), women have not been evaluated separately. However, the concomitant 

reduction in SRAUC60 observed post-intervention precludes the interpretation that conduit artery 

endothelial function was reduced following the intervention. Indeed, including SRAUC60 as a 

covariate abolished the observed reduction in RH-FMD, suggesting that a smaller stimulus rather 

than decreased conduit artery endothelial function per se was responsible for the decrease in RH-

FMD post-intervention. Previous investigations employing the forearm cuff inflation intervention 

have similarly observed reductions in RH-FMD and its stimulus (18, 378), although the reduction 

in RH-FMD persisted after covariate adjustment. This experiment did not include a time control 

condition (see methodological considerations section for discussion) and the reduced SRAUC60 may 

be occurring because of resting in the laboratory, independent of the intervention. 

3.6.2 Impact of imposed oscillatory shear stress on SS-FMD 

Previously, examination of endothelial function in humans following acute oscillatory shear stress 

has been limited to RH-FMD (18, 170, 303, 317, 318, 359, 360, 370, 375, 378) and circulating 

endothelium-derived microparticles (18, 165, 303, 378). We extend these findings by 

demonstrating a reduction in SS-FMD in men following acute exposure to oscillatory shear stress. 

In the present investigation, rhythmic handgrip exercise was utilized to target a specific shear rate, 

and hence stimulus, for SS-FMD, permitting a priori stimulus control. Thus, the stimulus was 

uniform within and between participants, permitting isolation of the effects of oscillatory shear 

stress on changes in conduit artery endothelial function.  
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SS-FMD reflects a common physiological occurrence, as conduit arteries are exposed to 

sustained increases in shear stress with localized heating, and with rhythmic muscle contractions 

(i.e. walking). SS-FMD affords distinct insight regarding endothelial function from RH-FMD 

(376). Like RH-FMD (127), SS-FMD tends to be substantially nitric oxide-dependent in healthy 

humans (26, 246, 413), however may interrogate different endothelial transduction pathways (101, 

106) and have unique vasodilator contributions (246) compared to RH-FMD. SS-FMD thus 

provides insight on aspects of endothelial function not previously interrogated following acute 

exposure to oscillatory shear stress in the brachial artery. We report, for the first time, that acute 

exposure to oscillatory shear stress reduces SS-FMD in men, but not women. These findings 

suggest that men may be more vulnerable to the atherogenic consequences of oscillatory shear 

stress, as acute exposure elicits a more comprehensive reduction in local endothelial function than 

in women.  

3.6.3 Putative mechanisms responsible for sex differences in the influence of imposed 

oscillatory shear stress on SS-FMD 

The observation that young, healthy men, but not premenopausal women, experienced a reduction 

in conduit artery endothelial function following oscillatory shear stress agrees with previous reports 

that premenopausal women are less susceptible to endothelial dysfunction following acute vascular 

insults (142, 287, 395). This may be due to the protective effects of estrogen on endothelial 

function, including increased nitric oxide bioavailability and enhanced antioxidant capacity (143, 

231, 396, 416). The latter may be particularly important because antioxidant administration has 

been shown to prevent an acute oscillatory shear stress – induced reduction in RH-FMD in young 

men (170). Women were tested within days 1-5 of their menstrual cycle (i.e. nadir levels of estradiol 

and progesterone) to mitigate the potential for variability in levels of circulating sex hormones. 

However, there is evidence of vascular protection that persists throughout the menstrual cycle. For 

example, in comparison to young men, young women were resistant to FMD impairment following 
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a high fat meal in both the early (low estrogen) and late (high estrogen) follicular phases of the 

menstrual cycle (142). Further, premenopausal women tested in the early follicular phase of the 

menstrual cycle appear to be less susceptible to prolonged sitting-induced impairments in FMD 

(395). Therefore, we postulate that the vasoprotective effects of estrogen persist even when plasma 

levels are at a nadir, and this may explain the disparate results between men and women, although 

the mechanisms require further research. 

3.6.4 Methodological considerations 

A limitation of the current investigation is the absence of a time-control group. Studies that have 

employed a similar intervention have consistently observed no change in FMD in the contralateral 

arm (i.e. control) following 30 minutes of rest (170, 359, 370). Further, we have previously shown 

that RH-FMD and SS-FMD are stable across repeated measures spanning a similar time course to 

the present investigation (280). Sex hormone levels were not determined in this investigation, and 

timing within the menstrual cycle was achieved via self-report. Thus, some women may have had 

higher than expected estrogen or progesterone levels and this variability could have influenced 

endothelial function. However, Vranish, et al. (395) did not find any influence of sex hormone 

levels nor oral contraceptive use on the influence of prolonged sitting (and thus low mean shear 

stress) on popliteal artery RH-FMD. Thus, the limited evidence available suggests that any self-

report error in menstrual phase would not have a significant impact on our conclusions. Further, 

this study included only young, healthy female participants and thus cannot be extrapolated to 

populations at greater risk of endothelial dysfunction. Whether the observed vasoprotection is lost 

in post-menopausal women or pre-menopausal overweight/obese/insulin-resistant women is 

unclear (220) and warrants future investigation. 

3.6.5 Conclusion 

Exposing the brachial artery to 30 minutes of oscillatory shear stress decreased SS-FMD in men, 

but not women. This suggests that premenopausal women are protected against acute exposure to 
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oscillatory shear stress; even when in the early follicular phase of the menstrual cycle when 

estrogen levels are low. This resistance to endothelial dysfunction with exposure to oscillatory 

shear stress may contribute to the lower incidence of cardiovascular disease in premenopausal 

women compared to similarly-aged men (174, 383). 
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Chapter 4 

Examining the acute effects of retrograde versus low mean shear rate on 

flow-mediated dilation 

Chapter 4 is in press (372) as: 

Tremblay JC, Grewal AS, Pyke KE. Examining the acute effects of retrograde versus low mean 

shear rate on flow-mediated dilation. J Appl Physiol. 
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4.1 Abstract 

Arterial endothelial function is acutely and chronically regulated by blood flow-associated shear 

stress. An acute intervention employing modest forearm cuff occlusion to simultaneously increase 

retrograde and decrease mean brachial artery shear rate for 30-minutes evokes transient 

impairments in flow-mediated dilation (FMD). However, the independent influence of the low 

mean versus the retrograde shear stress components is unclear. Healthy, young adults (n=24 [12 

female]; 22±2 years, BMI=25±2 kg m-2 [mean±SD]) completed three laboratory visits within one 

week. Visits consisted of 45-minutes of supine rest followed by a brachial artery FMD test (Duplex 

ultrasound) before and after a 30-minute intervention: control (shear rate unchanged), cuff (mean 

shear rate decreased, retrograde shear rate increased), or arterial compression (mean shear rate 

decreased, no increase in retrograde shear rate). The mean shear rate on the compression visit was 

targeted to match that achieved on the cuff visit. Cuff and compression trials decreased mean shear 

rate to a similar extent (cuff: 43±22 s-1, compression: 43±21 s-1; P=0.850) compared to control 

(65±21 s-1; both P<0.001), with the retrograde component elevated only in the former (cuff: -83±30 

s-1, compression: -7±5 s-1; P<0.001). FMD decreased by 29±30% (P<0.001) following the cuff 

intervention and 32±24% (P<0.001) following the compression trial but was unchanged on the 

control visit (-0.3±18%; P=0.754).  This was not altered by accounting for the shear stress stimulus. 

An increase retrograde shear rate does not appear to be obligatory for the transient reduction in 

FMD achieved following a 30-minute exposure to low mean shear stress. These findings provide 

novel mechanistic insight on the regulation of endothelial function in vivo. 

 

4.2 New and Noteworthy 

Low mean and retrograde shear stress are considered atherogenic, however their relative 

contribution to the acute regulation of endothelial function in humans was unclear. Matched 

reductions in mean shear stress (30 minutes), with and without increases in retrograde shear stress, 
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elicited equivalent reductions in flow-mediated dilation in men and women. These findings afford 

novel insight regarding the shear stress components governing the acute (dys)regulation of conduit 

artery endothelial function in vivo. 

4.3 Introduction 

There is considerable interest in examining the impact of shear stress pattern on arterial function 

and structure because arterial segments exposed to chronically low and oscillatory shear stress 

preferentially display atherosclerotic lesions (9, 50, 419). An intervention has been developed to 

examine the impact of acute shear stress disturbances in humans. By inflating a pneumatic cuff on 

the forearm to a moderate pressure (50-75 mmHg), retrograde shear stress is increased, and mean 

shear stress is typically reduced in the upstream brachial artery. Applying the cuff intervention for 

20-to-30 minutes has repeatedly been shown to result in transient endothelial dysfunction in a range 

of populations and conditions (18, 165, 170, 258, 303, 317, 359, 360, 370, 375, 378).  

  

Although the cuff intervention typically simultaneously decreases mean shear stress whilst 

it increases retrograde shear stress, the reduction in endothelial function is often specifically 

attributed to the increased retrograde component (317, 318, 359, 360).  However, in vitro 

investigations demonstrate that within several hours of exposure, both increased retrograde shear 

stress (i.e. the presence of flow reversal) (77, 78, 112, 155, 227, 424) and isolated low time-

averaged mean shear stress (i.e. no flow reversal or oscillatory shear stress) evoke deleterious 

responses in endothelial cells (63, 64, 70). Given the potential for independent negative effects of 

low mean versus increased retrograde shear stress, it is unclear which shear stress component is the 

primary endothelial insult in the 30-minute forearm cuff model.  

 

In agreement with in vitro work, acute endothelial responses in humans can be influenced 

by changes in mean shear stress independent of retrograde shear stress (180, 253, 281). For 
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example, interventions with a longer duration than the forearm cuff model (prolonged sitting still 

[1-6h]) that decrease mean shear stress in the lower limb conduit arteries without producing an 

increase in retrograde shear stress also result in decreased FMD (184, 244, 253, 258, 291, 292, 361-

363, 395). It is thus reasonable to speculate that even though it is a shorter, 30 min intervention, the 

lowering of mean shear stress per se, may contribute to the brachial artery FMD impairment 

observed with the cuff model. 

 

 The purpose of this study was to test whether an acute (30 minutes) reduction in mean 

shear stress, achieved with and without an increase in the retrograde component, decreases brachial 

artery FMD in young, healthy humans. We hypothesized that an acute reduction in mean shear 

stress would elicit a reduction in FMD when not accompanied by an increase in retrograde shear 

stress. The forearm cuff intervention is a highly utilized model to investigate the acute effects of 

shear stress pattern (18, 165, 170, 303, 317, 347, 359, 360, 370, 375, 377, 378), and this study 

challenges the common assumption that the effects of this intervention can be fully attributed to an 

increase in retrograde shear stress (317, 318, 359, 360). Beyond specifically informing the 

appropriate interpretation of the effects of the cuff intervention, the findings of this study provide 

novel insight regarding the isolated impact of shear stress pattern components on the acute 

regulation of human endothelial function in vivo.   

4.4 Methods 

4.4.1 Ethical approval 

All experimental procedures and measurements were approved by the Queen’s University Health 

Sciences Research Ethics Board, which conforms to the standards set by the Declaration of Helsinki 

(with the exception that this study was not registered in a database). Written informed consent was 

obtained on forms approved by this board prior to study participation. 



 

 

 

91 

4.4.2 Participants 

Healthy, young men (n=12, 23±2 years, body mass index=24.9±2.0 kg m-2 [mean±SD]) and women 

(n=12, 20±2 years, body mass index=24.2±3.0 kg m-2) participated in three counterbalanced 

experimental testing visits. Participants were normotensive, nonsmokers without cardiovascular 

disease (self-reported) and not taking any medications besides oral hormonal contraceptives (n=8).  

Female participants had regular menstrual cycles (10+ in last 12 months) and were tested in days 

1-7 of their menstrual cycle. 

4.4.3 Experimental protocol 

The study involved three laboratory visits completed within one week (temperature-controlled: 

21±1°C). Each visit was identical apart from the intervention. Baseline arterial blood pressure was 

acquired in the right arm after laying supine for 20 minutes. Heart rate was continuously monitored 

from a standard lead II ECG configuration. All FMD tests were performed on the left arm. The first 

FMD (pre-intervention FMD) was performed after laying supine for 45 minutes. After the pre-

intervention FMD, the intervention was applied for 30 minutes. Following the intervention, blood 

pressure measurements were repeated and subsequently the post-intervention FMD measurement 

was performed.  

 

 The three interventions (one performed each visit) were control, cuff, and compression. On 

the control visit, the intervention consisted of 30 minutes of rest. The cuff visit consisted of inflating 

a cuff immediately distal to the epicondyles of the left arm to 70 mmHg for 30 minutes to elicit a 

decrease in mean shear rate and concomitant increase in retrograde shear rate (13, 359). On the 

compression visit, the brachial artery pulse was palpated in the antecubital fossa and compressed 

to decrease mean shear rate to the same level achieved on the cuff visit without increasing 

retrograde shear rate (34, 278, 279, 281, 282). The order of visits was counter-balanced, although 

the cuff visit always preceded the compression visit (i.e. 3 potential trial sequences; 1, control, cuff, 
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compression; 2, cuff, control, compression; 3, cuff, compression, control). This was done separately 

for men and women (i.e. 4 men and 4 women completed the study in each of the 3 orders). One-

minute recordings of brachial artery diameter and velocity were performed at 10, 20, and 25 

minutes into the intervention and were used to report the intervention shear rates.  

4.4.4 Experimental measurements 

Brachial artery diameter 

Brachial artery diameter was obtained using two‐dimensional ultrasound in B‐mode (12 

MHz; Vivid i2; GE Medical Systems, Canada). Ultrasound images were recorded with a VGA‐to‐

USB frame grabber (Epiphan Systems Inc., Canada) and saved as .avi files on a separate computer 

using commercially available software (Camtasia Studio; TechSmith, USA) as previously 

described (162). 

Brachial artery blood velocity 

Brachial artery blood velocity was obtained using Doppler ultrasound operating at 4 MHz 

(Vivid i2; GE Medical Systems). The sample volume encompassed the width of the artery and the 

Doppler shift frequency spectrum derived from the Vivid i probe was analysed using a Multigon 

500P TCD spectral analyser (Multigon Industries, USA) to determine the mean blood velocity. The 

resulting voltage output from the Multigon was continuously recorded (LabChart; AD Instruments, 

USA) for subsequent analysis (162).  All scans were performed at an insonation angle of 68º as 

described in Pyke, et al. (279). Briefly, our Doppler signal was subject to a calibration procedure 

at this angle.  The ultrasound probe insonated tubing immersed in a water bath at an angle of 68°. 

A particulate solution was pumped through the tubing at several known flow rates and the 

continuous voltage output from the Doppler signal (representing the mean blood velocity) was 

plotted against the known velocity to provide a linear calibration slope (279).  
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FMD 

 FMD was performed in adherence with the recommended guidelines (139, 358). One-

minute of baseline brachial artery diameter and blood velocity were acquired via Duplex 

ultrasound. Subsequently, a pneumatic cuff placed distal to the epicondyles was inflated to 

suprasystolic pressure (250 mmHg) for 5 minutes. The cuff was then rapidly deflated and 

ultrasound imaging persisted for 3 minutes post-deflation.  

4.4.5 Data analysis 

Mean arterial pressure and heart rate 

 Systolic and diastolic blood pressures were taken as the average of 5 measurements (first 

discarded; BpTRU BPM‐100; BpTRU Medical Devices, Canada). Mean arterial pressure (MAP) 

was calculated as (2*diastolic blood pressure + systolic blood pressure) / 3. Resting heart rate (HR) 

was taken as the average during the one-minute baseline period of each FMD test.  

Brachial artery diameter 

Standardized software approaches were used to acquire and analyze the ultrasound 

recordings. A region of interest was placed around the highest quality portion of the B-mode 

longitudinal image of the artery. The software automatically and continuously tracks the walls of 

the vessel and velocity trace within the regions of interest at a frequency of 30 Hz 

(FMD/BloodFlow Software Version 5.1, Reed C, Australia) (409). The diameter data was averaged 

into three second time bins. 

Brachial artery blood velocity 

Three-second average time bins of antegrade (positive), retrograde (negative), and mean 

(sum of antegrade and retrograde) blood velocity were analyzed offline using data acquisition 

software (LabChart; AD Instruments) (279). 
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Shear rate 

Antegrade, retrograde, and mean shear rate were calculated as 4*blood velocity / brachial 

artery diameter (120). The oscillatory shear index (OSI) was calculated as |retrograde shear rate| / 

(|antegrade shear rate| + |retrograde shear rate|) (240).  

FMD 

Peak diameter was determined as the greatest three-second average diameter post-cuff 

deflation. FMD was calculated as the absolute (mm) and relative (%) change from baseline to peak 

diameter. The time to peak diameter was calculated as the time from cuff deflation to peak diameter. 

The stimulus for FMD was calculated as the shear rate area under the curve from cuff deflation to 

peak diameter (SRAUC) (282). In healthy participants assessed under normoxic conditions, the 

inclusion of whole blood viscosity to assess shear stress does not influence the interpretation of 

FMD (264). 

4.4.6 Statistical analysis 

Data were analyzed using a linear mixed model with a compound symmetry co-variance structure. 

For analysis of the impact of the intervention on shear rate (mean, antegrade, retrograde, and OSI), 

the selected factors were time (pre- versus intervention versus post-intervention), trial (control 

versus cuff versus compression), and sex (male versus female). For analysis of baseline variables 

(HR, MAP) and FMD-associated parameters (baseline diameter, time to peak diameter, SRAUC and 

FMD), the selected factors were time (pre- versus post-intervention), trial (control versus cuff 

versus compression), and sex (male versus female). Fisher’s Least Significant Difference post-hoc 

tests were performed when significant main effects or interactions were detected (P<0.05). To 

account for potential effects of uncontrolled shear rate stimulus on FMD, analysis was also 

performed with the SRAUC as a covariate (140). Further, to account for differences in baseline 

diameter, allometric scaling of FMD was performed using a linear mixed model with the difference 
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between the natural log of peak and baseline diameter as the dependent variable with time, trial, 

and sex as factors and the natural log of baseline diameter as the covariate (10, 11). Linear mixed 

model estimated means and standard errors were back-transformed to present allometrically-scaled 

FMD and SD. 

4.5 Results 

4.5.1 Baseline parameters 

Baseline MAP, HR, and diameter and associated P-values are presented in Table 4-1. Brachial 

artery diameters were greater in men versus women, and smaller post-intervention versus pre-

intervention. 

4.5.2 Intervention shear rate 

Representative Doppler traces, mean, and retrograde shear rate during the control, cuff, and 

compression interventions are displayed in Figure 4-1. Group means of shear rate parameters are 

displayed in Figure 4-2. Measurements made at the 10-, 20-, and 25-minute time points were not 

significantly different for each shear rate parameter and were averaged to provide one value for 

each intervention. A main effect of sex was present such that mean and antegrade shear rate were 

greater in women compared to men (P=0.010 and 0.029). Pre-intervention shear rate parameters 

were similar between trials, with the exception that antegrade shear rate was greater pre-

intervention during the compression trial compared to the cuff trial (P=0.038). Shear rate did not 

change over time in the control intervention. As intended, mean shear rate was reduced from pre-

intervention to approximately the same extent during the cuff and compression interventions (cuff 

vs. compression P=0.850). The mean shear rate was significantly lower during the intervention 

period of the cuff and compression trials compared to the control intervention period (both 

P<0.001) Retrograde shear rate and OSI increased during the cuff intervention (both P<0.001) and 

decreased during the compression intervention (both P<0.001). Retrograde shear rate and the OSI 
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during the intervention was greater in the cuff condition and lower in the compression condition 

compared to during the control intervention period (all P<0.001). 
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Table 4-1 . Heart rate (HR), mean arterial pressure (MAP) and parameters for flow-mediated dilation (FMD) before and after the control, cuff, and 

compression interventions.  

