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during each image collected (Fig. 4). 

 

Figure 10. Vivid I ultrasound image of the brachial artery in M-mode, depicting 

changes in artery diameter relative to electrocardiogram heart rate cycles of systole 

and diastole. 

1.13 Hypoxia and FMD  

The impact of hypoxia bouts in BHD is difficult to predict. Hypoxia can impair 

endothelial function in healthy adults. On one hand, as endothelial cells are the major 

barrier between tissue and changes in the intravascular environment, they are the first to 

be exposed to environmental perturbations including reduced oxygen concentrations – yet 

are relatively resistant to such changes in oxygen (Pinsky et al., 1995). On the other hand, 

hypoxia and ischemia cause a repertoire of either adaptive or maladaptive responses to a 

stress stimulus termed “endothelial activation” and can result in changes in the 

endothelial barrier function, support of blood fluidity, cell growth regulation and 

modulation of vascular tone. Of particular interest as it relates to FMD is hypoxia and 

endothelial modulation of vascular tone. Acute introduction of mild hypoxia causes rapid 

elaboration of vasoconstricting agents such as endothelin-1. Considering the 

vasoconstrictor properties of endothelin-1, its excretion by the endothelial cells in 

hypoxia or ischemia can indicate dysfunction of the endothelium. Chronic exposure to 

oxygen deprivation, however, stimulates platelet-derived growth factor-B, leading to 

remodeling of the vessel wall and vascular smooth muscle cell proliferation (Ten & 

Pinsky, 2002), which ultimately could influence overall endothelial function. 
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We know that endothelium-derived NO plays a major role in the regulation of blood flow 

to various organs and smooth muscle cells, and is produced by eNOS (Janssens, 

Shimouchi, Quertermous, Bloch, & Bloch, 1992). Additionally ,eNOS has a profound 

effect on blood vessel tone by modulating the amount of NO delivered locally to specific 

organs in the body. Aberrations in the amount of NO produced can have deleterious 

effects, where elevated concentrations of NO are associated with conditions such as 

septic shock (Broner et al., 1993) and reduced quantities are associated with a number of 

vascular disorders such as atherosclerosis (Hayashi, Fukuto, Ignarro, & Chaudhuri, 

1992), diabetes (Calver, Collier, & Valiance, 1992) and pulmonary hypertension (Archer, 

Tolins, Raij, & Weir, 1989). Acute hypoxia does not directly alter the generation of NO 

by endothelial cells; however, chronic exposure to hypoxia (>24 hours) suppresses the 

enzyme eNOS and decreases the release of NO production by the endothelial cells. 

Therefore, prolonged hypoxia reduces NO production, potentially impairing it’s 

vasodilatory response to a shear stress stimulus (McQuillan, Leung, Marsden, Kostyk, & 

Kourembanas, 2017).  

Although our understanding of hypoxia on endothelial function is clear, this relationship 

in divers remains equivocal. To draw conclusions on the physiology of BHD, we rely on 

studies evaluating endothelial function in SCUBA divers or athletes training at high 

altitudes. Specifically, acute and passive bouts of hypoxia through high-altitude exposure 

impaired FMD responses (Lewis et al., 2014), yet others found no change pre- and post-

high-altitude hypoxia (Frick et al., 2006; Iglesias et al., 2015). The disparity in the 

findings could be due to the elevated/hypoxic state (576 m above sea level) during which 

pre- and post- measurements of FMD were taken (Frick et al., 2006), and the duration of 

the hypoxia exposure (4 hours) not being sufficient to be classified as chronic hypoxia 

(Iglesias et al., 2015). In SCUBA divers, FMD was reported to decrease significantly 

from 8.6 ± 1.3 % to 3.0 ± 0.8 % after a singular dive (Obad et al., 2010). Subsequently, a 

reduction in FMD was observed after a 20 minute SCUBA dive (Theunissen et al., 2013). 