 Men Women 

 Control Cuff Compression Control Cuff Compression 

Baseline Diameter (mm) 

Pre 3.65±0.58 3.60±0.54 3.61±0.59 2.96±0.27 2.94±0.26 2.98±0.27 

Post 3.58±0.59 3.59±0.52 3.57±0.57 2.92±0.29 2.95±0.27 2.95±0.27 

 Time, P=0.012; Trial, P=0.838; Sex, P=0.002; Time x Trial, P=0.149; Time x Sex, P=0.539; Trial x Sex, P=0.291; Time x Trial x Sex, P=0.901 

FMD (mm) 

Pre 0.19±0.06 0.18±0.07 0.17±0.08 0.19±0.05 0.20±0.06 0.21±0.07 

Post 0.19±0.06 0.13±0.05* 0.11±0.06* 0.18±0.06 0.13±0.07* 0.15±0.07* 

 Time, P<0.001; Trial, P<0.001; Sex, P=0.503; Time x Trial, P=0.001; Time x Sex, P=0.249; Trial x Sex, P=0.062; Time x Trial x Sex, P=0.802 

SRAUC (103 au) 

Pre 15.8±5.1 15.6±3.4 17.5±5.1 21.2±7.3 19.4±3.7 20.3±8.0 

Post 15.3±5.1 13.8±4.5 16.1±4.6 19.7±6.4 19.6±6.5 20.7±10.1 

 Time, P=0.186; Trial, P=0.079; Sex, P=0.051; Time x Trial, P=0.924; Time x Sex, P=0.412; Trial x Sex, P=0.616; Time x Trial x Sex, P=0.438 

SRAUC-corrected FMD (%) 

Pre 5.6±2.1 5.3±2.1 4.9±2.1 6.2±2.1 6.7±2.1 6.7±2.1 

Post 5.7±2.1 4.2±2.1* 3.6±2.1* 6.1±2.1 4.2±2.1* 4.8±2.1* 

 Time, P<0.001; Trial, P<0.001; Sex, P=0.236; Time x Trial, P<0.001; Time x Sex, P=0.063; Trial x Sex, P=0.090; Time x Trial x Sex, P=0.482 

Allometrically-scaled FMD (%) 

Pre 6.5±2.1 6.0±2.1 5.9±2.1 5.7±2.1 5.9±2.1 6.2±2.1 

Post 6.4±2.1 4.7±2.1* 4.3±2.1* 5.2±2.1 3.5±2.1* 4.1±2.1* 

 Time, P<0.001; Trial, P<0.001; Sex, P=0.513; Time x Trial, P=0.001; Time x Sex, P=0.074; Trial x Sex, P=0.079; Time x Trial x Sex, P=0.702 

Time to Peak (s) 

Pre 48±29 54±34 54±41 39±9 40±5 39±8 

Post 45±22* 37±8* 46±23* 40±10 39±12 48±14 

 Time, P=0.174; Trial, P=0.183; Sex, P=0.369; Time x Trial, P=0.155; Time x Sex, P=0.005; Trial x Sex, P=0.975; Time x Trial x Sex, P=0.460 

MAP (mmHg) 

Pre 76±6 74±6 75±8 74±5 75±6 74±7 

Post 78±6 78±6 81±5 77±6 75±6 78±7 

 Time, P<0.001; Trial, P=0.401; Sex, P=0.471; Time x Trial, P=0.172; Time x Sex, P=0.328; Trial x Sex, P=0.682; Time x Trial x Sex, P=0.152 
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HR (bpm) 

Pre 60±10 60±10 59±9 62±9 62±9 61±7 

Post 60±10 59±9 59±8 62±9 61±8 61±7 

 Time, P=0.095; Trial, P=0.080; Sex, P=0.182; Time x Trial, P=0.927; Time x Sex, P=0.660; Trial x Sex, P=0.793; Time x Trial x Sex, P=0.732 

Data are presented as mean±SD. Definition of abbreviations: SRAUC, shear rate area under the curve from cuff deflation to peak diameter. *, P<0.05 versus 

pre-intervention; †, P<0.05 versus control visit. 
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Figure 4-1. Representative blood velocity tracings for the control (panel A), cuff (panel B), and 

compression (panel C) interventions. Mean (panel D) and retrograde (panel E) shear rates during 

the intervention are presented as mean±SD.  

*, P<0.05 versus control; †, P<0.05 versus control and cuff. 
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Figure 4-2. Mean (panel A), antegrade (panel B), and retrograde shear rate (panel C) and oscillatory 

shear index (panel D) before, during and after the control, cuff, and compression interventions.  

Data from men and women were pooled for presentation. Data are presented as mean±SD. *, 

P<0.05 versus pre-intervention within-condition and versus intervention in the control condition; 

†, P<0.05 versus pre-intervention within-condition; ‡, P<0.05 versus pre-intervention during cuff; 

§, P<0.05 versus post-intervention in the control condition. 
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4.5.3 FMD 

Individual and group FMD responses are presented in Figure 3, and FMD parameters in Table 4-1. 

FMD decreased significantly (both P<0.001) and similarly (P=0.612) following the cuff and 

compression trials but was unchanged on the control visit (P=0.752 post versus pre-intervention). 

Post-intervention FMD was lower in both the cuff and compression conditions, compared to the 

same time point in the control condition (P<0.05). There was no effect of sex and when data from 

men and women were analyzed separately, the pattern and direction of results was the same in both 

sexes (data not shown). The SRAUC was not different pre- versus post-intervention. Following the 

same pattern as the uncorrected results, SRAUC-corrected FMD and allometrically-scaled FMD were 

reduced similarly following the cuff and compression interventions but were unchanged during the 

control trial.  

Figure 4-3. Mean (bar) and individual flow-mediated dilation (FMD) pre- and post-intervention for 

control (panel A), cuff (panel B), and compression (panel C) trials in men (solid lines) and women 

(hatched lines).  

*, P<0.05 versus pre-intervention within-condition and versus the same time point in the control 

condition.  
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4.6 Discussion 

The present investigation sought to determine whether matched reductions in mean shear stress, 

with and without an elevated retrograde component, elicit similar reductions in FMD. A 30-minute 

exposure to low mean shear stress with and without a concomitant increase in retrograde shear 

stress provoked an approximately 30% reduction in brachial artery FMD. An increased retrograde 

and oscillatory shear stress does not appear to be obligatory for the transient reduction in FMD 

achieved following a 30-minute exposure to low mean shear stress. These findings have 

implications for the interpretation of studies employing the cuff intervention and afford novel 

insight regarding the shear stress components governing the acute (dys)regulation of conduit artery 

endothelial function in vivo. 

4.6.1 Impact of the cuff intervention on FMD 

A 30-minute exposure to reduced mean shear stress with increased retrograde shear stress elicited 

a reduction in FMD. The observed reduction aligns with most previous investigations employing 

the forearm cuff intervention in young, healthy adults (170, 303, 317, 359, 360, 370, 375). Further, 

this reduction was evident in both men and women. A previous study from our laboratory identified 

a decrease in reactive hyperemia-stimulated FMD in women following the forearm cuff 

intervention, however there was a concomitant reduction in SRAUC such that covariate-correcting 

for the shear stress stimulus abolished the reduction in FMD (377). Through implementation of a 

longer duration of supine rest prior to pre-intervention measures (45 minutes versus 30 minutes), 

we were able to mitigate changes in the shear stress stimulus from pre- to post-intervention. 

As such, the findings suggest, for the first time, that men and women are both susceptible to 

reductions in reactive hyperemia-stimulated FMD following 30 minutes of imposed oscillatory 

shear stress.  
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4.6.2 Impact of increased retrograde versus isolated reductions in mean shear stress on FMD 

Implementing brachial artery compression distal to the site of ultrasound imaging permitted 

isolated reductions in mean shear stress while essentially abolishing retrograde shear stress. A 30-

minute exposure to isolated low mean shear stress produced an equivalent reduction in FMD to that 

provoked by the forearm cuff intervention; a condition in which the same reduction in mean shear 

stress was produced in conjunction with increased retrograde shear stress. Therefore, these results 

indicate that the impairment in FMD following the often-used cuff intervention cannot clearly be 

attributed to increases in retrograde shear stress alone, when mean shear stress is simultaneously 

reduced. Indeed, these findings suggest that low mean shear stress, is an equally potent stimulus 

for reducing brachial artery endothelial function. Prolonged sitting and leg bending interventions 

(1-6h) similarly elicit reductions in mean shear stress absent increased retrograde shear stress in the 

lower limb conduit arteries and also result in impaired FMD (361-363, 397). The present findings 

further define the impact of an isolated low mean shear stress extending the negative impact to a 

shorter 30 min exposure and the upper limb.  However, elevations in retrograde shear stress without 

significant decreases in mean shear stress have also been reported to reduce FMD with the forearm 

cuff intervention (170, 317, 370), indicating the potential for independent acute effects of reversing 

flow. 

In vitro evidence suggests that both low mean and retrograde shear elicit pro-atherogenic 

effects on the endothelium and that these effects may be largely, although not entirely, overlapping. 

Both low unidirectional and oscillatory shear stress (i.e. with flow reversal) have been shown to 

reduce eNOS (64, 112) and promote atherosclerotic plaque development (63), although the 

mechanisms responsible may differ. However, most gene expression changes in human umbilical 

vein endothelial cells exposed to matched-low mean shear stress with and without flow reversal 

(i.e. retrograde shear stress) were  regulated by the low mean shear stress and not the reversing flow 

pattern per se (70).  In humans in vivo, the reduction in FMD following prolonged sitting (low 
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mean shear stress) and the forearm cuff intervention (oscillatory shear stress) is abolished with 

prior vitamin C administration (170, 362), suggesting that the impairment in FMD may be mediated 

by similar mechanisms. In the present study, the magnitude of endothelial dysfunction elicited by 

exposure to low shear stress was not influenced by concomitant retrograde/oscillatory shear stress 

exposure, however our experimental design does not allow us to determine whether there were 

distinctions in the mechanisms by which function was impaired.  

4.6.3 Are women susceptible to oscillatory and low mean shear stress-induced reductions in 

FMD? 

Female participants exhibited a 38±30% and 34±28% reduction in FMD following the cuff and 

compression interventions, respectively. This is in contrast with previous reports suggesting that 

female conduit arteries may be protected against pro-atherogenic perturbations in shear stress (395). 

For instance, Tremblay, et al. (377) observed a reduction in FMD stimulated by a sustained increase 

in shear stress in men, but not women, following a similar 30-minute forearm cuff intervention. 

Likewise, Vranish, et al. (395) observed preserved popliteal artery reactive hyperemia-induced 

FMD in women following three hours of uninterrupted sitting (isolated low mean shear stress), 

compared to a consistent, considerable reduction in men. Protection in women may be limb or shear 

stress stimulus specific, and whether other endothelial functions (i.e. circulating microparticles 

(165)) are affected differently in men versus women following exposure to oscillatory and/or low 

mean shear stress merits future investigation.  

4.6.4 Methodological considerations 

We achieved matched reductions in mean shear rate measured using conventional Doppler 

ultrasound mean velocity, we did not assess wall shear rate. Recent advancement in multigate 

Doppler permits the description of more complex and dynamic shear rate events at the vessel wall 

(3, 369), and it is unknown whether other shear rate parameters differed between the cuff and 

compression interventions. Advancements in ultrasound technology should be harnessed for future 
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determination of whether specific complex wall shear rate events (i.e. turbulence) promote the acute 

dysregulation of endothelial function in vivo. Although we did not assess endothelium-independent 

vasodilation (i.e. sublingual nitroglycerine), acute perturbations in shear do not influence 

endothelium-independent vasodilation (365). The sex comparison was not the primary objective of 

this study, and while the pattern and direction of responses was the same in both sexes, we did not 

power to detect small sex differences in the magnitude of the effect of the interventions. 

Additionally, whether clinical populations exhibit a similar endothelial susceptibility to acute 

periods of low mean shear stress, or a selective sensitivity to a distinct shear stress patterns, cannot 

be determined from this study. 

4.6.5 Conclusion 

We sought to examine the effects of 30 minutes of reduced mean shear stress, achieved with and 

without increases in retrograde shear stress, on FMD. Matched reductions in mean shear stress 

evoked similar reductions in FMD, with and without of retrograde shear stress exposure. These 

findings provide in vivo evidence that i) brief reductions in mean shear stress are a potent stimulus 

for the acute dysregulation of endothelial function, and ii) impairments in endothelial function 

following interventions that simultaneously reduce mean shear stress and increase retrograde shear 

stress cannot be fully attributed to the retrograde component. 
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Chapter 5 

UBC-Nepal Expedition: imposed oscillatory shear stress does not 

further attenuate flow-mediated dilation during acute and sustained 

hypoxia 

Chapter 5 is published (375) as: 

Tremblay JC, Howe CA, Ainslie PN, Pyke KE. UBC-Nepal Expedition: imposed oscillatory 

shear stress does not further attenuate flow-mediated dilation during acute and sustained hypoxia. 

Am J Physiol Heart Circ Physiol 315(1): H122-H131, 2018. 
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5.1 Abstract 

Experimentally induced oscillatory shear stress (OSS) and hypoxia reduce endothelial function in 

humans. Acute and sustained hypoxia may cause increases in resting OSS; however, whether this 

influences endothelial susceptibility to further increases in OSS is unknown. Healthy lowlanders 

(n = 15, 30 ± 6 yr; means ± SD) participated in three OSS interventions: two interventions at sea 

level [normoxia and after 20 min of normobaric hypoxia (acute hypoxia, 11% O2)] and one 

intervention 5-7 days after a 9-day ascent to 5,050 m (sustained hypoxia). OSS was provoked in 

the brachial artery using a 30-min distal cuff inflation (75 mmHg). Endothelial function was 

assessed before and after each intervention by reactive hyperemia flow-mediated dilation (FMD). 

Shear stress magnitude and patterns were obtained via Duplex ultrasound. Baseline retrograde shear 

stress and OSS were greater in acute hypoxia versus normoxia (P < 0.001), and OSS was elevated 

in sustained hypoxia versus normoxia (P = 0.011). The intervention further augmented OSS during 

each condition. Preintervention FMD was decreased by 29 ± 48% in acute hypoxia and by 25 ± 31% 

in sustained hypoxia compared with normoxia (P = 0.001 and 0.026); these changes correlated with 

changes in baseline mean and antegrade shear stress. After the intervention, FMD decreased during 

normoxia (-41 ± 26%, P < 0.001) and was unaltered during acute or sustained hypoxia. Therefore, 

a 30-min exposure to OSS reduced FMD during normoxia, a condition with an unchallenged, 

healthy endothelium; however, imposed OSS did not appear to worsen endothelial function during 

acute or sustained hypoxia. Exposure to an altered magnitude and pattern of shear stress at baseline 

in hypoxia may contribute to the insensitivity to further acute augmentation of OSS. 

5.2 New and Noteworthy 

We investigated whether the endothelium remains sensitive to experimental increases in oscillatory 

shear stress (OSS) in acute (11% O2) and sustained (2 weeks at 5050m) hypoxia. Hypoxia altered 

baseline shear stress and decreased endothelial function (flow-mediated dilation (FMD)), however 

exposure to experimentally induced OSS only impaired FMD in normoxia. 
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5.3 Introduction 

Shear stress, the frictional force exerted by blood on the arterial wall, plays a critical role 

in the short- and long-term regulation of endothelial function. Laminar blood flow and associated 

high, primarily antegrade, wall shear stress preserves or improves endothelial function (128). In 

contrast, disturbed blood flow and associated oscillatory shear stress (OSS), characterized by 

increased retrograde shear stress and a low mean shear stress, deteriorates endothelial function (66). 

Acute (30 minutes) (170, 318, 359, 360, 370, 371, 378) and sustained (2 weeks) (360) exposure to 

an experimentally-imposed OSS pattern via a distal external pressure cuff intervention typically 

reduces endothelium-dependent reactive hyperemia flow-mediated dilation (FMD) in conduit 

arteries of young, healthy men during normoxic conditions. However, the baseline flow pattern and 

level of endothelial function may influence vulnerability to FMD impairment via intervention-

imposed OSS.  For example, the cuff-OSS intervention does not appear to reduce FMD in elderly 

men (318, 360), a population that exhibits endothelial dysfunction and a sympathetically-mediated 

enhancement of OSS at baseline (41, 52, 259). 

 

Acute (<6 hours) and sustained (7-90 days) hypoxic exposure confer unique hemodynamic 

challenges to the vascular system that may influence vulnerability to OSS-induced dysfunction. 

Initially, a reduction in arterial oxygen content provides a stimulus for both local vasodilation in 

the skeletal muscle (84, 222) and an increase in sympathetic nervous activity (202, 306, 311). 

Whether the net impact is i) an increase in vascular resistance, accompanied by low mean and high 

conduit artery retrograde shear stress, or ii) a decrease in vascular resistance accompanied by an 

elevated mean and low retrograde shear stress appears to depend, at least in part, on the magnitude 

and duration of the hypoxic stimulus (159, 176, 205). More severe acute hypoxia stimulates greater 

sympathoexcitation (306, 311) and may be more likely to result in a disturbed flow pattern (52, 

260), although this has not always been observed (160, 161). Further, sustained hypoxia is 
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associated with a chronic elevation in sympathetic nervous system activity and increased vascular 

resistance (138). The only study to report shear patterns during sustained hypoxia identified 

markedly elevated retrograde shear rate at 5050m compared to sea level (386).  Thus, both acute 

and sustained hypoxia may expose the endothelium to a lowered mean shear stress and increased 

OSS at baseline. The presence of disturbed baseline shear stress in acute and sustained hypoxia 

may reduce FMD and mitigate the responsiveness of peripheral conduit artery endothelial function 

to an experimentally induced exaggeration of OSS. Elucidating the acute and chronic interaction 

between hypoxia and shear stress patterns is critical to understanding the impact of environmental 

and clinical hypoxemia vascular function in health and disease conditions.  

 

The purpose of this investigation was therefore to determine the impact of intervention 

induced OSS on endothelial function during exposure to acute (<1 hour, 11% FiO2) and sustained 

(~2 weeks, 5050 m) hypoxia compared to normoxia. We hypothesized that regardless of duration, 

hypoxia exposure resulting in low mean and increased retrograde shear stress at baseline would 

attenuate the reduction in FMD following experimentally-induced OSS when compared to 

normoxia.   

 

5.4 Materials and Methods 

This study was part of the University of British Columbia - Nepal 2016 expedition. As such, 

participants took part in multiple studies conducted at the University of British Columbia – 

Okanagan (Kelowna, British Columbia; 344m) and during three weeks at the Ev-K2-CNR Pyramid 

Laboratory (Lobuche, Nepal; 5050m). However, the a priori, primary research questions addressed 

in the current paper are novel and dealt with exclusively in this study alone – there is no overlap 

between this investigation and others completed on the research expedition. 

5.4.1 Participants 



 

 

 

111 

Healthy, nonsmoking males (n=15, 30±6 years, BMI = 23±2 kg m-2 [mean±SD]) free from 

known cardiovascular disease and risk factors participated in the investigation.  All participants 

were native lowlanders who had not been exposed to elevations >3000m for at least three months 

prior to the expedition. All participants provided written, informed consent, and protocols were 

approved by the University of British Columbia Clinical Ethics Review Board and Queen’s 

University Health Sciences Research Ethics Board in adherence with the principles of the 

Declaration of Helsinki. 

5.4.2 Study design 

The testing protocol was performed on three separate occasions: twice at sea level 

(University of British Columbia – Okanagan, Kelowna, Canada, 344m), and once 5-7 days 

following a 9-day hiking ascent to 5050m (Ev-K2-CNR Laboratory, Lobuche, Nepal, 5050m). All 

participants refrained from alcohol, exercise and caffeine for a minimum of 12 hours prior to testing 

and were fasted for a minimum of six hours. All tests were performed in the morning to account 

for any diurnal variation in vascular function. The study outline is illustrated in Figure 5-1 and was 

identical for sea level normoxia (room air), acute hypoxia (FiO2 = 0.11; similar PO2 to 5000m), and 

sustained hypoxia (5050m). The normoxia and acute hypoxia trials were performed in a hypoxia 

chamber at the University of British Columbia – Okanagan, and the trial order was randomized, 

single-blinded, and counterbalanced. 
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Figure 5-1. Schematic of the experimental protocol. 