The reason for the discrepancy in these studies may include differences in cuff duration 

for the FMD protocol, type of diver, control groups, shear stimulus, duration of training 

etc. Although SCUBA and high-altitude population groups are similar in nature to BHD, 

there are additional mechanisms involved which stop us from drawing generalized 
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conclusions from SCUBA and high altitude athletes, about BHD. For example, 

reductions in FMD are associated with increased concentrations of circulating NO in 

dynamic breath-hold divers mainly due to more physical exertion; whereas in scuba 

diving, those quantities decrease as NO reacts with superoxide anion O2
- (produced by 

hypoxia)(Jamieson, Chance, Cadenas, & Boveris, 1986) to produce ONOO- (Sureda et 

al., 2009). Therefore, uncertainty remains regarding whether repeated bouts of hypoxia 

and/or long exposures under water affect endothelial function. This project addresses this 

knowledge gap by measuring the chronic baseline FMD in professional divers in the 

absence of an apnea to examine the vascular effects of chronic exposure to BHD, with 

quantification of the shear stimulus and by including an age-, and sex-matched control 

group. Thus, the FMD protocol will improve our understanding of the impact of breath-

hold diving on endothelial function. 

1.14 Purpose Question and Hypothesis 

1.14.1 Purpose 

The purpose of this project was to provide new insight into the vulnerability of 

endothelial function via flow-mediated dilation, in professional breath-hold divers 

compared to healthy controls.  

1.14.2 Hypothesis 

We tested the hypothesis that repetitive bouts of BHD will affect the endothelial function 

of professional breath-hold divers.  
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2 Introduction 

Interest in breath-hold diving (BHD; or diving apnea) originated in the ancient Greek 

mythological traditions of the Ama over 2000 years ago, whose people dove to catch fish 

off the coast of Japan and Korea for 30-90 s bouts, up to 4 hours a day (Hurford et al., 

1990). In the last 30 years, pushing the human limits of volitional breath-hold has become 

an organized sport. Professional BHD has branched into categories of static (non-

exercising), dynamic (exercising) and deep sea (depth) diving. During each type of dive, 

athletes push themselves to states of severe hypoxia, defined as the deficiency of oxygen 

supply to an organ. In this thesis, we focused on static BHD.  

The brain has a high metabolic demand using 20% of the body’s energy stores, yet is 

unable to store oxygen itself. Thus, the brain requires constant regulation to maintain 

adequate oxygen delivery to endure normal functioning (Hoiland, Bain, Rieger, Bailey, & 

Ainslie, 2016). Elite divers meet oxygen demands during BHD through two fundamental 

principles: 1) augmented oxygen storage capacity (i.e. increased lung capacity), and 2) 

oxygen conservation. The latter is achieved through vagally-mediated bradycardia and 

sympathetically-mediated splenic and peripheral vasoconstriction (Foster & Sheel, 2005; 

Erika Schagatay, 2009). Through those mechanisms, apneists can prioritize oxygen-rich 

blood flow through the body, while simultaneously attenuating the decline in arterial 

oxygen saturation (Espersen et al., 2002). 

Unsurprisingly, BHD has been linked to a series of acute dangers, including 

glossopharyngeal insufflation (Chung et al., 2010; Mijacika & Dujic, 2016), barotrauma, 

syncope, drowning (Lindholm & Lundgren, 2009), and cardiac arrest (Hong, Song, Kim, 

& Suh, 1967). Long-term health impairments continue to remain understudied in the 

BHD population.  

An area of particular interest with regards to long-term impairments in BHD, is the 

integrity or health of the vascular endothelium. The endothelium has many physiological 

and pathological roles including regulation of smooth muscle tone, control of thrombosis, 

inhibition of leukocyte and platelet cell adhesion, and promotion of intra-arterial 

permeability (Celermajer, 1997; Rubanyi, 1993; Vane et al., 1990). Additionally, the 
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endothelium releases many vasoactive compounds including nitric oxide (NO) (Furchgott 

& Zawadzki, 1998), responsible for regulating diameter, tone and structure of the 

vasculature. Nitric oxide is the major contributor to vasodilation of vessels (Singel & 

Stamler, 2005). The endothelial cells contain shear stress-sensitive ion channels (Cooke, 

Rossitch, Andon, Loscalzo, & Dzau, 1991; Lansman, Hallam, & Rink, 1987; Olesen, 

Clapham, & Davies, 1988), and in response to increases in blood flow post supra-systolic 

ischemic release, these channels release NO (Moncada, Radomski, & Palmer, 1988), 

which causes vasorelaxation of the smooth muscle, and a subsequent increase in 

diameter.  