The intervention was repeated three times: in normoxia, acute hypoxia, and sustained hypoxia. The 

illustration of the arm depicts the placement of the pneumatic cuff and its inflation level during the 

intervention and the illustration of the needle depicts the venous blood sample to measure whole 

blood viscosity. 

 

After arriving at the laboratory, a venous blood sample was acquired to measure whole 

blood viscosity. Subsequently, participants laid supine for 20 minutes (at FIO2 =0.11 in the acute 

hypoxia trial); resting brachial artery blood pressure, heart rate (HEM-775CAN, Omron 

Healthcare, USA), and oxyhemoglobin saturation (SpO2; Nonin Medical, Inc., USA) were recorded 

and the average in the last minute of rest is reported. Endothelial function was measured in the 

brachial artery via reactive hyperemia FMD in accordance with internationally-accepted guidelines 

(358).  A one-minute recording of baseline arterial diameter and blood velocity was recorded, 

followed by a five-minute cuff occlusion (250 mmHg, distal to epicondyles). After cuff deflation, 

recording resumed for three minutes. All measurements were performed by the same experienced 

sonographer with a 10 MHz multifrequency linear array probe (15L4 Smart Mark, Teratech, USA) 

attached to a high-resolution ultrasound machine (Terason usmart 3300, Teratech, USA). 

Following the FMD, OSS was induced for 30 minutes as described previously (359, 370). One 
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pneumatic cuff (SC5, Hokanson, USA) was placed distal to the epicondyles and inflated to 

75 mmHg to provoke OSS in the brachial artery. One-minute recordings of mean, antegrade and 

retrograde shear stress were obtained at 10, 20 and 30 minutes during the intervention; the average 

of the three time points is reported as they have previously been reported to be stable during this 

OSS intervention (378). Following the 30-minute intervention, the cuff was deflated, arterial blood 

pressure, heart rate and SpO2 were recorded, and a second reactive hyperemia FMD performed.  

5.4.3 Blood viscosity 

Venous blood (5 ml) was drawn into a BD Vacutainer® Blood Collection Tube (Becton, Dickinson 

and Company, USA) that contained lithium heparin. Blood viscosity was measured within 15 

minutes of blood sample acquisition at a shear rate of 225 s-1 at 37°C with a cone-and-plate 

viscometer (Brookfield DV2T, Brookfield AMETEK, USA).  

 

5.4.4 Data analysis 

Baseline 

Pulse pressure was calculated as the difference between systolic and diastolic blood pressures, and 

mean arterial pressure (MAP) as (2*diastolic blood pressure + systolic blood pressure) / 3. Forearm 

blood flow was calculated from the one-minute baseline ultrasound recording as the (peak envelope 

blood velocity [in cm min-1] / 2) / 2 * (π (0.5*diameter [in cm])2) (97, 206). Forearm vascular 

resistance (FVR) was calculated as MAP / forearm blood flow. 

 

Shear stress 

Shear stress was calculated as the product of shear rate (4*peak envelope blood velocity / arterial 

diameter) and whole blood viscosity at a shear rate of 225 s-1 (120). Antegrade, retrograde, and 

mean shear stress are reported. The oscillatory shear index (OSI) was calculated as |retrograde shear 

stress| / (|antegrade shear stress| + |retrograde shear stress|) (240). 
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Flow-mediated dilation 

Standardized software approaches to acquire and analyze the Doppler ultrasound recordings were 

employed, as used extensively elsewhere (204, 359, 385). The angle of insonation for the 

acquisition of velocity was 60°. Screen capture of the ultrasound was saved as an audio video 

interleave file (Camtasia Studio, Techsmith Co, Ltd, USA) for future analysis using edge-detection 

software (FMD/BloodFlow Software Version 5.1, Reed C, Australia) (409). A region of interest 

was placed around the highest quality portion of the B-mode longitudinal image of the artery and 

a second region of interest surrounded the Doppler strip to record blood velocity. The software 

automatically and continuously tracks the walls of the vessel and peak envelope velocity trace 

within the regions of interest at a frequency 30 Hz (409). Peak diameter was automatically detected 

using a moving window-smoothing function (smoothed median across time) post cuff deflation. 

FMD was calculated as the relative and absolute difference between peak and baseline diameter. 

Previous studies have identified that with adherence to guidelines, relative FMD is reproducible 

across one week and one month (coefficient of variations of 10.6% and 6.6%, respectively) (86). 

From a previous investigation in young, healthy males (n=10), the sonographer on this investigation 

(JCT) presented a between-day coefficient of variation of 8.3% (38). The FMD stimulus was 

quantified as the shear stress area under the curve (SSAUC) from cuff deflation to peak diameter 

(257). 

5.4.5 Statistics 

All statistical analyses were performed using IBM SPSS 24 (International Business Machines Corp, 

USA). Data were compared within-participants with significance set at P<0.05 and are presented 

as mean ± SD.  Baseline (pre-intervention) parameters (blood pressures, heart rate, SpO2, and blood 

viscosity) were assessed using a one-factor mixed linear model (normoxia versus acute hypoxia 

versus sustained hypoxia). To assess the effects of the intervention on shear stress patterns, mean, 
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antegrade, and retrograde shear stress, and OSI were compared using a two-factor mixed linear 

model with repeated measures of time (pre-intervention versus during intervention versus post-

intervention) and condition (normoxia versus acute hypoxia versus sustained hypoxia). To test the 

effect of the OSS intervention during normoxia, acute hypoxia, and sustained hypoxia, FMD and 

SSAUC measurements were compared using a two-factor mixed linear model with repeated 

measures of time (pre- versus post-intervention) and condition (normoxia versus acute hypoxia 

versus sustained hypoxia).  

 

To account for differences in FMD stimulus, testing was also performed with SSAUC 

included as a covariate. When significant effects were present, post hoc tests were performed with 

Bonferroni adjustment for multiple comparisons. Furthermore, allometric scaling was performed 

to account for differences in baseline diameter between conditions. Briefly, the diameter change on 

a logarithmic scale (ln(peak diameter) - ln(baseline diameter) was assessed as the outcome variable 

in a linear mixed model with logarithmically-transformed baseline diameter included as a covariate 

(10, 11). Pearson product-moment correlation tests were performed between baseline and 

intervention shear stress parameters and FMD, and Cook’s Distance was used to identify outliers 

(Cook’s distance > 4/n) (4, 267). 

5.5 Results 

5.5.1 Baseline Measures 

Baseline arterial blood pressures, heart rate, SpO2, and whole blood viscosity are presented in Table 

5-1. The hypoxia conditions were characterized by a lower arterial oxygen saturation and a higher 

heart rate compared to normoxia. MAP, blood viscosity and forearm vascular resistance were 

elevated during sustained hypoxia compared to normoxia and acute hypoxia (P<0.01). 
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Table 5-1. Baseline oxyhemoglobin saturation, whole blood viscosity, and hemodynamics. 

 Normoxia  Acute 

Hypoxia 

 Sustained 

Hypoxia 

 Main effect of 

condition 

SpO2 (%) 97±1  77±5*  84±2†  P<0.001 

Viscosity225 (cP) 4.03±0.35  4.03±0.25  5.02±0.38†  P<0.001 

Heart Rate (min-1) 51±10  64±14*  58±11†  P<0.001 

SBP (mmHg) 114±7  109±8  125±13†  P<0.001 

DBP (mmHg) 60±6  58±8  76±7†  P<0.001 

MAP (mmHg) 78±6  75±7  93±8†  P<0.001 

Pulse Pressure 

(mmHg) 

54±7  51±9  49±9  P=0.162 

FBF (ml min-1) 47±29  43±20  31±15  P=0.057 

FVR (mmHg [ml 

min-1]-1) 

2.22±1.18  2.24±1.16  3.68±1.77†  P=0.002 

Definition of abbreviations: DBP, diastolic blood pressure; FBF, forearm blood flow; FVR, 

forearm vascular resistance; MAP, mean arterial pressure; SBP, systolic blood pressure; SpO2, 

oxyhemoglobin saturation. *, P<0.05 versus normoxia; †, P<0.05 versus normoxia and acute 

hypoxia. 

 

5.5.2 Baseline and Intervention Shear Stress (Figure 5-2) 

P values for main effects and interactions are provided in Figure 5-2 and revealed that there were 

no significant interaction effects.  P values in the following text refer to post-hoc analysis.  

A main effect of condition was identified for antegrade shear stress, retrograde shear stress 

and OSI.  Antegrade shear stress was lower in sustained hypoxia versus acute hypoxia (P=0.019). 

Retrograde shear stress was elevated during acute hypoxia compared to normoxia and sustained 

hypoxia (P<0.001 and 0.001; Figure 5-2 B) and there was a trend towards greater retrograde shear 

stress in sustained hypoxia versus normoxia (P=0.067). Lastly, OSI was elevated in both acute and 

sustained hypoxia versus normoxia (P<0.001 and 0.011).   
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A main effect of time (levels pre, during and post-intervention) was observed for all shear 

stress parameters. The intervention decreased mean shear stress, increased retrograde shear stress, 

and increased OSI without altering antegrade shear stress. Post-intervention mean shear stress and 

antegrade shear stress were lower, and OSI greater versus pre-intervention (P=0.001, 0.022, and 

0.004) while retrograde shear stress was similar pre- and post-intervention (P=0.332).  
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Figure 5-2. Mean (panel A), antegrade (panel B), and retrograde shear stress (panel C), and 

oscillatory shear index (OSI, panel D) pre-, during, and post-intervention in normoxia, acute, and 

sustained hypoxia.   
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Symbols next to the legend beside each panel indicate post hoc analysis exploring main effects of 

condition. Symbols on graph indicate post hoc analysis exploring main effects of time. *, P<0.05 

versus pre- and during intervention; ‡, P<0.05 versus pre- and post-intervention; †, P<0.05 versus 

sustained hypoxia; ^, P<0.05 versus normoxia. 

5.5.3 Baseline diameter and the shear stress stimulus for FMD (Table 5-2) 

All main effect and interaction p values are presented in Table 5-2. Baseline brachial artery 

diameter did not change with the intervention however it was larger in acute hypoxia compared to 

normoxia and sustained hypoxia (P=0.001, and >0.001) (Table 5-2). The SSAUC was smaller post-

intervention (P=0.002) and larger during sustained hypoxia compared to acute hypoxia (P=0.032).
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Table 5-2. Reactive hyperemia flow-mediated dilation (FMD) parameters pre- and post- thirty minutes of imposed oscillatory shear 

stress (cuff positioned distal to the epicondyles and inflated to 70-mmHg) during normoxia, acute, and sustained hypoxia. 

 Normoxia  Acute Hypoxia  Sustained Hypoxia 

 Pre  Post  Pre  Post  Pre  Post 

Baseline Diameter (mm) 4.36±0.47  4.33±0.41  4.57±0.52*  4.56±0.57*  4.30±0.44  4.22±0.44 

 Time, P=0.358; Condition, P<0.001; Interaction, P=0.826 

Relative FMD (%) 6.2±2.6†  3.6±2.0**  3.7±1.8  3.7±2.5  4.3±2.0  3.3±1.5 

 Time, P=0.004; Condition, P=0.027; Interaction, P=0.033 

Absolute FMD (mm) 0.27±0.11†  0.15±0. 09**  0.16±0.08  0.16±0.10  0.18±0.08  0.14±0.06 

 Time, P=0.002; Condition, P=0.021; Interaction, P=0.026 

Time to Peak (s) 51±11  46±21  54±18  61±25  55±21  49±18 

 Time, P=0.699; Condition, P=0.179; Interaction, P=0.324 

SSAUC (au) 848±199  749±218  815±352  699±261  1005±300††  796±260†† 

 Time, P=0.002; Condition, P=0.031; Interaction, P=0.556 

Definition of abbreviations: FMD, flow-mediated dilation; SSAUC, shear stress area under the curve. *, P<0.05 versus normoxia and 

sustained hypoxia, **, P<0.05 versus normoxia pre, †, P<0.05 versus acute hypoxia pre and sustained hypoxia pre, ††, P<0.05 versus acute 

hypoxia. 
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5.5.4 FMD (Figure 5-3, Figure 5-4) 

The p values for main effects and interactions are provided in Table 5-2. There was a 

significant interaction between condition and time. Post hoc analysis of the effect of the 

intervention in each condition identified that that absolute and relative FMD were decreased post-

intervention in normoxia (by 41±27% and 41±26%, both P<0.001), but not during acute (P=0.963 

and 0.985) or sustained hypoxia (P=0.109 and 0.145) (Table 5-2 and Figure 5-3). These findings 

persisted after including SSAUC as a covariate (normoxia, P=0.001; acute hypoxia, P=0.405; 

sustained hypoxia, P=0.856) and allometric scaling (normoxia, P<0.001; acute hypoxia, P=0.953; 

sustained hypoxia, P=0.067). 

 

Figure 5-3. Mean and individual reactive hyperemia flow-mediated dilation (FMD) pre- and post-

intervention during normoxia (panel A), acute (panel B), and sustained hypoxia (panel C). 

*, P<0.05 pre-intervention versus post-intervention. 

 

Post hoc analysis comparing pre-intervention FMD between conditions also determined 

that absolute and relative FMD were greater pre-intervention in normoxia compared to pre-

intervention acute hypoxia (27±48% and 29±48%, P=0.002 and 0.001) and pre-intervention 

sustained hypoxia (26±30% and 25±31%, P=0.011 and 0.026) (Figure 5-4A). These findings 
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persisted when SSAUC was included as a covariate (normoxia versus acute hypoxia, P=0.001; 

normoxia versus sustained hypoxia, P<0.001) and allometric scaling (normoxia versus acute 

hypoxia, P=0.005; normoxia versus sustained hypoxia, P=0.009). Further, the changes in pre-

intervention FMD in normoxia versus acute hypoxia and in normoxia versus sustained hypoxia 

were correlated (Figure 5-4, panel c; one outlier removed; r=0.745, P=0.002). 

 

  



 

 

 

123 

 

Figure 5-4. Pre-intervention flow-mediated dilation (FMD) from normoxia to acute hypoxia (panel 

A) and sustained hypoxia (panel B). 

The change in pre-intervention FMD in normoxia versus pre-intervention acute hypoxia was 

correlated with the pre-intervention normoxia versus pre-intervention sustained hypoxia (panel C). 

One outlier, identified as having a Cook’s distance > 4/n (0.267), was excluded from regression 

analysis (dashed circle). *, P<0.05 pre-intervention normoxia versus pre-intervention acute hypoxia 

and pre-intervention sustained hypoxia. 
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5.5.5 Correlations between changes in shear stress and FMD 

Did pre-intervention hypoxia induced changes in baseline shear stress predict hypoxia induced 

changes in FMD? 

The change in baseline antegrade and mean shear stress from normoxia to acute hypoxia correlated 

with the change in FMD from normoxia to acute hypoxia (Figure 5-5A and B). In contrast, the 

change in baseline OSI and retrograde shear stress and the change in FMD were unrelated (Figure 

5-5 C and D) In sustained hypoxia, with one outlier removed, the change in mean and antegrade 

shear stress, as well as OSI from normoxia correlated with the change in FMD from normoxia, 

while the change in retrograde shear stress did not.  

 

Did changes in baseline shear stress with hypoxia predict intervention induced changes in FMD in 

the hypoxia conditions? 

 There was a correlation between the changes in OSI and retrograde shear stress from normoxia to 

sustained hypoxia and the change in FMD evoked by the intervention in sustained hypoxia 

(r=0.533, P=0.041; one outlier removed r=-0.772, P=0.001) such that individuals with the greater 

perturbation in shear pattern demonstrated smaller responses to the intervention; these correlations 

were not present in acute hypoxia (r=-0.433, P=0.107; r=0.184, P=0.511).   
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Figure 5-5. The change in pre-intervention baseline mean (panel A), antegrade (panel B), and retrograde (panel C) shear stress and oscillatory shear 

index (OSI; panel D) and pre-intervention flow-mediated dilation (FMD) from normoxia to acute (circle, solid line) and sustained hypoxia (square, 

dashed line).  

One outlier, identified as having a Cook’s distance > 4/n (0.267), was excluded from regression analysis in sustained hypoxia for mean and antegrade 

shear stress and OSI (dashed circle). 
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5.6 Discussion 

This study sought to determine the impact of hypoxia exposure on vulnerability to acute OSS 

induced endothelial dysfunction. The primary novel finding was that imposed OSS decreased 

brachial artery FMD during normoxia, but not acute (<1 hour) nor sustained (~2 weeks) hypoxia.  

Hypoxia resulted in a decline in FMD that was correlated with the hypoxia-associated change in 

baseline shear stress. The existence of a low mean, mildly OSS at baseline during hypoxia may 

limit any further reduction in endothelial function by experimentally imposed OSS (Figure 5-6). 

These findings advance our understanding of the interaction between hypoxia exposure, shear stress 

patterns, and endothelial function in humans.  

 

Figure 5-6. An illustrative summary of the findings. Experimentally-induced oscillatory shear 

stress (OSS) decreased flow-mediated dilation (FMD) in the brachial artery at sea level, but not in 

acute or sustained hypoxia. 

The alterations in baseline shear stress observed in acute and sustained hypoxia may have 

contributed to the decreased FMD observed in acute and sustained hypoxia, leading to an 

insensitivity to further increases in OSS. 
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5.6.1 The impact of imposed OSS in normoxia 

The observation of a 41% decrease in FMD following OSS during normoxia supports the theory 

that disrupting local shear stress patterns, for just 30 minutes, incurs an impairment in endothelium-

dependent vasodilation. In agreement with our normoxia condition observation, most studies using 

the forearm cuff inflation intervention to exaggerate OSS have reported transient reductions in 

brachial artery FMD in healthy young men (170, 317, 359, 360). Post-intervention decrements in 

endothelial function have also been reported in the lower limb (317, 371) and in individuals with 

spinal cord injury (370), and when assessed as the increase in circulating endothelium-derived 

microparticles, a distinct marker of endothelial dysfunction (18, 165, 378). By contrast, populations 

that have high baseline retrograde shear stress display blunted (18) or no impairment (318, 360) in 

FMD following the OSS intervention suggesting the necessity of an endothelium that is naïve to 

disturbed shear stress and/or free from pre-existing dysfunction in order to elicit the disruption.  

5.6.2 The impact of imposed OSS in hypoxia 

In conditions of both acute and sustained hypoxia, FMD was not impaired by the OSS intervention. 

The reduction in FMD at baseline in acute and sustained hypoxia may have rendered the 

endothelium insensitive to further OSS-induced impairment. The changes in baseline mean and 

antegrade shear stress were related to the change in baseline FMD in both acute and sustained 

hypoxia, suggesting that hypoxia-associated alterations in shear stress may have contributed to the 

observed reduction in FMD. Furthermore, greater increases in OSI and retrograde shear stress at 

baseline in the sustained hypoxia condition predicted smaller intervention induced changes in 

FMD, suggesting that the presence of relatively elevated OSS at baseline limited a further negative 

impact of the OSS intervention on FMD in sustained hypoxia. Collectively, these correlations 

indicate that disturbed baseline shear stress with hypoxia influences the impact of hypoxia on FMD. 

The presence of disturbed shear stress at baseline, perhaps particularly in sustained hypoxia may 

influence whether FMD will be impaired with further exaggeration of OSS in hypoxia.   
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 In a recent expedition, Tremblay et al. (378) performed a similar OSS intervention during 

a subacute duration hypoxia exposure (24-48 hours) after passive, rapid ascent to 3800m. In 

contrast to the present study, it was reported (378) that i) pre-intervention baseline shear rate and 

FMD were preserved with ascent and ii) there was a reduction in FMD following the OSS 

intervention at 3800m, but not at sea level. These observations suggest that this cohort displayed 

enhanced (rather than reduced) sensitivity to OSS at 3800m. The conflicting findings may be due 

in part to the influence of hypoxia on baseline shear stress. For example, likely due to a more 

modest severity of hypoxia at 3800m (205) compared to the current study, Tremblay et al. (378) 

did not observe changes in resting mean shear rate or shear rate pattern. Thus, whether the 

endothelium remains naïve to disturbed shear stress at baseline may determine the influence of 

hypoxia on acute OSS exposure. This hypothesis requires further exploration as other factors 

related to the magnitude and duration of hypoxia exposure may also be involved.  

5.6.3 Mechanisms underlying the impact of hypoxia on baseline shear stress pattern 

We observed an increase in retrograde shear stress and OSI during acute and to a lesser extent in 

sustained hypoxia compared to normoxia. One possible explanation for the influence of hypoxia 

on shear patterns may be the dose-dependent chemoreflex-mediated sympathoexcitation. Increases 

in muscle sympathetic nerve activity manifest rapidly (202, 306, 311, 341), and persist with 

sustained and chronic hypoxia (92, 138, 213). It has been established that α-adrenergic receptor 

blockade increases acute hypoxic forearm blood flow (399, 400), providing support that hypoxia-

mediated sympathetic vasoconstriction may influence upstream conduit artery hemodynamics; 

however acute hypoxia is associated with local vasodilation that offsets the sympathoexcitation 

(84). The balance of local vasodilation and sympathetic vasoconstriction alters arteriolar tone, and 

hence the critical pressure that must be overcome by arterial pressure to prevent the collapse of 

downstream vessels (329, 330). Retrograde flow is hypothesized to manifest when arterial pressure 
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falls below the critical pressure (136). For example, sympathoexcitatory maneuvers can decrease 

mean shear rate, and increase retrograde shear rate and OSI (260, 357), although sufficient increases 

in MAP (perfusion pressure) may mitigate these changes (260). In acute hypoxia MAP was non-

significantly (P=0.240) lower versus normoxia, and non-significant decreases in MAP alongside a 

maintained FVR may explain the increase in retrograde shear stress. The lower retrograde shear 

stress observed in sustained hypoxia compared to acute hypoxia may be due to the increased MAP 

in conjunction with (and ‘overcoming’) the increased FVR.   Thus, the degree of retrograde shear 

stress in the acute and sustained hypoxia conditions may be the result of different combined 

alterations in MAP and FVR which involve hypoxia induced changes in sympathoexcitation and 

compensatory vasodilation (35, 221, 400).  

  Recently, a separate investigation from the same expedition reported that short, mild 

sympathoexcitation and sympathoinhibition (via lower body negative and positive pressure, 

respectively) did not alter shear rate magnitude or pattern, or FMD at sea level or after 11-14 days 

at high altitude (386). Whether greater levels of sympathoinhibition (i.e. local pharmacological 

receptor blockade) ameliorates shear stress and FMD under hypoxic conditions is unknown and 

requires future investigation.  

5.6.4 The impact of hypoxia on FMD 

As indicated above we observed a significant decline in FMD in acute and sustained hypoxia 

compared to normoxia; the mean relative decreases in FMD in acute (-29±48%,) and sustained 

hypoxia (-25±31%) were broadly similar to those observed on a similar research expedition to the 

Ev-K2-CNR Pyramid Laboratory in 2012 (acute hypoxia [FiO2=0.11]: -28%, sustained hypoxia: -

8%) (204). Indeed, the change in baseline antegrade and mean shear stress correlated with the 

change in pre-intervention FMD, suggesting that low shear stress is associated with reductions in 

FMD during acute and sustained hypoxia. Thus, the influence of hypoxia on FMD may be mediated 

indirectly by its effect on shear stress pattern/magnitude. In addition, changes in FMD from 
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normoxia to acute and sustained hypoxia correlated with one another (Figure 5-4C) suggesting that 

individual vulnerability to hypoxia associated endothelial dysfunction is somewhat consistent over 

time with prolonged exposure. Variability of FMD in response to hypoxia in lowlanders is 

common, with some studies reporting reductions (16, 107, 108, 204, 205, 386), and others reporting 

no change in FMD (42, 156, 299, 378, 385). Factors including cardiovascular risk (107, 108), 

duration and severity of hypoxia (42, 205), prophylaxis (16), active versus passive ascent (42, 284), 

isocapnic versus poikilocapnic hypoxia (204, 205), FMD protocol (108, 156), and differences in 

FMD stimulus (16, 204, 378) likely contribute to the non-uniform findings regarding FMD in 

hypoxia. To assist in addressing the latter point, we measured blood viscosity to calculate shear 

stress, as opposed to providing shear rate as a surrogate. Sustained hypoxia reduces plasma volume 

and increases red blood cell volume (331), eliciting increases in hematocrit, and subsequently 

whole blood viscosity. Indeed, without accounting for viscosity, the SSAUC during sustained 

hypoxia would have been underestimated by ~25%, highlighting the importance of measuring 

blood viscosity during sustained hypoxia. Future investigations should seek to elucidate the 

relationship between shear stress and FMD under hypoxic conditions via controlled, stepwise 

alterations in shear stress [i.e. progressive handgrip exercise (413) and/or skin heating (26)]. 

5.6.5 Methodological considerations 

We did not assess endothelium-independent vasodilation (i.e. sublingual nitroglycerine). 

Endothelium-independent vasodilation is not influenced by acute perturbations in shear stress 

(365), however a decrease in endothelium-independent vasodilation has been observed in acute 

(205) and sustained hypoxia (204). Thus, it is possible that a decrease in vascular smooth muscle 

function contributed to the reduction in FMD with hypoxia. Another limitation was the lack of a 

time-control control condition. However, studies employing a similar intervention have found no 

change in FMD in the contralateral (i.e., control) arm following 30 minutes of rest (170, 359, 370). 

Further, although the presence of retrograde shear rate at the vessel wall has been observed under 
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resting conditions in the brachial artery (415), in the present study shear stress is derived from the 

whole vessel cross section and it is unclear whether the observed alterations in shear stress during 

the OSS intervention are reflective of the wall shear stress. The complexity of flow patterns that 

manifest at the arterial wall during this intervention merits future characterization [i.e. using multi-

gate Doppler (3)]. Lastly, while these findings demonstrate hypoxia-associated reductions in FMD, 

the study was conducted on young, healthy males. Therefore, the results cannot be generalized 

beyond the tested population. Future work is required to investigate the influence of acute and 

sustained hypoxia exposure on women, older and/or clinical populations, and high altitude natives.   

5.6.6 Conclusion 

A thirty-minute exposure to augmented OSS caused brachial artery endothelial dysfunction in 

normoxia, but not during acute or sustained hypoxia. The decline in FMD in acute and sustained 

hypoxia, which may in part be due to altered baseline shear stress magnitude and pattern, may 

supersede any further impairment by cuff-induced OSS. Uncovering the mechanisms responsible 

for the altered shear stress in acute and sustained hypoxia may provide insight on the indirect 

actions of hypoxia on endothelial function. 
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Chapter 6 

Global REACH 2018: High blood viscosity and hemoglobin 

concentration contribute to reduced flow-mediated dilation in high 

altitude excessive erythrocytosis 

Chapter 6 is in press (374) as: 

Tremblay JC, Hoiland RL, Howe CA, Coombs GB, Vizcardo-Galindo GA, Figueroa-Mujíca 

RJ, Bermudez D, Gibbons TD, Stacey B, Bailey DM, Tymko MM, MacLeod DB, Gasho C, 

Villafuerte FC, Pyke KE, Ainslie PN. Global REACH 2018: High blood viscosity and 

hemoglobin concentration contribute to reduced flow-mediated dilation in high-altitude excessive 

erythrocytosis. Hypertension. 
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6.1 Abstract 

Excessive erythrocytosis (EE; hemoglobin concentration [Hb] ≥21 g dl-1 in adult males) is 

associated with increased cardiovascular risk in highlander Andeans. We sought to quantify shear 

stress and assess endothelial function via flow-mediated dilation (FMD) in male Andeans with and 

without EE. We hypothesized that FMD would be impaired in Andeans with EE after accounting 

for shear stress and that FMD would improve after isovolemic hemodilution. Brachial artery shear 

stress and FMD were assessed in 23 male Andeans without EE (age: 40±15 years [mean±SD], Hb 

<21g dl-1) and 19 male Andeans with EE (age: 43±14 years, Hb ≥21 g dl-1) in Cerro de Pasco, Peru 

(4330 m). Shear stress was quantified from Duplex ultrasound measures of shear rate and blood 

viscosity. In a subset of participants (n=8), FMD was performed before and after isovolemic 

hemodilution with blood volume replaced by an equal volume of human serum albumin. Blood 

viscosity and Hb were 48% and 23% higher (both P<0.001) and FMD was 28% lower after 

adjusting for the shear stress stimulus (P=0.013) in Andeans with EE compared to those without. 

FMD was inversely correlated with blood viscosity (r2=0.303, P<0.001) and Hb (r2=0.230, 

P=0.001). Isovolemic hemodilution decreased blood viscosity by 30±10% and Hb by 14±5% (both 

P<0.001) and improved shear stress stimulus-adjusted FMD from 2.7±1.9% to 4.3±1.9% 

(P=0.022). Hyperviscosity, high Hb, or both, actively contribute to acutely reversible impairments 

in FMD in EE, suggesting that this plays a pathogenic role in the increased cardiovascular risk. 

6.2 Introduction 

Chronic mountain sickness (CMS) is a maladaptive high-altitude disease characterized by 

excessive erythrocytosis (EE) and severe hypoxemia that is associated with increased 

cardiovascular risk (71). Approximately 5-10% of high-altitude residents exhibit EE, which is a 

major public health problem primarily in the Andes, but also in Kyrgyzstan, Northern India, and 

among migrants to high-altitude in Tibet and the United States (266, 268, 310, 390). One of the 

highest reported prevalences is in the mining city of Cerro de Pasco, Peru, where 15% of men aged 
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30-39 years, and 34% aged 60-69 years exhibit EE (hemoglobin concentration (Hb) ≥21 g dl-1) 

(196, 236). Despite its prevalence and potential for cardiovascular complications, the impact of EE 

on the systemic vasculature has received little attention in the literature. To date, only one group 

has investigated systemic endothelial function in Andeans with EE and observed impaired flow-

mediated dilation (FMD) compared to Andeans without EE (15, 293, 300), which may partially 

reflect the increased oxidative-nitrosative stress in EE indicated by a free radical-mediated 

reduction in the systemic bioavailability of nitric oxide (NO) (14, 15, 164). However, understanding 

of the mechanisms and extent of endothelial dysfunction in Andeans with EE is limited because 

the  shear stress stimulus (the product of blood viscosity and shear rate) was not assessed.  

 Given the high hematocrit in EE, blood viscosity is likely much higher compared to non-

EE Andeans (154, 394, 402). Moderate elevations in hematocrit, and therefore blood viscosity, can 

be beneficial to vascular health due to increased shear stress-associated NO release (312, 387). 

However, if the resistance to flow incurred by blood viscosity exceeds the shear stress-associated 

vasodilation, hyperviscosity impairs perfusion and can increase arterial pressure (247, 298, 312). 

Additionally, in EE, NO scavenging by Hb may limit shear stress-associated NO-induced 

vasodilation (12, 82, 312). Thus, documenting the interplay between Hb, viscosity, shear stress and 

FMD in a population characterized by marked hyperviscosity and noted endothelial dysfunction 

(15, 300) may provide insight into a potential mechanism that could be directly responsible for the 

increased cardiovascular risk in high-altitude EE. 

 We sought to determine [1] endothelial function by identifying the shear stress stimulus 

and FMD in Andeans with and without EE, and [2] whether acute reductions in Hb and blood 

viscosity  via isovolemic hemodilution (IVHD) improve FMD. We hypothesized that FMD would 

be impaired in Andeans with EE even after accounting for shear stress and FMD would improve 

after IVHD. Our findings indicate that hyperviscosity and high Hb contribute to reduced FMD and 

likely mediate the increased cardiovascular risk in Andeans with EE.  
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6.3 Materials and Methods 

The individual data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

6.3.1 Ethical Approval 

The Clinical Research Ethics Board of the University of British Columbia (H17-02687 and H18-

01404), the Queen’s University Health Sciences Research Ethics Board (#6023174), and the 

Universidad Peruana Cayetano Heredia Comité de Ética (#101686) approved all experimental 

procedures and protocols in adherence with the principles of the Declaration of Helsinki (except 

registration in a database). All participants read an in-depth study information form translated into 

Spanish, spoke with a Peruvian research assistant and provided written informed consent in Spanish 

prior to participating.  

6.3.2 Participants and experimental protocol 

Male Andean participants who were born and have been permanently living in Cerro de Pasco 

(4330m above sea-level) or the Pasco region who were not taking any medications and did not 

work in the mining industry were included in the study (detailed in Tymko et al., under review and 

the online-only supplement, please see http://hyper.ahajournals.org). Participants were classified 

as either with EE (n=19, Hb ≥21 g dl-1) or without EE (n=23, Hb <21 g dl-1). The severity of CMS 

symptoms was determined using the Qinghai CMS score (197). A score of 0 (absent) to 3 (severe) 

was assigned for the following signs and symptoms: breathlessness/palpitations, sleep disturbance, 

cyanosis, venodilation, paresthesia, headache, and tinnitus. The presence of EE (≥ 21 g dl-1) adds 3 

to the score. The sum of the score for each symptom and EE defines CMS severity as absent (0-5), 

mild (6-10), moderate (11-14), and severe (≥ 15). One participant without and five participants with 

EE were smokers and refrained from smoking the day of testing. Participants were tested a 

minimum of 6h post-prandial, 12h post-caffeine/alcohol, and 24h post-exercise (358). A venous 

blood sample was drawn to measure blood viscosity, Hb, and hematocrit. After lying supine for a 
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minimum of 20 minutes, baseline blood pressure (automated blood pressure, measured in duplicate, 

Life Source, UA-767FAM, Canada) and oxyhemoglobin saturation (pulse oximetry, SpO2; Nonin 

Medical, USA) were obtained. Participants rested in the supine position for 30 minutes prior to 

assessment of FMD. All participants with EE during the screening visit were invited to participate 

in an IVHD study and eight volunteered. FMD was performed before and after IVHD on a separate 

laboratory visit (n=8).   

6.3.3 Doppler Ultrasound 

All measurements were performed by experienced sonographers with a 10 MHz multifrequency 

linear array probe (15L4 Smart Mark, Teratech, USA) attached to a high-resolution ultrasound 

machine (Terason usmart 3300, Teratech, USA). Diameter and blood velocity recordings of the left 

brachial artery were obtained using Duplex ultrasound (Terason usmart 3300, Teratech, USA). The 

angle of insonation for the acquisition of velocity was 60°. Screen capture of the ultrasound was 

saved as an audio video interleave file (Camtasia Studio, Techsmith Co, Ltd, USA) for future 

analysis. 

6.3.4 Flow-mediated dilation 

FMD was performed in adherence with recommended guidelines (139, 358). One-minute of 

baseline brachial artery diameter and blood velocity was acquired via Duplex ultrasound. 

Subsequently, a pneumatic cuff placed distal to the epicondyles was inflated to 250 mmHg for five 

minutes. The cuff was then rapidly deflated and ultrasound imaging persisted for three minutes 

post-deflation. Screen capture of the ultrasound was saved as an audio-video interleave file 

(Camtasia Studio) for future analysis using edge-detection software (409). 

6.3.5 Isovolemic hemodilution 

Under local anesthesia (Lidocaine, 1.0 %) and ultrasound guidance, a 20-gauge arterial catheter 

(Arrow, Markham, ON, Canada) was placed in the radial or brachial artery. Following arterial 
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catheterization, baseline measurements of FMD were performed in the contralateral arm and 

arterial blood gases, pH, total bioactive plasma NO (see below), oxyhemoglobin saturation (SaO2), 

blood viscosity, Hb, hematocrit, and intra-arterial pressure were recorded. Afterwards, ~20 % of 

blood volume was removed and simultaneously replaced with an equal volume of 37 ºC, 5 % human 

serum albumin (result: 1063±320 ml; 17.2±6.6 % of total blood volume). The hemodilution 

protocol took between 60-to-120 minutes. All measures were re-assessed after IVHD.  

6.3.6 Hematological and biochemical analyses 

Hematological and biochemical analyses were performed on venous blood samples in the Andeans 

with versus without EE comparison and arterial blood samples for the IVHD protocol (detailed in 

online-only supplement, please see http://hyper.ahajournals.org). Whole blood viscosity was 

measured in duplicate at a shear rate 225 s-1 at 37 ºC using a cone and plate viscometer (DV2T 

Viscometer, Brookfield Amtek, USA) and a circulating water heating bath (TC-150, Brookfield 

Amtek, USA) (19, 120). Arterial blood gases, Hb, hematocrit, and SaO2 were obtained from a blood 

gas analyzer (ABL-90, Radiometer, Denmark). In a subset of participants in the IVHD trial (n=6), 

ozone-based chemiluminescence (Sievers NOA™ 280i, Analytix Ltd, Durham, UK) was employed 

to detect the combined concentration of plasma-borne nitrite (NO) and S-nitrosothiols (RSNO) via 

chemical reagent cleavage as previously described 28. The intra- and inter-assay coefficient of 

variations were <10 %.  

6.3.7 Data analysis 

Observers were blinded to participant status for all analyses. 

Shear stress 

Shear stress was calculated as the product of shear rate (4 × peak envelope blood velocity / arterial 

diameter) and whole blood viscosity at a shear rate of 225 s-1 (120, 373). Antegrade, retrograde, 

and mean shear stress were calculated from positive, negative, and mean blood velocities, 
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respectively. The oscillatory shear index was calculated as |retrograde shear stress| / (|antegrade 

shear stress| + |retrograde shear stress|) (240). 

Flow-mediated dilation 

Edge-detection software (FMD/BloodFlow Software Version 5.1, Reed C, Australia) (409) 

automatically detected peak diameter using a moving window-smoothed median across time post-

cuff deflation. FMD was calculated as the relative and absolute difference between peak and 

baseline diameter. Although shear rate is a suitable surrogate when comparing homogenous, 

healthy groups at sea level (264), blood viscosity changes influence interpretation in high-altitude 

studies (373, 375). The FMD stimulus was therefore quantified as the shear stress area under the 

curve (SSAUC60) 60-seconds post-cuff deflation (282). Peak reactive hyperemia, vascular 

conductance, and total reactive hyperemia were acquired as indices of resistance vessel function 

(6, 145, 151, 235). Blood flow was calculated as peak envelope blood velocity / 2 × [π(0.5 × 

diameter)2] and vascular conductance was calculated as blood flow / mean arterial pressure. Peak 

reactive hyperemia was calculated as the greatest three-second post-occlusion blood flow, and peak 

vascular conductance was calculated as peak reactive hyperemia / mean arterial pressure. Total 

reactive hyperemia was calculated as the blood flow area under the curve three- minutes post-cuff 

deflation. 

6.3.8 Statistical Analysis 

All statistical analyses were performed using IBM SPSS 24 (International Business Machines Corp, 

USA). Data are presented as mean ± standard deviation. Data were assessed for normality using 

the Shapiro-Wilk Test. When data were not normally distributed, Mann-Whitney Rank Sum Tests 

were performed. All normally distributed data were analyzed using a linear mixed model unless 

otherwise noted with a compound symmetry co-variance structure with significance set at P<0.05. 

Participant characteristics, baseline cardiovascular variables, and FMD-associated parameters were 

compared between groups. The effect of IVHD on hemodynamic, blood, and FMD parameters was 
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assessed with time (pre versus post) as a repeated factor. To account for potential effects of shear 

stress stimulus on FMD, analysis was additionally performed with the SSAUC60 as a covariate (257). 

The slope of the Hb and blood viscosity relationship in Andeans with and without EE was compared 

using analysis of covariance. Linear regression analyses were performed between FMD and Hb, 

blood viscosity, and SpO2.  

6.4 Results 

The individual data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

6.4.1 Participant characteristics (Table 6-1) 

Peak oxygen uptake and work rate did not differ between groups as reported and described in detail 

elsewhere (Tymko et al., under review). CMS scores were higher and SpO2 lower in Andeans with 

(n=19) versus without EE (n=23). The relationship between Hb and whole blood viscosity is 

displayed in Figure 6-1A. The slope of this relationship was steeper amongst Andeans with 

compared to without EE (P=0.016). Hb and blood viscosity were 23 % and 48 % higher in Andeans 

with versus without EE (P<0.001; Figure 6-1B, C). Four participants (all with EE) had blood 

viscosities that exceeded the upper limit of the viscometer, thus 10.22 cP (the upper limit of the 

viscometer) was used as an underestimation of their blood viscosity. Including smoking status as a 

covariate did not impact our findings and FMD in smokers and nonsmokers were not different 

(smokers: 6.7 ± 3.1 %, nonsmokers: 6.8 ± 3.0 %; P=0.959). 
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Table 6-1. Participant characteristics. 