Flow-mediated dilation (FMD) was first proposed as a reactive hyperemia endothelial 

function test by Celermajer and colleagues (Celermajer et al., 1992). Following a period 

of limb ischemia via pressure cuff, FMD is defined as conduit artery vasodilation in 

response to the increased internal vascular wall shear stress. Upon cuff release, the 

increased inflow of blood into the artery creates a moment of peak reactive hyperemia 

which translates to increased internal vascular wall shear stress and thereby constitutes 

the stimulus required to elicit FMD. Ultrasound is used to measure brachial artery 

diameter and blood velocity, and arterial blood flow is calculated as a product of both 

measures. The ultrasonic assessment of FMD in response to hyperemia is now 

established as a reliable, non-invasive measurement of endothelial function (Uehata et al., 

1997). Peak reactive hyperemia (PRH) is defined as the maximal blood velocity peak as a 

result of the ischemia. PRH typically occurs within ~4-7 s post-cuff release, and returns 

to baseline within two minutes (Corretti et al., 2002). PRH is an indicator of 

microvascular health, yet no studies have examined the effect of chronic BHD training on 

downstream microvasculature.  

Clinically, FMD is used to assess endothelial dysfunction, and lends utility when 

examining underlying acute or chronic stimuli that alter vascular function and risk 

(Ghiadoni, 2001; Karatzis et al., 2006). Hypoxia, as performed repeatedly by elite 

apneists, can impair endothelial function in healthy adults. The FMD technique is 

therefore a tool that improves our physiological insight and understanding of the 

mechanisms that alter both vascular and endothelial function in this BHD population.  
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Professional breath-hold divers are chronically exposed to bouts of hypoxia. Hypoxia and 

ischemia cause a series of either adaptive or maladaptive responses to a stress stimulus, 

and can result in changes in endothelial barrier function, support of blood fluidity, cell 

growth regulation and modulation of vascular tone. Acute introduction of mild hypoxia is 

associated with secretions of vasoconstricting agent endothelin-1; whereas chronic 

exposure leads to remodeling of the vessel wall, and vascular smooth muscle cell 

proliferation (Ten & Pinsky, 2002).  

To draw conclusions on the physiology of BHD, we rely on studies evaluating 

endothelial function in SCUBA divers or athletes training at high altitudes. Specifically, 

acute and passive bouts of hypoxia through high-altitude exposure impaired FMD 

responses (Lewis et al., 2014), yet others found no change pre- and post-high-altitude 

hypoxia (Frick et al., 2006; Iglesias et al., 2015). In SCUBA divers, FMD decreased after 

a singular dive (Obad et al., 2010). These population groups however, do not properly 

represent the BHD group – as other mechanisms are involved in SCUBA and high-

altitude individuals. For example, reductions in FMD are associated with increased 

concentrations of circulating NO in breath-hold divers due to more physical exertion; 

whereas in SCUBA diving, those quantities decrease as NO reacts to produce ONOO- 

(Sureda et al., 2009). Thus, uncertainty remains regarding whether repeated bouts of 

hypoxia and/or long exposures under water affect endothelial function in divers. 

Therefore, this project addressed this knowledge gap by measuring the chronic baseline 

FMD in professional BHD in the absence of an apnea to examine the vascular effects of 

chronic exposure to breath-hold diving, with quantification of the shear stimulus and by 

including an age-, and sex-matched control group. The objective of this study was to 

provide new insight into the vulnerability of endothelial function via FMD, in 

professional breath hold divers. We expected protection of the brain and heart during 

hypoxia, but what happened at the peripheries during diving events was vastly 

understudied. We were testing the hypothesis that BHD would affect endothelial function 

in professional BHD, compared to healthy age-matched controls.  
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2 Methods 

All testing was conducted in accordance with the Declaration of Helsinki and study ethics 

approval was obtained from the Research Ethics Board at Western University. Informed 

consent was acquired. Written informed consent was obtained from participants prior to 

participation. The study was approved at the University of Western Ontario’s Human 

Studies Research Ethics Board for collection of data both in Novi Sad (111375) and 

London (107620), whose letters of information can be found in Appendix A and B. A 

health history screening and study eligibility were determined prior to experimentation.  