 Without EE With EE P-value 

n 23 19  

Age (years) 40±15 43±14 0.526 

Height (m) 1.61±0.04 1.61±0.06 0.924 

Mass (kg) 68±12 67±11 0.929† 

BMI (kg m-2) 26±5 26±3 0.727 

Systolic Blood Pressure (mmHg) 115±12 117±11 0.662 

Diastolic Blood Pressure (mmHg) 72±10 78±10 0.059 

Mean Arterial Pressure (mmHg) 86±11 91±10 0.168 

Heart Rate (bpm) 73±13 67±9 0.075 

Hematocrit (%) 57±6 70±4* <0.001† 

SpO2 (%) 87±4 83±4* <0.001 

CMS Score 1±2 7±3* <0.001† 

Data are presented as mean±SD. BMI, body mass index; CMS, chronic mountain sickness; EE, 

excessive erythrocytosis; SpO2, oxyhemoglobin saturation from pulse oximetry. *, P<0.05 

versus Andeans without EE; †, Mann-Whitney Rank Sum Test performed. 
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Figure 6-1. Hemoglobin concentration, whole blood viscosity, and flow-mediated dilation in 

Andeans with and without excessive erythrocytosis. 

The relationship between whole blood viscosity and hemoglobin concentration (Hb; panel A). The 

slope of viscosity and Hb in individuals with excessive erythrocytosis is steeper than healthy 

individuals (0.7328 versus 0.4108; P=0.0159). Dashed lines indicate the 95% confidence intervals. 
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Hb (panel B), whole blood viscosity (panel C), flow-mediated dilation (FMD; panel D), and shear 

stress stimulus (shear stress area under the curve 60 seconds post-cuff deflation, SSAUC60) – 

adjusted FMD (panel E) in Andeans with versus Andeans without excessive erythrocytosis (EE). 

*, P<0.05 versus Andeans without EE. Hb was compared using the Mann-Whitney Rank Sum Test. 

6.4.2 FMD and microvascular function (Table 6-2) 

The baseline brachial artery diameter was 14 % greater in Andeans with compared to without EE 

(P=0.001) and related to blood viscosity (r2=0.311, P<0.001). Baseline shear stress parameters were 

not different between groups. FMD was 31 % lower in Andeans with versus without EE (P=0.008; 

Figure 6-1D). After covariate-adjustment for the shear stress stimulus (SSAUC60; P=0.415 between 

groups), FMD was 28% lower in Andeans with versus without EE (P=0.013; Figure 6-1E). Indices 

of microvascular function (i.e. reactive hyperemia) did not differ between groups. FMD was 

inversely correlated with Hb (r2=0.230, P=0.001) and blood viscosity (r2=0.303, P<0.001) and 

positively correlated with SpO2 (r2=0.256, P=0.001) (Figure 6-2).  
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Table 6-2. Parameters for flow-mediated dilation (FMD) and microvascular function 

assessment. 

 Without EE With EE P-value 

n 23 19  

Baseline Diameter (mm) 3.86±0.45 4.42±0.59* 0.001 

Peak Diameter (mm) 4.15±0.43 4.64±0.57* 0.003 

Absolute FMD (mm) 0.29±0.11 0.22±0.08* 0.035 

SSAUC60 (103) 12.1±3.9 11.0±4.5 0.415 

Time to Peak Diameter (s) 53±17 63±39 0.820† 

Baseline Mean Shear Stress (dyn cm-2) 5.47±3.35 5.61±4.74 0.596† 

Baseline Antegrade Shear Stress (dyn cm-2) 6.24±2.99 6.88±4.21 1.000† 

Baseline Retrograde Shear Stress (dyn cm-2) -0.76±0.79 -1.28±1.19 0.180† 

Baseline Oscillatory Shear Index 0.13±0.13 0.18±0.14 0.206† 

Baseline Blood Flow (ml min-1) 33±26 32±25 0.705† 

Baseline Vascular Conductance (ml min-1 

mmHg-1) 

0.39±0.32 0.35±0.27 0.544† 

Peak Reactive Hyperemia (ml) 233±87 220±55 0.590 

Peak Vascular Conductance (ml min-1 mmHg-

1) 

2.77±1.15 2.44±0.62 0.270 

Total Reactive Hyperemia (liters) 13.4±6.7 11.1±5.1 0.312† 

Data are presented as mean±SD. SSAUC60, shear stress area under the curve 60 seconds post cuff 

deflation. *, P<0.05 versus healthy; †, Mann-Whitney Rank Sum Test performed. 
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Figure 6-2. Relationships between hemoglobin concentration (Hb, panel A), whole blood viscosity 

(panel B), and SpO2 (panel C) and flow-mediated dilation (FMD) in highlander Andeans. 
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6.4.3 IHVD (Table 6-3) 

IVHD decreased Hb by 14 ± 5 % and blood viscosity by 30 ± 10 % (both P<0.001; Figure 6-3A 

and B). FMD increased from 2.9 ± 2.1 % to 4.1 ± 2.0 % following hemodilution (P=0.036; Figure 

6-3C). There was a trend towards a lower SSAUC60 post-hemodilution (P=0.076) and indices of 

microvascular function were not different. The improvement in FMD persisted after covariate-

adjustment for SSAUC60 (P=0.022; Figure 6-3D). Of note, the only participant to experience a 

decrease in FMD post-hemodilution had the lowest pre-hemodilution Hb. In contrast, IVHD did 

not alter the vascular bioavailability of (plasma) NO. 
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Table 6-3. Participant characteristics and flow-mediated dilation and microvascular function 

assessment parameters pre- and post-isovolemic hemodilution. 

 Pre Post P-value 

n 8  

Age (years) 43±19  

BMI (kg m-2) 26±3  

CMS Score 6±3  

Systolic Blood Pressure (mmHg) 151±29 127±26 0.052 

Diastolic Blood Pressure (mmHg) 76±7 72±12 0.384 

Mean Arterial Pressure (mmHg) 101±14 90±16 0.063 

Heart Rate (bpm) 69±11 77±15 0.088 

Hemoglobin concentration (g dl-1) 22.1±1.7 19.1±1.7* <0.001 

Hematocrit (%) 68±5 58±5* <0.001 

SaO2 (%) 75±6 72±6 0.225 

PaO2 (mmHg) (n=6) 42±5 41±5 0.393 

PaCO2 (mmHg) (n=6) 36±3 36±2 0.847 

Arterial pH (n=6) 7.41±0.01 7.39±0.01* 0.028 

Total bioactive NO (nM) (n=6) 53±23 48±11 0.738 

Baseline Diameter (mm) 4.51±0.38 4.49±0.47 0.852 

Peak Diameter (mm) 4.64±0.39 4.67±0.50 0.725 

FMD (mm) 0.13±0.10 0.18±0.10* 0.038 

SSAUC60 (103) 13.7±6.3 9.9±5.2 0.076 

Time to Peak Diameter (s) 62±16 85±17* 0.038 

Mean Shear Stress (dyn cm-2) 8.07±5.49 5.10±3.02 0.092 

Antegrade Shear Stress (dyn cm-2) 9.77±4.56 7.70±2.33 0.105 

Retrograde Shear Stress (dyn cm-2) -1.70±1.07 -2.61±1.46 0.184 

Oscillatory Shear Index 0.18±0.14 0.25±0.14 0.290 

Baseline Blood Flow (ml min-1) 56±42 36±25 0.102 

Baseline Vascular Conductance (ml min-1 

mmHg-1) 

0.56±0.43 0.42±0.33 0.118 

Peak Reactive Hyperemia (ml min-1) 239±85 280±123 0.296 

Peak Vascular Conductance (ml min-1 

mmHg-1) 

2.40±0.96 3.23±1.51 0.083 

Total Reactive Hyperemia (liters) 17.1±9.1 16.9±11.3 0.941 

Data are presented as mean±SD. CMS, chronic mountain sickness; FMD, flow-mediated 

dilation; SaO2, arterial oxyhemoglobin saturation; SSAUC60, shear stress area under the curve 60 

seconds post cuff deflation. Total bioactive nitric oxide (NO) refers to the combined 

concentration of (plasma) nitrite and S-nitrosothiols.  *, P<0.05 versus pre. 
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Figure 6-3. Hemoglobin concentration, whole blood viscosity, and flow-mediated dilation before 

and after isovolemic hemodilution. 

Hemoglobin concentration (Hb; panel A), whole blood viscosity (panel B), flow-mediated dilation 

(FMD; panel C), and shear stress stimulus (shear stress area under the curve 60 seconds post-cuff 
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deflation, SSAUC60) – adjusted FMD (panel D) pre- and post-hemodilution. *, P<0.05 pre- versus 

post-hemodilution. 

6.5 Discussion 

We have provided the first comprehensive assessment of shear stress-associated endothelial 

function in high-altitude Andeans, a population with a high prevalence of EE. The primary findings 

were that 1) FMD was lower in Andeans with EE than without when accounting for the shear stress 

stimulus, 2) FMD was inversely related to both blood viscosity and Hb, and 3) FMD improved 

following IVHD-induced reductions in Hb and whole blood viscosity without changes in plasma 

bioactive NO. Collectively, these findings suggest that hyperviscosity and/or high Hb in Andeans 

with EE contributes to the reduced FMD by mechanisms that appear to be independent of basal 

plasma bioactive NO. This may be considered an important vascular property that predisposes 

Andeans with EE to increased cardiovascular risk. 

The findings of the present investigation are consistent with previous observations of 

impaired FMD in Andeans with CMS compared to those without (15, 293, 300). Importantly, these 

findings confirm the evidence of reduced FMD by measuring and adjusting for the shear stress 

stimulus for FMD (114, 256, 257). The magnitude of reduction in FMD in this population was 

related to whole blood viscosity and Hb, suggesting that the EE-associated hyperviscosity and/or 

high Hb contributes, at least in part, to the impaired endothelial function. Hemodilution in 

polycythemic patients has previously been shown to improve FMD (177) and is a common, 

although incompletely understood, treatment option in CMS (75, 219, 238, 302, 339, 408) that may 

help to liberate bioavailable NO by reducing Hb-mediated scavenging (12, 82, 312). In the present 

investigation, IVHD decreased blood viscosity and Hb, without changing SaO2 or basal plasma 

bioactive NO, and improved FMD. The finding of no net effect of IVHD on plasma bioactive NO, 

the “reactant” of oxidative-nitrosative stress (15, 309), suggests that acute improvements in FMD 

following IVHD were independent of the measured changes in oxidative-nitrosative stress (as 
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indexed via plasma NO). This finding provides experimental evidence that the reduced FMD is 

acutely mediated, in part, by high levels of blood viscosity and/or Hb scavenging of NO. Rimoldi, 

et al. (300) did not observe changes in FMD following hemodilution in nine participants with CMS; 

however, our hemodilution protocol differed in two ways. First, we replaced blood with human 

serum albumin as opposed to saline to ensure the fluid remained in the intravascular space. Second, 

we observed a threefold greater reduction in Hb (22.1 ± 1.7 g dl-1 to 19.1 ± 1.7 g dl-1 versus 21.4 ± 

1.0 g dl-1 to 20.4 ± 1.3 g dl-1). Thus, the magnitude of hemodilution in the study by Rimoldi, et al. 

(300) may not have been sufficient to improve FMD. By contrast, Rimoldi, et al. (300) 

demonstrated that oxygen supplementation improved FMD in hypoxemic participants, perhaps 

because oxygenated red blood cells scavenge NO at a slower rate than deoxygenated red blood 

cells (12). In line with this observation, we noted a correlation between SpO2 and FMD (r2=0.256, 

P=0.001). Taken together, the complex profile of EE and chronic hypoxemia appears to likely plays 

a critical role in the association of EE and cardiovascular risk (71) in high-altitude Andeans. 

Blood viscosity elicits opposing resistive and shear stress-associated vasodilatory effects 

on hemodynamics (223, 313). Modest increases in blood viscosity have been shown to reduce blood 

pressure via increased shear stress-associated NO formation but increasing viscosity >50% 

increased blood pressure (223). Moderate polycythemia may be associated with greater FMD in 

hypoxemic patients (39). However, the relationship between blood viscosity and Hb becomes 

steeper in Andeans with EE (Figure 6-1A). Although the mechanisms that determine this 

relationship remain to be established (see below), endothelial dysfunction in instances of high 

levels of blood viscosity and Hb may render individuals especially susceptible to increased 

cardiovascular risk as both whole blood viscosity (212, 410) and reduced FMD (157, 286) predict 

cardiovascular risk and events.  

Enlarged brachial artery diameters have previously been reported in participants with EE 

(300), which appears to be a phenotypic characteristic of this maladaptive response to chronic 
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hypoxemia. The large diameter may be the result of structural adaptations in response to high blood 

viscosity-associated shear stress, the so-called shear stress normalization hypothesis (119, 173). 

Additionally, there may be a role for chronic hypoxemia in maintaining the conduit artery in a 

vasodilated state, supported by the observation that oxygen supplementation decreases brachial 

artery diameter in patients with CMS (300). Thus, enlarged conduit artery diameter is a 

fundamental component of EE pathophysiology. In non-EE populations, an inverse relationship 

between baseline diameter and FMD has been observed (10). This has been interpreted to suggest 

that the same endothelial function is reflected by a progressively smaller percent and absolute FMD 

response as baseline artery dimensions increase (10). However, FMD increased with hemodilution 

while baseline artery diameter did not change, providing support that the larger baseline diameters 

per se do not explain the impaired FMD in EE.  

We have identified a role for high Hb and/or blood viscosity in contributing to the reduced 

FMD in Andeans with EE. However, the mechanisms responsible for the low FMD in Andeans 

with EE are likely multifaceted and cannot be completely elucidated from the present study. For 

instance, increased systemic free radical formation has been reported in Andeans with EE compared 

to Andeans without (15, 164), and this likely contributes to the lower FMD by chronically 

inactivating NO (oxidative-nitrosative stress) (15, 309). Additionally, cell-free Hb is a 1000-fold 

more potent NO scavenger (49, 85, 210, 290) than red blood cell Hb and can impair endothelium-

dependent vasodilation (290, 301). Polycythemic patients at sea level have elevated levels of cell-

free Hb compared to healthy control participants, and polycythemic patients with hypertension have 

higher cell-free Hb compared to normotensive polycythemic patients (308). Thus, cell-free Hb may 

play a role in the NO scavenging and subsequent reduced FMD and increased cardiovascular risk 

in Andeans with EE (71). Further, measures of erythropoietin to soluble erythropoietin receptor (an 

erythropoietin antagonist) ratio may have provided additional mechanistic insight, as this ratio is 

increased in CMS (391, 392) and erythropoietin has been shown to impair endothelial function in 
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humans (8). Therefore, future investigations should investigate markers of oxidative stress, NO 

bioavailability (in both plasma and red blood cell), cell-free Hb, and levels of erythropoietin to 

better dissect the mechanisms linking EE with reduced FMD and related adverse vascular 

outcomes. 

6.6 Perspectives 

Andean highlanders with EE had reduced FMD compared to those without EE and blood viscosity 

and Hb correlated with FMD in this population. IVHD reduced Hb and blood viscosity and 

improved FMD. These findings identify an Hb/hyperviscosity-associated reduction in FMD as a 

potential mechanistic link between EE and increased cardiovascular risk. 
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6.11 Novelty and Significance 

What is New? 

- We tested the hypothesis that hyperviscosity and/or high hemoglobin concentration 

contribute to reduced flow-mediated dilation in highlander Andeans with excessive 

erythrocytosis (hemoglobin concentration ≥21 g dl-1) by 1) comparing shear stress and 

flow-mediated dilation (FMD) between Andeans with and without excessive 

erythrocytosis, and 2) performing FMD before and after isovolemic hemodilution in a 

subset of Andeans with excessive erythrocytosis. 

What is Relevant? 

- In cases of excessive erythrocytosis, the high levels of blood viscosity and/or hemoglobin 

concentration appear to contribute to reduced FMD. 

- Impaired FMD is likely an important mechanism contributing to the increased 

cardiovascular risk in high-altitude excessive erythrocytosis. 

Summary 

- Andeans with excessive erythrocytosis presented impaired shear stress-associated 

endothelial function compared to Andeans without excessive erythrocytosis. FMD was 

inversely correlated with blood viscosity and hemoglobin concentration. Isovolemic 

hemodilution reduced blood viscosity and hemoglobin concentration and improved FMD. 
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6.12 Online Supplement 

6.12.1 Materials and Methods 

Participant recruitment 

This study was a part of the Global Research Expedition on Altitude-related Chronic Health 

(REACH) to Cerro de Pasco, Peru (4330 m above sea-level) (Tymko et al, under review). As such, 

participants took part in multiple studies conducted at the Instituto de Investigaciones de la Altura 

in Cerro de Pasco. However, the a priori, primary research question addressed in the present report 

is novel. 

Andean participants were born and had been permanently living in Cerro de Pasco (4330 m) or the 

Pasco region. Study participants were included if they had no medical history of cardiovascular, 

cerebrovascular, pulmonary, metabolic disease, or history of working in the local mines. All study 

participants signed the approved consent form (Spanish forms were provided) after each study was 

thoroughly explained in their Spanish. Prior to voluntary consent, we provided opportunity for 

questions directly with the study principal investigator. An official translator was present for the 

entire testing duration to ensure proper communication was maintained between the researchers 

and participant. All participants were free to withdraw without justification or penalty from all 

experiments at any time. Andean highlanders were recruited through an established database 

compiled in-part by Dr. Villafuerte from the Universidad Peruana Cayetano Heredia, Lima, Peru. 

Highlanders were recruited by telephone by one of three local translators. During a familiarization 

visit to the high-altitude laboratory, a detailed family and altitude history was collected from all 

Andean participants including altitudes during childhood, in adulthood, and for the 12-months 

preceding the studies. All recruited Andean participants (and their parents) were born at, and 

permanently lived at high-altitude (within the Cerro de Pasco region). 

 

Hematological and biochemical analyses  
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Hematological and biochemical analyses for the Andeans with EE versus without EE were 

performed on venous blood samples, while these analyses are based on arterial blood samples in 

the hemodilution protocol. Venous blood (5 ml) was withdrawn into lithium heparin-coated 

vacutainers (Becton, Dickinson and Company, Mississauga, Canada) and tested within 15-minutes 

of acquisition. Arterial blood samples (3 ml) were collected into pre-heparinized syringes 

(safePICO syringes, Radiometer, Copenhagen, Denmark) for immediate blood gas analyses or 

EDTA Vacutainers® 320 (Becton, Dickinson and Company, Oxford, UK) containing either K2-

ethylenediaminetetraacetic acid (K2-EDTA) for measures of total bioactive plasma nitric oxide.  

 

Venous blood samples, acquired from all participants, and arterial blood samples, obtained only in 

the participants during the hemodilution protocol, were collected and analyzed by a stationary 

commercial blood gas (ABL90 Flex, Radiometer Canada). The Radiometer ABL90 analyzer 

aspirates blood samples into a chamber containing electrodes that are selective for the variables of 

interest and has been used extensively at high-altitude (43, 338, 384, 404, 405). The blood gas 

analyzer was calibrated at a minimum of every 8 h using manufacturer's standard internal quality 

checks, and external ampule-based quality checks were routinely performed to confirm internal 

calibrations.  