2.1 Participants 

Seventeen competitive breath-hold divers (31± 10 years; 3 females) from Split, Croatia 

and Novi Sad, Serbia were recruited through their respective training centers. Testing for 

divers occurred during peak-season in May 2018. All experimental participants travelled 

to Novi Sad for testing. The laboratory component of the testing took place at the human 

physiology laboratory in the Medical Faculty at the University of Novi Sad, Serbia. 

Seventeen healthy age- and sex-matched controls (32 ± 10 years; 3 females) were 

recruited from London, Canada. Testing in Canada took place at the Laboratory for Brain 

and Heart Health at Western University, London, Canada.  Participant characteristics can 

be found in Table 1, and diving characteristics in Table 2.  

Inclusion criteria included healthy individuals 18-65 years of age. Exclusion criteria 

included individuals with diabetes, impaired glucose tolerance, autonomic neuropathy, 

Parkinson’s disease, history of psychosis, eating disorders, manic or bipolar disorder, 

major psychiatric conditions, dependence on alcohol or drugs within the past year, or 

severe traumatic brain damage. Individuals receiving pharmacological treatment that 

affects neural or vascular control such as psychiatric disorders, hypertension, increased 

cholesterol, heart disease or peripheral vascular disease (we may ask participants to come 

off medications for 2-3 days as appropriate prior to, and then during, testing) were also 

excluded. Participants were encouraged to eat and drink prior to testing; however, 

exercise, alcohol and caffeine were advised against 24 hours before testing. Of the six 
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female participants, four were in the follicular phase of their menstrual cycle, and two 

were in their luteal phase. Women who were pregnant or trying to become pregnant were 

excluded. Finally, participants were excluded if they were unable to provide written 

informed consent, or complete questionnaires or health history forms due to language or 

cognitive difficulties.  

2.2 Protocol 

Basic anthropometric measurements of participants were collected prior to the beginning 

of testing including: height (cm), weight (kg), age (years), heart rate (bpm), systolic, 

diastolic and mean arterial blood pressure (mmHg) for all participants (Table 1). 

Additionally, diving data from the experimental group regarding their years of 

experience, years of competitive BHD, training days per week, and duration of training 

can be found in Table 2. Blood pressures were recorded three times prior to testing, via 

an automated sphygmomanometry (BPM Model200, BpTru Medical Devices, Coquitlam, 

BC) and averaged. A medical screening questionnaire was administered to each 

participant to screen for medical conditions in the exclusion criteria.  

Table 1. Participant characteristics of divers and controls.  

 

Values are mean ± SD. BP, blood pressure; M, male; F, female.  
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Table 2. Divers characteristics of seventeen participants.  

 

Values are mean ± SD. Percent (%) is the proportion of occurrences compared to the 

mean group. PR, personal record.  

 

2.3 Initial Instrumentation 

While supine, participants were instrumented with a 3-lead electrocardiogram (ECG; 

ADInstruments, Dunedin, Otago, NZ) for continuous measurements of heart rate (HR). A 

secondary 3-lead ECG, attached to a Vivid I ultrasound machine (GE Healthcare, 

Chicago, USA) provided ECG tracings during blood flow velocity (V) measurements of 

the brachial artery. Velocity measurements of the artery were taken using a 10-12 MHz 

probe (GE Healthcare, H40402LY, Chicago, USA) from the Vivid I machine, at an 

insonation angle of 60°. Manual adjustments to gain, steer angle, low frequency range 

and sample volume were made to find the clearest image of the brachial artery.  A finger 

photoplysthmograph was placed on the middle phalange of the third finger to measure 

continuous beat-to-beat measurements of arterial blood pressure using a Finapres 

Finometer system (Finapres Medical Systems, Amsterdam, Netherlands), and that finger 

blood pressure was calibrated with an upper arm cuff. All devices were connected to a 

PowerLab A/D data acquisition system (ADInstruments, Dunedin, Otago, NZ) through 