 

Arterial samples for total bioactive plasma nitric oxide measures (hemodilution protocol, only) 

were centrifuged at 600g (4°C) for 10-minutes immediately after acquisition. Plasma was decanted 

into 2 ml cryogenic vials (Simport™, Fischer Scientific Ltd, UK) and immediately snap frozen and 

stored in liquid nitrogen (-196 ºC). Samples were transported from Cerro de Pasco to Lima and 

shipped to the United Kingdom on dry ice (-78.5 ºC; Marken Ltd; temperature verified) for 

analyses.  
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Chapter 7 

Global REACH 2018: Impaired flow-mediated dilation stimulated by 

sustained increases in shear stress in high altitude excessive 

erythrocytosis 

Chapter 7 is in preparation as: 

Tremblay JC, Coombs GB, Howe CA, Vizcardo-Galindo GA, Figueroa-Mujíca RJ, 

Bermudez D, Tymko MM, Villafuerte FC, Ainslie PN, Pyke KE. Global REACH 2018: 

Impaired flow-mediated dilation stimulated by sustained increases in shear stress in high altitude 

excessive erythrocytosis 
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7.1 Abstract 

Excessive erythrocytosis (EE; hemoglobin concentration [Hb] ≥21 g dl-1 in adult males) is a 

maladaptive high-altitude pathology associated with increased cardiovascular risk. However, there 

is little information regarding the systemic vasculature in this population. We sought to characterize 

sustained shear stress stimulus flow-mediated dilation (SS-FMD) in response progressive handgrip 

exercise in Andeans with and without EE in Cerro de Pasco, Peru (4330m). Andean highlanders 

with (n=17, Hb=23.2±1.2 g dl-1) and without EE (n=23, Hb=18.7±1.9 g dl-1) performed three 

minutes of rhythmic handgrip exercise at intensities of 20%, 35%, and 50% maximum voluntary 

contraction (MVC). Duplex ultrasound was used to record blood velocity and diameter in the 

brachial artery in the last minute of each intensity. Whole blood viscosity was assessed to calculate 

shear stress. Although baseline shear stress did not differ, Andeans with EE had 22% lower shear 

stress than Andeans without EE at 50% MVC (P=0.004). At 35% and 50% MVC SS-FMD was 

2.1±2.0% and 2.8±2.7% in Andeans with EE compared to 4.1±3.4% and 7.5±4.5% in those without 

EE (P=0.048 and P<0.001). The stimulus-response slope (∆shear stress versus ∆diameter) was 

lower in Andeans with EE compared to Andeans without EE (P=0.028). When participants were 

pooled, this slope was correlated with Hb (r2=0.203, P=0.0035), blood viscosity (r2=0.148, 

P=0.014), and oxyhemoglobin saturation (r2=0.136, P=0.019). These findings report, for the first 

time, an impaired SS-FMD in response to small muscle mass exercise in Andeans with EE and 

suggest a generalized reduction in endothelial sensitivity to shear stress in this population. 

7.2 New and Noteworthy 

High-altitude excessive erythrocytosis (EE; hemoglobin concentration ≥21 g dl-1) is a prevalent 

maladaptation to prolonged hypoxia associated with increased cardiovascular risk. We examined 

flow-mediated dilation in response to increases in shear stress achieved using progressive handgrip 

exercise (SS-FMD) in Andean highlanders with and without EE in Cerro de Pasco, Peru (4330m). 
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Andeans with EE demonstrated lower SS-FMD than those without. Heightened hemoglobin 

concentration, blood viscosity, and hypoxemia related to lower SS-FMD.  

7.3 Introduction 

Chronic mountain sickness (CMS) is a maladaptive high-altitude disease charactized by excessive 

erythrocytosis (EE; males > 21 g dl-1). Among the highest reported prevalence is in the mining city 

of Cerro de Pasco, Peru, where 15% of men aged 30-39, and 34% aged 60-69 present EE (196, 

236). A recent cross-sectional study in Cerro de Pasco identified an increased cardiovascular risk 

in Andeans with EE compared to Andeans without EE (71). Although the deleterious effects of EE 

on the pulmonary vasculature are well established (197, 268), little is known regarding the systemic 

vasculature.  

Testing Aymara participants (a population of Andean high-altitude natives) in La Paz, 

Bolivia (3600m), Rimoldi, et al. (300) observed increased carotid intima-media thickness, 

increased central arterial stiffness, and reduced endothleial function as indicated by impaired 

reactive hyperemia FMD (RH-FMD) in patients with CMS compared to age-matched, healthy 

Andeans. These patients did not present traditional cardiovascular risk factors, thus the vascular 

dysfunction is likely specific to CMS rather than pre-existing cardiovascular complications, and 

this provides important initial evidence of systemic vascular dysfunction in this population. As a 

part of the same expedition as the present study, we similarly observed lower RH-FMD in Andeans 

with EE compared to Andeans without EE which improved following isovolemic hemodilution 

(Chapter 6). This suggests that EE (high Hb and/or blood viscosity) contributes to reduced RH-

FMD in Andeans with EE. However, our understanding of the extent of impaired shear-mediated 

vasodilation in EE remains limited because the impact of EE on FMD in response to 

physiologically-relevent prolonged elevations in shear stress is unknown.  
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Sustained increases in shear stress occur often in daily life, for instance during exercise or 

in warm environments, when there is a sustained increase in microvascular conductance (376). 

Sustained increases in shear stress stimulate FMD (sustained stimulus FMD; SS-FMD) and this 

response thus forms a part of coordinated cardiovascular responses. Further, utilizing small muscle 

mass exercise to generate the shear stress stimulus permits the assessment of SS-FMD over a range 

of shear stress stimuli to create a stimulus-response relationship (214, 382, 412, 413). Isolated 

impairment of either RH or SS-FMD has been observed, suggesting that responses to transient (RH) 

and sustained increases in shear stress provide distinct insight regarding endotheilal function (24, 

102, 211, 336, 351).  The presence of combined RH and SS-FMD impairment may reflect more 

advanced dysfunction (28, 111).  Therefore, testing both responses provides a more comprehensive 

evaluation of endothelial function. Both RH- and SS-FMD are at least partially nitric oxide (NO)-

mediated (26, 127, 413), however the signaling transduction pathways (106, 188), subcellular 

sources of NO (101, 109), and contributions of other vasodilators may differ (27-29, 88, 103, 297, 

406). Given the chronic nature of  EE, and its association with heightened oxidative stress (14, 15, 

164) and RH-FMD impairment (15, 293, 300), we speculated that Andeans with EE would have 

lower SS-FMD compared to Andeans without EE. 

With this as a background, the purpose of this investigation was to assess SS-FMD and to 

construct stimulus response relationships in Andean highlanders with and without EE. The findings 

provide novel insight on the effects high-altitude EE on conduit artery shear-mediated vasodilation 

and on the potential mechanisms governing systemic vascular dysfunction (300), increased 

cardiovascular risk (71), and exercise (in)tolerance (131) in patients with CMS. 

7.4 Methods 

This study was a part of the Global Research Expedition on Altitude-related Chronic Health 

(REACH) to Cerro de Pasco, Peru (4330m above sea-level) (Tymko et al, under review). As such, 

participants took part in multiple studies conducted at the Instituto de Investigaciones de la Altura 
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in Cerro de Pasco. However, the a priori, primary research question addressed in the present report 

is novel. Participant characteristics and data on RH-FMD in these participants is published 

separately (Chapter 6). 

7.4.1 Ethical approval 

The Clinical Research Ethics Board of the University of British Columbia, the Queen’s University 

Health Sciences Research Ethics Board, and the Universidad Peruana Cayetano Heredia Comité de 

Ética approved all experimental procedures and protocols in adherence with the principles of the 

Declaration of Helsinki (except registration in a database). All participants read an in-depth study 

information form translated into Spanish, spoke with a Peruvian research assistant, and provided 

written informed consent in Spanish prior to participating.  

7.4.2 Participants 

Andean participants were born and had been permanently living in Cerro de Pasco (4330m) or the 

Pasco region. Study participants were included if they were men aged 18-70 years old without any 

medical history of cardiovascular, cerebrovascular, pulmonary, metabolic disease, or history of 

working in the local mines (detailed in Tymko et al, under review). Andeans with EE were 

classified by Hb ≥21 g dl-1 and Andeans without EE as Hb <21 g dl-1 on the day of testing (197). 

The severity of CMS signs and symptoms was determined using the Qinghai CMS score (197). A 

score of 0 (absent) to 3 (severe) was assigned for the following signs and symptoms: 

breathlessness/palpitations, sleep disturbance, cyanosis, venodilation, paresthesia, headache, and 

tinnitus. The presence of EE (≥ 21 g dl-1) adds 3 to the score. The sum of the score for each symptom 

and EE defines CMS severity as absent (0-5), mild (6-10), moderate (11-14), and severe (≥ 15). 

One Andean without EE and 5 Andeans with EE were smokers. 

7.4.3 Experimental Protocol 
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Participants were studied in the supine position, six hours post-prandial, 12h post-caffeine/alcohol, 

and 24h post-exercise. Participants refrained from smoking the day of testing. A venous blood 

sample was drawn to measure blood viscosity, Hb, and hematocrit. Two maximum voluntary 

contractions (MVC) were performed using a handgrip force transducer (MLT004/ST, 

ADInstruments, Colorado Springs, USA) with the highest recorded as MVC. After laying supine 

for a minimum of 20 minutes, baseline blood pressure (Life Source, UA-767FAM, Mississauga, 

Canada) and oxyhemoglobin saturation (pulse oximetry, SpO2; Nonin Medical, USA) were 

obtained. Participants subsequently completed the SS-FMD protocol. 

7.4.4 Experimental Measurements 

Blood measures  

Venous blood (5 mL) was withdrawn into lithium heparin-coated vacutainers (BD Canada, Canada) 

and tested within 15 minutes of acquisition. Whole blood viscosity was measured in duplicate at a 

shear rate 225 s-1 at 37ºC using a cone and plate viscometer (DV2T Viscometer, Brookfield Amtek, 

USA) and circulating heating water bath (TC-150, Brookfield Amtek, USA)  (19, 120). Hb, 

hematocrit, and SpO2 were obtained from a blood gas analyzer (ABL-90, Radiometer, Denmark).   

Duplex ultrasound 

Continuous diameter and blood velocity recordings of the brachial were obtained using Duplex 

ultrasound (Terason usmart 3300, Teratech, USA). The angle of insonation for the acquisition of 

velocity was 60°. Screen capture of the ultrasound was saved as an audio video interleave file 

(Camtasia Studio, Techsmith Co, Ltd, USA) for future analysis.  

Sustained stimulus flow-mediated dilation 

SS-FMD was assessed in the brachial artery via progressive rhythmic handgrip exercise, modified 

from the protocol of Wray, et al. (413). After one-minute of resting blood velocity and diameter 

recording, participants performed rhythmic handgrip exercise using a grip force transducer 
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(MLT004/ST Grip Force Transducer, ADInstruments, USA) at 20% MVC with a duty cycle of one 

second contraction to three seconds of relaxation (180) for three minutes. Participants continued 

performing handgrip exercise at 35% of their maximum voluntary contraction for three minutes, 

and lastly at 50% for three minutes. The rhythm was achieved via auditory (metronome) feedback 

(Pro Metronome, EUMLab – Xanin Technology GmbH, Berlin, Germany) and the intensity was 

maintained by visual (LabChart 8, ADInstruments, USA) and experimenter feedback. Blood 

velocity and diameter were continuously recorded throughout the SS-FMD protocol via Duplex 

ultrasound. 

7.4.5 Data analysis 

Mean arterial pressure 

Systolic and diastolic blood pressures were taken as the average of 2 measurements. Mean arterial 

pressure (MAP) was calculated as (2*diastolic blood pressure + systolic blood pressure) / 3.  

Brachial artery diameter 

Standardized software approaches were used to acquire and analyze the ultrasound recordings. A 

region of interest was placed around the highest quality portion of the B-mode longitudinal image 

of the artery. The software automatically and continuously tracks the walls of the vessel and 

velocity trace within the regions of interest at a frequency of 30 Hz (FMD/BloodFlow Software 

Version 5.1, Reed C, Australia) (409). Observers were blinded to participant group (i.e. with EE or 

without EE) for all ultrasound analyses (i.e. diameter, FMD, velocity, flow, and shear stress). 

Shear stress and blood flow 

Mean shear rate were calculated as 4*blood velocity / brachial artery diameter (120). Shear stress 

was calculated as shear rate × whole blood viscosity (in Poise) at a shear rate of 225 s-1 (120, 373). 

Blood flow in the brachial artery was calculated as peak envelope blood velocity / 2 × [π(0.5 × 
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diameter)2]. Shear stress and blood flow were measured at baseline and during the final minute 

(third minute) of handgrip exercise at each intensity (i.e. 20%, 35%, 50% MVC). 

Sustained stimulus flow-mediated dilation 

SS-FMD was calculated as the absolute (mm) and relative (%) change from baseline to diameter 

during the final minute (third minute) of handgrip exercise at each intensity (i.e. 20%, 35%, 50% 

MVC). The stimulus for SS-FMD was determined as the mean shear stress (281, 379) during the 

final minute of handgrip exercise at each intensity. Within-participant slopes of the change in 

diameter and change in mean shear stress with increasing intensities of handgrip exercise were 

calculated to represent the stimulus-response relationship (214, 382, 413). 

7.4.6 Statistical analysis 

All statistical analyses were performed using IBM SPSS 24 (International Business Machines Corp, 

USA). Data were assessed for normality using the Shapiro-Wilk Test. When data were not normally 

distributed Mann-Whitney Rank Sum Tests were performed. All normally-distributed data were 

analyzed using a linear mixed model with a compound symmetry co-variance structure with 

significance set at P<0.05 and are presented as mean ± standard deviation. Participant 

characteristics and baseline variables were compared between groups. Parameters during handgrip 

exercise (absolute and relative SS-FMD, shear stress, blood flow) were assessed using two-factor 

linear mixed models with group (Andeans with and without EE) and handgrip intensity (repeated 

variable; 20%, 35%, and 50% MVC). Diameter was assessed using a two-factor linear mixed model 

with group (Andeans with and without EE) and handgrip intensity (repeated variable; baseline 

[0%], 20%, 35%, and 50% MVC). Slopes of the changes in diameter and shear stress were 

compared between groups (413). Linear regression analysis was performed between the stimulus 

response slopes and blood viscosity, Hb, and SpO2. Outliers were identified as > upper quartile + 
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2.2 × interquartile range and < lower quartile - 2.2 × interquartile range (148). As only 5 participants 

were smokers, descriptive data on these participants are provided. 

7.5 Results 

7.5.1 Participant characteristics (Table 7-1) 

On the day of testing, 23 participants had Hb < 21 g dl-1 (Andeans without EE) and 19 had Hb ≥ 21 

g dl-1 (Andeans with EE). Two Andeans with EE participants were classified as outliers based on 

SS-FMD and excluded from group analysis (presented separately; see Outliers), therefore, analysis 

was performed on 23 Andeans without EE and 17 Andeans with EE. Participant age, BMI, MVC, 

systolic and mean arterial pressures did not differ between groups. There was a trend towards 

increased diastolic blood pressure in Andeans with EE (P=0.062). Hb and whole blood viscosity 

were 24% and 51% greater in Andeans with EE compared to Andeans without EE (both P<0.001). 

Andeans with EE had lower SpO2 compared to Andeans without EE (P<0.001). Baseline diameter 

was 19% larger in Andeans with EE compared to Andeans without EE (P<0.001) while baseline 

blood flow and mean shear stress did not differ between groups (P=0.682 and 0.198). 
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Table 7-1. Andean participant characteristics and baseline variables. 

 Without EE 

N=23 

With EE 

N=17 

P-value  

(Without vs 

With EE) 

Outliers 

1 2 

Age (years) 40±15 44±14 0.355 33 27 

Height (m) 1.61±0.04 1.61±0.06 0.894 1.61 1.60 

Mass (kg) 68±12 68±11 0.859a 56 61 

BMI (kg m-2) 26±5 26±3 0.945 21 24 

Systolic Blood Pressure 

(mmHg) 

115±12 117±11 0.661a 112 119 

Diastolic Blood Pressure 

(mmHg) 

72±10 78±10 0.061 70 82 

Mean Arterial Pressure 

(mmHg) 

86±11 91±10 0.171 84 94 

Hemoglobin (g dl-1) 18.7±1.9 23.2±1.2* <0.001a 21.3 21.5 

Hematocrit (%) 57±6 71±4* <0.001a 65 66 

Whole Blood Viscosity 

(cP) 

5.87±0.90 8.86±1.12* <0.001 7.39 7.41 

SpO2 (%) 87±4 82±3* <0.001 87 87 

CMS Score 1±2 7±3* <0.001a 3 5 

Maximum voluntary 

contraction (N) 

309±60 289±53 0.293 359 345 

Baseline Diameter (mm) 3.82±0.42 4.56±0.45* <0.001 3.25 3.13 

Baseline Mean Shear 

Stress (dyn cm-2) 

4.73±2.58 4.22±3.49 0.198a 4.10 5.93 

Baseline Blood Flow (ml 

min-1) 

27±15 26±18 0.682a 11 15 

Data are presented as mean±SD. BMI, body mass index; CMS, chronic mountain sickness; EE, 

excessive erythrocytosis; SpO2, oxyhemoglobin saturation from pulse oximetry. *, P<0.05 

versus without EE. a, Mann-Whitney Rank Sum Test performed. 
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7.5.2 Sustained stimulus flow-mediated dilation 

Shear stress (Figure 7-1A) and blood flow (Figure 7-1B) increased progressively with each increase 

in MVC in Andeans with EE and without EE. Blood flow and shear stress were 26% and 22% 

lower in Andeans with EE compared to Andeans without EE at 50% MVC (P=0.001, P=0.004).  

The absolute change in diameter during progressive handgrip exercise was smaller in Andeans with 

EE compared to those without at 50% MVC (P<0.001). The relative change in diameter during 

progressive handgrip exercise was lower in Andeans with EE compared to Andeans without EE at 

35% and 50% MVC (P=0.048 and P<0.001). The absolute and relative SS-FMD increased 

progressively with each MVC intensity in Andeans without EE (all P<0.001), while only 20% 

MVC and 50% MVC differed in Andeans with EE (absolute: P=0.013; relative: P=0.020) (Figure 

7-1 panels C and D). Diameter at rest and during handgrip exercise is presented in Figure 7-2. When 

comparing diameter during handgrip exercise to baseline, Andeans without EE had significant and 

progressive increases at each MVC. By contrast, Andeans with EE did not demonstrate significant 

increases in diameter from baseline until 35% MVC. The diameter during 35% MVC and 50% 

MVC did not differ in Andeans with EE (P=0.307). Descriptive data on smokers versus nonsmokers 

are presented in Table 7-2. 

The stimulus-response slope (within-participant ∆ shear stress versus ∆ diameter; Figure 7-3) was 

0.027±0.023 mm (dyn cm-2)-1 in Andeans without EE compared to 0.011±0.019 mm (dyn cm-2)-1 in 

Andeans with EE (P=0.028). There were inverse relationships between whole blood viscosity and 

Hb and the stimulus-response slope and there was a positive relationship between SpO2 and the 

stimulus-response slope (Figure 7-4). 
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Figure 7-1. Brachial artery shear stress (panel A), blood flow (panel B), absolute (mm; panel C) 

and relative (%; panel D) sustained stimulus flow-mediated dilation (SS-FMD), during the third 

minute of handgrip exercise at 20%, 35%, and 50% maximum voluntary contraction (MVC) in 

Andeans with excessive erythrocytosis (EE) and without EE.  

*, P<0.05 Andeans with EE versus Andeans without; †, P<0.05 versus 20% MVC in Andeans 

without EE; ‡, P<0.05 versus 20% and 35% MVC in Andeans without EE; §, P<0.05 versus 20% 

MVC in Andeans with EE; ¶, P<0.05 versus 20% MVC in Andeans with and without EE; #, P<0.05 

versus 20% and 35% MVC in Andeans with and without EE. 
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Table 7-2. Descriptive parameters during handgrip exercise in smokers and nonsmokers. 

Without EE Smoker (n=1) Non-smokers (n=22) 

MVC (%) 20 35 50 20 35 50 

Shear stress (dyn cm-2) 14.7 17.5 27.1 12.3±3.7 16.2±5.5 21.9±6.6 

Blood flow (ml min-1) 92 116 156 73±27 103±38 157±63 

Absolute SS-FMD (mm) 0.22 0.31 0.11 0.05±0.09 0.14±0.12 0.29±0.16 

Relative SS-FMD (%) 5.7 8.0 2.8 1.4±2.2 3.9±3.4 7.7±4.4 

Slope (mm (dyn cm-2)-1) -0.012 0.029±0.022 

With EE Smokers (n=4) Non-smokers (n=13) 

MVC (%) 20 35 50 20 35 50 

Shear stress (dyn cm-2) 8.4±2.3 12.4±4.1 16.2±6.3 10.1±3.7 14.7±5.2 17.5±5.9 

Blood flow (ml min-1) 63±20 96±43 131±70 61±17 93±21 112±23 

Absolute SS-FMD (mm) 0.10±0.11 0.11±0.11 0.14±0.15 0.03±0.09 0.09±0.09 0.12±0.12 

Relative SS-FMD (%) 2.2±2.2 2.5±2.3 3.1±3.3 0.6±1.9 2.0±2.0 2.7±2.6 

Slope (mm (dyn cm-2)-1) 0.010±0.014 0.012±0.021 

Data are presented as mean±SD. Definition of abbreviations: EE, excessive erythrocytosis; MVC, maximum voluntary contraction; SS-FMD, 

sustained stimulus flow-mediated dilation. 
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Figure 7-2. Brachial artery diameter at baseline and during handgrip exercise at 20%, 35%, and 

50% maximum voluntary contraction (MVC) in Andeans with excessive erythrocytosis (EE) and 

without EE.  

*, P<0.05 versus baseline within group; †, P<0.05 versus 20% MVC within group; ‡, P<0.05 versus 

35% MVC within group; §, P<0.05 Andeans with EE versus Andeans without EE at baseline and 

each MVC. 

 

 

Figure 7-3. Mean (panel A) and individual (panel B) relationships between the increase in shear 

stress and the increase in diameter during progressive handgrip exercise in Andeans with excessive 

erythrocytosis (EE) and without EE. 
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Figure 7-4. Correlations between the slope of the relationship between the increase in shear stress 

and the increase in diameter during progressive handgrip exercise and blood viscosity (panel A), 

hemoglobin concentration (Hb; panel B), and oxyhemoglobin saturation (SpO2; panel C) in 

Andeans with (closed circles) and without (open circles) excessive erythrocytosis. 
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7.5.3 Outliers (Figure 7-5) 

Two Andeans with EE were excluded from SS-FMD analysis and are instead presented separately. 

These two participants had SS-FMD responses > 2.2 × interquartile range + upper quartile to 

progressive handgrip exercise. Notably, they had the two lowest Hb in the Andeans with EE group 

(21.3 and 21.45 g dl-1), had similar SpO2 compared to the Andeans without EE group (both 87%), 

were relatively young (33 and 27 years of age) and had the smallest baseline diameters of the 

Andeans with EE (3.25 and 3.13 mm). 

 

Figure 7-5. Brachial artery shear stress (panel A), blood flow (panel B), and absolute (mm; panel 

C) and relative (%; panel D) sustained stimulus flow-mediated dilation (SS-FMD) during the third 

minute of handgrip exercise at 20%, 35%, and 50% maximum voluntary contraction (MVC) in two 

Andeans with excessive erythrocytosis identified as statistical outliers.  

These outliers are displayed along with the group mean ± standard deviation for Andeans with 

(n=17) and without (n=23) EE. 



 

 

 

172 

7.6 Discussion 

We examined flow-mediated dilation over a range of increases in shear stress evoked by 

progressive handgrip exercise in Andeans with and without EE. The primary finding was reduced 

SS-FMD in Andeans with EE compared to Andeans without EE, and this impairment was related 

to EE (blood viscosity and Hb) and hypoxemia (SpO2). These results indicate that the impaired 

RH-FMD in Andeans with EE extends to a physiologically-relevant and commonly-encountered 

shear stress stimulus.  

7.6.1 Flow-mediated dilation in excessive erythrocytosis 

EE is associated with increased cardiovascular risk in Andean highlanders (71). The mechanisms 

responsible for the association have not been elucidated, however emerging evidence suggests that 

systemic vascular dysfunction plays a role. Rimoldi, et al. (300) observed increased carotid intima-

media thickness, increased arterial stiffness (pulse-wave velocity and augmentation index), and 

decreased RH-FMD in Andeans with CMS compared to healthy Andeans. In agreement, we 

observed reduced RH-FMD in Andeans with EE compared to Andeans without EE (Chapter 6). 

We now extend these findings to SS-FMD, which interrogates distinct aspects of endothelium-

dependent vasodilation and does not always respond in the same way as RH-FMD (24, 102, 211, 

336, 351). The differences in response to sustained and transient increase in shear stress may stem 

from distinct mechanotransduction pathways. Transient increases in shear stress elicit a transient 

burst in calcium and calmodulin-, and G protein-dependent NO production, while sustained 

increases in shear stress increase NO production via calcium and calmodulin-, and G protein-

independent processes (106, 188). Together, our previous RH-FMD (Chapter 6) and the present 

SS-FMD findings strongly suggest multifaceted impairment in endothelium-dependent 

vasodilation in response to shear stress in EE. This supports a role for an imbalance between 

vasodilator synthesis and scavenging, resulting in a functional reduction in FMD as a mechanism 

linking EE and increased cardiovascular risk. 
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7.6.2 Putative mechanisms of reduced sustained stimulus flow-mediated dilation in excessive 

erythrocytosis 

Although the mechanisms responsible for SS-FMD have not been fully elucidated, SS-FMD in 

response to progressive handgrip exercise is partially mediated by NO in young (mean age: 25 

years) and older (mean age: 69 years) adults (381, 413). Furthermore, excessive oxidative stress 

appears to impair SS-FMD, supported by the observation that SS-FMD improved following 

antioxidant or ascorbic acid administration in elderly participants with elevated basal oxidative 

stress (88, 382). Furthermore, SS-FMD is blunted in systemic sclerosis, a disease characterized by 

increased oxidative stress (214).  Andeans with CMS have exaggerated markers of oxidative stress 

compared to Andeans without CMS, possibly due to the greater hypoxemia in CMS (14, 15). While 

we did not directly assess markers of oxidative stress, we observed a relationship between SS-FMD 

and SpO2 (Figure 7-4C), suggesting hypoxemia and associated oxidative stress may contribute to 

the reduced SS-FMD via reduced NO bioavailability in Andean highlanders.  

Additionally, the high Hb in Andeans with EE may contribute to increased red blood cell-

mediated NO scavenging (12, 82, 312), thereby restricitng the amount of NO that diffuses to 

vascular smooth muscle cells and decreasing SS-FMD. This is supported by our observation of an 

inverse correlation between SS-FMD and Hb (Figure 7-4B), which we also observed with RH-

FMD (Chapter 6).  

Lastly, the heightened blood viscosity in Andeans with EE may contribute to the reduction 

in SS-FMD in this population (Chapter 6) by increasing vascular resistance (298), thereby limiting 

blood flow and associated increases in shear stress in the upstream artery during exercise. This is 

supported by the observation of a lower shear stress at 50% MVC in Andeans with EE, and may 

have implications for training-induced improvements in endothelial function. Repeated increases 

in shear stress stimulate improvements in conduit artery endothelial function (128, 366). The lower 

shear stress during exercise in Andeans with EE may indicate a smaller stimulus for adaptation 
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compared to Andeans without EE. Nevertheless, we demonstrated for the first time that small 

muscle mass exercise increases shear stress in Andeans with EE and therefore has the potential to 

induce beneficial endothelial adaptations in this population. 

7.6.3 Outliers 

The two Andeans with EE with the lowest Hb levels displayed profoundly greater SS-FMD 

compared to all other EE participants and were phenotypically comparable to Andeans without EE. 

These participants also had the smallest baseline diameters, suggesting an absence of arterial 

remodeling, were relatively young, and one had a large corresponding increase in shear stress 

during handgrip exercise. Additionally, their RH-FMD were the highest amongst Andeans with EE 

(10.5% and 9.3%; Trembly et al, Chapter 6). These findings highlight a potential window in which 

EE is not severe and endothelial function is preserved or even potentiated. In this instance, the 

beneficial effects of viscosity on shear stress may outweigh other detrimental effects of EE (223, 

313). Indeed, Boyer, et al. (39) observed a beneficial effect of moderate polycythemia on RH-FMD 

in hypoxemic patients with chronic obstructive pulmonary disease. Additionally, the contribution 

of other factors (i.e. age, SpO2, disease duration) may influence the susceptibility to endothelial 

dysfunction in Andeans with EE.  

7.6.4 Implications for exercise in excessive erythrocytosis 

Exercise intolerance is often described in CMS and largely attributed to pathology of the pulmonary 

circulation (131, 274, 348). Using small muscle mass exercise, we observed a blunted blood flow 

response to 50% MVC. This may be due to increased blood viscosity limiting blood flow via 

increased vascular resistance (209). Whether these peripheral mechanisms (i.e. decreased blood 

flow) limit oxygen delivery, and thus pose a limitation to exercise in Andeans with EE (171), are 

unclear. The heightened Hb may have translated to increased arterial oxygen content (389, 408) 

and may maintain oxygen delivery to skeletal muscle despite the lower blood flow. However, the 



 

 

 

175 

associated lower shear stress may mitigate the benefits of exercise on arterial endothelial function 

as described above. 

7.6.5 Methodological considerations 

Due to the nature of the research expedition (Tymko et al, under review), the availability of 

equipment, personnel, and therefore measurement of secondary outcomes was limited. We did not 

assess blood pressure during handgrip exercise, therefore 1, cannot report vascular conductance, 

which provides insight on resistance vessel function, and 2, cannot discern any contribution of the 

exercise pressor response to SS-FMD. However, the sympathoexcitation during handgrip exercise 

does not restrict SS-FMD in healthy adults at sea level, even when superimposed with a concurrent 

cold pressor test (281, 349).  

We speculate that one of the mechanisms of reduced SS-FMD in Andeans with EE is increased of 

oxidative stress, however we did not measure any markers of oxidative stress in this study. Markers 

of oxidative stress are elevated in other cohorts of Andeans with EE (14, 15, 164), and were likely 

higher in the participants we tested. Future studies should investigate the impact of redox balance 

on SS-FMD in Andeans with and without EE by testing the hypothesis that antioxidant 

administration improves SS-FMD in Andeans with but not without EE. 

7.6.6 Conclusion 

Andean highlanders with EE had reduced SS-FMD compared to Andean highlanders without EE. 

The stimulus-response relationship between shear stress and diameter, achieved using progressive 

handgrip exercise, was inversely correlated with Hb and blood viscosity and correlated with SpO2. 

These findings provide the first evidence supporting diminished endothelium-dependent 

vasodilation in response to a physiologically-relevant and commonly encountered shear stress 

stimulus in Andeans with EE.  
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Chapter 8 

General Discussion 

The overarching aim of this dissertation was to examine the influence of shear stress on FMD in 

humans under normoxic and hypoxic conditions. The primary findings of this thesis are: 1) 30 

minutes of imposed oscillatory shear stress impairs SS-FMD in men, but not premenopausal 

women; 2) 30 minutes of imposed isolated low mean shear stress reduces RH-FMD to a similar 

extent as oscillatory shear stress in men and premenopausal women; 3) 30 minutes of imposed 

oscillatory shear stress does not further attenuate RH-FMD during acute or sustained hypoxic 

exposure in lowlanders; 4) RH-FMD is lower in Andeans with EE compared to Andeans without 

EE and improves following isovolemic hemodilution; and 5) SS-FMD is lower in Andeans with 

EE compared to Andeans without EE.  

8.1 Contributions of the thesis work to the field of study 

The findings of this thesis advance the understanding of 1) the impact of oscillatory shear stress on 

FMD and 2) the impact of acute, sustained, and generational hypoxia on shear stress and FMD. 

Due to the purported role of low and oscillatory shear stress in the progression of atherosclerosis, 

the cuff intervention was designed as a technique to assess the acute effect of experimentally-

induced oscillatory shear stress on endothelial function in human conduit arteries (359). Fourteen 

studies have used this cuff intervention, yet prior to this thesis, there was no information on the 

impact of this intervention on endothelial function in women. Additionally, the specific 

contributions of low mean versus oscillatory shear stress components of this intervention had not 

been scrutinized. With a plethora of prolonged sitting studies demonstrating reductions in RH-FMD 

in response to reductions in mean shear stress without increases in retrograde shear stress (253, 

291, 292), examining the role of low mean shear stress in the context of the forearm cuff model 

was needed. Thus, we advanced the understanding of the impact of acute oscillatory shear stress 
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on endothelial function by: demonstrating reductions in SS-FMD in young men, but not 

premenopausal women (Chapter 3); identifying reductions in RH-FMD in young men and 

premenopausal women (Chapter 4); and identifying that low mean shear stress, matched to that 

recorded during the forearm cuff intervention, reduced RH-FMD despite no increase in retrograde 

shear stress (Chapter 4). Collectively, these findings inform the interpretation of the cuff model to 

induce oscillatory shear stress and progress the understanding of the acute regulation/determination 

of endothelial function by shear stress in human conduit arteries. 

 Upon commencing my doctoral research, the study of FMD in humans under hypoxic 

conditions had yielded inconsistent findings. In addition to differences in populations, 

methodology, hypoxic exposure, and physical activity, a lack of accurate stimulus quantification 

may have masked and/or resulted in underestimations of the extent of reductions in FMD. Thus, 

we advanced the field of high-altitude physiology by measuring blood viscosity in order to 

accurately calculate the shear stress stimulus for FMD. As such, in Chapter 5, we demonstrate that 

the shear stress stimulus was increased in lowlanders following sustained hypoxic exposure at 

5050m, while a previous comparable investigation reported no change or a reduction in the RH-

FMD stimulus when reported as shear rate (204). Lewis, et al. (204) did not observe any change in 

the ratio of FMD to endothelium-independent vasodilation, however if blood viscosity, and hence 

the shear stress stimulus, was underestimated by 25-30%, perhaps a reduction in the ratio of FMD 

to endothelium-independent vasodilation would have been revealed. Further, by identifying an 

insensitivity to imposed oscillatory shear stress, and a relationship between hypoxia-associated 

alterations in shear stress and RH-FMD, we propose that reductions in basal mean and/or antegrade 

shear stress and increases in oscillatory shear stress contribute to the reductions in RH-FMD during 

hypoxic exposure. This putative role of pro-atherogenic shear stress may be of particular 

importance when exercising under hypoxic conditions (i.e. trekking), as deleterious shear stress 

patterns are exaggerated during hypoxic compared to normoxic exercise (160, 161). Overall, the 
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work of this thesis and studies published elsewhere in recent years (205, 373, 378) suggests that 

shear stress pattern and/or magnitude play a considerable role in determining endothelial function 

under hypoxic conditions.  

 Extending upon our studies on the effects of acute and sustained hypoxia on FMD, we 

investigated the impact of generational hypoxia on FMD in Andean highlanders. This population 

was of particular interest as they present a high prevalence of EE (196, 237, 239), and the interplay 

between Hb, viscosity, shear stress, and FMD in this population was incompletely understood. 

Additionally, the presence of high-altitude EE is associated with increased cardiovascular risk (71), 

thus understanding potential systemic mechanisms governing this increased risk was important. 

After accounting for the heightened blood viscosity, we observed lower shear stress-adjusted RH-

FMD and reduced SS-FMD stimulus-response relationships in Andeans with EE compared to those 

without. Thus, for a given increase in shear stress, Andeans with EE demonstrate a smaller 

vasodilation compared to those without, suggesting the presence of shear stress insensitivity in 

Andeans with EE compared to those without. These findings suggest that a reduced FMD may 

contribute to the increased cardiovascular risk in high-altitude EE. Furthermore, we observed 

relationships between Hb, viscosity, and SpO2 and both RH-FMD and SS-FMD, suggesting an 

increased severity of EE or hypoxemia is associated with lower FMD in response to transient and 

sustained increases in shear stress. By performing isovolemic hemodilution, we manipulated Hb 

and viscosity without altering SaO2 and observed improvements in RH-FMD, suggesting that this 

impairment is may be at least partially acutely reversible. Altogether, these findings highlight a role 

for heightened viscosity and/or Hb in reducing FMD in Andeans with EE.     

8.2 Integrated summary of the key findings 

The following subsections integrate key themes from the thesis studies. 
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8.2.1 Oscillatory shear stress: impact of sex and shear stress components  

The studies described in Chapter 3 and Chapter 4 provide novel extensions of our understanding of 

the acute impact of pro-atherogenic shear stress patterns on endothelial function in humans. For the 

first time, we designed and performed studies to examine the impact of imposed oscillatory shear 

stress on endothelial function on premenopausal women. Previously, investigations implementing 

the distal cuff intervention to expose the upstream conduit artery to oscillatory shear stress had 

either been performed exclusively in male participants or were implemented in a mixed-sex study 

design without sex specific analysis. In light of the evidence of vasoprotection against other acute 

vascular insults in premenopausal women compared to men (142, 287, 395), the lack of sex 

comparisons regarding the acute effects of oscillatory shear stress on FMD was an important gap 

our understanding. In Chapter 3, we observed reduced SS-FMD in men but not women, following 

imposed oscillatory shear stress, while RH-FMD was not impaired in either sex following 

correction for the shear stress stimulus. Our inability to detect a clear impact of imposed oscillatory 

shear stress on RH-FMD in Chapter 3 may have been influenced by a study design limitation, and 

the inherent limitations associated with accounting for stimulus changes post hoc. We did not 

include a time control condition and if we had, we might have observed that the SRAUC stimulus 

decreased over time without a corresponding decrease in RH-FMD. Indeed, decreases in the SRAUC 

over repeated measures without decreases in RH-FMD, have been observed previously (280).  This 

would have suggested that the decline in RH-FMD was due to the intervention, rather than the 

decline in the stimulus. In support of a deleterious impact of the cuff intervention in both men and 

women, in Chapter 4 we observed a decrease in RH-FMD following imposed oscillatory shear 

stress (cuff) and isolated low mean shear stress (compression).  This was observed with a stable 

shear stress stimulus pre- and post-intervention. Collectively these findings highlight 1, a stimulus-

specific sex difference in the effect of oscillatory shear stress on FMD, and 2, oscillatory and low 

mean shear stress acutely impair some aspects of endothelial function in both men and women. 
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Therefore, although premenopausal women may have protection against some of the detrimental 

effects of oscillatory shear stress on endothelial function, they remain susceptible to this insult.  

 Previous studies have attributed the pro-atherogenic effects of shear stress patterns during 

the forearm cuff intervention to the presence of retrograde shear stress (304, 317, 359, 360). 

However, we challenged that dogma when examining the effects of isolated low mean shear stress 

on endothelial function in Chapter 4. The studies performed in Chapter 3, Chapter 4, and Chapter 

5 all used the forearm cuff inflation technique to provoke oscillatory shear stress in the brachial 

artery. In each study, the intervention augmented retrograde shear stress while simultaneously 

decreasing mean shear stress. Both the presence of flow reversal (i.e. retrograde shear stress) and 

low time-averaged mean shear stress have been shown to promote endothelial dysfunction and 

atherosclerosis (63, 64, 66, 112, 232, 398, 424), with some evidence to suggest that the pro-

atherogenic changes in gene expression are largely attributable to the overlapping effects of low 

time-averaged mean shear stress (70). We extended these observations to an in vivo human model 

to examine whether matched-reductions in mean shear stress, with and without increased retrograde 

shear stress, reduce RH-FMD. The novel finding that both protocols reduce RH-FMD challenges 

the assumption that oscillatory shear stress-induced endothelial dysfunction is driven exclusively 

by augmented retrograde shear stress (317, 359, 360) and suggests that low mean shear stress, 

which is encountered in daily life (i.e. in sitting and sedentary activity (291, 292)), is a potent, acute 

endothelial insult in the brachial artery of young, healthy humans. 

8.2.2 RH-FMD versus SS-FMD 

There are well-established differences in endothelial responses to transient versus sustained 

exposures to shear stress in studies that range from in vitro manipulations to examining the effects 

of risk factors and interventions on humans in vivo (106, 188, 190, 246, 376). However, the 

investigation of SS-FMD has received considerably less attention compared to RH-FMD, despite 

its common physiological occurrence and the distinct information regarding endothelial function 
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that it provides. Thus, we examined both RH-FMD an SS-FMD 1) following imposed oscillatory 

shear stress in Chapter 3, and 2) in Andeans with and without EE in Chapter 6 and Chapter 7. We 

observed that SS-FMD is susceptible to oscillatory shear stress-induced impairment in young men, 

but not women, expanding upon the evidence that RH-FMD is impaired in young men following 

the same insult (18, 170, 303, 317, 359, 360, 370, 375). Thus, in young men, the impact of 

oscillatory shear stress on endothelial function appears to be more widespread and interferes with 

vasodilation in response to both transient and sustained increases in shear stress. Whether this is 

associated with or contributes to greater vulnerability to endothelial dysfunction and plaque 

accumulation in men at areas of the vasculature chronically exposed to oscillatory shear stress (i.e. 

branch points) is unclear. The finding that in women RH-FMD is impaired following acute 

exposure to OSS and SS-FMD is not, contributes to the growing body of literature that identifies 

distinct effects of acute insults on responses to transient versus sustained increases in shear stress 

(254, 351). 

 To comprehensively examine FMD in Andeans with and without EE, we employed both 

RH-FMD and SS-FMD. Both RH-FMD and SS-FMD were impaired in Andeans with EE compared 

to those without, suggesting considerable endothelial dysfunction in this population. Indeed, when 

the insult to endothelial function is severe (i.e. in men who have smoked >20 cigarettes per day for 

>5 years or in individuals with advanced type 1 diabetes), both RH-FMD and SS-FMD tend to be 

impaired (24, 111). When the insult is less severe or transient, only one of RH-FMD or SS-FMD 

may be impaired (102, 254, 336, 351), although further research is needed in this area. EE is 

associated with an increased cardiovascular risk in Andeans from Cerro de Pasco, Peru (71). Thus, 

the apparent profound or widespread endothelial dysfunction, as suggested by the reduced RH-

FMD and SS-FMD compared to Andeans without EE, likely contributes to this increased 

cardiovascular risk. However, whether the observed reductions in RH-FMD and SS-FMD 
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represents endothelial dysfunction typified by reduced NO production, or rather an exaggerated 

NO scavenging by Hb in unclear and is discussed in 8.2.4. 

8.2.3 Shear stress and FMD under hypoxic conditions 

There is some debate whether FMD is reduced under hypoxic conditions, with some studies 

demonstrating preserved RH-FMD (42, 156, 299, 378, 385) and others impaired (16, 108, 204, 

205). Chapter 5 describes reductions in RH-FMD in acute normobaric hypoxic exposure and after 

trekking ascent to high-altitude in the Himalayas. We provide evidence to support a role for 

alterations in baseline shear stress patterns in hypoxia-associated reductions in RH-FMD (373, 

375), which may explain why some investigations, which did not observe alterations in shear stress, 

demonstrated preserved RH-FMD (378, 385). Additionally, we present the first measures of 

brachial artery shear stress under hypoxic conditions by measuring blood viscosity. Previous 

investigations had either not reported the RH-FMD stimulus (108) or used shear rate or flow 

velocity as a surrogate (16, 42, 107, 156, 204, 205, 299, 378, 385). Importantly, we report 

significantly greater blood viscosity with high-altitude exposure in lowlanders, thus directly 

impacting the shear stress stimulus for FMD. Studies that had not considered blood viscosity with 

prolonged hypoxic exposure (16, 107, 204) have thus likely underestimated the shear stress 

stimulus for FMD, possibly underestimating or masking reductions in endothelial sensitivity to 

shear stress. Further, the increased blood viscosity may play a role in reducing endothelial function. 

Indeed, Chapter 6 and Chapter 7 identified a potential role for heightened blood viscosity, and/or 

concomitant elevations in Hb, in the lower FMD in highlander Andeans with EE. The increased 

blood viscosity may increase resistance to flow to a sufficient extent that the episodic increases in 

shear stress that occur during daily activity may be blunted, thus minimizing the training and/or 

maintenance of endothelial function (128, 149, 366). Further, NO scavenging by Hb may also be 

contributing to the reductions in RH-FMD in lowlanders (12, 82, 312, 313). There remain gaps in 

our understanding of FMD under hypoxic conditions, however studies assessing FMD should 
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consider the role of basal and hyperemic shear stress, including measures of blood viscosity, in 

study design and interpretation. 

8.2.4 Excessive erythrocytosis 

Although previous investigations of Andeans with EE have reported reductions in RH-FMD 

compared to Andeans without EE (15, 293, 300), no study had quantified shear stress, and thus the 

stimulus for RH-FMD. In Chapter 6 and Chapter 7, we provide evidence to support the previously 

reported impairment in FMD while suggesting that hyperviscosity and/or high Hb may be actively 

contributing to the observed reduction in FMD. This was evident in response to transient and 

sustained increase in shear stress, as both were inversely related to measures of blood viscosity and 

Hb. Furthermore, the reduction in RH-FMD appears to be at least partially reversible following 

isovolemic hemodilution, which decreases blood viscosity and Hb. The specific mechanisms 

involved in FMD impairment by high Hb/viscosity are not explicitly clear, but may relate to 

increased NO scavenging by Hb (12, 82, 312, 313), lower exercise-induced increases in shear stress 

(perhaps due to increased resistance secondary to increased viscosity) (128), or high iron stores 

(421). The lower FMD presented in Chapter 6 and Chapter 7 indicate a possible mechanism linking 

EE and the increased cardiovascular risk that has been described in Cerro de Pasco, Peru (71). 

8.3 Strengths of the thesis work 

8.3.1 Examining sex differences 

The Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans emphasizes 

the importance of integrating sex into health research and stipulates that accounting for sex has the 

potential to make health research more just, more rigorous and more useful (48). However, there 

remains a low overall inclusion of women in physiology research (23, 153, 333, 344). Research 

examining the impact of acute vascular insults on FMD has previously identified sex differences 

in the RH-FMD response to prolonged sitting (395), inflammation (287), and high-fat meal 
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ingestion (142). However, the impact of acute oscillatory shear stress on FMD was unknown. Thus, 

although the a priori primary purposes of Chapter 3 and 4 were not to identify sex differences, we 

designed a study in order to assess whether the responses to isolated low and oscillatory shear stress 

were similar in men and premenopausal women. As such, we identified evidence of sex differences 

in response to oscillatory shear stress specific to the SS-FMD trial in Chapter 3. Collectively, 

inclusion of female participants in Chapters 3 and 4 expands our understanding of the impact of 

acute exposure to low and oscillatory shear stress in humans and improves the generalizability of 

our findings. 

8.3.2 Measuring and manipulating viscosity 

There are well-established hematological alterations that occur with hypoxic exposure, notably an 

initial reduction in plasma volume followed by an increase in Hb mass (275, 331). As such, blood 

viscosity, which is primarily influenced by Hct (19), would be expected to change. Indeed, blood 

viscosity has been shown to increase with high-altitude exposure (95, 261, 262, 289). Further, EE 

is characterized by high Hb and Hct (237, 239), thus a correspondingly high blood viscosity would 

be expected. However, prior to this thesis, investigations of FMD at high-altitude have not 

measured blood viscosity and thus not calculated shear stress. By measuring blood viscosity, we 

were able to calculate shear stress (both baseline and the stimulus for FMD) and accurately interpret 

FMD in lowlanders and Andeans with and without EE. Isovolemic hemodilution in Chapter 6 

allowed us to reduce Hb and blood viscosity with minimal manipulation of other systemic variables 

(including SaO2). Thus, in addition to the lower RH-FMD and SS-FMD in Andeans with EE 

compared to those without, and the inverse relationship between Hb and viscosity and RH-FMD 

and SS-FMD, we were able to demonstrate that within-individual reductions in Hb and blood 

viscosity were able to improve RH-FMD. These hematological changes with high-altitude exposure 

in lowlanders and Andeans have important implications for the interpretation of FMD and reveal a 

potential role for Hb and/or viscosity in determining FMD at high-altitude.      
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8.3.3 Ecological validity 

High-altitude trekking and tourism are increasingly popular and accessible to lowlanders (122, 

327). Chapter 5 was performed following trekking in the Himalayas and has ecological validity for 

sojourners to high-altitude as the participants completed the popular Mount Everest Base Camp 

trek en route to the Pyramid Laboratory. The observed increases in blood viscosity, alterations in 

shear stress, and decreases in RH-FMD can likely be generalized to the thousands of healthy male 

trekkers visiting Mount Everest Base Camp annually.  

8.3.4 Stimulus control 

An advantage of SS-FMD is that the technique affords shear stress stimulus control. In Chapter 3, 

we implemented a single targeted shear stress stimulus to ensure that the stimulus for SS-FMD pre- 

and post-imposed oscillatory shear stress was matched within and between participants. This 

allowed a priori stimulus control and isolated study of the impact of oscillatory shear stress on SS-

FMD. By contrast, the shear stress stimulus for RH-FMD was uncontrolled and post hoc adjustment 

for the stimulus required for interpretation of the impact of oscillatory shear stress on RH-FMD. 

Chapter 7 assessed SS-FMD across a range of overlapping shear stress between Andeans with and 

without EE using progressive handgrip exercise (214, 381, 382, 413). This protocol allowed the 

creation of stimulus (shear stress) – response (FMD) relationships which is not possible when 

investigating RH-FMD following a single uncontrolled RH-FMD shear stress. When comparing to 

a group with a suspected impairment in endothelial function, impaired microvascular function can 

result in a reduced RH-FMD stimulus and after stimulus-adjustment, no apparent conduit artery 

endothelial dysfunction (195). Therefore, examining FMD across an overlapping range of shear 

stress stimuli permits the assessment of conduit artery endothelial function independent of potential 

differences in microvascular function. 
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8.4 Limitations of the thesis work 

8.4.1 Chapter 3 

The primary limitation in Chapter 3 was the absence of a time-control condition. Shear stress 

stimulus-adjusted RH-FMD was unaltered following the imposed oscillatory shear stress. Whether 

the reduced shear stress stimulus resulted from the study design, rather than the intervention 

therefore remains unclear. Indeed, as mentioned above, the shear stress stimulus has been shown 

to decay with repeated measures (280), thus the reduced shear stress stimulus may have been a 

result of the time laying supine or repeated measures of RH-FMD as opposed to the exposure to 

oscillatory shear stress.    

8.4.2 Chapter 4 

We designed Chapter 4 with care to address the limitations in Chapter 3. The aim of the study was 

to test whether isolated decreases in mean shear stress elicit a reduction in RH-FMD, as oscillatory 

shear stress is the combination of low mean shear stress and increased retrograde shear stress. A 

trial consisting of increased retrograde shear stress without any reduction in mean shear stress may 

have provided insight on a potential independent or distinct effect of elevated retrograde shear 

stress on RH-FMD. Indeed, some investigations have reported reduced RH-FMD following 

imposed oscillatory shear stress without significant reductions in mean shear stress during the 

intervention (170, 317, 370). Therefore, although the study design addressed our specific question, 

whether matched increases in retrograde shear stress, with and without reductions in mean shear 

stress, elicit reductions in FMD is unclear. 

8.4.3 Chapter 5 

Akin to Chapter 3, Chapter 5 did not have a time control condition, although this was largely due 

to the logistical restrictions associated with large-scale expedition research (405). Although we 

observed a significant reduction in the shear stress stimulus following the oscillatory shear stress 

intervention, the observed reduction in RH-FMD persisted in the normoxic trial after stimulus-
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adjustment suggesting that the reduced RH-FMD was not due to a reduced shear stress stimulus. 

Additionally, the pre-, during, and post-intervention shear stress measures were calculated with 

pre-intervention blood viscosity measurements. Whether the oscillatory shear stress intervention 

alters blood viscosity is unclear. Lastly, we did not investigate whether vascular smooth muscle 

function was impaired (204), thus the potential floor effect on RH-FMD in the hypoxic conditions 

may have been attributable to reduced vascular smooth muscle vasodilation in response to NO as 

endothelium-independent vasodilation has been shown to be impaired in acute and sustained 

hypoxia (204, 205). However, endothelium-independent vasodilation does not appear to be 

influenced by acute perturbations in shear stress (365), suggesting that the endothelium-

independent response to the oscillatory shear stress intervention was unlikely to have impacted 

interpretation. Lastly, this study did not include female participants, and whether they display 

similar alterations in FMD during hypoxia remains unknown.  

8.4.4 Chapter 6 

The main limitation of the study described in Chapter 6 is the absence of detailed mechanistic 

insight. Although outside the scope of the described study, potential measures include blood 

markers of oxidative stress, metals, NO metabolites, and cell-free Hb. Indeed, markers of oxidative 

stress and metals are elevated in Andeans with EE (15, 163, 164), while NO metabolites would 

have provided insight on whether basal NO bioavailability differed between the groups tested. Cell-

free Hb is a 1000-fold more potent NO scavenger (49, 85, 210, 290) than red blood cell Hb and can 

impair endothelium-dependent vasodilation (290, 301). Polycythemic patients at sea level have 

elevated levels of cell-free Hb compared to healthy control participants, and polycythemic patients 

with hypertension have higher cell-free Hb compared to normotensive polycythemic patients (308). 

Thus, cell-free Hb may play a role in the NO scavenging and subsequent reduced FMD and 

increased cardiovascular risk in Andeans with EE. Lastly, Chapter 6 and Chapter 7 did not include 

the female participants. Female Andeans have a lower prevalence of EE compared to male 
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Andeans, particularly in premenopausal female Andeans (198, 199). The mechanisms responsible 

for the lower prevalence of EE in female Andeans and for the increased prevalence in 

postmenopausal female Andeans are unclear. Whether there is a protective role of endothelial 

function in female Andeans merits future investigation.      

8.4.5 Chapter 7 

Similar to Chapter 6, although detailed mechanistic testing was not part of the study design, blood 

markers of oxidative stress in particular would have provided beneficial information. SS-FMD is 

highly influenced by redox balance (88, 214, 297, 381, 382), thus performing a trial with 

antioxidant administration would have been mechanistically valuable. Additionally, only RH-FMD 

was assessed during the hemodilution trial and whether SS-FMD would demonstrate similar 

improvements in endothelial shear stress sensitivity is unknown. Further, more detailed 

interrogation of the blood flow response, including measures of vascular conductance, and oxygen 

delivery/utilization of the skeletal muscle during handgrip exercise would have provide detail on 

perfusion during small muscle mass exercise. 

8.5 Future directions 

The studies in this dissertation addressed gaps in the literature and advanced the understanding of 

shear stress and endothelial function in normoxic and hypoxic humans. However, there remain 

research gaps stemming from this thesis, for instance, do increases in retrograde shear stress with 

and without reductions in mean shear stress impair FMD? To further understand the impact of 

oscillatory shear stress on women, performing experiments across the menstrual cycle, in women 

taking hormonal contraceptives, and in postmenopausal women would provide novel insight on the 

role of female sex hormones on susceptibility to oscillatory shear stress-induced reductions in 

FMD. Although we observed protection against reductions in SS-FMD following oscillatory shear 

stress in premenopausal women tested during the early follicular phase, women demonstrated 
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reductions in RH-FMD, thus a potential cyclical protection against this vascular insult on RH-FMD 

may be an aspect of vasoprotection in premenopausal women. 

 Assessing the combined effect of hyperglycemia/hyperlipidemia and deleterious shear 

stress patterns may provide insight on potential daily endothelial insults that overtime accumulate 

and progress to disease. For instance, whether ingestion of a high carbohydrate and/or high fat meal 

prior to or during prolonged sitting compounds or prolongs the subsequent impairment in 

endothelial function would provide ecologically valid information on a likely typical occurrence in 

westernized societies. Additionally, whether mitigating or interrupting the decrease in shear stress 

(17, 184, 253, 292, 354, 361) abolishes the decline in endothelial function with a combined 

hyperglycemia or hyperlipidemia and prolonged sitting may inform workplace strategies to 

improve cardiovascular health.  

    To further address the hypothesis that hypoxia-mediated reductions in FMD are due to 

alterations in shear stress, assessing whether FMD can be rescued or prevented by exposure to 

elevations in shear stress would be a logical extension. Under acute conditions, this could be 

achieved by comparing the effect of forearm heating, to increase mean shear stress, to an unheated 

control arm under hypoxic conditions. For longer term exposure, whether an isolated unilateral 

forearm heating training study (250) preserves endothelial function with prolonged and sustained 

hypoxic exposure would provide insight on the role of altered shear stress in the observed 

reductions in FMD under hypoxic conditions. Further, as mild hypoxia has been shown to reduce 

RH-FMD (205), extending investigation of strategies to mitigate reductions in shear stress to a 

combined mild hypoxia and prolonged sitting model, as encountered during air travel, may provide 

a strategy to prevent any potential cardiovascular insult, or accumulation of insults, during airline 

transit (94, 245, 337, 368). 

 The findings of Chapters 6 and 7 raise many questions concerning treatment options in EE. 

How long after isovolemic hemodilution does FMD remain improved, and does this improve any 
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signs or symptoms of the pathology? Furthermore, do other treatment options, such as 

acetazolamide (a carbonic anhydrase inhibitor that induces metabolic acidosis and stimulates 

ventilation) (295, 296) or descent to sea level (197, 390) improve systemic vascular function, 

including FMD? Whether exercise training or repeated passive increases in shear stress improve 

FMD and if that improves signs and symptoms of CMS, exercise tolerance, oxygen delivery, among 

other confounding aspects of EE is unclear. From a mechanistic perspective, understanding the link 

between heightened Hb and/or viscosity and reduced FMD (as described in 8.4.4 and 8.4.5) may 

provide an avenue for future research.  

8.6 Suitability of research for a doctoral dissertation 

I was very fortunate to have many diverse opportunities to grow as a researcher during my doctoral 

studies. From a technical skill perspective, I performed the ultrasound scans for all of my 

dissertation studies (458 FMD assessments in this thesis alone, minus a few when I had acute 

mountain sickness in Cerro de Pasco) and gained experience measuring blood viscosity. Since 

starting at Queen’s University in January 2016, I have authored 23 peer-reviewed articles, including 

11 as the first author. At present, I have another two articles currently undergoing peer review. 

Further, I have a first author book chapter on Exercise and Endothelial Function that is presently in 

press and wrote a magazine article for Physiology News on the nature and importance of high-

altitude research. Thus, my time as a doctoral student has been productive from a publication 

perspective. Additionally, I gained considerable experience communicating my research at regional 

(Ontario Exercise Physiology, Okanagan Cardiovascular and Respiratory Symposium), national 

(Canadian Society for Exercise Physiology), and international (International Hypoxia Symposia) 

conferences. These have included being awarded the Canadian Society for Exercise Physiology 

Applied Physiology, Nutrition and Metabolism National Student Award at the 2019 Ontario 

Exercise Physiology conference and an oral presentation prize for junior researchers at the 2019 

International Hypoxia Symposia. At the institutional level, I have presented my research to peers 
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across disciplines as part of the Queen’s University School of Kinesiology and Health Studies 

Graduate Seminar Series and the Queen’s University School of Kinesiology and Health Studies 

Research Colloquium. I have also given invited presentations internationally at the University of 

Stirling in Scotland and at the Universidade Pedagogica in Maputo, Mozambique. I gained 

experience in grant writing and was awarded the Doctoral Student Research Award from the 

American College of Sports Medicine and the Research-in-Training grant from the Wilderness 

Medical Society to fund Chapters 6 and 7. Additionally, I received travel support from the Graduate 

Dean’s Travel Grant for Doctoral Field Research for Chapter 5, and a Travel Grant from The 

Physiological Society for Chapters 6 and 7. To gain teaching and supervisory experience, I co-

taught first year Introduction to Human Physiology, a class of 250 students. Further, I co-supervised 

two undergraduate thesis students.  

8.7 Conclusion 

Shear stress is a critical determinant of endothelial function and therefore cardiovascular health. 

We have shown that 1) premenopausal women may have some vasoprotection against imposed 

oscillatory shear stress, 2) low shear stress with and without retrograde shear stress impairs RH-

FMD, 3) imposed oscillatory shear stress does not further attenuate RH-FMD in acute and sustained 

hypoxia, and 4) RH-FMD and SS-FMD are lower in Andeans with EE compared to those without, 

this appears to be due, in part, to high Hb and/or viscosity. The findings of this thesis advance our 

understanding of shear stress patterns, blood viscosity, and hypoxia on FMD in humans. 
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